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The infrared instrument IKS flown on board the VEGA space probes was designed for
the detection of emission bands of parent molecules, and for a measurement of the size
and temperature of the thermal emitting nuclear region. The instrument had three chan-
nels with cooled detectors: an “imaging channel” designed to modulate the signal of the
nucleus and two spectroscopic channels operating at 2.5-5 and 6-12 um, respectively,
equipped with circular variable filters of resolving power ~50. This paper presents and
discusses the results from the spectral channels. On VEGA 1, usable spectra were ob-
tained at distances D from the comet nucleus ranging from 250,000 to 40,000 km corre-
sponding to fields of view 4000 and 700 km in diameter, respectively. The important
internal background signal caused by the instrument itself, which could not be cooled,
had to be eliminated. Since no sky chopping was performed, we obtain difference spectra
between the current spectrum and a reference spectrum with little or no cometary signal
taken at the beginning of the observing sequence (D ~ 200,000 km). Final discrimination
between cometary signal and instrumental background is achieved using their different
time evolution, since the instrumental background is proportional to the slow tempera-
ture drift of the instrument, and the cometary signal due to parent molecules or dust
grains is expected to vary in first order as D,

The 2.5-5 pm IKS spectra definitely show strong narrow signals at 2.7 and 4.25 pm,
attributed to the v; vibrational bands of H,0 and CO,, respectively, and a broader signal
in the region 3.2-3.5 um, which may be attributed to CH-bearing molecules. All these
signals present the expected D! intensity variation. Weaker emission features at 3.6 and
4.7 pm could correspond to the »; and »; bands of H,CO and the (1 — 0) band of CO,
respectively. Molecular production rates are derived from the observed emissions, as-
suming that they are due to resonance fluorescence excited by the Sun’s infrared radia-
tion. For the strong bands of H,O and CO,, the rovibrational lines are optically thick,
and radiative transfer is taken into account. We derive production rates, at the moment
of the VEGA 1 fiyby, of ~10° sec™! for H,0, ~2.7 x 10® sec™! for CO,, ~5 x 10?8 sec™!
for CO, and 4 x10% sec™! for H,CO, if attributions to CO and H,CO are correct. The
production rate of carbon atoms in CH-bearing molecules is ~9 x 10% sec™! assuming
fluorescence of molecules in the gas phase, but could be much less if the 3.2-3.5 pm
emission is attributed to C—H stretch in polycyclic aromatic hydrocarbons or small or-
ganic grains. In addition, marginal features are present at 4.85 and 4.45 um, tentatively
attributed to OCS and molecules with the CN group, respectively. Broad absorption at
2.8-3.0 pum, as well as a narrow emission at 3.15 um, which follow well the D~! intensity
variation, might be due to water ice. Emission at 2.8 um is also possibly present, and
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might be due to OH created in vibrationally excited states after water photodissociation.
The 6-12 um spectrum does not show any molecular emission, nor emission in the 7.5-
pm region. The spectrum is dominated by silicate emission showing a double structure
with maxima at 9.0 and 11.2 um, which suggests the presence of olivine. © 1988 Academic

Press, Inc.

1. INTRODUCTION

One of the main goals of cometary stud-
ies is the determination of the composition
of the volatile species contained in the nu-
cleus. These species were condensed dur-
ing or before the formation phase of com-
ets. If one excepts the nucleus surface
exposed to cosmic rays and stellar ultravio-
let, these species are believed to remain
mostly unchanged since that time due to the
cold temperature of these bodies and to
their small sizes, which preclude any meta-
morphic process. Therefore, the interior of
cometary nuclei may be considered as pris-
tine materials representative of the primi-
tive solar nebula, and witnesses of the
formation of Solar System bodies from in-
terstellar matter.

When a comet enters the inner Solar Sys-
tem, the volatile species are released by so-
lar heating and form an atmosphere that can
be studied by the usual remote-sensing
techniques. Unfortunately, visible spec-
troscopy, which has been applied to comets
for more than a century, is of little help to
determine the nature of nucleus volatile
species (‘‘parent molecules’’) because
these species generally do not have spec-
tral signatures in the visible, and they are
readily destroyed by photolytic pro-
cesses due to the solar UV radiation. This
technique revealed only secondary prod-
ucts, namely, radicals (‘‘daughter mole-
cules’’), atoms, and ions. Among the
species observed by the recent UV
spectroscopy of comets, only the CO and
S; molecules may directly originate from
the nucleus.

Since most parent species do not have
strong electronic transitions in the visible
or UV spectral ranges, one has to search

for these species in the near- and medium-
infrared (vibrational transitions) or micro-
wave and far-infrared (pure rotation transi-
tions) ranges. Such searches are difficult
since (i) the corresponding techniques are
recent and still difficult to handle; (ii) the
transition energies are low; and (iii) the
Earth’s atmosphere is opaque in a large
part of these spectral ranges, which implies
high-altitude or even orbital observations.
This explains why, before the comet Halley
observing campaign in 1985-1986, infrared
and radio observations of comets had not
revealed any signal from parent molecules,
if one excepts a few unconfirmed tentative
detections.

Prospective theoretical works were un-
dertaken these last years to study the possi-
ble excitation mechanisms of parent come-
tary molecules in the gaseous phase. They
came to the conclusion that the main emis-
sion mechanism should be resonant fluores-
cence of the fundamental vibrational bands,
induced by the solar infrared radiation field
(Encrenaz et al. 1982, Yamamoto 1982,
Crovisier and Encrenaz 1983, Weaver and
Mumma 1984). Synthetic infrared spectra
of the overall emission of these bands at
medium spectral resolution were published,
but more detailed studies of individual mol-
ecules are also available (CO: Crovisier and
Le Bourlot 1983, Chin and Weaver 1984;
HCN and CN-bearing molecules: Bocke-
lée-Morvan et al. 1984, Bockelée-Morvan
and Crovisier 1985; linear molecules in gen-
eral: Crovisier 1987; H,O: Bockelée-Mor-
van and Crovisier 1986, Bockelée-Morvan
1987, Bisikalo et al. 1987).

We present here the results of a search
for parent molecules at infrared wave-
lengths (2.5-12 um) in comet Halley during
its encounter by the two VEGA spacecraft.
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These flybys offered a unique opportunity
for such an investigation, compared with
Earth-based observations, because (i) there
is no limitation due to atmospheric trans-
mission; (ii) the signal is much stronger due
to the proximity of the comet; and (iii) one
can sample the inner coma where the par-
ent molecules are not yet photodestroyed.
On the other hand, the sensitivity of such a
spaceprobe-borne IR experiment was lim-
ited by the impossibility of cooling detec-
tors at liquid helium temperature and using
efficient sky chopping once the craft were
inside the coma. The instrument, named
IKS (from the initials of the Russian trans-
lation for “‘infrared spectrometer’’), was a
small telescope equipped with two medium-
resolution spectrometric channels operat-
ing in the ranges 2.5-5 and 6-12 um. These
ranges cover most of the strongest vibra-
tional bands of suspected parent molecules
such as H,0, CO, CO,, CHy4, H,CO, NH;.
They are also adequate for the study of
broad features from dust and ice particles.
The instrument was additionally equipped
with an ‘‘imaging channel,” designed to
measure the size and temperature of the nu-
cleus. The results of this part of the experi-
ment are described elsewhere (Emerich et
al. 1987, Nikolsky et al. 1987).

The IKS experiment worked successfully
during the VEGA 1 flyby of comet Halley.
The presence of the signature of H,O, CO,
and CH-bearing molecules in the 2.5-5 um
spectrum was obvious even in the quick-
look analysis performed just after the flyby.
Preliminary accounts of the results at vari-
ous steps of their analysis were already
published (Combes er a.. 1986a,b,c.d,
Moroz et al. 1987a,b). The goal of the
present paper is to give a more complete
and final presentation of the IKS instru-
ment, its performance and operation, the
data reduction, the results, and their anal-
ysis.

Section 2 describes the IKS instrument,
its performance and its operation during the
flybys. Sections 3 and 4 present the data
processing procedures and the results of
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the short-wavelength channel (2.5-5 um),
and the long-wavelength channel (6-12
wm), respectively. In conclusion, Section 5
summarizes our main results and outlines
the prospects of future infrared cometary
observations.

2. THE INSTRUMENT, ITS PERFORMANCE
AND ITS OPERATIONS

2.1 INSTRUMENT DESCRIPTION

The characteristics of the IKS instrument
are summarized in Table I and in Fig. 1.
They are presented in detail in Crifo (1981)
and Arduini ef al. (1982). The instrument is
mounted on the pointing platform of the
VEGA probe, continuously oriented to-
ward the comet nucleus during the flyby
phase. It consists of an f/3.8 baffled
Ritchey—Chretien telescope with a primary
mirror 140 mm in diameter. The field-of-
view (FOV) diameter is 60 arcmin. The tel-
escope itself, the transfer optics, and the
filter wheel are not cooled. When in opera-
tion, the temperature is passively stabilized
around 15°C. The collected light is divided
into three secondary beams (Fig. 1). Each

TABLE 1

CHARACTERISTICS OF THE [KS INSTRUMENT AND
PARAMETERS OF THE ENCOUNTER OF P/HALLEY
WITH THE VEGA | SPACECRAFT

Long-wavelength
spectroscopic channel

Short-wavelength
spectroscopic channel

2.4-4.9 um

Wavelength range 6.0-12.0 um

Spectral resolution,  1/41 at 2.6 um 1/41 at 6.3 um
AMFWHM)/A 1/70 at 4.8 um 1/66 at 11.3 pm

Sensitivity (rms 2x 1078 Wem2se! 2% 1077 Wem 2 sr!

noise in 18 sec) pm Tat3 um pm~!at 6 um

Telescope diameter 140 mm
Field-of-view diameter 1°
Time to closest approach, Ty 6.306 Mar 1986 (UT)

Distance of closest approach 8890 km

Encounter velocity 79.2 km sec™!

Sun-comet distance 0.79 AU

Earth—comet distance 1.15 AU

Useful observing sequence Beginning End

Time Ty — 55 min Ty — 8 min
Distance to comet 276,000 km 36,000 km
Field-of-view diameter 4,000 km 640 km
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FiG. 1. Optical scheme of the IKS instrument. M1, M2: primary and secondary mirrors of the
telescope. M3, M4, MS: folding mirrors. LI to L7: germanium lenses. SI, S2: dichroic beam splitters.
Cl1, C2, C3: detectors. LSC and SSC: long- and short-wavelength spectroscopic channels. IMC:

imaging channel.

beam passes through one of the three tracks
of a modulating filter wheel and is sent to a
cryogenically cooled detector. One of the
tracks, which is dedicated to the imaging
channel, bears an encoding grid and broad-
band filters. The two other tracks are circu-
lar variable interference filters (CVFs).
They operate in the range 2.5-5 um (SSC,
or short-wavelength spectrometric channel)
and the range 6-12 um (LLSC, or long-wave-
length spectrometric channel), respec-
tively, with a practically constant resolu-
tion of AN ~ 0.07 um for the SSC and A\ ~
0.16 pm for the L.SC. This corresponds to a
resolving power ranging from ~40 (at mini-
mum A) to ~70 (at maximum A) on both
channels.

The detectors are InSb and HgCdTe
monodetectors for the SSC and LSC, re-
spectively. Since their sensitivity is de-
graded by several orders of magnitude at
room temperature, these detectors are en-
closed in a cryostat and cooled to ~77 K
during operation of the instrument. Cooling

is achieved by Joule-Thompson expansion
of nitrogen stored under 350 atm, allowing a
cooling sequence of about 3 hr.

On each 360° track of the CVF, A varies
from Apin t0 Amax, and then to Ay, without
any discontinuity. The signal is sampled at
180 points in each half-track, allowing no
resolution degradation. To accommodate a
large dynamic range, the continuum com-
ponents of the spectra are electronically fil-
tered out, and the continuum levels are re-
corded separately. The digitalized spectra
are averaged over 128 wheel rotations, cor-
responding to 18 sec of observation, before
being transmitted to Earth by telemetry.

Since no chopping other than spectral
modulation is made, the recorded signal is
expected to be dominated by instrumental
background emission. Great care has been
taken in the thermal design to ensure tem-
perature stability. To monitor the tempera-
ture evolution of the instrument during the
calibration tests and the observations, sev-
eral thermometers are placed in various
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spots of the instrument. In some critical
points (such as the cryostat, or the CVF
environment), high-accuracy thermometers
are used. To have an absolute calibration at
the moment of the flyby, a reference black-
body is incorporated into the instrument,
the calibration sequence being programmed
to take place at the end of the observation.

2.2. PREFLIGHT CALIBRATION AND
INSTRUMENT PERFORMANCE

Extensive preflight calibration of the IKS
instrument was carried out (Bibring et al.
1984). The wavelength value versus the
CVF angular position has been defined with
an accuracy much better than the spectro-
scopic resolution. The transmission of the
instrument versus wavelength has been
measured as well as its absolute responsiv-
ity. The sensitivity of IKS (rms noise in
an 18-sec integration spectrum) has been
determined to be close to 2 X 107 W cm ™2
sr'um'at3 umand2 X 1077 Wem ™2 sr!
pum~ ! at 6 um, corresponding to a dynamic
range of about 10°. Nevertheless, as dis-
cussed in the following sections, the actual
limitation on the signal-to-noise ratio is not
due to the quite good sensitivity of the in-
strument, but to the limited accuracy of
the cancellation of the instrumental back-
ground.

Indeed, the thermal emission of the in-
strument itself was expected to be largely
dominant with respect to the cometary sig-
nal. The temperature of the cometary dust
at the encounter was estimated to be close
to 400 K. The dust particle size and number
density distribution lead to a very low
equivalent emissivity (~107%). To improve
the signal, the cometary flux is collected in
a large field of view. In contrast, the instru-
mental signal is due mainly to the close-to-
one reflectivity of the CVF and to the emis-
sivity of its environment at a temperature of
about 300 K. The effective bandpass for
background collection, limited only by the
2.5-5 um and 6-12 um cold filters inside
the cryostat, is much larger than the CVF
bandpass (A/AA ~ 50) which limits the re-
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corded cometary signal. Moreover, due to
optical scattering effects, the effective FOV
for background collection is larger than the
nominal 1° FOV. As a consequence, the
background instrumental signal was ex-
pected to be 10° to 10° times larger than the
cometary signal. Such a large factor is usual
for infrared astronomical observations. The
well-known and efficient beam modulation
technique was not used on IKS. Indeed it
was recognized that an on/off optical chop-
ping inside the variable and unknown coma
could not provide a 10° rejection factor; nei-
ther could an internal mechanical chopping
which would have required an unachiev-
able temperature stability at the encounter
time, when the probe attitude with respect
to the Sun has to change by 180° within
some minutes.

Spectral modulation of the signal is
achieved by fast rotation of the CVF. Since
most of the background is coming from a
zone located between the CVF itself and
the cold filters inside the cryostat, the back-
ground component is mainly not modu-
lated. Nevertheless, due to variations of the
CVF reflectivity with angular position, a
significant part of the instrumental signal is
modulated as the cometary signal 1s and, as
a consequence, detected by the electronics.
As a result, the spectroscopic modulation
could not reject more than 90% of the in-
strumental background.

The methods for removing the remaining
background (see Sects. 3.1 and 4.1) were
tested during the preflight calibration pro-
gram. The main conclusion was that the re-
maining background depends primarily on
the temperature of the CVF environment
and partly on the temperature of the detec-
tor and cold-filter zone. These tempera-
tures were continuously monitored during
observations with high accuracy (some 1072
K). Nevertheless, due to the high sensitiv-
ity of the instrument and/or to thermal iner-
tia effects between the optical components
and the thermometers, it was concluded
that thermal modeling of the background
using the temperature monitoring could not
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be accurate enough for providing the best
background cancellation. As explained in
detail in Sections 3.1 and 4.1, the extraction
of the cometary signal is possible, using the
different time evolution of cometary signal
and instrumental background.

2.3. INSTRUMENT OPERATION
DURING ENCOUNTER

On VEGA 1, the instrument operated ac-
cording to its specifications, except for two
events. (i) 5 minutes before the encounter
time Ty, it received an erroneous command
that initiated the shutdown procedure, and
data acquisition stopped at Ty + 3 min. The
instrument could be restarted at T, + 33
min by telecommand and worked until the
end of the cooling sequence at Ty + 50 min.
(i) Near the encounter (from 7, — 8 min
on), the temperature inside the cryostat
was not stable for unknown reasons. Large
variations in the background resulted,
which did not affect the image channel
results, but rendered unexploitable the
spectroscopic channel data taken at that
moment.

Therefore, usable data were recorded
during two uninterrupted sequences (Fig.
2): (1) from Ty — 55 min to T, — 8 min, when
the probe approached the nucleus from
276,000 to 36,600 km (166 individual spec-

usable data
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tra) and (2) from Ty + 33 min to T, + 50
min, when the probe returned from the nu-
cleus from 162,000 to 222,000 km (52 indi-
vidual spectra).

The parameters of the VEGA 1 flyby are
summarized in Table 1. The evolution of the
temperatures recorded during the encoun-
ter at several points of the instrument is
shown in Fig. 3.

On VEGA 2, no result could be obtained
from IKS due to a failure of the cryogenic
system.

3. THE SPECTRUM FROM 2.5 TO 5 um
3.1. DATA PROCESSING

As stated above, since the telescope and
CVF are not cooled, and since no chopping
other than spectral modulation is used, the
raw spectra are dominated by the very
strong internal background signal. For the
SSC, this latter is about 103 larger than the
rms noise of the detectors in an 18-sec spec-
trum, and about 10* larger than the stron-
gest expected molecular cometary signals.
Our data retrieval procedure is based on the
fact that the time variations of the internal
background signal and of the cometary sig-
nal are different, the former being linked to
the slow temperature drifts of the instru-
ment, which were monitored, and the lat-
ter, to the spacecraft—comet distance.

Ref. spectra for secondary background correction \\\5‘\‘\\‘\\‘\\‘\\‘\‘

Ref. spectra for primary background correction

usable data
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F1G. 2. Synopsis of VEGA 1 trajectory indicating where the different relevant spectra were taken.
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FiG. 3. Evolution of the temperatures taken at various places of the IKS instrument during the
VEGA 1 encounter of comet Halley. (a) Telescope baffle, front region. (b) Telescope baffle, near
primary mirror. (c) Spider. (d) Primary mirror. (e) Secondary mirror. (f) Filter wheel. (g) Detector.

The sequence of the different steps of the
data reduction of the 2.5-5 um channel is
illustrated in Figs. 4a—e, which show how
the last useful spectrum before closest en-
counter was processed. This spectrum,
which contains the strongest cometary sig-
nal, corresponds to a distance D = 40,000
km to the comet nucleus.

A first-order correction is obtained by
taking the difference between the current
spectrum S; and a reference spectrum Sg
obtained at the beginning of the observing
sequence, where the cometary signal is
supposed to be small. Such reference spec-
tra are typically taken at D ~ 200,000 km
(Fig. 2). At that distance, the cometary sig-
nal is expected to be only one-fifth that at D
~ 40,000 km (Sect. 3.2.1): this will be taken
into account in the subsequent analysis. In
the resulting difference, 99% of the internal
signal is removed (Fig. 4b).

The remaining background at this step,
still dominating the spectrum, consists of
two components: (a) a component that has
the overall shape of the original internal sig-
nal (Fig. 4a) and that is smoothly varying
with time—this is due to the slow tempera-
ture variations of the instrument, in particu-

lar, of the filter wheel (~2 K during the
flyby observation sequence; Fig. 3) and (b)
an additional modulation that is present in
the region A < 3 um, with an intensity com-
parable to that of the expected signal of the
water band. This modulation is correlated
with very small variations of the internal
temperature of the cryostat, which was
monitored by a high-sensitivity thermome-
ter with a precision of 1072 K (Fig. 3). Nev-
ertheless, such quite good accuracy is not
sufficient to allow a direct correction.

As can be seen in Fig. 4b, the shape of
component a shows two extrema at 3.50
and 4.82 um. Thus, it may be parameter-
ized for the S, (\) spectrum by

Uy(x) = S(4.82 pm) — S$,(3.50 um)

which describes its amplitude. In the same
way, component b can be parameterized
by:

up(x) = $,(2.35 um)
— 0.5 [S.2.45 pm) + 542.59 um)].

An attempt to correct simultaneously for
both components can be made in the fol-
lowing way. For the current spectrum dif-
ference [S; — Sg], we look for an associated
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F1G. 4. The different steps of data processing, from the raw spectrum to the calibrated spectrum with
internal background signal removed (see Section 3.1). The procedure is illustrated here on the last
useful spectrum obtained before closest approach. (a) Raw spectrum. (b) First-order correction. (c)
Second-order correction. (d) Removal of a fourth-order baseline. (¢) Application of the transmission

correction.

pair of spectra (S;, Sk), S;and S, being taken
in the useful sequences obtained respec-
tively before and after closest encounter
(Fig. 2), both at large and similar distances
from the comet. We choose §; and S, such
that the difference §; — S, has a and b back-
ground components similar to those of the

Si; — Sg difference. In other words, we look
for a difference S; — S, for which u./u, is as
close as possible to that of §; — Sg. It is
then possible to obtain a spectrum cor-
rected to the second order:

S:;orr = [S, - SR] - C[Sj - Sk]



412

for which u, and u, are zero. Practically,
the correction factor c is fairly small, on the
order of 0.2. Because of this and of the fact
that S; and S, are taken at approximately
the same large distance from the comet, the
spurious cometary signal that might be
added in this second step of background
correction is small (at most 5% of the come-
tary signal observed at 40,000 km).

It must be noted that this correction is
not always possible, depending on both §;
and Sg. For a given §; we tried several Sy in
a limited range of distances (Fig. 2). When
several Sg appear to be suitable, we aver-
age the resulting corrected spectra. Several
S;, for which it was not possible to find any
correction at all, had to be eliminated. But
103 out of the 163 spectra of the sequence
obtained before closest encounter have
been treated in this way, most of the elimi-
nated spectra being concentrated at the be-
ginning of the sequence, at large distances
from the comet and therefore containing
less information.

After this second-order correction, the
spectra clearly show some narrow features
which could be attributed to cometary mo-
lecular emission (Fig. 4¢). However, they
still contain a continuum component that is
not likely to be of cometary origin, but
rather is caused by the imperfection of our
background removal procedure. To extract
the narrow molecular signals, several pro-
cedures have been employed: a Fourier-
transform filtering of the low frequencies
(Combes et al. 1986a), and the subtraction
of a polynomial baseline (Combes et al.
1986¢c, Moroz et al. 1987a,b). Another
method, based on adapted filtering of the
expected molecular spectral features, will
be presented in Section 3.2.1. All these
methods lead to consistent results for nar-
row features. The spectra presented in
Figs. 5 and 6 and analyzed in Section 3.2
(see also Figs. 4d and e) result from the
subtraction of a fourth-order polynomial,
obtained from a least-squares fit in the
spectral regions in which no significant
cometary emission signal is apparent
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(namely, by excluding the regions 2.55 to
2.85, 3.20 to 3.50 and 4.10 to 4.40 um; we
checked that other choices did not signifi-
cantly affect the spectra).

An additional interference is also occa-
sionally present in the spectral region 4 to 5
pm. It consists of a small periodic ripple,
tentatively attributed to vibrations of the fil-
ter wheel. It has been removed by Fourier
filtering.

The last step of data processing is to con-
vert the spectral intensity scale into physi-
cal units by applying the wavelength-de-
pendent instrumental transmission and
detector sensitivity functions measured
during the preflight calibration (Fig. 4e).

The last steps of the instrumental back-
ground removal procedure also eliminate
any possible continuum cometary signal.
So any information about dust continuum
emission is lost. Broad molecular emission,
as well as possible ice absorption features
or broad dust emission features, but not
narrow molecular bands, may also be af-
fected by the polynomial baseline subtrac-
tion. Thus it is clear that the accuracy and
reliability of the processed spectra are lim-
ited by the background signal removal pro-
cedure rather than by the sensitivity of the
experiment.

3.2. RESULTS

Figure 5 shows the average of the last
five useful spectra of the preencounter se-
quence, obtained at D ~ 40,000 km. They
were processed as explained in the pre-
vious section, and the reference spectra
were taken at Dy ~ 200,000 km. As was
already found from the quick-look analysis
(Combes et al. 1986a), three moiecular
spectral features are clearly present: the
2.7-um band of H,O, the v; band of CO; at
4.25 um, and a broader feature in the region
3.2-3.5 um, which corresponds to the char-
acteristic wavelength of the stretching
mode of the CH group in hydrocarbons.
But several other weaker features are also
present: especially at the wavelength of the
blend of the v, and vs bands of H,CO (3.6
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F1G. 5. The spectrum of comet Halley between 2.5 and 5 um, obtained from the average of five
individual spectra taken at (D) ~ 42,000 km. The reference spectra are taken at (D) ~ 200,000 km and
the reduction procedure is explained in Section 3.1. Possible molecular identifications are indicated.

pm), the 1 — 0 band of CO (4.7 um), and an
unidentified feature at 4.15 um; possible ab-
sorption around 3.0 um is also conspicu-
ous. Whether these features are of come-
tary origin or are spurious and due to
residuals of the background signal is a prob-
lem that should now be addressed.

3.2.1. Evolution of the Signal with the
Probe~comet Distance

A powerful way to check the reality of
such features is to study their variation as a
function of the spacecraft—comet distance
D. Parent molecules isotropically ejected
from the nucleus with constant expansion
velocity have a density proportional to r2
(r being the distance to nucleus). Thus, any
emission mechanism that has intensity pro-
portional to the molecular density will give
a signal proportional to D~!. Therefore, if
the observed spectral features indeed come
from parent molecules, one should expect
to find, at least in the first order of approxi-
mation, a proportionality between their in-
tensity W; and the parameter

X,’ = I/D, - I/D()

D; being the spacecraft—comet distance at
which spectrum S; was obtained, and D,

that at which the reference spectra were
taken.

In fact, the signal evolution could depart
from the D! law for several reasons:

1. Both observations (e.g., Lammerzahl
et al. 1986) and theory (e.g., Bockelée-Mor-
van and Crovisier 1987b) suggest that the
expansion velocity is not constant, but
slightly accelerating with increasing dis-
tance from the nucleus. This effect, which
is not very important (the velocity in-
creases by ~20% between r = 2000 and
20,000 km), would lead to a steeper law.

2. Some short-lived species might have a
smaller scale-length than the instrumental
field of view. This would also steepen the
law. Among the species that will be consid-
ered below, however, this effect should be
noticeable only for H,CO, which has an ex-
pected scale-length of ~2000 km at 0.8 AU,
to be compared with the 1700-km radius of
the field of view at D = 200,000 km.

3. Some species might come not from
the nucleus surface, but from distributed
sources (e.g., from photosputtering of
grains, from sublimating grains, or from
gas-phase chemical processes). In this
case, the law would be flatter, and these
species might be undetectable. Indeed, it
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was stated earlier (Crifo 1981, Crovisier
and Encrenaz 1983) that the IKS instru-
ment was not designed for the detection of
daughter products.

4. Abundant species may have optically
thick lines. This would lead to a flatter law,
and necessitate a detailed radiative transfer
treatment. This point will be discussed be-
low for the H,O and CO, features.

5. As shown by many observations, gas
and dust are not e¢jected isotropically from
the nucleus which is active only on re-
stricted areas of the day side. “‘Jets”
should be present in the near-nucleus re-
gion. However, the gas distribution should
get more isotropic at large distances. Fur-
thermore, the signal due to radial jets with a
density proportional to r—2 should be pro-
portional to D!, since the phase angle did
not change significantly during the observ-
ing sequence.

6. The r~? law of the gas density could be
affected by temporal variations of the gas
production rate.

With the exception of optical depth effects,
all these effects should give only second-
order modifications to the D variation of the
signal of parent molecules. Indeed, in situ
observations have revealed that the density
of total neutral gas as well as that of some
species agree with an r~2 law in the inner
coma with a reasonable degree of approxi-
mation (Krankowsky et al. 1986, Curtis et
al. 1986).

Figure 6 shows the evolution of the ob-
served spectra as a function of D (or X).
The spectra have been grouped and aver-
aged for various bins of the distance. There
is an obvious increase of the intensity of the
spectral features at 2.8, 3.3, and 4.25 um
when the probe is approaching the comet,
as expected for real cometary signals. To
characterize this dependence better, we
have fitted a regression

S(A) = a(d) + b((MX

for each spectral element A\ over the 103
corrected spectra that span most of the pre-
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FiG. 6. Evolution of the spectra as a function of
distance to nucleus. Spectra are grouped and averaged
in bins according to the distance D to nucleus. The
spectra are labeled on the right with their average dis-
tance in km. They have been shifted vertically relative
to one another to avoid overlap. All the spectra are
differences from a reference spectrum taken at (D) ~
200,000 km.

encounter observing sequence. The result
is displayed in Fig. 7, which shows b(A)/D
for D = 40,000 km, i.e., the ‘‘reconstructed
spectrum’’ at 40,000 km from the comet. It
is remarkable that this ‘‘spectrum’ is close
to the reduced spectrum obtained, for in-
stance, close to the flyby and reproduced in
Fig. 5. This strongly supports the hypothe-
sis that most of the spectral features of the
figure are of cometary origin. Also given in
Fig. 7 are the formal errors resulting from
the fit of the regression slope. One must
note that these errors are not independent
for adjacent spectral elements, and that one
would not improve the signal-to-noise ratio
by smoothing the spectrum. One must also
note that, although they are indicative,
these errors do not include the uncertainty
due to the polynomial baseline removal.
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F1G. 7. The spectrum of comet Halley at D = 40,000 km resconstructed by extracting the part of the
signal varying as D~!. For this, a regression line S(\) = a + bX has been fitted to the set of spectra (see
Section 3.2.1). The error bar is the 1o formal error on the slope resulting from the fit.

For a more detailed study of individual
molecular features, we present in Figs.
8a—e the evolution, as a function of X, of
the signal

W = [ S(\)d\

integrated over the spectral ranges relevant
to the detected or suspected molecular sig-
natures. The results of the linear regression
fits are shown in the figure and listed in Ta-
ble I1I. We have also performed the same
analysis when the spectra are grouped and
averaged over 12 bins which ensure uni-
form coverage of the range of the X param-
eter, to exclude any possible bias due to the
higher density of the data at small X’s. The
results, however, appear to be practically
insensitive to this grouping.

When the shape of the molecular spectral
feature is a priori known (e.g., from studies
such as those of Crovisier 1987 or Bocke-
lée-Morvan 1987), it is possible to use an
adapted filtering analysis by just fitting the
amplitude of the expected signal pattern to
the observed spectrum. Such a fitting does
not require the residual continuum to be re-
moved by low-frequency filtering as ex-
plained in Section 3.1. This analysis was

performed on the 2.7-um H,O feature and
the 4.25-um CO, feature, assuming bands
of Gaussian shapes centered at the right
wavelengths and with widths resulting from
excitation models. The results are in excel-
lent agreement with those of Figs. 8a and b
and of Table II. This confirms that the sig-
nal is not significantly affected by the base-
line determination. One should note that
the adapted filtering method works very
well for narrow isolated features, but can-
not be applied to the 3.2-3.5 um broad fea-
ture, for which no definite assignments
have yet been made.

3.2.2. Production Rate Derivations

The integrated flux of the emission of a
molecular band is

_ hvgQ
470V, D

where Q is the molecular production rate
(assumed to be isotropic), vy, is the gas
expansion velocity (assumed to be con-
stant), 6 is the full angular field of view, g is
the emission rate per molecule. The lines
are assumed to be optically thin. A full deri-
vation of this formula was given by Crovi-
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FiG. 8. Integrated line intensities W corresponding to several molecular features as a function of the
parameter X = 1/D — 1/Dy. Unfilled circles correspond to individual spectra. Filled circles correspond
to spectra grouped and averaged for various bins of the parameter X, the error bars indicate the
dispersions of X and of intensity within the bin. For real cometary features, W is expected in first
approximation to be proportional to X. The regression lines are drawn for both individual spectra
(dotted lines) and grouped spectra (dashed lines). (a) H,O; the full line corresponds to the expected law
for Q[H,0] = 102 sec~! when line optical depth is taken into account. (b) CO,. (c) CH-X. (d) CO. (e)

H,CO.

sier and Encrenaz (1983): it results from
volume integration of the emission rate, the
only approximation being that the linear
field of view 6D is supposed to be much
smaller than the molecular scale-length. In
the present case, W can be easily related to
the slope b of the regression line fitted to W,
so that

A vexpth

Q= hvg

We will assume here that ve, = 0.8 km
sec~!. This value agrees with that measured
in situ at r < 5000 km (Lammerzahl et al.
1986) and with those derived from the
widths of the HCN radio lines (Bockelée-
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Morvan et al. 1987, Schloerb et al. 1987).
The emission rate, for resonant excitation
by the Sun, is

£ = Blll‘l(v)

where the Sun radiation energy density J(v)
can be taken from Labs and Neckel (1968),
and B, may be deduced from the labora-
tory-measured band strength S as explained
by Crovisier and Encrenaz (1983).

The production rates (or their upper lim-
its) obtained in this way are listed in Table
IT with the formal errors resulting from the
regression fit. We will now proceed to sepa-
rate discussions for each spectral feature.

3.2.3. The Water Band at 2.7 um

This band is a blend of at least two funda-
mental (v, and v3) and two combination (v,
+ v3 — v, and v, + v; — v;) vibrational
bands, but the »; band is expected to have
the strongest emission rate (Crovisier
1984). Individual lines from the v; band of
water were previously detected in Decem-
ber 1985 in comet P/Halley from airborne
observations (Mumma et al. 1986), directly
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revealing for the first time the presence of
water in a comet.

The linearity of the signal as a function of
X (Fig. 8a) is remarkable. This strongly sug-
gests that most of the water is directly com-
ing from the nuclear region (and not from a
distributed source such as icy grains). This
also shows that the water scale-length is
larger than 5000 km, in agreement with the
H,O photodestruction theory (Huebner,
1985) and with the scale-length measured in
situ (Krankowsky et al. 1986).

The water production rate cannot be
evaluated using the linear formulas of Sec-
tion 3.2.2, because the strong v; band is
optically thick in the region of the coma
observed by the IKS instrument. The satu-
ration effect has been estimated by Bocke-
lée-Morvan and Crovisier (1986, 1987a) and
Bockelée-Morvan (1987), treating the radia-
tive transfer problem with the escape prob-
ability formalism, and solving simulta-
neously for the water rotational
distribution. A similar approach was made
by Bisikalo et al. (1987). Krasnopolsky and
Tkachuk (1987) also estimated the band sat-

TABLE I1

ASSIGNMENTS OF OBSERVED FEATURES AND MOLECULAR PRODUCTION RATES

Motecular band

{ntegration

Regression Slope b Production rate

Wavenumber Emission
(cm~1) rate? range” coefficient: (Wem fsr (sec™ "}
(sec ) (pum)

v 3756 2.8 % 10 4 ‘
vy 3657 320 % oy, ¢ N { 4.5 £ 0.2 < 10™°
H.0 vt vy — 3756 23 x g s VT 0.916 1070 = 46 1O = 0.1 % 10"
v, + vy — vy 3657 1.9 x 10 ° )
| 1.8+ 0.2 x 102

X ) 3 20— 222 + 2
CO» vy 2349 2.9 x 10 4.20-4.37 0.717 222 21 127+ 03 x l02,‘,/
CH-X C-H stretch ~3000 1.3 x 107 3.20-3.52 0.911 SHY & 23 9.0 + 0.4 x 10"
CO (1-0) 2143 2.6 < 107 4.57-4.78 0.584 51+ 07 5007 x 10%
HCO Y 2782 2610 6 365 0.683 63+ 08 40 2 0.5 % 10%

! v 2843 32 x 104 T o - R

OCs ? v, 2062 3.0 x 10 ° 4.79-4.88 0.257 43 + 16 7 % 107

¢ Theoretical fluorescence rate in the optically thin case for solar excitation at 1 AU.

¥ Wavelength integration range for the regression line analysis.
“ Regression coefficient for the linear regression analysis of individual spectra.
4 Slope of the regression W = a + bX, where W = [S(\)dA, X = 1/D — 1/Dy. and Dy = 200,000 km.

< For the optically thin case.
f Corrected for optical thickness (see text).
® Average value for a C-H stretch (see Sect. 3.2.5).

" ¥nQ|C,H,] assuming gas-phase fluorescence (sec Sect. 3.2.5).
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uration by using a single scattering approxi-
mation and assuming a thermal rotational
distribution for water. The results lead to
an estimation of Q[H,O] = 10*° sec™!; at D
= 40,000 km, the v; band is attenuated by a
factor of ~3.5, whereas the other bands,
which are much weaker, are practically un-
affected (Bockelée-Morvan and Crovisier
1987a). A consequence of the optical depth
effect is that the signal is no longer propor-
tional to D! and should depart from a lin-
ear law in Fig. 8a. Therefore, the shape of
the observed signal variation could in prin-
ciple lead to a test of the saturation effect.
The signal variation expected from the
model is represented as a full line in Fig. 8a.
It is indeed in overall agreement with the
observations, but the accuracy of the latter
is not sufficient to discriminate between a
linear variation and the predicted law and
to allow us to test the water excitation
model. However, a more extreme satura-
tion, which would lead to a larger curva-
ture, seems to be excluded.

To our knowledge, the only other deter-
mination of the water production rate at the
moment of the VEGA 1 encounter is 1.4 X
10% sec™!, derived from the observation of
H and O by the Pioneer Venus ultraviolet
spectrometer (Stewart 1987). Measure-
ments made a few days later by the VEGA
2 (9 March) and Giotto (14 March) probes
lead to consistent evaluations, when the
variations of the comet activity are taken
into account (at these moments, the comet
was less active than on March 6): on VEGA
2, the three-channel spectrometer TKS
measured a water production rate of 8 X
10% sec™! from its 1.38-um band (Krasno-
polsky et al. 1986), and an OH-parent pro-
duction rate of 9 X 10% sec”! from the
310-nm OH band (Moreels et al. 1986); on
Giotto, the neutral mass spectrometer
NMS measured Q[H,0] = 5.5 X 10 sec™.
Ultraviolet observations by IUE (Festou et
al. 1986) lead to water production rates of
5.6 x 10?° and 5.2 x 10% sec™! at the times
of the VEGA 2 and Giotto flybys, respec-
tively.
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At the moment of the VEGA 1 flyby, the
total neutral gas production rate was evalu-
ated as 1.3 x 10% sec™! by the PLASMAG-
I experiment (Gringauz et al. 1986) and 10°°
sec™! by the NGE experiment (Curtis et al.
1986). Compared with our H,O production
rate determination, this confirms that water
is the dominant volatile product of the com-
etary nucleus.

3.2.4. The vy Band of Carbon Dioxide at
4.25 um

The 4.25-um feature (Fig. 5), which we
attribute to the v; band of carbon dioxide
(Fig. 9), is the first direct detection of this
molecule in a comet. The linear depen-
dence of the signal as a function of X (Fig.
8b) is clear. However, it is not as accurately
defined as for H,O. We note the presence of
a spurious feature in the wing of the band at
4.13 pum, which does not show any varia-
tion with distance from the nucleus. As for
H,O (Sect. 3.2.3), the determination of the
CO, production rate from its strong v; band
intensity needs a correction for optical
depth. The saturation of this band amounts
to a factor of 1.5 at D = 40,000 km (Bocke-
lée-Morvan and Crovisier 1987a). The re-
sulting production rate is 2.7 x 10%® sec™.

The presence of CO, in comets was sus-
pected well before the VEGA flyby because
of the presence of COJF bands in the ion
tails. However, no reliable determination of
Q[CO;] could be derived from the observa-
tion of these bands. The neutral mass spec-
trometer on Giotto measured a volume mix-
ing ratio of 3.5% for the mass 44 relative to
water (Krankowsky et al. 1986). This can
be considered as an upper limit to Q[CO,]/
Q[H,0], since other molecules such as CS
and C;H;g could also contribute to mass 44.
This limit is in agreement with our determi-
nation.

Carbon dioxide is thus an important sec-
ondary constituent of cometary nuclei. CO,
is much more volatile than H,0O, and could
play an important role in the activity of
comets at large heliocentric distances. As
proposed by Feldman et al. (1986), it could



420

COMBES ET AL.

— T T A A | — T —
: |
-
g 4 ]
3 E ]
5 II ]
(:J B
§ 2 3! 1
=
J
El
0 -
_2 =
1 o L -l 1 4
3 3.5 4.5 5

4
Wavelength [um]

FiG. 9. Reconstructed spectrum between 3 and 5 um (from Fig. 7), with superimposed synthetic
band profiles of H,CO, CO,, and CO (a linear baseline has been added to the CO profile).

also be responsible for cometary outbursts
at shorter heliocentric distances.

3.2.5. The 3.2- to 3.5-um Feature

The intensity of this feature has a very
well defined linear dependence with X (Fig.
8¢), characteristic of an r~? density law for
the species responsible for this emission.
This feature is too broad to be the signature
of a single gaseous species. Therefore, it
should arise from a mixture of many simple
molecules, or from complex polyatomic
molecules, or from dust particles. The
wavelength of the feature is characteristic
of the vibration of the C-H bond.

After the first report of the presence of
this feature in the spectrum of comet Halley
(Combes et al. 1986a), its detection was
confirmed by ground-based observations
(Baas et al. 1986, Danks et al. 1987,
Knacke et al. 1986, Wickramasinghe et al.
1986). This feature is apparently transient,
since it was not present in spectra of comet
Halley taken at the end of 1985 (Danks et
al. 1987). Such a feature was not present in
the spectrum of comet West 1976 VI (Oishi
et al. 1978) nor in comet IRAS-Araki-
Alcock 1983 VI (Hanner et al. 1985), but

was recently detected in comet Wilson
19861 (Brooke et al. 1987, Allen and Wick-
ramasinghe 1987).

The 3.2-3.5 wm feature, which appears
as a broad and mainly structureless emis-
sion in the present study, has been resolved
into two distinct emission features at 3.28
and 3.37 um by several ground-based ob-
servations, in particular those of Baas et al.
(1986).

Three different origins have been in-
voked to explain this feature in P/Halley:

1. Heating of very small organic grains,
or large polycyclic aromatic hydrocarbon
molecules (PAH) by individual UV pho-
tons, in analogy with what is observed in
the interstellar medium (see, e.g., Sellgren
1984, Léger and Puget 1984).

2. Thermal emission by small cometary
grains with organic mantles, such as the
“CHON"’ particles observed by the space-
probes (Kissel er al. 1986a,b), which could
be comparable to the organic residues ob-
served in the laboratory from the irradia-
tion of ices.

3. Resonant fluorescence of small gas-
eous molecules by the infrared radiation
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field (ultraviolet excitation can be ruled out,
since for simple stable molecules, it leads to
dissociation rather than fluorescence).

The first mechanism has been suggested
by Baas et al. (1986) in analogy with the
excitation mechanism observed in the vi-
cinity of UV sources. It can account for the
3.28-um component of the cometary emis-
sion.

The second mechanism has been sug-
gested by Knacke et al. (1986). Spectra of
organic residues produced by laboratory ir-
radiation of ices have been recorded by
Chiba and Sagan (1987) in the region 2-20
pm. Models of thermal emission by come-
tary grains have been performed by
Krishna Swamy et al. (1988) and Chiba and
Sagan (1987). According to these studies,
we would expect in P/Halley’s spectrum
weak emission features in the region 6-9
pm, which could show up by a few percent
above the blackbody and silicate contin-
uum. Apparently these features are not
present (see Sect. 4.2.1), but the signal-to-
noise ratio of the available data is not really
sufficient to make this test unambiguous.
The presence of the cometary emission at
3.28 um, which does not appear in the labo-
ratory spectra of organic residues, is more
difficult to interpret with this mechanism
than with the preceding one.

The third mechanism has been consid-
ered in our previous studies (Combes er al.
1986a—-d, Moroz et al. 1987a,b) and by
Knacke er al. (1986) and Danks et al.
(1987). Resonant fluorescence of gas mole-
cules, which is also responsible for all the
other emissions observed in the range 2.5-5
pum (Sect. 3.2), also accounts for the ab-
sence of associated features at 7.7 um,
since the other vibrational bands of these
species in the range 6-12 um (bending
modes) are not expected to yield detectable
signatures (Crovisier and Encrenaz 1983).
It could also explain the double structure
emissions at 3.28 and 3.37 um assessed by
ground-based observations.

In the absence of unambiguous discrimi-
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nation between the processes described
above, we will estimate below the carbon
abundances implied in the cases of (a) emis-
sion by PAH or grains and (b) fluorescence
of gaseous molecules.

Emission by PAH or small cometary
grains. The carbon abundance inferred
from the 3.3-um emission, in the case of
thermal emission of small grains, can be es-
timated following Knacke et al. (1986) and
Brooke and Knacke (1987). For a tempera-
ture of 500 K (which is the expected tem-
perature for 0.1-um particles), we derive
QO[C] ~ 3.2 x 10 sec™! (Encrenaz et al.
1988), i.e., about 1% of the H,O production
rate. In the case of heating of PAH by tran-
sient UV photons, the carbon required to
account for the observed emission is even
smaller: the number of ‘‘large molecules”
would be only 0.05% if, following Baas et
al. (1986), one assumes a g factor of 0.2
sec”! for 3.3-um emission at 1 AU. The
corresponding carbon amount is thus less
than 1% of H,O.

Following this scenario, the total carbon
amount found in both the solid phase (3.2—
3.5 um emission) and the gaseous phase
(CO, CO,, H,CO fluorescence) is only
about 15% of H,0. Taking into account
other possible depositories of oxygen
(gases and silicates), this leads to a come-
tary abundance ratio of [C]/[O] ~ 0.10, as
discussed in more detail by Encrenaz et al.
(1987, 1988). When compared with the cos-
mic abundance of carbon ([C]/[O] ~ 0.5),
this suggests that more than 80% of the car-
bon would have to be in cometary grains, in
the form of amorphous carbon or of large
grains, which would not be detectable in the
infrared.

Emission due to gaseous fluorescence.
The 3.3-3.5 wm emission cannot be due to
the v; band of CH4 alone, which would fall
just between the two peaks, but could be
due to a large number of hydrocarbons, as
indicated in the compilation shown in Fig.
10 and Table III, and discussed by Grig-
oriev (1987). Instead of trying to determine
the abundance of a given hydrocarbon mol-
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F16G. 10. Reconstructed spectrum of the emission feature 3.2-3.5 um (from Fig. 7). with the relative
band strengths S of several saturated and unsaturated hydrocarbons. The band strengths are compiled
from Sverdlov ef al. (1970). The code to the various molecules is given in Table I11. See Grigoriev
(1987). Solid lines: symmetrical stretching of [C—H] in CH, and CH;. Dashed lines: antisymmetrical
stretching of [C-H]. Dashed—dotted lines: other modes.

ecule, we will estimate the carbon amount
in a given class of hydrocarbons. Figure 10
and Table III show that the 3.4-um signa-
ture is characteristic of the C—H stretch in
saturated hydrocarbons (alkanes), while
the 3.3-um signature can be produced by
unsaturated hydrocarbons (alkenes, al-

kynes, aromatics . ; see also Bellamy
1975). The band strength is well known for
alkanes (Finkel 1966); as a typical value, we
adopt S = 150 cm~% atm™} per C~H stretch
(i.e., per H atom). There is a larger uncer-
tainty for the strength of the 3.3-um bands
of unsaturated hydrocarbons; by analogy

TABLE 111

CoDE 10 MOLECULES IN FIG. 10

1 H:CZCHZ

2 H;C—CH=CH.
3 (CHy)»==C=CH,
4 H,.C=C=CH.,

H \C‘ C/C H,
CH/ \H

6 CeH,
RN
CH,
CH—CH,

CH+—CH-—CH,;
CHy—CH;—CH,—CH;
CH+—CH—CH-—CH,—CH;

—

—
B —TA - N |

15 CH,

CH-

CH,—CH,
CH,—CH,

14 | |

CH—CH,

CH,—CH;

I !
CH,

CH-
CH.—CH,
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with the value measured for aromatic com-
pounds (d’Hendecourt and Allamandola
1986, Léger and d’Hendecourt 1987) we
adopt S = 50 cm 2 atm™! per C-H stretch
(i.e., per H atom). The IKS data do not
allow us to separate the saturated and un-
saturated components; however, we know
from ground-based observations (Baas et
al. 1986, Danks er al. 1987) that the flux in
the 3.3-um feature is about a third of the
3.4-um flux. We can thus assume that satu-
rated and unsaturated hydrocarbons are in
comparable amounts, and assume for the
whole feature a ‘‘mean’ strength of 100
cm~? atm~! per C—H stretch, which corre-
sponds to an emission rate g = 1.3 x 1074
sec 'at 1 AU. Then the derived production
rate of C-H stretches deduced from the
IKS observation (Table II) is ~7 x 10%
sec™L.

To derive a production rate for carbon
atoms present in hydrocarbons, we need to
know the extent of saturation of each hy-
drocarbon class. In the case of alkanes, we
have C/C-H = 0.5; for unsaturated hydro-
carbons, the numbers are more uncertain,
but we can reasonably assume C/C-H = 2,
from observed spectra of organic residues
(d’Hendecourt, private communication).
Then, the rates of production of carbon at-
oms are ~2 X 10¥ sec~! in saturated hydro-
carbons and —7 x 10 sec~! in unsaturated
hydrocarbons, thus a total of 90% of the
number of water molecules.

Since the photodissociation process of
gaseous hydrocarbons should result in the
production of nearly one CH radical per C
atom (at least for the saturated form), it is
interesting to compare the carbon produc-
tion rate deduced above with the CH-radi-
cal production rate inferred from the obser-
vation of the CH bands in the visible.
Unfortunately, this is still a debated ques-
tion, because the CH lifetime is poorly
known. Assuming a CH lifetime of ~100
sec, Krasnopolsky et al. (1986) estimated
QO[CHJ/Q[H,0] ~ 0.10 from the VEGA 2
measurements. From ground-based obser-
vations, Wyckoff et al. (1988) estimated the
CH lifetime to be much larger (~5000 sec)
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and found Q[CHJ/Q[H,0] ~ 0.007. How-
ever, the recent calculations of Singh and
Dalgarno (1987) confirm that the CH life-
time should be indeed around 100 sec,
which leads to a reevaluation of the CH
production rate from the observations of
Wyckoff et al. close to our value for the
production rate of carbon in saturated hy-
drocarbons, thus supporting the gaseous
origin of the 3.2-3.5 um feature, or at least
part of it.

The abundance of carbon derived from
the 3.2-3.5 um feature, under the assump-
tion of fluorescence excitation, is very large
compared with the other sources of gas-
eous carbon; this result actually conflicts
with the value of C/O expected from the
cosmic abundances. More probably, the
3.2-3.5 wm cometary emission is due to a
mixture of hydrocarbons in both solid and
gaseous phases: part of the molecules in the
organic mantles of grains is expected to
sublimate when these latter are heated up
to 500 K.

3.2.6. The v(I — 0) Band of Carbon
Monoxide

The v(1 — 0) band of CO at 4.65 um is
probably present at the limit of detection in
the IKS spectra (Figs. 5, 7): the intensity
variation of the feature as a function of dis-
tance is consistent with a D~' law, but is
fairly noisy (Fig. 8d and Table II) and less
clear than for the H,O, CO,, or CH-X fea-
tures. The feature is apparently double with
peaks at 4.60 and 4.17 um, which suggests
that the P and R branches are resolved. In
fact, the spectral resolution of IKS around
4.5 pum is ANMN ~ 1/70, and the calcula-
tion of synthetic spectra (see Fig. 9 and
Crovisier, 1987) shows that these branches
should be resolved at such a resolution if
the kinetic temperature of the coma is at
least 100-150 K in the region sampled by
the instrument. The production rate de-
rived for CO is 5 X 10% sec™!, assuming a
parent molecule spatial distribution.

Carbon monoxide is known to be a major
constituent of comets since its observation
in the UV in comet West 1976 VI with an
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abundance Q[COJ)/Q[H,0] ~ 0.2. Its abun-
dance, however, seems to be highly vari-
able from comet to comet. For comet
Halley, UV observations yielded CO abun-
dances of 10-20% from 1IUE observations
(Festou et al. 1986), of 17 = 4% from rocket
observations (Woods et al. 1986), both at
the moment of the spacecraft encounters.
In situ measurements with the neutral mass
spectrometer NMS aboard Giotto sug-
gested that a large fraction of the CO does
not come directly from the nucleus, but
from another source in a distributed region
at 1000 < r < 20,000 km (Eberhardt er al.
1987); the NMS measurements lead to a to-
tal CO production rate in agreement with
the UV observations, but they indicate
QICOVQI[H,0] < 0.07 for the fraction di-
rectly coming from the nucleus. This is con-
sistent with our observations (even if our
CO production rate is interpreted as an up-
per limit), which were not sensitive to the
fraction of CO coming from the distributed
source.

3.2.7. The v, and vs Bands
of Formaldehyde

A narrow feature is apparent at 3.59 um
in the IKS spectrum (Fig. 5). Its intensity
apparently follows the D' law expected for
parent molecules (Fig. 8e), although less
clearly than for the H,O, CO,, and CH-X
species. A possible identification is formal-
dehyde, which has its two fundamental
bands v, and vs, of nearly equal strength, at
central wavelengths of 3.59 and 3.52 um,
respectively. Figure 9 shows the expected
emission profile of the blend of v, and v;s
(other combination and harmonic bands of
H,CO in the same spectral range are esti-
mated to have negligible fluorescence emis-
sion with respect to these fundamental
bands). This profile is computed for a ther-
mal rotational population at 300 K, from the
GEISA spectroscopic data bank (Husson et
al. 1986). The A-type v, band is relatively
narrow, whereas the B-type vs band is
broad. At the spectroscopic resolution of
IKS, a single peak is resulting at a wave-
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length of 3.56 um, near the observed fea-
ture. Thus the identification seems reliable.
Note that the observed spectrum (Fig. 7)
shows a narrow spike affecting three spec-
tral elements at 3.60 wm; this spike, which
is narrower than the instrumental resolu-
tion, is not related to the molecular band
structure.

The signal intensity listed in Table I cor-
responds to the spectral range 3.52 to 3.68
um. We estimate that it includes all the v,
band, and half the vs band energy. The re-
sulting production rate for H,CO is 4 x 102
sec” ! in the case of resonant fluorescence.
But since this spectral range might also be
contaminated by some of the CH-bearing
products responsible for the 3.2-3.5 um
broad feature, and since electronic excita-
tion at visible wavelengths could also con-
tribute to fluorescence of the v, and vs
bands, the real H,CO production rate may
be lower.

The v, and vs bands of H,CO seem to be
marginally present in some of the infrared
spectra of P/Halley taken from the ground
(Knacke et al. 1986, Danks et al. 1987), but
not in other ones which, however, revealed
the 3.2-3.5 um feature (Baas et al. 1986,
Wickramasinghe and Allen, 1986). This
might be due to the short scale-length of
H,CO (~2000 km), smaller than the field of
view of ground-based instruments. Formal-
dehyde was also detected in P/Halley
through its 1,—1;; rotational line at 4.8
GHz, with an abundance comparable to
that observed by IKS (Snyder ef al. 1988).

Formaldehyde is known to be present in
interstellar dark clouds with abundances
comparable to that of HCN. It has often
been proposed as a major constituent of
cometary nuclei. It is interesting to note
that a periodic series of peaks observed by
the heavy-ion mass spectrometer aboard
Giotto has been interpreted as the signature
of the decay products of polyoxymethyl-
ene, which is polymerized formaldehyde
(Mitchell et al. 1987, Huebner 1987, Hueb-
ner et al. 1987). However, formaldehyde
observed by IKS, which has a parent mole-
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cule distribution, should come from the nu-
clear region and not from the progressive
unzippering of polyoxymethylene. The
main photodissociation pathway of H,CO
leads to the release of CO (Huebner 1985).
Thus, formaldehyde could be in part the
other source of CO which seems to be
needed to explain the difference between
the CO production rates obtained from the
UV observations (Festou et al. 1986,
Woods et al. 1986) and from the present
experiment (Sect. 3.2.6).

3.2.8. The Region 2.8-3.15 pm

The region that extends between the 2.7-
pum bands of water and the 3.2-3.5 um
broad emission feature possibly shows
broad absorption around 3 wpm, narrow
emission at 3.10 um, and perhaps emission
around 2.8 um in the wing of the water
band (Figs. 5, 6, 7). As previously noted in
Section 3.1, the reliability of the broad ab-
sorption feature is hampered by the polyno-
mial baseline removal used in the data pro-
cessing. The absorption at 2.9 um shown in
Fig. 7 amounts to about 10% of continuum
(the latter being evaluated from the 3.45-
wum photometric observation of March 6.85
by Hanner et al. 1987, scaled to the IKS
instrument assuming the continuum inten-
sity to be proportional to the field of view).
This spectral region is characteristic of the
O-H bond stretching mode. Several coma
constituents are expected to have signa-
tures in this range.

1. The broad absorption at 2.8-3.0 um
and the narrow emission feature at 3.12 um
are very similar to the expected signature of
water—ice grains: see, for instance, the
spectral profiles computed by Hanner
(1984) and by Crifo and Emerich (1985).
Since the scale-length and the temperature
of volatile grains are both much smaller
than those of refractories, any ice signature
should be presumably weak. Crifo and
Emerich (1985) have made a model compu-
tation of the signals expected for the IKS
instrument if, in addition to the standard
comet Halley encounter model, one as-
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sumes 20% of the water production under
the form of icy grains. Scaling their results
to the measured water production rate, one
predicts in the 3-um region a continuum
flux from this icy halo of ~4 x 107 W ¢cm™2
sr~! um™! if the ice is pure, and about a
factor of 10 less if the ice is impure. These
numbers are orders of magnitude only, be-
ing dependent on the initial icy grain size.
Comparing with Fig. 5, one sees that the
possibility of observing an ice emission is
indeed open.

2. Water clusters are expected to form in
the coma following the strong expansion
cooling of water (Kitamura and Yamamoto
1986, Crifo, 1987, 1988a). The larger clus-
ters will scatter solar light like tiny ice crys-
tals, and in addition, the smaller clusters
(dimers, etc.) have an important predisso-
ciative absorption band in the region 2.7-
3.0 wm (Coker et al. 1985), and could con-
tribute to absorption in this spectral range.
Detailed modeling of the cluster emission
(Crifo 1987) indicates that the signal seen
by the IKS instrument near 3 um due to the
clusters does not exceed 107'* W cm™2 sr~!
wm~! and is therefore negligible. An exact
computation of the absorption by predisso-
ciation of small clusters is not possible be-
cause of the lack of relevant cross sections.
However, Crifo (1988a) has shown that
their abundance relative to water is every-
where less than 1%, and even less than 107
in most of the water coma. Accordingly,
observations of absorption features from
water clusters is also unlikely.

3. The emission around 2.8 um does not
show any clear dependence on D. It shows
up clearly only in the spectra taken at
60,000 < D < 150,000 km (Fig. 6). It is
indeed difficult to isolate this feature, due
to the presence of the much stronger H,O
bands, and the contamination by instru-
mental emission (“‘b’’ component, Sect.
3.1). The presence of emission at 2.8 um
was also subsequently observed from the
ground in P/Halley by Tokunaga et al.
(1987) and in comet Wilson 19861 by Brooke
et al. (1987). Such an emission could be due
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to the OH v(1 — 0) band, which has its Q
branch centered at 2.80 um. The fluores-
cence of OH vibrational bands, however,
cannot yield significant signal (Crovisier
and Encrenaz 1983), and another emission
mechanism should be invoked. It is possi-
ble that the photodissociation of water pro-
duces OH in excited states of vibration. In-
deed, several bands of the sequence Av = 2
of OH were observed in the near-infrared
spectrum of P/Halley (Krasnopolsky et al.
1986). Laboratory measurements (Andre-
sen ef al. 1984) have shown that the photo-
dissociation of H,O at 157 nm yields more
than 53% of OH in excited vibrational
states. Assuming that the yield of v(l — 0)
OH emission subsequent to water dissocia-
tion is 50%, we infer an emission rate g = 6
X 107® sec™! per water molecule at 1 AU for
this band, to be compared with g = 3.3 X
1074 sec™! for the 2.7-um water bands in the
optically thin case. Thus we expect an OH
signal approximately one-fiftieth that of the
water band (which is consistent with that
observed by Tokunaga er al. 1987), which
can be seen against water emission in the
IKS spectrum only with considerable diffi-
culty.

3.2.9. Other Possible Features

Several other spectral features may be
suspected just above the noise level, at
3.85, 4.0, 4.45, and 4.85 um. We have
checked that they are not due to the peri-
odic ripple occasionally present in the re-
gion 4-5 um (Sect. 3.1). Admittedly, these
features are not firm detections, but it is
nevertheless interesting to discuss their
possible identification and to infer the con-
straints on the abundances of the relevant
molecular species.

The 4.85-um feature is the most promis-
ing one, because it coincides with the
strong v| band of OCS. The feature inten-
sity corresponds to a production rate of 7 x
10*7 sec™!, which may be considered as a
2.50 detection or an upper limit. Therefore
the OCS abundance is less than 0.01 that of
water (an upper limit of 0.06 was obtained

COMBES ET AL.

from radio observations by Bockelée-Mor-
van et al. 1987). The production rates of
sulfur in S, and CS molecules are on the
order of 1073 Q[H,O], but that of atomic
sulfur is ~0.02 Q[H;0], according to
Azoulay and Festou (1986). This suggests
that cometary sulfur is deposited in parent
molecules other than S,, CS,, or OCS, or in
grains.

The other features are less interesting,
because they can be assigned only to weak
bands or combination bands, and therefore
they do not lead to significant upper limits
on molecular production rates. The 4.45-
um feature is close to the C=N stretching
mode; for instance, the v, band of HC;N is
at 4.40 um, but the feature intensity would
correspond to an unrealistic production
rate (2 X 10% sec™!, which is much larger
than the upper limit deduced from the ob-
servations at radio wavelengths of Bocke-
1ée-Morvan et al. 1987). The 4.45-um fea-
ture might also be the signature of C=N
bonds in small grains, but this signature is
rather shifted toward 4.60 um, as shown in
laboratory spectra of organic residues
(d’Hendecourt et al. 1986). The 3.8-um fea-
ture is near the »; band of H,S, that of 4.0
um near the vy + v; band of SO,, but this
also leads to meaningless production rates,
because of the weakness of these bands.

4. THE SPECTRUM FROM 6 TO 12 um
4.1 DATA PROCESSING

4.1.1. Elimination of the Background
Signal

As in the case of the 2.5-5 um channel,
the raw spectra of the long-wavelength
channel are dominated by the internal back-
ground signal. This effect is even stronger
here, since the instrumental background
emission that corresponds to a mean tem-
perature of about 290 K peaks in the spec-
tral interval 6-12 pm.

The data processing method used for the
6—12 pum channel is similar to the method
described in Section 3.1 for the 2.5-5 um
channel. To first order, we make the differ-
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ence between a current spectrum S; and a
reference spectrum Sy taken at the begin-
ning of the observing sequence. As in the
case of the SSC, there is still background
remaining after this operation. This back-
ground consists of two components of the
same nature as the components a and b
found for the SSC:

(a) A component that varies slowly with
the temperature variations of the instru-
ment. This component can be reliably re-
moved with the help of the accurate moni-
toring of the temperatures of the instrument
during the observing sequence and the use
of preflight calibration data.

(b) A modulation correlated with the fluc-
tuation of the cryostat temperature. In the
case of the SSC, this component is small
compared with component a, and is limited
to some wavelength intervals (mostly A < 3
wum). In contrast, in the case of the LSC,
this component (b) affects the whole spec-
tral range and is about 50 times stronger in
the 6-12 um channel than in the 2.5-5 um
channel. We were not able to parameterize
it accurately enough to perform a reliable
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correction, as was done for the SSC. As a
consequence, we used only a very limited
number of spectra (a dozen), sampled in six
groups of two consecutive spectra each,
over the whole observing sequence, for
which the cryostat temperature had a con-
stant value. This component (b) was actu-
ally responsible for the emission at 7.5 um
which was erroneously interpreted as a
cometary signal in the preliminary report of
the IKS results (Combes et al. 1986a).

4.1.2. Variation of the Signal as a
Function of the Comet—Probe Distance

After having removed component a of
the selected spectra as mentioned above,
we were able to plot the residual signal as a
function of nucleus distance (Fig. 11). As
the cometary signal is expected to be due
mostly to cometary dust, we could expect,
if the dust is emitted at constant velocity
from the nucleus, a D! variation. Instead
of such a law, we observed a strong signal
at the early beginning of the observing se-
quence (D ~ 275,000 km) which decreased
rapidly down to a minimum value for D ~
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FiG. 11. Variations of the external signal measured at 10 um by the instrument as a function of time
and of the probe—nucleus distance (circles with error bars). The solid line is the result of a fit to a two-
component model; the first component (dotted line) is due to instrumental emission and is assumed to
be proportional to the temperature of the telescope spider (see Section 4.1.2); the second component is

of cometary origin and is supposed to vary as D',
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70,000 km, and increased again from this
distance up to the end of the sequence (D ~
40,000 km). The signal, which shows the
general spectral shape of the instrumental
transmission function, has to be of external
origin. Its decrease at the beginning of the
sequence can be interpreted as the varia-
tion of the temperature of the telescope spi-
der, which is the only external part of the
instrument (i.e., located beyond the filter
wheel) that was in the field of view. Indeed,
the shape of the spectrum corresponds to
that of a blackbody at about 300 K. More-
over, the monitoring of the temperature of
the spider shows a continuous decrease
(Fig. 3). Figure 3 also shows that, even at
distances to the nucleus shorter than 70,000
km, the spider temperature (as all other ex-
ternal temperatures) continued to decrease.
Thus, the increase of residual signal ob-
served in Fig. 11 cannot be due to the same
origin. Since this signal, which still reflects
the shape of the instrumental transmission
function, has to be of external origin, we
believe that it is of cometary origin.

To proceed further with the analysis, we
have fitted to the observed signal the sum of
a 1/D component (supposed to be the comet
signal) and of a component varying linearly
with the spider temperature. As shown in
Fig. 11, such a two-component model fits
the data very well. The zero level is not
easily determined since, in the IKS instru-
ment, only modulations of the signal as a
function of wavelength were recorded.
Therefore, we adjusted the zero level with
reference to ground-based observations re-
corded at the same date (Hanner et al.
1987): since, outside the region 6-8 um
where silicate emission dominates, the
ground-based spectrum is well represented
by a 350 K blackbody, we have constrained
our spectrum to fit this blackbody curve at 6
and 8 um.

Figures 12a—c illustrate the different
steps of the reduction. Figure 12a shows
the cometary spectrum, obtained as the dif-
ference of two spectra recorded at dis-
tances D = 40,000 and 70,000 km, respec-
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tively, each spectrum being the average of
two [8-sec consecutive scans, and after
correction of component a and of the spider
contribution (Fig. 11). Figure 12b is the
transmission function, obtained from pre-
flight calibration data. Figure 12¢ shows the
ratio of the spectra of Figs. 12a and b, with
an arbitrary intensity scale. This spectrum
shows no strong narrow cometary features.
However, some high-frequency periodical
noise is present at A < 7.5 um. To improve
the signal-to-noise ratio, high frequencies
were filtered out. The resulting spectrum,
which is shown in Fig. 13, has a resolving
power of ~20.

Assuming the D! law for the variation of
the signal, the total signal at D = 40,000 km
is equal to 2.33 times the signal of the differ-
ence of spectra recorded at 40,000 and
70,000 km. We thus converted the scale of
the cometary spectrum of Fig. 12a into ab-
solute units, using preflight calibration
data, and then multiplied this scale by the
2.33 factor. The resulting absolute scale is
shown in Fig. 13, for a distance D = 40,000
km. The error bars shown in the figure take
into account the noise of the data and the
uncertainty in the zero-level definition. The
accuracy of the absolute scale is believed to
be about 20%.

4.2. RESULTS AND INTERPRETATION

Several comments can be made on the
spectrum shown in Fig. 13: (1) the spectrum
shows no strong emission at 7.5 um; (2)
there are no narrow emissions between 6
and 11.6 um; (3) the spectrum is dominated
by a strong and broad feature with a double
structure; (4) the absolute flux may be com-
pared with that obtained by simuitaneous
ground-based observations.

4.2.1. Absence of 7.5-um Emission

As mentioned above (Sect. 4.1.1), the
feature that appeared at 7.5 um in the pre-
liminary reduction of the data (Combes et
al. 1986a) was not of cometary origin, as
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FiG. 12. Steps of the reduction of the spectrum of comet Halley between 6 and 11.6 um. This
spectrum is the difference of two spectra recorded at distances D from the nucleus of 40,000 and 70,000
km, respectively. Each spectrum is the sum of two consecutive scans of 18-sec integrating time each.
(a) Spectrum before correction from the instrumental transmission. (b) Instrumental transmission
function (arbitrary units). (¢) Ratio of the raw cometary spectrum (a) to the transmission function (b)

(arbitrary units).

erroneously stated by the authors, but was
an instrumental effect. The final data (Fig.
13) show no emission at 7-8 um. This was
also reported from airborne observations
(Campins et al. 1986, Bregman ef al. 1987).

A weak emission might be marginally
present at 6.8 wm. This marginal emission
also appears in the KAO data of Bregman
et al. (1987). The 6.8-um wavelength corre-
sponds to the vibration frequency of a C~H
bond, especially CH; in saturated hydrocar-
bons. As noted by Bregman et al. (1987), it
also corresponds to the signature of carbon-
ates. This emission, if confirmed, cannot be
due to resonant fluorescence at this wave-
length (see Sects. 3.2.5 and 4.2.2). It might
be attributed to the thermal emission by
very small carbonaceous grains.

-1

10_6 w <:m—2 sr_1 pm

Wavelength [pm])

F1G. 13. Spectrum of P/Halley between 6 and 11.6
wm at a distance of 40,000 km from the nucleus. This
spectrum results from that of Fig. 12¢ after smoothing
and proper adjustment of the intensity scale (see Sec-
tion 4.1.4). The 1° field of view corresponds to a diam-
eter of 700 km centered on the comet’s nucleus.
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4.2.2. Absence of Narrow Molecular
Emission Features

As shown in Figs. 12¢ and 13, there are
no detectable molecular emission features
in the 6-11.6 um spectrum of comet Hal-
ley. From previous theoretical calculations
(Crovisier and Encrenaz 1983), this result
was not unexpected. Indeed, the resonant
fluorescence excitation mechanism is not
efficient beyond 5 um, due to the rapid drop
of the solar infrared flux at long wave-
lengths. The local IR dust radiation field is
also too weak to lead to significant excita-
tion. Even the v, fundamental band of H,O
at 6.2 um, which is the strongest gaseous
emission expected in this spectral range,
should be about three times weaker than
the v; band of H,O at 2.7 um. The inte-
grated flux of the latteris 2 X 1078 W ¢m~?
sr-tat D = 40,000 km (see Sect. 3.2.3). The
rms noise around 6 um is about 6 x 107° W
cm™ sr7! in a single spectral element
(~0.03 um), corresponding to a 3¢ detec-
tion limit of 8 X 1078 W cm ™2 sr™! for a 0.6-
pm-wide feature. This is an order of magni-
tude larger than the expected integrated
flux of the v, band of H,0.

4.2.3. The Silicate Emission

Figure 13 shows that the 6—12 um spec-
trum of comet Halley is dominated by a
very strong and broad emission between 8
and 12 um. This feature had been previ-
ously recorded, on P/Halley as on several
other comets, from ground-based photo-
metric measurements (e.g., Hanner et al.
1987) and was identified as silicate emis-
sion; the important result given by the IKS
spectrum is the double structure of this
emission, which shows two distinct max-
ima, at 9.0 and 11.2 um. Another striking
point is the strength of the whole emission,
which reaches about twice the continuum
level at 9 and 11 wm. These two facts fully
confirm the results given by Bregman et al.
(1987) from data recorded in December
1985, with the KAO and with ground-based
telescopes. There is also some evidence for
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a double structure in the 8-12 um ground-
based data recorded by Bouchet et al.
(1987) on January 26, 1986, but the feature
was weaker at that time (about 1.5 times the
continuum level). As pointed out by Han-
ner et al. (1987), the silicate feature showed
a general increase as the heliocentric dis-
tance decreased, but also showed impor-
tant time variations, both in intensity and in
spectral shape.

Bregman et al. (1987) have shown that
the comet 8-12 um feature can be closely
matched by the combination of spectra of
interplanetary dust particles containing oli-
vines, pyroxenes, and a small amount of
layer lattice silicates. Olivine has to be
present to fit the 11.2-um peak. This result
implies that, unlike the silicates observed in
the interstellar medium which show no
structure in their emission band and are be-
lieved to be amorphous, the cometary sili-
cates of P/Halley (or a fraction of them) are
crystalline. These silicates might have been
formed at a higher temperature than inter-
stellar dust particles were, which could lead
to constraints on the history of grains ac-
creted by cometary nuclei. However, this
conclusion is probably premature, since it
relies on the simple comparison of two
spectra in a restricted wavelength region.
As shown by attempts at quantitative fits to
comet Halley emissions (Crifo 1988b,c¢), the
problem of producing a dust chemical com-
position compatible with both the in situ
measured mass spectra and with the com-
plete (near ultraviolet to far infrared) emis-
sion spectrum is yet unresolved.

4.2.4. Absolute Flux Observed with IKS

The flux observed at 10 um with our in-
strument at a distance of 40,000 km to the
nucleus, in a field of view of 1°,is 107> W
em™2 um™' sr7!, or 2.5 X 107° W cm™?
um~!. This can be compared with ground-
based observations recorded on March 6.85
at IRTF by Hanner et al. (1987) with a field
of view of 6.8 arcsec. Assuming an iso-
tropic expansion of dust at constant veloci-
ties, the IKS value can be converted for the
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conditions of the IRTF observation (geo-
centric distance of 1.14 AU). Assuming the
flux to be proportional to the linear diame-
ter of the field of view and inversely propor-
tional to the square of the distance D to the
comet, we can derive a value of 1.1 X
10- W cm~2 um~! for the IKS flux con-
verted to the IRTF conditions, whereas the
IRTF measurement leads to a flux of about
1.5 x 107 W cm™2 um~' at 10 um. The
small discrepancy between the IKS and
IRTF fluxes may be due to temporal varia-
tions (the IKS data were recorded 12 hr be-
fore the IRTF observation) or to calibration
uncertainties.

5. CONCLUSIONS

The IKS spectroscopic experiment has
observed the infrared spectrum of the near-
nucleus region of comet Halley from 2.5 to
12 pm. The signatures of several molecular
species have been detected in the spectral
region 2.5-5 wm:

1. The strong signature of the 2.7-um
band of water. The corresponding produc-
tion rate is 10°° sec~!. In addition, H,O ice
is probably present in absorption at 2.9 um.

2. The 4.3-um band of carbon dioxide,
detected for the first time in a comet, with a
production rate of 2.7 x 10%® sec™!.

3. A strong and broad emission at 3.2-3.5
pm, also detected for the first time in a
comet, attributed to the C—H stretch in hy-
drocarbons, in both the saturated and the
unsaturated form. It is not yet clear
whether these hydrocarbons are gaseous or
in solid phase (as polycyclic aromatic hy-
drocarbons or the organic mantles of small
grains) or both. If gaseous, these hydrocar-
bons would require a carbon abundance in
the comet comparable to that of water,
which seems unrealistic. If in the solid
phase, their carbon abundance would be
smaller than the total abundance of car-
bon observed in radicals such as CH, CN,
Cz, and C3.

4. Weaker emission at 4.3 um, attributed
to formaldehyde (production rate ~4 x 102
sec™!).
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S. The v(1 — 0) band of carbon monoxide,
possibly present at 4.6 and 4.7 um. The CO
production rate observed in the infrared is
definitely smaller than that observed in the
UV, suggesting that the main source of CO
is not the nucleus, but dissociation of other
molecules (including H,CO) or grains.

6. Marginal features, which might be due
to OCS (4.8 um) and some CN-bearing mol-
ecules (4.5 um).

The 6- to 12-um part of the spectrum is
dominated by the silicate emission between
8 and 12 um and shows no emission feature
between 6 and 8 um. The silicate emission
has a characteristic double structure with
peaks at 9 and 11.2 wm, which implies the
presence of olivine. This result means that,
in comet Halley, silicates (or at least a frac-
tion of them) are in a crystalline form, in
contrast with interstellar silicates generally
observed in the amorphous form.

All the molecular spectral signatures
show, at least in first order, a D~! variation
law with distance, as expected for parent
products. Therefore, all the detected spe-
cies come from the nucleus or the inner
coma region, and not from the progressive
dissociation of heavier species, or from
sputtering at the surface of the grains. The
results of the IKS experiment do not give a
complete view of the composition of the
volatile fraction of comet Halley, because
the instrument could not observe species
that do not have permitted infrared bands
(such as N, or rare gases) or that do not
have strong bands in its spectral range
(such as NH;). However, a comparison
with the observations of radicals in the visi-
ble and UV ranges and with the in situ mass
spectrometer measurements shows that the
IKS experiment has not missed many vola-
tile materials: among lacking parent spe-
cies, N> and NH; have abundance upper
limits of 10 and 4%, respectively
(Eberhardt et al. 1987, Krankowsky er al.
1986); sulfurous molecules should be less
than 2% (Azoulay and Festou 1986).

We now have an almost complete
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scheme of the chemical composition of
cometary volatiles which seems to confirm
the model of cometary nuclei proposed by
Whipple (1950) many years ago: a conglom-
erate of dust and ices, water ice being
largely dominant. An interesting question is
whether the secondary species are con-
tained in clathrate hydrates, as was sug-
gested by Delsemme and Swings (1952). If
they are, cometary ice would be relatively
stable, and its sublimation would be gov-
erned by water—ice sublimation. Clathrate
hydrates can accommodate a maximum of
18% in number of guest molecules in their
cavities. The abundance of CO-bearing
molecules (CO, CO,, H,CO) observed by
IKS is already ~10%. With hydrocarbons,
N,, possibly NH;, rare gases, and other mi-
nor species, the limit may well be reached.
It must also be noted that hydrocarbons
heavier than pentane cannot be contained
in clathrate hydrates. Therefore, it seems
likely that a fraction of cometary volatiles
are not in clathrate hydrates, but in the
form of ices of their own, or of molecules
adsorbed in amorphous ice (Bar-Nun et al.
1987, Schmitt and Klinger 1987). The most
volatile of these species could sublimate
first, and be responsible for cometary activ-
ity at large heliocentric distances.

The comparison of elemental abundances
in cometary volatiles and in interstellar
matter (Encrenaz er al. 1987, 1988) sup-
ports the idea that cometary nuclei form
through condensation of material in inter-
stellar clouds. It is remarkable that both
cometary material and interstellar matter
contain carbonaceous material responsible
for nearly similar emission features at 3.2—
3.5 um. We now have a wealth of clues
allowing us to test models of comet nucleus
formation.

The actual chemical composition of com-
etary nuclei may be complex, with possibly
all intermediates between simple poly-
atomic molecules (H,O, CO, CO,, . . )
and large molecules such as PAH or poly-
mers. The IKS experiment, as well as other
in situ observations, has only revealed the
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very few most abundant parent molecules
and an indication of the presence of uniden-
tified hydrocarbons. Definite identifications
of parent molecules at the abundance level
of 1% or less are still lacking, if one excepts
the radio detection of HCN. The greatest
progress in this topic will be achieved in a
few decades with comet sample return mis-
sions. In the meantime, decisive advances
could be realized by remote sensing
through infrared spectroscopy, either from
cometary probes or Earth-based and Earth-
orbital observatories.
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