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In the current paradigm, Oort cloud comets formed in the giant planets' region 
of the solar nebula, where temperatures and other conditions varied greatly. 
The measured compositions of four such comets (Halley, Hyakutake, Hale- 
Bopp, and Lee) are consistent with formation from interstellar ices in the cold 
nebular region beyond Uranus. The composition of comet Cl1999 S4 (LINEAR) 
differs greatly, which suggests that its ices condensed from processed nebular 
gas, probably in the Jupiter-Saturn region. Its unusual organic composition may 
require reevaluation of the prebiotic organic material delivered to the young 
Earth by comets. 

Measuring the composition of cometary nu- 
clei is key to understanding the formation and 
evolution of matter within the early solar 
system (1, 2). In the current paradigm, the 
so-called Oort cloud (OC) comets (3) formed 
in the giant planets' region of the solar nebula 
[an area extending from 5 to 40 astronomical 
units (AU) from the Sun]. During this forma- 
tion period, nebular temperatures (4) ranged 
from about 200 K near Jupiter (-5 AU) to 
about 30 K near Neptune (-40 AU), and 
other conditions also varied. Each of the four 
giant planets scattered about the same num- 
ber of comets into the Oort cloud (5)-the 
reservoir for this dynamical group-so 
chemical differences might appear among 
even a small sample of them (6-11). 

The ices in OC comets Halley, Hya- 
kutake, and Hale-Bopp (12) revealed compo- 
sitions similar to those in dense interstellar 
cloud cores (7, 13-15). The observed deute- 
rium enrichment (16), the low ortho-para 
ratios displayed by water (17-19), and the 
depletion of neon (20, 21) with a possible 
enhancement of argon (22) all support pro- 
cessing at temperatures near 30 K. This sug- 
gests the accumulation of precometary ices in 
the Uranus-Neptune region, where the great 
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distance from the Sun and the large amount 
of intervening nebular material may have of- 
fered protection against extensive thermal 
and radiation processing. The symmetric hy- 
drocarbons (methane, acetylene, and ethane) 
and methanol were comparably abundant in 
these three comets and in OC comet Lee (1 0), 
which is consistent with a common origin, 
but native CO varied sixfold among them: 
perhaps a signature of slightly different for- 
mation temperatures. 

Comet Cl1999 S4 (LINEAR) (CILIN- 
EAR) was discovered on 27 September 1999 
by the Lincoln Near Earth Asteroid Research 
(LWEAR) program (23), while still at 4.2 
AU from the Sun (1 AU = the mean Earth- 
Sun distance). Subsequent observations re-
vealed it to be an OC comet, probably reen- 
tering the inner solar system for the first time 
(24), and orbital predictions suggested that it 
would become a favorable target for obser- 
vations during July 2000, when it would be 
close to Earth (-0.4 AU) and to the Sun 
(-0.8 AU). Such conditions favor the infra- 
red (IR) detection of parent volatiles, such as 
were obtained for comets Hyakutake (25- 
27), Hale-Bopp (9,28-30), and Lee (10). We 
report similar detections in CILINEAR be- 
fore its final breakup in late July. 

The organic volatile composition of 
CILINEAR was investigated by high-disper- 
sion IR spectroscopy (in the wavelength 
range from 2.0 to 4.7 pm) using cryogenic 
echelle grating spectrometers at the NASA 
Infrared Telescope Facility (IRTF) (31, 32) 
and at the W. M. Keck Observatory (33, 34), 
both located on Mauna Kea, Hawaii (Table 
1). These spectrometers provide long-slit 
spectra with high spatial resolution about the 
cometary nucleus (35). We followed our 
standard procedures for acquisition of com- 
etary (36) and stellar (37) spectra and for 
data reduction (38) and analysis. Cometary 

molecular emissions were isolated by sub- 
tracting a modeled dust continuum convolved 
with the synthesized atmospheric transmit- 
tance (39). 

Water (H20), methane (CH,), carbon 
monoxide (CO), and hydroxyl (OH) were 
detected with the cryogenic echelle spectrom- 
eter (CSHELL) (Fig. 1 and Table 2). Ethane 
(C2H,), hydrogen cyanide (HCN), H,O, CH,, 
NH,, and OH were detected with the near- 
infrared echelle spectrometer (NIRSPEC), 
and stringent upper limits were set for meth- 
anol (CH,OH) and acetylene (C2H2) (Fig. 2 
and Table 2). Selected NIRSPEC spectral 
orders are compared with those of comet Lee 
and with the modeled continuum emission 
from cometary dust (as extinguished by the 
terrestrial atmosphere) in Fig. 2. The atmo- 
spheric water content was unusually high on 
13 July [-7.3 precipitable millimeters (pr- 
mm)], so the transmittance in some spectral 
regions was much less favorable than when 
comet Lee was observed (- 1 pr-mrn). This 
effect is explicitly included in our reductions. 
Molecular column densities were obtained 
from measured line intensities using an exci- 
tation model, after correcting for atmospheric 
transmittance at the Doppler-shifted position 
of each cometary line. When a sufficient 
number of lines is detected, the integrated 
band emission intensity may be obtained 
from the measured line intensities using solar 
fluorescence efficiencies (g factors) appropri- 
ate to the derived rotational temperature (40- 
43). In comets Hyakutake, Hale-Bopp, and 
Lee, a single temperature characterized the 
rotational distribution of different species 
when measured under common conditions. 
For CILINEAR, too few lines were detected 
to permit independent determination of a ro- 
tational temperature, so we adopted a temper- 
ature (50 K) typical of other comets of similar 
activity and heliocentric distance (44). We 
extracted apparent production rates (Q) using 
g factors (9,1O, 29, 30,45,46) appropriate to 
this temperature and assuming spherically 
symmetric outflow from the nucleus at a 
uniform velocity (0.8 krn s-I) (47). 

OH prompt emission (Fig. 2) serves as a 
proxy for its parent species (H,O) (48-52). 
Because it tracks the production rate and 
spatial distribution of water, we use OH 
prompt emission to compare the activity of 
the comet on various dates and to tie the 
production rates of other species to a com- 
mon reference (Table 2). The production ef- 
ficiency of the OH quadruplet (v' = 1, J' = 
10.5, 11.5) near 3046 cmp' (Fig. 2C) was 
calibrated against the H,O production rate 
measured for comet Lee (10). In CILWEAR, 
one line of this multiplet was detected on 5 
July (Fig. lC), whereas three lines were de- 
tected on 13 July (the fourth was obscured by 
atmospheric water, which was unusually 
abundant on that date) (Fig. 2C). We correct- 
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ed the multiplet g factor to account for only 
the lines seen in CILINEAR, and we obtained 
a measure of the water production rate (Table 
2). Production rates based on a water line and 
OH prompt emission are in reasonable agree- 
ment on 5 July, demonstrating the internal 
consistency of our results. Two lines of the 
OH quadruplet near 2996 c m '  were similar- 
ly calibrated and were used to obtain a water 
production rate on 9.6 July (Table 2). 

Methanol was not detected in CILWEAR 
(Fig. 2A); its relative abundance (53-56) 
(Table 2) is at least a factor of 10 lower than 
that found for comet Lee (10). Ethane and 
methane were detected in CILINEAR but at 
low levels as compared with the four com- 
parison OC comets. Three Q branches of the 
C2H6v, band were seen on 13 July (Fig. 2B), 
and upper limits for C2H6 were obtained (57) 
on 4, 5, and 9 July (Table 2). The strongest 
emission lines of the CH, v, band (RO and 
R1) were expected to appea; in order 23 of 
setting KL2 (Table 1 and Fig. 2C), along with 
weaker lines (P2 and P3) in order 23 of 
setting KL1 (Fig. 2B). We detected RO, R1, 
and P2 in CILINEAR. OH prompt emission 
lines were the strongest lines seen (Fig. 1C 
and Fig. 2, A through D). The weakness of 
the CH, and C2H6 lines relative to OH 
prompt emission graphically indicates the de- 
pletion of methane and ethane relative to 
water in this comet, as compared with comet 
Lee. The high atmospheric water burden on 
13.8 July severely affected atmospheric 
transmittance near 3300 to 3330 cm-l, re-
ducing the number of HCN and C2H2 lines 
eligible for detection (Fig. 2D). Nevertheless, 
HCN was detected and a stringent upper limit 
was obtained for C2H2 (Table 2). Acetylene 
is a possible parent of C,, and CILINEAR is 
depleted in C, (58). 

production rates (or upper limits) are giv- 
en for seven parent volatile species in CILIN- 
EAR (Table 2); we take these to represent the 
abundances of ices in the nucleus. Our pro- 
duction rates generally agree with those ob- 
tained with other approaches, when measured 
on common dates. For example, our produc- 
tion rate for CO on 5.8 July (7 2 2 X 

molecules s-') agrees with that derived from 
simultaneous Hubble Space Telescope (HST) 
observations (-5 x molecules s-') 
(59). Our (20) upper limit for CH,OH 
(< 0.17% of H,O) is more restrictive than the 
upper limit obtained from millimeter spectra 
(60). Our H,O production rate on 5.8 July is 
intermediat; to our retrieval for 4.6 July and 
to HST retrievals for 6.8 July, suggesting a 
rapid and continuing increase in H20 produc- 
tion over those dates (61, 62). The mixing 
ratios of trace species measured on 5.8 July 
agree with measurements on 13.6 July, sug- 
gesting that the outburst of 5 to 7 July was not 
driven by an unusually high release of 
highly volatile species such as CH,, C2H6, 

or CO. The most volatile species are highly The relative abundances of most trace 
depleted in CILINEAR, suggesting that species in CILINEAR are smaller than those 
mechanisms other than their sudden release in the other four OC comets by factors of 5 to 
must be sought for explaining its complete 10 (Table 2). The abundance of (native) CO 
disruption. If the nucleus was a weakly in CILINEAR (0.9 +- 0.3%) is much lower 
bound small clump of cometesimals, dissi- than in comets Lee (1.8 2 0.2%) (lo), Halley 
pation of ices at the interfaces between (3.5%) (64), Hyakutake (- 10 to 14%) (65), 
cometesimals would progressively lessen and Hale-Bopp (12.3 5 0.7%) (9). CH, and 
the adhesive forces binding them to one C2H6 are less abundant by about a factor of 6 
another, permitting rotational shedding in CILINEAR, and C2H2 is smaller by at least 
(63) and ultimately complete disruption. a factor of 2.5 as compared with the other OC 
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Fig. 1. CSHELL spectra of CILINEAR. The cometary lines are blue-shifted (by - -63 km s-l) 
relative t o  their rest frequencies. The modeled atmospheric transmittance (dashed lines) and the 
observed comet spectra (solid lines) are shown. (A) Detection of H 2 0  on UT 4.6 July. CO line 
assignments are indicated. The detected water line is part of the (v3-v,) band, rotational 
designation Ooo-lol (rest frequency, 2137.37 cm-I). (B) Detection of CO and H,O on UT 5.8 July. 
CO line assignments are indicated. The detected water Lines are as follows: (v3-v,) band, rotational 
designation 1,'-I,, (rest frequency, 2151.19 cm-') and (vl-v,) band, rotational designation 
2, -Ilo (C) Detection of CH, (v,, R1 line) and OH (1-0 band, P12.5 (rest frequency 2148.19 cm-'). 
I-) on UT 5.7 July. 
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comets (66). These depletions could reflect 
condensation at moderately high nebular tem- 
peratures (67, 68), or preferential loss from 
interstellar ices as a result of thermal process- 
ing. CH,, C2H,, and C2H2 are apolar species, 
and CO has a relatively small dipole moment 
(69) [p. = 0.1 1 debye (D)]. Thus, their ices 
are more volatile than hydrogen-bonded ices 

Fig. 2. NIRSPEC spec- 
tra of CILINEAR (low- 
er trace in all panels) 
on UT 13.6 July. Se- 
lected high-dispersion 
spectra (RP -15,000) 
of CILINEAR are com- 
pared with those of 
comet Lee (10) (up-
per trace in all pan- 
els). The spectra are 
normalized so that 
OH emission lines 
have the same inten- 
sity in comets Lee 
and CILINEAR. The 
lines are Doppler-
shifted relative t o  
their terrestrial coun- 
terparts, owing t o  the 
comet's geocentric 
motion (by - -29 km 
s-' in comet Lee and 
-55 km s- l  in CILIN- 
EAR). Synthetic spec- 
tra of the atmospher- 
ic transmittance do 
not line up, because 
the spectra are shown 
in the cometary rest 
frames. The unusually 
high atmospheric wa- 
ter abundance se-
verely affected trans- 
parency during obser- 
vations of CILINEAR. 
In all panels, ? indi-
cates emission lines 
from unidentified spe- 
cies. (A) Setting KL1, 
order 22: methanol v, 
region. The triply 
peaked Q branch is 
prominent in comet 
Lee, and many lines in 
the P and R branches 
are also detected. OH 
lines (5 )  (1-0 band) 
and possibly H,CO 
(0) are detected in 
CILINEAR, but no 
CH,OH ($) emission 
is seen. (9) Setting 
KL1, order 23: ethane 
v, region. The marked 
lines in comet Lee are 
identified as follows 
(reading from higher 3330 
wavenumber t o  low- 
er). #: C,H,, v RQF 

of polar species [such as H2S, CH,OH, H20, 
H2C0, and HCN, for which p = 0.97, 1.70, 
1.85, 2.33, and 2.98 D, respectively (69)l. 
Thermal processing should cause the more 
volatile species to be depleted by factors 
related to their surface bonding strengths. CO 
and CH, should show the largest depletions, 
followed by C2H, and then C2H2. However, 

3320 331 0 

the hydrogen-bonded species should not be as 
strongly depleted. 

Among the less volatile ices, H2S and 
H2C0 are present in normal abundance rela- 
tive to HCN (60). Our simultaneous measure- 
ments of H 2 0  and HCN on 13.8 July suggest 
that HCN is depleted by about a factor of 2 
relative to H20,  when compared with comet 

3300 3290 

Wavenumbers (cm-') 

RQ,-,, Q,,RQ3, RQ1, b'Q , and 'Q,; 0:CH4, v P2, and P3; 8:  CH,OH, v,, RO. (D) Setting KL2, order 25. Hydrogen cyanide and acetylene region. 

selected lines are seen. C,H,, v,, %,, 'Q1, and 'Q,; CH,, v,, P2; OH (1 OH (1-0) and (2-1); and +: C,H,, v,, 
t o  0) (P13.5 1+ and I-). (C) Setting KL2, order 23: methane v, region. #: OH are seen in CILINEAR. 
OH (1 t o  0) (PI 1.5 2+ and 2-, P12.5 I+and I-); and 0:CH,, v,, R1, and 
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Lee (70) (Table 2). CH30H and HCN have 
similar volatility, so they should be depleted 
by similar factors in CILINEAR as compared 
with other OC comets, if temperature was a 
controlling factor. But CH,OH is much more 
strongly depleted than HCN. Our upper limit 

for CH30H (<0.17% of H20) is lower than 
even the smallest abundance measured for 
any other OC comet to date; these exhibit a 
wide range in CH,OH abundance, - 0.5 to 
5% relative to water (7, 8). Our four compar- 
ative OC comets fall toward the low end of 

Table 1. Observing log for CILINEAR. R is the heliocentric distance, A is the geocentric distance, A-dot 
is the geocentric velocity, and RP is the resolving power (A16A). 

UT date 
(July 2000) 

R 
(AU) 

A 
(AU) 

A-dot 
(kmls) 

RP 
(Xl6X) 

Setting 
(cm-') Targets 

On source time 
(mi n) 

CO, H20  
C2H6, CH30H 
CO, H20  
.CO, H 2 0  
CH,, C2H6 
HCN, C2H2 
C2H6, CH,OH 
CH, R1, OH 
CH, R1, OH 
CO, H20  
C2H6, CH30H, CH,, OH 
C2H6, CH,OH, CH,, OH 
CH,, C2H2, HCN, OH 
H2O 
CO, H20  

*CSHELL spectra (3 to 5 July) were acquired with either the 1"-wide slit (RP - 24,000) or the 2"-wide slit (RP -
12,000). tNlRSPEC spectra (9 and 13 July) were acquired with the five-pixel-wide slit (0.72" X 24" on the sky). 

that range: Lee = 1.4 2 0.3% (lo), Halley = 

1.7 2 0.04 % (71), Hyakutake = 1.7% (43) ,  
and Hale-Bopp = -2% (72). The severe 
depletion of methanol in CILINEAR, in the 
presence of a mild depletion of HCN but 
normal H,SIHCN and H2COIHCN, is diffi- 
cult to explain on the basis of preferential 
sublimation or condensation fractionation. 
Chemical processing before accumulation 
may provide the simplest explanation. 

Chemical alteration of precometary ices 
could result from a number of poorly con-
strained processes, such as partial vaporiza- 
tion of icy grain mantles during nebular in- 
fall, condensation fractionation of nebular 
gas, thermal processing of ices, and photo- 
chemical processing of ices and gas by ener- 
getic radiation [ultraviolet (UV) and x-rays]. 
In regions of high H-atom density (for exam- 
ple, induced by x-rays from the young Sun), 
icy grain mantles may have been efficiently 
hydrogenated, converting condensed-phase 
CO to CH,OH and C2H2 to C,H,, whereas 
enhanced ion densities (mainly H,+) may 
drive a rich gas-phase ion-molecule chemis- 
try similar to that in dense cloud cores. Such 
processing could have enforced correspond- 
ing differences in the volatile (icy) and re- 

Table 2. Parent volatiles in CILINEAR. 

Date
Species 2000) Line identification 

Hzo 3.72 ~II-~IO§ 
4.60 Ooo-lo~§ 
4.63 l ~ ~ - l l o  
5.68 OH// 
5.80 l ~ ~ - l l o  
9.6 OH7 

13.58 OH11 
13.63 Ill-I10, Ooo-lol 

4.60 RO, R1, P I ,  P2 
5.80 R 1 

13.63 R1-R4, P3 

5.70 R1 
13.58 R1 
13.58 RO 
4.58 'Q1 + 'Q2 
5.60 'Q1 + 'Q2 
9.6 RQ1s'Q1, 'Q2, 'Q3 

13.58 RQ1 
13.58 RQ1, 'Q3 

C2H2 v3 13.58 R3 
CH30H 13.58 v,, Q branch 
HCN v, 13.58 R1, R2, P2 

91* 
ph s-' per molecule 

0.0573 

0.0953 

0.0573 

0.0044 

0.0573 

0.011 
0.010 

0.1526 

6.71 
1.90 

10.2 
3.0 
3.0 

3.65tt 

7.81 
7.81 

13.7 
3.47 
5.84 
1.7 
1.411 

8.0 

Production rate 
1026 s-1 

CILINEARt 

200 2 60 
230 % 50 
210 % 110 
510% 110 
746 % 74 
320 % 70 
730 % 50 
446 % 72 

<4.2# <1.9** 
7.0 % 2.0 0.94 2 0.27 
2.0 2 1.5 0.45 % 0.34 

0.59 % 0.13 0.09 % 0.02 
0.95 % 0.14 0.1 5 % 0.02 
0.90 2 0.28 0.14 ? 0.04 

c0.68 <0.30 
<0.56 <0.08 
~ 0 . 2 4  <0.08 

0.80 ? 0.12 0.13 % 0.02 
0.83 % 0.14 0.1 3 % 0.02 

<0.89 <0.14 
<1.1 <0.17 

0.61 % 0.17 0.10 ? 0.03 

Abundance 
H20 = 100 

Comparison comets: 

0.6 

0.3 
1.7 
0.2-0.4 

*The rotational temperature was assumed to be 50 K for all species other than OH. ?The production rate of water (in units of loZ6s-') is taken to be 227 i 60 on UT 4 July, 
672 i- 66 on UT 5 July, and 638 + 44 on UT 13 July. '$The mean value for Halley, Hyakutake, Hale-Bopp, and Lee is given unless individual values vary greatly; then the range 
is given. §These are lines of the v,-v2 band of H20, detected directly. \\These data refer to the OH line group near 3046 cm-', consisting of emission from v' = I , / '  = 10.5 
2+ and 2 and j' Only the P12.5 1- ( j '  = 11.5 1- and I+. = 11.5 I - )  line fell within the CSHELL pass-band on 5.7 july (Fig. 1C). On 13.58 July, three lines were detected; the j '  
= 10.5 2+ line was extinguished by terrestrial water vapor (Fig. 2C). The tabulated g factors assume a prompt emission mechanism. These data refer to intensities measured 
for the OH line group near 2996 cm-', consisting of emission from v' = I,] ' = 12.5 2' and 2-. The tabulated g factors assume a prompt emission mechanism. #Upper limits 
correspond to the 2u (95% confidence) level. Errors are based on stochastic noise only. "Guiding and seeing can cause systematic errors in nucleus-centered production rates: 
however, our approach for determining global production rates mitigates these effects (47). Moreover, when two species are measured simultaneously (such as CO and H,O), the ratio 
of their production rates is even more secure than the individual Qs. For this reason, we base the CO mixing ratio on the H 2 0  production rate measured simultaneously with CO. 
Mixing ratios for CH,, C,H,, C2H2, CH,OH, and HCN for each date are based on the weighted average of QHz, retrieved from H 2 0  and OH emissions on that date. This approach 
guards against erroneous mixing ratios that might otherwise arise when global Qs are derived (47) from small-beam observations acquired during outbursts. ??After 
(46). :$The modeled fluorescence efficiency was convolved with the atmospheric transmittance to arrive at an effective g factor. 
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fractorv organic fractions in comets, as neb- , 
ular conditions changed with heliocentric dis- 
tance andlor with time. 

Some interstellar material is expected to 
survive in the innergiant planets' region, E ~ -

-grains and low-temperature refracton organics --
(includmg polymers such as polyoxymethyl-
ene), and these would be carried into precom- 
etary grains unscathed, along with material 
modified in the nebula. The surviving organic 
grains could serve as precursors of H2C0 and 
HCN. In models of "hot cores" of molecular 
clouds, HCN and H2S survive after -1O4 years, 
whereas CH,OH is rapidly destroyed by gas- 
phase chemistry (73, 74). We might expect to 
find HCN, H2S, and H2C0 in recondensed 
precometary ices, whereas methanol is depleted 
by gas-phase chemical reactions, and the spe- 
cific abundance of CO, methane, ethane, and 
acetylene are controlled by condensation of 
nebular gases with water (67). The unusual 
chemistry of ices in C L E A R  is preliminarily 
consistent with this view. 

Oort cloud comets may also contain some 
processed material from the terrestrial planets' 
region, in relative abundances decreasing with 
distance from the young Sun. Nebular turbu- 
lence can transport material from the terrestrial 
planets' region outward about as far as Uranus 
(79,  leading to major reductions (from inter- 
stellar values) in the ratio of recondensed HDO/ 
H20  in re-formed precometary ices (76) and 
coincidental inclusion of crystallized silicates 
(77, 78). In this picture, the enriched D/H ratio 
in comets Halley, Hyakutake, and Hale-Bopp is 
indicative of interstellar ice (79, 80), but the 
DiH ratio would be lower in comets formed 
near Jupiter and Saturn. The low D/H ratio in 
Earth's oceans could reflect the contribution of 
Jovian-class (81) comets (82,83), which would 

have delivered most of the mass. If C L E A R  
is one such comet, its unusual organic compo- 
sition may require reevaluation of the delivery 
of prebiotic organic material delivered to the 
young Earth by comets. 
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Outgassing Behavior and 
Composition of Comet Cl1999 

54 (LINEAR) During Its 
Disruption 

Dominique Bockelee-Morvan,' Nicolas Biver,' Raphael Moreno,' 
Pierre Colom,' Jacques Crovisier,' ~ r i c  Gerard,' Florence Henry,' 

Dariusz C. L ~ s , ~  Henry ~at thews.4  H. A. weaver,' 
Maria Womack.6 Michel C. Festou7 

The gas activity of comet C/1999 54 (LINEAR) was monitored at radio wave- 
lengths during its disruption. A runaway fragmentation of the nucleus may have 
begun around 18 July 2000 and proceeded until 23 July. The mass in small icy 
debris (130-centimeter radius) was comparable to the mass in the large frag- 
ments seen in optical images. The mass budget after breakup suggests a small 
nucleus (-100- to 300-meter radius) that had been losing debris for weeks. The 
HNC, H,CO, H,S, and CS abundances relative to H,O measured during breakup 
are consistent with those obtained in other comets. However, a deficiency in 
CH,OH and CO is observed. 

Cometary nuclei are porous bodies containing 
ices and refractory material. It is not uncommon 
for cometary nuclei to split into several frag- 
ments (1, 2), which demonstrates their fragile 
nature. In addition, a number of comets have 
been observed to disappear catastrophically (3), 
whlch suggests their disintegration into small 
debris being stripped of their ices on short time 
scales. Owing to the unpredictable nature of 
such events, data on the evolution of the gas- 
eous activity of a cometary nucleus undergoing 
disruption are sparse. So far, gas monitoring 
observations of a fragmenting comet were only 
obtained for 73PlSchwassmann-Wachmann 3 
(4). 

Comet CLINEAR's close approach to 
Earth at 0.374 astronomical units (AU; 1 AU = 

1.496 X 10" m is the average Earth-Sun dis- 
tance), just a few days before perihelion on 26 
July 2000, when the comet was 0.765 AU from 
the Sun, together with favorable brightness pre- 
dictions, made this comet a suitable target for 
spectroscopic observations at radio wave-
lengths. This spectral range allows the study of 
many volatile molecular species released by the 
nucleus as it approaches the Sun (5-9). Radio 
observations of CLINEAR were planned to 
expand our data sample used for comparative 
studies of cometary composition. Serendipi- 
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tously, they provided unprecedented data on the 
outgassing behavior of a nucleus undergoing 
almost complete disruption. 

The observations were made with five dif- 
ferent radio telescopes. OH 18-cm observations 
were scheduled from 6 July to 3 August 2000 at 
the Nanqay radio telescope, upgraded with a 
new focus system (10). These observations 
were aimed at providing the production rate of 
water, which is the source of the OH radical and 
the most abundant constituent of cometary ices. 
Observations in the millimeter and submillime- 
ter ranges were performed with the National 
Radio Astronomy Observatory (NRAO) 12-m 
Kitt Peak telescope, the Caltech Submillimeter 
Observatory (CSO, 10.4 m), the James Clerk 
Maxwell Telescope (JCMT, 15 m), and the 
Institut de Radio Astronomie MillimCtrique 
(IRAM) 30-m telescope. Data were acquired in 
early January 2000, when comet CLINEAR 
was still at the distance rh = 3.2 AU from the 
Sun, on 17 to 20 June 2000 (rh = 1.0 AU), 1 
July (rh = 0.9 AU), and almost daily around 
perihelion from 18 July to 3 August (r, - 0.77 
AU). Seven molecular species were searched 
for (HCN, HNC, CO, H2C0, CH,OH, H2S, 
and CS), some of them through several rota- 
tional transitions (Table 1). All species, except 
CO and CH,OH, were detected (Figs. 1 and 2). 
In contrast to other species, which were ob- 
served only on selected dates, HCN was con- 
tinuously monitored during the scheduled ob- 
serving periods (Table 1). 

The observed line intensities were con-
verted into gas production rates with standard 
techniaues ( 7 ,  11-13), In a normallv behaved 

A ~ 

comet, one would the outgagsing rates 
to a rather smooth rLn law$ with 
ranging from 2 to 4. However, observations 
of the HCN, H,O (14), OH (15, 16) (Fig. 3), 
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