
Detection of Water Vapor in Halley's Comet 

Gaseous, neutral H 2 0  was detected in the coma of comet 
Halley on 22.1 and 24.1 December 1985 Universal Time. 
Nine spectral lines of the v3 band (2.65 micrometers) 
were found by means of a Fourier transform spectrometer 
(XIAX - lo5) on the NASA-Kuiper Airborne Observa- 
tory, The water production rate was -6 x 10'' molecules 
per second on 22.1 December and 1.7 x loz9 molecules 
per second on 24.1 December UT. The numbers of 
spectral lines and their intensities are in accord with 
nonthermal-equilibrium cometary models. Rotational 
populations are derived from the observed spectral line 
intensities and excitation conditions are discussed. The 
ortho-para ratio was found to be 2.66 + 0.13, corre- 
sponding to a nuclear-spin temperature of 32 K (+5  K, 
-2 K), possibly indicating that the observed water vapor 
originated from a low-temperature ice. 

A CCORDING TO WHIPPLE'S "DIRTY-SNOWBALL'' MODEL, 

the cometary nucleus is a fragile, solid body, an agglomera- 
tion of dust and frozen gases (1). Vaporization causes the 

nucleus to lose several meters of thickness on each perihelion 
passage, exposing fresh material on successive apparitions. Halley's 
comet has made 29 passages (2) since its first appearance in recorded 
history, and the material exposed today was once buried deep within 
the nucleus, far below the original surface layer where significant 
chemical modification by long-term cosmic ray exposure could have 
occurred (3). The material currently being evolved from the nucleus 
is thought to be primordial, unmodified-since condensing from its 
natal cloud of gas and dust, possibly the presolar nebula or an 
interstellar cloud. The composition of the nucleus is the fingerprint 
of that nebula. a "Rosetta-stone," from which we can determine its 
physics and chemistry. For this reason, the identification of these 
parent molecular ices and quantitative measurements of their abun- 
dances are central problems in cometarv research. 

The composition of the volatile fraction has been estimated based 
on arguments derived from our current understanding of interstellar 
chemistry (4), on models of the presolar nebula (5), and on 
inferences drawn from the dissociation by-products as revealed by 
cometary spectra (6). The models indicate that the dominant ice 
should be ordinary H 2 0 ,  and strong circumstantial evidence sup- 
ports this expectation. Indeed, a spectral feature attributed to water 
ice has been reported in two comets (7, 8) observed at large 
heliocentric distance; but abundance estimates have not been estab- 
lished, and the identification has itself been challenged (9). 

Atomic hydrogen (H),  oxygen (O), and the hydroxyl radical 
(OH) are laboratory photodissociation products of H 2 0  that have 

been observed simultaneously in ultraviolet spectra of several comets 
(lo), and O H  has been observed at radio wavelengths as well (11). 
The relative abundances and spatial distributions of these species are 
consistent with a common H ~ O  source for all of them. but model 
uncertainties (for example, poor knowledge of the intensity of the 
exciting solar flux in the case of 0 ,  and incomplete treatment of 
radiative transfer in the case of H and 0) prevent us from making a 
definitive link to H 2 0 .  

The ion H 2 0 + ,  first identified (12) spectroscopically in comets in 
1974, is now routinely studied from ground-based observatories, 
and it was recently measured directly by a plasma spectrometer (13) 
on the International Cometary Explorer spacecraft, which flew 
through comet Giacobini-Zinner in September 1985. Unfortunate- 
ly, H ~ O  cannot be established un&biguously as the parent of 
H 2 0 + ,  since ionization processes in comets are poorly understood. 

Earlier spectroscopic attempts to detect water vapor directly have 
concentrated on its rotational spectral lines at radio wavelengths, 
since it has no known stable ele&ronic transitions in the ultrav~olet 
or visible spectral regions, and its strong infrared vibrational and 
rotational transitions are obscured by corresponding absorptions of 
terrestrial atmospheric water. ~ o n s e ~ u e n t l ~ ,  only the radio maser 
transitions were available for ground-based searches. Marginal 
detections of the 616523 line (near 22 GHz) (see legend to Fig. 1) 
were reported in comet Bradfield 1974111 (14) and later in comet 
IRAS-Araki-Alcock 1983d (15), but other comets failed to show 
this line. Furthermore, quantitative production rates could not be 
derived since the excitation mechanisms are not understood. 

The generally disappointing results of radio searches (1 6) for the 
parent molecules, and advances in infrared technology, led to 
searches for infrared vibrational emissions from methane (17) and 
ammonia (18) in comet Kohoutek, and to a general survey of comet 
West at wavelengths from 0.9 to 2.5 pm (19), but no parent 
molecular emissions were identified. This prompted careful theoreti- 
cal considerations of the non-LTE ilocal~hermodvnamic eauilibri- 
urn) environment of the cometary coma, and of the mechanisms for 
producing infrared vibrational emissions (20). Preliminary calcula- 
tions of infrared fluorescence efficiencies (g factors) (21) gradually 
evolved into more sophisticated treatments which explicitly consid- 
ered the unusual excitation conditions expected in cometary comae 
(22, 23). The new models guided the observational searches by 
identifying which experimental techniques were most likely to 
succeed. The most promising band was the asymmetric stretch 
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vibration (v3) of H 2 0 ,  near 2.65 p.m. Observations from airplane 
altitudes were shown to be necessary, thereby avoiding absorption 
by atmospheric water vapor (22). These theoretical models also led 
to ground-based searches for weak intercombination vibrational 
bands of H 2 0  (101 and 011, near 1.4 ym, and 1.9 ym, respective- 
ly), resulting in a reported "probable detection" of H 2 0  in comet 
Halley (24). 

we report here the search for and detection of nine lines in the v 2  
band of H 2 0  in comet Halley, confirming that water vapor is a 
major component of the cometary coma, and demonstrating that 
infrared resonance fluorescence is a powerful new tool for cometary 
research. 

Infrared fluorescence excitation in H20. The water molecule is 
an asymmetric rotor and, being strongly polar, possesses intense 
vibrational bands (v2, v3) and a strongrot&iona~spectrum. Some 
energy levels and rotational-vibrational transitions important for 
studying the cometary problem are shown in Fig. 1. In thermal 
eauilibrium at 300 K. all of the rotational levels shown (in the 
lowest vibrational state) (Fig. l), and many others, are significantly 
populated so that the infrared v3 band (001-000) consists of 
hundreds of individual spectral lines. Several of these are indicated 
(Fig. 1).  However, owing to the extremely low number densities 
prevailing throughout most of the coma, collisions there are not 
frequent enough to keep the rotational population equilibrated 
(except possibly within 1000 krn of the nucleus, where fewer than 1 
percent of the coma H 2 0  molecules should be found). Hence the 
rotational population relaxes radiatively until only the lowest few 
levels in the ortho and para configurations are significantly occu- 
pied. The numbers of spectral lines are correspondingly reduced, but 
their fluorescence efficiencies are greatly enhanced because of the 
increased fractional population in the remaining occupied levels. 
Theoretical details and quantitative predictions have been described 
(22, 2.3). 

According to Weaver and Mumma (22), the specific intensity of 
the cometarv H1O lines should exceed the continuum level near 

2 - 
2.65 ym by several orders of magnitude, but only five strong lines 
would be produced if the H 2 0  were fully relaxed to the lowest ortho 
and para levels ( lo ,  and Ooo, respectively). Models that include 

Table 1. Observing log during December 1985. 

Obsenl- Flight Terres- 
Ephemeris* 

Object A per~od 'ng altitude 
H z 0  

(UT) (km) (pr. ~ m ) t  

Comet 
Halley 1.16 0.96 34.97 22.10-.15 11.3-12.5 15 

Moon 22.16-.19 12.5 26 
cx Ursae 

Minoris 23.21-.23 12.5 8 
cx Aurigae 23.24-.26 12.5 11 
Comet 

Halley 1.13 1.00 35.11 24.10-.15 12.5 30 
Moon 24.16-.18 12.5 26 
cx Ursae 

Minoris 24.19-.22 12.5 36 

*R, heliocentric distance (AU); A, geocentric distance (AU); A, Radial component of 
geocentric velociry (kilometers per second). tPrecipitable micrometer, pr. bm. One 
preci itable micrometer represents the column densiv of atmospheric water vapor 
whic& if condensed, would form a layer of liquid water 1 ym thick. The driest ground- 
based observatories generally experience atmospheric water burdens of 31 precipitable 
millimeter. 

radiative trapping of rotational spectral lines (2.5) show that the 
collision-dominated regime is extended to somewhat lower densities 
than are predicted for the optically thin case, with a corresponding 
increase in the number of predicted lines. 
Lunar and cometary observations. The few predicted cometary 

emission lines in the v3 band would be hopelessly obscured by 
saturated atmospheric H 2 0  lines at even the-driest ground-based 
sites (see footnote to Table 1). Special high-altitude observatories, 
or spaceborne facilities, are therefore required to search for them. 
Acceptable observations can be made from aircraft operating at 
altiGdes near or above the tropopause, where the water vapor 
column abundance is often - 100-fold lower. However, the stronger 
atmospheric H 2 0  lines remain optically thick even at these altitudes, 
requiring that the observations be made at a time when the comet's 
geocentric velocity shifts its lines sufficiently far from the residual 
terrestrial H 2 0  lines. 

The data reported here were obtained aboard NASA's Kuiper 

H 2 0  e n e r g y  l e v e l s  

1 
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P a r a  J Or tho  

Fig. 1. Energy level diagram for H 2 0 ,  showing 
some rotational levels in the 000 and the 001 
vibrational states. V 1 ,  V2 ,  V 3  are vibrational quan- 
tum numbers for the normal modes v l ,  v,, v3 [see 
(27) j .  Individual levels are labeled with their 
rotational quantum numbers u, K,, Kc) and the 
parameters (-, +, A, B) [see ( 27 ) l .  The transi- 
tions detected in comet Halley are shown as solid 
lines (for example, 1 l-lol) and the (unobserved) 
accompanying branching transitions are shown 
by dashed lines (for example, 1 1-212). The ortho 
transition (202-303) was detected in a survey 
spectrum taken on 24 December. Only the lowest 
few levels in each of the ortho- and para-modifica- 
tions are signficantly occupied. The transition 
(616523), belonging to ortho-H20, has been 
reported (14, 15) at radio wavelengths but is not 
expected to be present in comets if present models 
are correct. 
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Table 2. Spectrometer characteristics. 

Factor Description 

Optical configuration 
Separation of input beams 
Field of view (each beam) 
Spectral resolution achieved 
Velocity resolution 
Spectral bandwidth 

Detectors 

Fourier transform; step and integrate 
[see (26)l 

Dual inputdual output 
11 arc minutes 
41-arc-second diameter 
0.041 cm-' (unapodized) 
3.2 krn sec-' at 3800 cm-' 
2.61 to 2.71 p,m (the 10 percent 

transmittance points) 
Indium antimonide (InSb), 0.5-nun 

diameter, 63 K 

Airborne Observatory (KAO) with the University of Arizona high 
resolution Fourier transform spectrometer (FTS) (26). A log of the 
observations is given in Table 1. Some of the spectrometer's 
characteristics are listed in Table 2, including those that were 
specially selected to optimize the cometary observations. Telescope 
tracking was maintained with nearby field stars, if available, or with 
the comet itself. Frequent guiding checks were made to compensate 
for cometary drift and telescope field rotation. The tropopause was 
unseasonably high during these flights, varying from 11.3 to 14.3 
km. This resulted in residual H 2 0  vapor along the line of sight that 
was two to three times normal values, which are typically 5 1 0  
precipitable micrometers of H 2 0 .  However, the terrestrial H 2 0  
absorption, and its variations, had little effect on the cometary 
spectra because the large geocentric velocity of the comet (-+35 
km sec-I) shifted the cometary H 2 0  emission lines to the far red 
wings of the corresponding telluric H 2 0  absorption lines (see Figs. 
2 and 3 for details). 

Spectra of comet Halley and the Moon were acquired on 22 
December and 24 December UT (Table 1). The spectra acquired on 
24 December are shown in Fig. 2. Nine lines of H 2 0  were clearly 
detected in the cometary spectrum, Doppler-shifted toward lower 
frequencies (Av - -0.43 cm-') with respect to the corresponding 

Fig. 2. H 2 0  emission in comet Halley 
measured on 24.10 December 1985. 
The observed spectrum reveals nine 
emission lines assigned to the v3 band 
of gaseous, neutral H 2 0 .  Each line is 
labeled with the quannun numbers of 
the upper and lower states, and the 
letters in parentheses distinguish be- 
tween ortho- and para-H20 transi- 
tions. The displayed spectra are uncor- 
rected for atmospheric transmission 
and instrumental response. The mean 
offset in the baseline is not continuum 
flux from the comet, but an artifact of 
the power spectrum calculation used 
for this presentation of the data. The 
lunar reflectance spectrum allows cali- 
bration of the relative intensities of the 
cometary H 2 0  features (Table 3). The 
residual terrestrial absorptions at air- 
craft altitude include C 0 2  ( A  > 2.67 
pm) and H 2 0 .  The telluric H 2 0  ab- 
sorption lines that correspond to the 
Doppler-shifted cometary H 2 0  emis- 
sion lines are marked with the symbol 
$. Cometay H 2 0  emission does not 
accompany every strong telluric H 2 0  
feature; this is a consequence of rota- 
tional relaxation in the coma. 

terrestrial lines. Three lines (P) belong to para H 2 0  and six lines ( 0 )  
belong to ortho H 2 0 ,  and they are labeled by the quantum numbers 
(J, K,, Kc) of the upper and lower energy states, respectively (27). 
Every transition which is expected is seen, and no extra lines are 
found. The observed transitions are shown as solid lines in Fig. 1, 
while transitions that are implied by known branching ratios are 
shown by dashed lines. In every case, those unobserved transitions 
occur at wavelengths where the atmosphere is opaque, even at KAO 
flight altitudes. Comparison with an H 2 0  atlas (28) shows that 
more than 100 additional v3 lines (J < 12) fall within our bandpass 
(Fig. 2), and more than 50 of those correspond to J < 7. However, 
none of these is seen in the cometary spectrum, confirming that the 
cometary H 2 0  is rotationally relaxed. The lunar spectrum reveals the 
presence of many atmospheric H 2 0  lines, and also the very strong 
C 0 2  band (10'1-0O00) centered near 3716 cm- ' and extending to 
-3750 cm-I. It is evident by inspection that far fewer H 2 0  lines are 
seen in the cometary spectrum compared with the terrestrial case, as 
predicted by models of nonthermal equilibrium (22, 23, 25). 

A particular virtue of Fourier transform spectroscopy is that it 
provides highly accurate frequency positions for the spectral lines. A 
typical line profile (lo'-Ooo) is shown in Fig. 3. This presentation of 
the spectrum resulted from phase-correction of the interferograms, 
followed by Fourier sine transformation. The procedure resulted in 
a minimum width of the instrumental line shape, hence a maximum 
resolution of the cometary H 2 0  features. The apparent cometary 
H 2 0  line positions, their nucleocentric values (after removing the 
effects of the earth's rotation and geocentric cometary motion), and 
the laboratory rest frequencies are presented in Table 3. The 
observed and nucleocentric H 2 0  frequencies are reported only to 
0.01 cm-' at this time (final evaluation of errors is pending). Our 
preliminary analysis indicates that the H 2 0  lines are not significantly 
Doppler-shifted (at the 0.2 km sec-' level) relative to the cometary 
nucleus. The cometary H 2 0  line profiles are unresolved at the 
instrumental velocity resolution of 3.2 km sec-'. 

The relative intensities of the cometary H 2 0  lines, corrected for 
atmospheric transmittance, are given in Table 3 for the spectrum 

W a v e l e n g t h  (urn) 

3740 3750 3760 
W a v e  n u m b e r  (cm- ' )  

C 

W a v e l e n g t h  ( ~ m )  ? 
2.650 2.645 2.640 2.635 2.630 2.625 

3780 3790 3800 
W a v e  n u m b e r  (cm- ' )  
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Table 3. Comet Halley H 2 0 :  observed frequencies and intensities. A tenth 
line (ortho 202-303; rest frequency, 3688.453 cm-') was detected in a survey 
spectrum taken on 24 December. 

Transi- 
tion* 

H 2 0  line frequencies 
- 

Oh- Nucleo- 
servedt centric+ Rest§ 

Relative intensities11 

22.10 24.10 
Dec. Dec. 

- ~ -  

*The quantum numbers of the u per and lower levels, J'K,'KC1 to J"K,"K,". See 
(27). +Comet Halley, observe$ absolute frequency after ap lying instrumental 
corrections to the spectrum of 24.10 December. *Comet ~ a ! k y ,  after removing 
eocentric and topocentric corrections. §Rest frequencies (32). Absolute accuracy is 

k m r  than 0.003 cm-' and relative accuracy is higher. /Relative intensities for each 
day are normalized to that of the 3801 cm..' transition. Absolute intensities were about 
thiee times larger on 24.10 December relative to 22.10 December. All errors are + lu .  

shown in Fig. 2. We found the comet to be brighter by a factor of 
about 3 on 24 December UT, when compared with that on 22 
December. We have not detected the cometary continuum. Based 
on extrapolations from ground-based continuum observations (29), 
the ratio of specific intensities for our brightest line (3801 cm-- ') 
and the nearby cometary continuum should be -600 to 1, whereas 
our achieved signal-to-noise ratio on the line was -41 in the power 
spectrum (Fig. 2) and -55 in the phase-corrected, transformed 
spectrum (Table 3). We would therefore not expect to have detected 
the continuum. 

Water production rate. The relative intensities were converted to 
absolute units in order to make a direct estimate of the H 2 0  
production rate. This provisional calibration is based on the nominal 
noise-equivalent spectral radiance (NESR) of our spectrometer. The 

I-1 
P a r a  H 2 0  lol 

f 

. . ,  
3 7 7 8 . 6  3770.0 ' 3 7 7 0 . 4  

W a v e  number (cm-l ,  vacuum) 

Fig. 3. An example of the H 2 0  emission line profile in comet Halley 
measured on 24.10 December 1985. The observed line profile (lol-Ow) is 
similar to a sinc function, the theoretical instrumental line shape for a Fourier 
transform spectrometer. The first, strong negative side lobes are evident, but 
the noise level masks weaker artifacts of this line shape. The lunar spectrum is 
also shown, and the large (-+35 km sec-I) geocentric Doppler shift of the 
cometary line is indicated. The width and nucleocentric Doppler shift of the 
cometary line relate to the magnitude and distribution of the H 2 0  velocity 
field in the coma. 

signal-to-noise ratios achieved during observations of two calibra- 
tion stars (a Ursae Minoris and a Aurigae in Table 1) confirm this 
nominal instrument sensitivity to within a factor of about 2. A final 
absolute calibration will be available from our observations after 
perihelion in late March 1986. 

The intensities of the unobserved transitions (dashed lines in Fig. 
1) were calculated from those of the detected lines and with the use 
of branching ratios derived from known line strengths (28), in order 
to obtain an estimate for the total v3 band intensity. This procedure 
should give a reasonably accurate value for the total band intensity, 
since contributions from higher lying rotational levels are expected 
to be small, as discussed earlier. Using the absolute calibration 
discussed above, we find 

of which the detected transitions contribute 45 percent. 
The number of water molecules in our beam may be estimated 

from 

where A is the geocentric distance (cm), eb is the beam diameter 
(radians), v is the photon frequency (cm-'), anddband is the solar 
fluorescence efficiency (photons molecule-' sec--I) for the entire 
band (see 22). Using 8ba,,d = 2.1 x lop4, at heliocentric distance 
R = 1.13 AU (astronomical units), we find 

NH20 = 3.7 x molecules 

in our beam. A simple Haser model (spherical symmetry, uniform 
radial outf-low velocity, 0.8 km sec-I; H 2 0  dissociation lifetime, lo5 
seconds at 1.13 AU) shows that 22 percent of the H 2 0  molecules in 
the coma will be sampled by our beam (diameter, 41 arc seconds). 
Optical thickness effects become important for the stronger v3 lines 
within 1000 km of the nucleus, bur fewer than 1 percent of the total 
H 2 0  inventory should reside there, affecting our derived H 2 0  
production rate by no more than 4 percent. We find 

4.5 NH20 
QHZo = - = 1.7 x loz9 molecules sec-' 

7 

on 24.1 December UT and QH20 - 4 x 10'' sec-' on 22.1 Decem- 
ber 1985 UT. 

Ortho-para ratio. Let us now compare the total ortho-H20 
emission intensiries with the total para-H20 intensities. It is exceed- 
ingly difficult to convert molecules with one nuclear spin alignment 
to the other (30). Mumrna (31) has suggested that this may be used 
to good advantage in comets, by regarding the nuclear spin 
temperature as being characteristic of the origin of the observed 
H 2 0 .  Thus, if the H 2 0  were sublimated from the ice phase, its 
nuclear spin temperatiire (defining the ortho-para ratio) should be 
characteristic of the physical temperature of the ice. If the H 2 0  were 
produced by reactive gas-phase chemistry (or dissociation of a 
precursor molecule), then the ortho-para ratio should reflect the 
numbers of final states available, that is, 3 to 1. Central to this 
concept is the argument that the newly liberated H 2 0  molecule 
experiences too few collisions to change its nuclear spin alignment, 
and that the ortho-para ratio remains unchanged throughout the 
coma. 

From our relative intensities on 24.10 December, we find the 
ortho-para ratio to be 
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The dependence of the ortho-para ratio on temperature may be 
calculated for water molecules in thermal equilibrium from the usual 
Boltzmann expression, accounting for nuclear spin statistics and 
rotational statistics properly and summing over the rotational states 
in the ortho- and para-manifolds separately (27). Then the tempera- 
ture at which the cometary water vapor was last equilibrated may be 
determined by comparing the observed ortho-para ratio with the 
calculated ones. We find that the measured ortho-para ratio in 
Halley's comet corresponds to a nuclear spin temperature (TSpin) of 

The range of nuclear spin temperatures is 28 to 45 K at the 95 
percent confidence limit, which seems to support vaporization from 
a low-temperature ice as the major source of the observed H 2 0 .  
Comet Halley's equilibrium temperature at aphelion depends on its 
albedo, and ranges from 2 7  to 53 K for albedos from 0.9 to 0.05, 
respectively. Since the surface temperature is thought to reach 
-200 K at 1 AU, the low value observed for the nuclear spin 
temperature suggests that accommodation of the ortho-para ratid to 
the higher temperature is incomplete. It is also possible that 
formation of icy grains in the inner coma may quench the nuclear 
spin temperature to low values. Although the present data are 
suggestive, further laboratory work will be needed to establish a 
rigorous connection between the observed nuclear spin tempera- 
Gres and the physical temperature of the ice phase. 

- 

Furthermore, unrecognized errors in the measurement of individ- 
ual line intensities could affect the derived ortho-para ratio signifi- 
cantly. This could be particularly serious for the Om-lor ortho line, 
which exhibits a measured intensity smaller by a factor of 2.2 than 
expected (see Rotational populations). We do not see any specific 
reason to suspect the measured value, but if the observed intensity 
were replaced by the value expected for model B, then the orthd- 
para ratio would become 3.0. Other uncertainties could also lead to 
modification in the derived ortho-para ratio (for example, optical 
depth effects in the coma and incomplete information on the 
rotational distributions and on other excitation mechanisms for the 
vj band). 

Rotational populations. The line-by-line intensities (Table 3) 
may also be used to derive beam-averaged rotational populations in 
the ground vibrational state for comparison with models of the 
coma. A complete treatment of this problem is beyond the scope of 
this article; however, we present several preliminary solutions based 
on some simplifying assumptions. Fluorescence equilibrium is in- 
voked for each observed rotational level in the vibrational state 001 
(five levels for ortho-H20, three for para-H20). Rotational transi- 
tions within 001 are neglected, since A,,, <<Avib.  Cascade into 
001 from higher vibrational states is neglected, and the v3 lines are 
assumed to be optically thin. 

- 

Six lines of ortho-H20 were observed, originating from five 
rotational levels in 001. Five rotational populations in the 000 
vibrational state mav be determined with &e use of steadv-state 
equations for these levels. Although the five upper levels are c;upled 
to (pumped by) seven lower levels, two of the latter (32r and 312) are 
expected to have very small rotational populations, owing to rapid 
rotational relaxation. Neglecting infrared pumping from these two 
levels permits us to determine the populations of the remaining five 
levels in 001, regardless of any further considerations (such as 
optical trapping, collisions, and pumping by v2 fluorescence) (Table 
4, model A). 

The population for is surprisingly large. We note that the 
expected intensity (22) of 000-lor is 1.47, relative to 202-101, but the 
observed ratio is 0.68. Thus the Om-lol line is more faint than 
expected by a factor of -2.2. This requires a much larger pumping 

Table 4. Beam-averaged rotational populations for H20  in comet Halley. 

*Models A, B, C are described in the text. Model H is preferred for the ortho species 
(see text). +Errors represent propagated statistical uncertainties (t la) associated 
with the measured relauve intensities (Table 3), with the relative absorption line 
strengths [-1 percent (28) ] ,  and with the branching ratios (-1.2 percent). 

rate for 202-forcing a larger population in 303, and indeed requiring 
an inverted population with respect to 212. The rotational transition 
probability for 303-212 is SO large [A,,, - 5.2(-2) sec-'1 that no 
significant steady-state population is expected in 303. A seven-level 
solution (steady-state equations are incorporated for 321 and 312) 
confirms the five-level ksults shown as model A, but also gives " 
negligible population in 321 and 3r2, demonstrating that the relative 
populations do not continue to increase with the inclusion of higher 
J levels. Thus the large population in cannot be due to-the 
omission of 32, and 3r2 in model A. Model A seems to require a 
large unidentified pump. into 202 or 303, or some mechanism for 
reducing the intensity of Ooo-lol. 

Independent information on the population of the 303 level can be 
obtained by looking for other transitions in our passband which are 
pumped from 303. The absence of the 322-321 transition at 
3744.511 cm-I allows us to place an upper limit (3a) on the 
fractional population of 303 at 5 0.09. This is considerably smaller 
than the model A result and is evidence that the reported intensity 
for the Ooo-lo, line may be incorrect, or that the model is incom- 
plete. 

The Om-lor line lies between two strong (R22, R24) C 0 2  lines in 
the 10"l band, but plausible errors in the C 0 2  interline opacity can 
at most account fo; ten's of percent error. Comparison df ou; line 
spectrum with atmospheric line atlases demonstrates good agree- 
ment, but if an unresolved stratospheric line were present, it might 
cause significant error in the measured intensity of the Om-lor 
transition. We therefore solved a four-level model (omitting the Om 
level in v3 = 1, and forcing n303 = O), with the results given (Table 
4, model B). The results are more in accord with theoretical 
expectatioris (22), and with the observed absence ofthe 322-321 line; 
however, the irltensity predicted for Ooo-lor is 2.2 times larger than 
that observed (Table 3). 

Both models show large populations in lIo relative to lo l ,  
contrary to the earlier expectations (22, 23). Collisions are not 
expected to play an important role for the majority of molecules in 
our beam, thus collisional excitation of lol seems unlikely. The level 
llo can be radiatively pumped in the v3 band by the following 
sequence: (v3 pump, 101-202; cascade, 202-303; relaxation, 303-2,2; 
v3 pump, 212-1 ll; cascade, ll l-llo). The rotational transition 212- 
lol must be optically thick (7 - 7) for this mechanism to operate 
efficiently, and two infrared pumping events are needed. A more 
efficient mechanism for pumping llo is by v2 band transitions (v2 
pump lol-llo; v2 cascade 110-221; rotational relaxation 221-110). 

The rotational populations deviate strongly from LTE (Table 4). 
Collisional effects should be most significant for the low-lying 
energy states, yet there is no evidence to support collisional equili- 
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bration for those levels (for example, 221, 212). The excitation 
temperature for 221 relative to lol cannot exceed 70 K, for example. 
Furthermore, the absence of lines originating from levels with J > 2 
in our spectral bandpass confirms directly that high J states are not 
being excited significantly in cometary H 2 0 .  The tentative observa- 
tions of the 616-523 transition in two comets continue to defy 
explanation. 

Only three lines of para-H20 were observed, originating from the 
three lowest levels of 001. The fluorescence equilibrium equations 
for the levels 212 and llo of 001 show that the population of 211 
relative to lI1 is less than 25 percent and is consistent with 0 
percent. By neglecting the population in 211, these two equations 
can be rewritten to include pumping from 313. The solution then 
demonstrates that the population of 313 is less than 28 percent, with 
a probable value of - 10 percent, relative to 1 

The iterative approach taken above is somewhat risky but at least 
yields no internal inconsistencies at the 30 percent level. In any 
event, the above results and the absence of any high J lines in our 
spectrum, indicate that there is no strong excitation of high J levels 
in para-H20, which is consistent with the results obtained for ortho- 
H 2 0 .  If we neglect the population of all states except 11 1 and OO0 
(possibly a riskier assumption than those made above), then the 
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