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Water (H2O) was detected in Comet C/1995 O1 Hale–Bopp on
10 dates between UT January 21.8 and May 1.2, 1997, using high-
resolution infrared spectroscopy. This is the first study of the he-
liocentric dependence of water released from a comet using direct
detection of H2O itself. Production rates and rotational tempera-
tures were measured, and the derived heliocentric dependence for
the water production rate is Q = (8.35± 0.13)× 1030 [R(−1.88± 0.18)

h ]
molecules s−1. The spatial distribution of H2O molecules in the coma
is consistent with water being released directly from the nucleus
within 1.5 AU of the Sun, although release of a small fraction from
icy grains cannot be excluded. When our derived water production
rates are compared to the production of native carbon monoxide
and dust, we obtain a dust to ice mass ratio of 5.1± 1.2 within a
heliocentric distance of 1.5 AU. The abundance of H2O provides
a benchmark for the volatile inventory in Hale–Bopp and, when
compared to interstellar and nebular material, helps constrain the
origin of cometary ices and their processing histories. These pro-
duction rates derived from the direct detection of H2O provide a
sound basis with which water production rates inferred by indirect
methods can be compared. c© 2000 Academic Press

Key Words: comets; Hale–Bopp; composition; infrared observa-
tions; water.
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The cometary nucleus contains a mixture of volatile ices
refractory grains which are thought to date from (or to pred
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terial within the nucleus has been shielded in a low-tempera
environment and by an overburden of surface material. Thus
composition of comets may reflect physical and chemical c
ditions in the early Solar System. Since the degree of proces
experienced by ices prior to incorporation into the nucleus c
strains physical conditions in the region of comet formatio
the nature of the nucleus is the central problem in comet
science.

The manner in which volatile species are released from the
cleus provides information on the physical nature of comet
material. Volatile species contained as ice within the nucle
are termed “native,” and are said to have a “direct” source wh
sublimed from the nucleus itself. Species released in the com
whether from grains (dust or ice), as photodissociation produ
of parent volatiles, or by active coma chemistry—are said
have a “distributed” source. It is possible for a native species
show a distributed source if released from icy grains dragged
the coma. Some volatile species (e.g., CO) exhibit both dir
and distributed sources (Eberhardtet al. 1987, Greenberg and
Li 1998, DiSantiet al. 1999). Under favorable circumstance
the number, nature, and relative abundances of sources f
given volatile species can be inferred from its spatial distrib
tion about the nucleus. However, the spatial distribution of wa
(H2O) in the cometary coma has not been directly studied, exc
along the paths of spacecraft threading the coma of Co
1P/Halley (cf. Combeset al.1988).
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WATER IN COM

In its current view, the icy conglomerate nucleus consist
numerous exotic ices and dust (Whipple 1950). Water is
dominant ice in most (perhaps all) comets and its sublima
controls the release of other volatiles within 3–4 AU of the S
For this reason, the volatile activity of a comet and the ab
dances of minor species are often expressed relative to2O
production (molecules s−1). At greater distances, more volat
species such as CO may control a comet’s activity (Senay
Jewitt 1994, Crovisieret al.1995), and water is likely release
primarily from a distributed source of icy grains. Despite
key importance, direct detection of cometary water from
ground has been problematic due to atmospheric extinc
This has hampered studies of water production and limited
understanding of the manner in which water is released f
comets.

The early discovery of the bright Comet C/1995 O1 Ha
Bopp provided an opportunity to track cometary activity a
function of heliocentric distance and to study the nature of w
release. Soon after its discovery, water production rates in H
Bopp were inferred from radio and ultraviolet observations
OH beginning at a heliocentric distance of 7.4 AU (Biveret al.
1997a, Schleicheret al. 1997, Weaveret al. 1997a). Water ice
absorption was first detected at 7 AU (Davieset al.1997), and
emission from water vapor (in theν3 vibrational fundamenta
band at 2.7µm) was measured at 2.9 AU with the Infrared Sp
Observatory (Crovisieret al.1997).

Here, we report a comprehensive study of water releas
Comet Hale–Bopp, based on direct groundbased detectio
water emission lines using high-resolution infrared spectrosc
Production rates, rotational temperatures, and spatial dist
tions for water in Comet Hale–Bopp were measured as a fun
of heliocentric distance within 1.5 AU of the Sun. Our measu
ments provide a benchmark with which water production r
inferred from indirect methods can be compared. The high s
tral and spatial resolution of our measurements helps revea
connection between the distribution of water vapor in the co
and water ice present in the nucleus. Our analysis shows
most water was released directly from the nucleus for helio
tric distances (Rh) < 1.5 AU.

2. BACKGROUND

Water production rates in comets have traditionally been
ferred through detection of its photodissociation products
(at near-ultraviolet and radio frequencies; cf. Schleicher
A’Hearn 1982, Tacconi-Garmanet al. 1990), O (through1D
emission in the visible; cf. Fink and Hicks 1996), and H (throu
H Ly-α emission; cf. Combiet al.1998). However, these can b
produced from other parents, and all indirect methods req
modeling assumptions to relate the production of the meas
species to that of water. Although detection of vibrational
rotational emission from water vapor in comets is possibl
high altitudes (Mummaet al. 1986) and from space (Comb

et al.1988, Crovisieret al.1997), airborne observatories prese
T HALE–BOPP 325
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limited observing opportunities and space observatories h
limited lifetimes and Sun-avoidance constraints. For these
sons, we developed a general method for detection of w
from groundbased observatories and applied it to Comet H
Bopp.

Severe extinction by atmospheric water makes direct de
tion of water in comets difficult from groundbased observa
ries—its strong transitions terminate in the ground vibratio
level which is highly populated in Earth’s atmosphere, caus
absorption of the incident photons. To avoid such extincti
we target water lines in nonresonance fluorescence—direc
sorption of sunlight excites molecules from the lowest vib
tional level (000) to a higher vibrational level, followed b
cascade into an intermediate level which is not significan
populated in the atmosphere (see Appendix). The terres
atmosphere is generally transparent to these cometary w
emissions, and no specific Doppler shift is needed to obs
these “hot-band” lines. This strategy can be extended to gro
based infrared observations of other cold objects, for ex
ple planetary atmospheres and preplanetary disks around y
stars.

With this approach, water was securely detected in Com
C/1991 T2 Shoemaker–Levy, 6P/d’Arrest, and C/1996
Hyakutake using theν1+ν2+ν3−ν1 (111–100) vibrational band
near 2µm (Mummaet al. 1995, 1996). Production rates we
obtained for all three comets, and a rotational temperature
obtained for H2O in Comet Hyakutake (Mummaet al. 1996).
Our survey of the (1–0) band of CO at∼4.7µm in Hyakutake
unexpectedly revealed new strong emissions which were id
tified as nonresonance fluorescence from theν1–ν2 (100–010)
andν3–ν2 (001–010) hot bands of H2O. We later realized tha
the possibility of observing these two bands in comets had b
considered previously (Bockel´ee-Morvan and Crovisier 1989)
We targeted lines from these three hot bands in Comet H
Bopp.

3. OBSERVATIONS AND DATA ANALYSIS

Ro-vibrational lines from these three hot bands were
tected on ten separate dates between UT Jan. 21.8 (Rh= 1.48 AU
preperihelion) and UT May 1.2, 1997 (Rh= 1.06 AU postperihe-
lion) in Comet Hale–Bopp (Table I). Water was searched for
UT Aug. 8.0, 1997 (Rh= 2.24 AU), and an upper limit was dete
mined. We used the cryogenic echelle spectrometer (CSHE
at the NASA Infrared Telescope Facility on Mauna Kea, Haw
(Greeneet al. 1993). CSHELL has a 256× 256-pixel InSb ar-
ray detector with a pixel size of 0.2 arcsec and provides s
tial coverage along the 30-arcsec-long slit which we orien
east–west. A 1-arcsec-wide slit was used for our comet ob
vations leading to a spectral resolving powerν/1ν∼ 2× 104.
At each grating setting, cometary data were acquired usin
sequence of four scans (source, sky, sky, source), with an
nttegration time of 2 min on source per sequence of scans. Sky



326

each grat
DELLO RUSSO ET AL.

TABLE I
Water Lines Detected in Comet Hale–Bopp

Rest frequency g Factors Date(s) detected
Band assignment Line assignment (cm−1) (×10−7) s−1a (UT 1997)

111–100 202–303 5083.94 0.20 (60 K) Feb 24.0, Apr 30.0
0.17 (80 K)
0.14 (100 K)
0.12 (120 K)

001–010 000–101 2137.37 8.22 (60 K) Jan 21.8, Mar 1.9
6.28 (80 K)
4.94 (100 K)
4.01 (120 K)

001–010 111–110 2151.19 5.70 (60 K) Jan 21.8, Mar 1.9,
5.22 (80 K) Apr 16.0, Apr 30.0,
4.61 (100 K) May 1.2
4.05 (120 K)

100–010 000–111 2022.08 1.82 (60 K) Apr 9.0, Apr 16.0,
1.40 (80 K) Apr 30.0, May 1.2
1.12 (100 K)
0.90 (120 K)

100–010 101–110 2039.95 7.15 (60 K) Jan 21.8, Feb 24.0, Mar 1.9,
5.91 (80 K) Apr 8.1, Apr 9.0, Apr 16.0,
4.94 (100 K) Apr 30.0, May 1.2
4.16 (120 K)

100–010 101–212 2003.39 6.10 (60 K) Jan 21.8, Mar 1.9, Apr 6.2,
5.04 (80 K) Apr 9.0, Apr 10.2, Apr 16.0,
4.21 (100 K) Apr 30.0, May 1.2
3.55 (120 K)

100–010 111–202 2028.32 0.70 (60 K) Apr 16.0, May 1.2
0.58 (80 K)
0.49 (100 K)
0.43 (120 K)

100–010 202–211 2032.29 1.66 (60 K) Apr 16.0, May 1.2
1.48 (80 K)
1.32 (100 K)
1.18 (120 K)

100–010 212–303 2003.00 2.59 (60 K) Mar 1.9, Apr 6.2, Apr 9.0,
2.43 (80 K) Apr 10.2, Apr 16.0,
2.24 (100 K) Apr 30.0, May 1.2
2.03 (120 K)

100–010 221–110 2148.19 1.24 (60 K) Jan 21.8, Apr 9.0, Apr 10.2,
1.37 (80 K) Apr 16.0, Apr 30.0,
1.43 (100 K) May 1.2
1.44 (120 K)

100–010 221–330 1881.08 1.42 (60 K) Apr 16.0, May 1.2
1.57 (80 K)
1.64 (100 K)
1.64 (120 K)
a For Rh= 1 AU and an ortho to para ratio of 3.
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spectra were obtained by nodding the telescope 2 arcmin
the source, providing sky cancellation via pixel-by-pixel s
traction (source-sky-sky+source). Flat-fields and dark fra
were obtained immediately following each scan sequence
ing setting, spectra of infrared standard stars were
om
b-
es
For

tained through a 4-arcsec-wide slit for absolute flux calibra
of the comet spectra (Table II).

Most observations occurred during daylight when atmosph
seeing is generally poorer and more variable and trackin

ob-more difficult (since the autoguiding capability of the telescope
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TABLE II
Derived Line Fluxes and Production Rates for Water Lines in Comet Hale–Bopp

Infrared flux Vibrational Rotational Line flux Line flux
Date standard line line (10−17 W m−2) (10−16 W m−2) QH2O

UT 1997 starsa assignment assignmentb on the nucleusc off the nucleusd (1030 molec s−1)e

Jan 21.8 BS 6707 001–010 111–110 0.79± 0.11 0.424± 0.054 3.49± 0.84
(ν Her) 001–010 111–110 0.68± 0.10 0.532± 0.045 4.38± 0.72

001–010 000–101 1.24± 0.13 0.644± 0.066 4.31± 0.82
001–010 000–101 1.35± 0.12 0.562± 0.054 3.76± 0.71
100–010 101–110 1.87± 0.25 0.67± 0.12 5.0± 1.6

Feb 24.0 BS 1165 100–010 101–110 4.82± 0.17 2.38± 0.08 8.89± 0.89
(η Tau) 111–100 202–303 0.54± 0.06 0.20± 0.05 10.3± 4.3

Mar 1.9 BS 6707 001–010 111–110 4.82± 0.10 2.03± 0.05 7.38± 0.37
001–010 000–101 4.44± 0.10 2.35± 0.05 7.38± 0.37
100–010 101–212 4.49± 0.18 2.03± 0.08 8.24± 0.61
100–010 101–110 5.52± 0.16 2.32± 0.07 7.91± 0.47
100–010 101–110 5.99± 0.24 2.34± 0.11 7.98± 0.71
100–010 000–111 2.21± 0.23 0.54± 0.11 8.0± 2.5

Apr 6.2 BS 2560 100–010 101–212 7.05± 0.09 2.93± 0.04 10.69± 1.07
(15 Lyn)

Apr 8.1 BS 2560 100–010 101–110 5.55± 0.21 3.00± 0.08 9.34± 0.93

Apr 9.0 BS 2560 100–010 101–212 4.38± 0.13 2.33± 0.06 8.84± 0.88
100–010 101–212 4.33± 0.14 2.51± 0.06 9.50± 0.95
100–010 101–110 5.15± 0.20 3.08± 0.08 9.75± 0.98
100–010 000–111 2.10± 0.17 0.96± 0.08 13.5± 2.9

Apr 10.2 BS 2560 100–010 221–110 2.42± 0.09 1.00± 0.033 10.59± 0.71
100–010 221–110 1.49± 0.08 0.885± 0.035 9.35± 0.74
100–010 101–212 5.93± 0.09 2.62± 0.04 9.99± 0.50

Apr 16.0 BS 2560 100–010 221–110 1.63± 0.09 0.827± 0.042 9.75± 1.74
100–010 221–110 2.08± 0.08 0.751± 0.036 8.85± 1.30
100–010 101–212 6.00± 0.12 2.38± 0.05 9.36± 0.47
100–010 101–110 5.43± 0.19 2.67± 0.08 8.80± 0.55
100–010 221–330 3.51± 0.17 1.05± 0.08 12.30± 1.60

Apr 30.0 BS 8781 100–010 221–110 2.29± 0.14 0.436± 0.062 7.10± 1.14
(α Peg) 100–010 221–110 2.08± 0.16 0.393± 0.049 6.40± 1.04

100–010 101–212 2.75± 0.13 1.46± 0.06 6.64± 0.49
100–010 101–212 4.13± 0.18 1.66± 0.08 7.52± 0.69
100–010 101–110 5.61± 0.15 1.71± 0.07 6.49± 0.50
100–010 000–111 2.12± 0.19 0.76± 0.08 12.2± 2.3
111–100 202–303 0.44± 0.13 0.16± 0.03 9.0± 2.9

May 1.2 BS 8781 100–010 221–110 2.54± 0.10 0.448± 0.046 7.39± 0.94
100–010 101–212 3.50± 0.13 1.59± 0.58 7.64± 0.54
100–010 101–110 4.48± 0.16 1.79± 0.67 7.21± 0.56
100–010 000–111 1.31± 0.14 0.51± 0.07 8.7± 2.4
100–010 221–330 1.43± 0.17 0.49± 0.08 8.1± 2.4
100–010 202–211 1.28± 0.11 0.45± 0.05 7.3± 1.2
100–010 111–202 0.72± 0.10 0.18± 0.04 7.5± 2.8

Aug 8.0 BS 1165 100–010 101–212 <0.024 <1.5f

a BS numbers are given with the star name in parentheses. The same calibration star was used for each grating setti
particular date.

b Lines repeated in the table indicate separate measurements.
c Transmittance-corrected flux in a 1× 1 arcsec box centered on the nucleus.
d Total transmittance-corrected flux 2–12 arcsec off the nucleus in both the east and west direction.
e A quantitative analysis was not done for some detected lines: Some lines were too weak, fell in regions of low atmosp

transmittance, or were blended with emissions from other species.
f A 3σ upper limit derived from the measured upper limit for the flux on the nucleus and assuming it to be low by a factor

due to seeing, cometary drift, etc.
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is not usable) compared to night-time observations. Image
the comet were taken before and after each sequence of
through a circular variable filter at 3.5µm to assess cometar
drift and to update telescope tracking rates as needed. Defo
ing can occur if sunlight strikes the telescope structure, so fo
was also checked and updated regularly using a star close t
comet. All these factors (and other unrecognized ones) w
result in what we term “nonideal” observing conditions, affe
the measured point-spread function (PSF) of an object. For
observations, the full width at half maximum (FWHM) of a ste
lar PSF was typically∼1–2 arcsec and was generally variab
within a single date.

The data were processed using algorithms specifically
lored to our comet observations. Initial processing included fl
fielding, removal of high dark current pixels and cosmic ray h
and registration of spectral frames such that the spectral dim
sion falls along a row and the spatial dimension is orthogona
this (Fig. 1A). Spectra were extracted over any desired sp
extent and position along the slit; an example is shown in Fig.
Atmospheric models were obtained using the Spectrum Syn
sis Program (SSP) (Kunde and Maguire 1974) which acce
the HITRAN-1992 Molecular Data Base (Rothmanet al.1992).
SSP models were used to assign wavelength scales to th
tracted spectra and to establish absolute column burdens fo
component absorbing species in the terrestrial atmosphere
model was convolved to the resolution of the comet spectr
binned to the instrumental sampling interval, and normalize
the cometary continuum (Fig. 1B).

Two water emissions in Comet Hale–Bopp are shown in Fig
The signal-to-noise ratio in the cometary water lines was v
high, but the prodigious dust production (high thermal con
uum emission) in Hale–Bopp caused the line-to-continuum c
trast to be low (Figs. 1A and 1B). Line visibility was enhanc
by scaled (row-by-row) subtraction of the optimized transm
tance model from the comet spectrum, yielding the net come
molecular emissions (Fig. 1C) still convolved with the atm
spheric transmittance function. The true line flux incident at
top of the terrestrial atmosphere was obtained from the obse
line flux by correcting for the monochromatic transmittance o
tained from the fully resolved SSP model at the Doppler-shif
line position.

4. THE SPATIAL DISTRIBUTION OF WATER IN THE COMA

The high spectral and spatial resolution afforded by CSHE
provided a unique opportunity to measure and compare the
tial distribution of H2O with that of other volatiles and dust i
the coma of Comet Hale–Bopp. The distribution of a specie
the coma (along the slit, in our case) is termed its spatial pro
(Fig. 2). The manner in which a species is released from
nucleus affects the general shape of its profile: In the absen
decay (e.g., photodissociation), the column density for a spe
released solely from the nucleus and with spherical symm

(at a constant rate and expanding with uniform outflow veloci
SO ET AL.
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falls off asρ−1 (whereρ is the projected distance from the n
cleus). The spatial profile for a species with a distributed so
contribution will be broader, falling off more slowly thanρ−1.
However, properties of the comet and observing conditions
affect profile shapes, causing deviations from aρ−1 distribu-
tion. Nonideal observing conditions will always contribute
departures fromρ−1 close to the nucleus (flattening and broa
ening the profiles), and they will affect the spatial profiles
species released from the nucleus (volatiles and dust) in sim
ways when measured simultaneously (in the same expos
Farther from the nucleus, small departures fromρ−1 are also
seen due to the variable nature of comets (e.g., outflow as
metries and jet activity), and this may affect the spatial profile
species differently. Therefore, a distribution somewhat broa
thanρ−1 is typically seen even in the absence of a distribu
source.

Can distributed source contributions be separated from c
peting effects which cause deviations fromρ−1? Spatial profiles
for CO near perihelion show pronounced deviations fromρ−1

out to∼5 arcsec from the nucleus, which cannot be explai
solely by nonideal observing conditions or outflow variabil
(cf. Fig 2B). In fact, about one-half of the total CO releas
from Hale–Bopp is contributed by a distributed source, for
liocentric distances within 1.5 AU (DiSantiet al. 1999). How-
ever, detecting small distributed source contributions clos
the nucleus is difficult since spatial information in this regi
is distorted by nonideal observing conditions. The extent of
region influenced by nonideal observing conditions is rep
sented within the FWHM of a stellar PSF (assuming observ
conditions were similar for the comet and star). Thus, spa
profiles can provide a qualitative means for detecting signific
distributed source contributions, but are unreliable for de
mining contributions from small distributed sources close to
nucleus.

Spatial profiles for water and dust show small asymmet
(Fig. 2A), but they fall off as approximatelyρ−1 (beyond∼1–2
arcsec from the nucleus) for all heliocentric distances less
1.5 AU. This behavior is consistent with release of both dire
from the nucleus, or within∼1–2 arcsec (∼1000–2000 km)
of the nucleus, although small distributed source contribut
within this region cannot be ruled out. An analysis from ind
pendent CSHELL observations on UT March 5 (Rh ∼ 1.03 AU)
is also consistent with most water being released directly f
the nucleus (Weaveret al.1997b).

5. ROTATIONAL TEMPERATURES

Knowledge of the rotational temperature is needed to
termine total production rates from individual line intensiti
A rotational temperature can be inferred from the relative
tensities of observed water lines, which are proportional to
temperature-dependentg factors for these lines. The method f
calculatingg factors is discussed in the Appendix. We det
ty)mine the temperature in the excited vibrational level from the
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FIG. 1. Detection of H2O in Comet Hale–Bopp on UT May 1.2, 1997. (A) On-chip spatial–spectral image showing molecular emissions and the dust
continuum. The spatial dimension is along columns and the spectral dimension is along rows. The spatial extent of the image is∼30 arcsec on the sky, with a
spatial scale of∼260 km pixel−1 at the comet. East is at the top. (B) Extracted cometary spectrum (solid line). The spatial extent of the extracted spectrum is 1
arcsec (5 rows) and is represented by arrows to the right of A and C. Subtraction of an optimized atmospheric model spectrum (dashed line) reveals cometary water
emissions in the residuals (expanded vertically by a factor of 4). (C) The spectral image shown in A after removal of the dust continuum via row-by-row scaled
subtraction of the atmospheric model. Continuum subtraction clearly shows the spatial extent of the water emissions, and reveals a distributed CN emission located
∼0.03 cm−1 to the blue of the 212–303 water line.
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FIG. 2. Spatial profiles for H2O, CO, and dust. (A) The H2O column density (solid line), the continuum profile (dashed line), and a stellar profile (PSF; d
line) on UT Apr. 6.2, 1997. The continuum and stellar profiles were scaled to the peak of the water profile. The water line represented in this figure is th01–212

line of theν − ν band. (B) The CO column density (solid line), scaled continuum profile (dashed line), and scaled stellar profile (dotted line) measure
1 2

May 1.0, 1997 (DiSantiet al.1999). Note the much broader extent of the CO profile compared with those of H2O and dust.
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relative emission intensities for the observed water lines
take it to equal the temperature distribution of rotational lev
in the ground vibrational state (000). We then calculate ling
factors using that temperature. We also assume that upper v
tional states can be populated only by pumping from the gro
vibrational state, or by cascade from a higher vibrational s
(see Appendix). Pump rates from all excited vibrational st

are assumed to be negligible. Calculating a rotational temp
nd
els

ibra-
nd

ate
tes

ature is often difficult, since most strong lines haveg factors
which vary similarly with temperature (Table I), while oth
lines better suited for a rotational temperature analysis are o
too weak or are accidentally coincident with telluric absorpt
features.

We were nonetheless able to determine rotational temp
tures on six dates (Table III). Values were derived on UT J

er-21.8 and Mar. 1.9 by comparing the intensity ratio for twoν3–ν2
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WATER IN COM

TABLE III
Rotational Temperatures and Production Rates

for Water in Comet Hale–Bopp

Date Rh 1 TROT QH2O

(UT 1997) (AU) (AU) (K) (1030 molecules s−1)

Jan 21.8 1.48 2.18 76+16
−10 4.00± 0.39

Feb 24.0 1.11 1.57 80a 8.89± 0.89
Mar 1.9 1.06 1.47 85± 5 7.63± 0.23
Apr 6.2 0.918 1.40 100a 10.69± 1.07
Apr 8.1 0.922 1.42 100a 9.34± 0.93
Apr 9.0 0.925 1.43 100a 9.33± 0.54
Apr 10.2 0.928 1.44 99+8

−6 9.99± 0.38
Apr 16.0 0.952 1.53 92+13

−10 9.12± 0.36
Apr 30.0 1.05 1.75 77+11

−8 6.76± 0.33
May 1.2 1.06 1.77 80+13

−9 7.43± 0.41
Aug 8.0 2.24 2.90 50a <1.5b

a Adopted rotational temperatures.
b 3σ upper limit.

lines (F000–101/F111–110) to the temperature-dependent ratio og
factors for these lines (sinceFline∝ gline). For dates when the
cometary emissions were red-shifted (April and May), the 101–
212 and 221–110 lines of theν1–ν2 band were used (Fig. 3). O
other dates, a reasonable rotational temperature was ado
based on our derived values for H2O at similar heliocentric dis
tances (Table III). The sensitivity of production rates to adop
rotational temperatures is modest: A difference of 20 K in ro
tional temperature changes the production rate derived from
individual line by∼5–30% depending on the temperature a
the line measured (Table I).

FIG. 3. The rotational temperature of water in Comet Hale–Bopp m
sured on four dates postperihelion: April 10.2 (Rh= 0.928 AU; diamond), April
16.0 (Rh= 0.952 AU; cross), April 30.0 (Rh= 1.05 AU; circle), and May 1.2
(Rh= 1.06 AU; square). Values were derived by comparing the ratio of flu
between 2 and 12 arcsec from the nucleus for the 101–212 and 221–110 lines of
theν1− ν2 band (see Table II) to the ratio of their temperature-dependentg fac-
tors (see Table I). The expected flux ratio as a function of rotational temper

is given by the solid curve.
T HALE–BOPP 331
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6. PRODUCTION RATE GROWTH CURVES

Spatial data may also be examined by generating produc
rate growth curves (Q curves). TheseQ curves are generate
by stepping a 1× 1-arcsec box at 1-arcsec intervals along t
spatial direction (along the slit) and calculating a “spheric
production rate from the line flux observed at each step (Figs
and 4B; Dello Russoet al.1998, Magee-Saueret al.1999). The

FIG. 4. Production rate growth curves (Q curves) for water and dust in
Comet Hale–Bopp on UT Apr. 6.2, 1997. (A) WaterQ curve: H2O spherical
production rates derived by stepping 1× 1-arcsec extracts east (circles) an
west (squares) of the nucleus out to a distance of∼1.2× 104 km (12 arcsec).
(B) ContinuumQ curve: Dust spherical production rates east (circles) and w
(squares) of the nucleus (errors in the spherical production rates for the
are smaller than the size of the plotted points). (C) SymmetricQ curves for
H2O (diamonds) and dust (circles), derived from a weighted average of
and west extracts (the nucleus-centered dust “production rate” is scaled t
nucleus-centered production rate of water). A scaledQ curve for a stellar profile
convolved with aρ−1 distribution (crosses) is also shown to illustrate the effe
of nonideal observing conditions, which is primarily responsible for the sh

of water and dustQ curves and for lower derivedQ values near the nucleus.
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production rate (molecules s−1) is given as follows:

Q= 4π12Fi

gi τ (hcν) f (x)
. (1)

The photodissociation lifetimeτ (s) and line fluorescence effi
ciencygi (g factor, photons s−1 molecule−1) are both calculated
for Rh= 1 AU, 1 is the geocentric distance in meters,hcν is
the energy (J) of a photon with wavenumberν (cm−1), f (x)
is the fraction of molecules expected in the sampled regiox
being the fraction of a photodissociation scale length subten
by the beam radius; see appendix of Hobanet al. 1991), and
Fi is the flux (W m−2) from line i incident atop the terrestria
atmosphere. Transmittance-corrected fluxes for each mea
line are given in Table II.

Spherical production rates for water (Fig. 4A) were determ
ed using a reasonable gas outflow velocity (vgas= 1.1 R−0.5

h km
s−1; cf. Biver et al.1997b), and the standard photodissociat
lifetime for quiet Sun conditions (τH2O= 7.7× 104 s; Crovisier
1989). We adopt a model in which all H2O is produced at the
nucleus and flows outward with spherical symmetry and w
uniform velocity. DustQ curves were generated using the sim
taneously obtained continuum profile and assumingτdustÀ τH2O

(Fig. 4B). Symmetric production rates for each water line (
amonds, Fig. 4C) were determined by taking a weighted m
of corresponding spherical production rates east and west o
nucleus (Qdust is scaled toQH2O on the nucleus in Fig. 4C).

Dust and waterQ curves show derived production rates whi
are lower for the nucleus-centered extract than for extracts o
from the nucleus. This is not surprising since, as discusse
section 4, nonideal observing conditions cause departures
a ρ−1 spatial distribution near the nucleus. Can these eff
completely explain the shapes of theQ curves? The effect of a
real PSF on derived production rates was investigated by
erating aQ curve for a stellar profile convolved with aρ−1

distribution (crosses in Fig. 4C) and comparing it toQ curves
for water and dust. Although conditions were variable and pr
ably not identical for stellar and cometary observations (wh
were taken typically 1–8 h apart), the similar behavior of
water, dust, and PSFQ curves shows that nonideal observi
conditions are primarily responsible for the shapes of the w
and dustQ curves and for lower production rates derived fro
nucleus-centered extracts. Because the PSF can change be
cometary and stellar observations, it is difficult to quantify
contribution of nonideal observing conditions to the shape
Q curve, however, it is clear that production rates determi
within the FWHM of a representative PSF are unreliable.

For this reason, the “global” production rate determined fr
each individual line of water was taken from a weighted aver
of symmetric production rates over the range 2–12 arcsec
the nucleus (Fig. 4C). Although asymmetries will likely ha
a small effect on our derived production rates, this method
been shown to be a valid approach to first order (cf. Xie

Mumma 1996). Global production rates for a particular da
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(Table III) are represented by the weighted average of produ
rates for all strong lines measured on that date.

Although east/west averagedQ curves for water, dust, an
the PSF reach their terminal values at about the same dis
from the nucleus on UT April 6.2, the water curve termina
at a slightly higher value relative to the nucleus-centered p
than does the dust or PSF curve (Fig. 4C). The observed
havior is formally consistent with most water in the coma be
released directly from the nucleus, with partial release of
ter from a distributed source (e.g., icy grains) possible wi
1000–2000 km of the nucleus.

A small distributed source for water is not the only pos
ble explanation for the different behavior of the water, dust,
PSFQ curves. As mentioned earlier, the difference in the PSQ
curve may be due to observing conditions which were not eq
alent for the star and comet. The differences between wate
dustQ curves could be caused by more efficient isotropiza
of water close to the nucleus (cf. Figs. 4A and 4B) or by
ferential acceleration of dust and water. Opacity effects c
also cause the waterQ curve to terminate at a slightly high
value than the dust or PSF curve. The distance from the nu
(along a line of sight centered on the nucleus) where the2O
coma becomes optically thick was estimated by assuming
opacity effects in the pumps dominate opacity effects in the
cade (see Dello Russoet al. 1998 for formalism). Opacity is
estimated to be negligible beyond∼200 km (0.2 arcsec) from
the nucleus for line in the 111–100 and 100–010 hot bands
to opacity in the 000–111 and 000–100 pumps) and neglig
beyond∼1000 km for lines in the 001–010 hot band (due
opacity in the 000–001 pump). Although not severe, opa
effects could suppress the derived water production rate
nucleus-centered extract relative to the corresponding valu
the dust or PSF. Since optical depth has a greater influenc
derived gas production rates near the nucleus than on dus
duction rates, a waterQ curve may increase by a slightly grea
factor than the associated dust (or PSF)Q curve, even in the ab
sence of any distributed source contribution. For these rea
we do not claim to have detected a distributed source for w
in Comet Hale–Bopp. Quantifying effects due to opacity a
outflow asymmetry require detailed modeling and are bey
the scope of this paper.

7. HELIOCENTRIC DEPENDENCE OF GLOBAL
PRODUCTION RATES

A global production rate for water on each individual d
(Table III) was generally derived from multiple ro-vibration
lines and often using lines from different hot bands (Table
The self-consistency of our data processing algorithms and
orescence efficiency models for H2O is demonstrated by th
agreement among production rates derived for different line
a given hot band on the same date and for lines from the t
different hot bands (Table II). Errors were evaluated line-by-

tefor each date. The (1σ ) errors in line flux reported in Table II are
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FIG. 5. Evolution of the water production rate in Comet Hale–Bo
with heliocentric distanceRh. The solid vertical line represents the helioce
tric distance at perihelion. The dashed line is the heliocentric depend
QH2O= (8.35± 0.13)× 1030 [R(−1.88± 0.18)

h ] molecules s−1, derived from a
least squares fit to our measured values preperihelion (circles) and pos
helion (squares). Based on our fit, we estimate the absolute 1σ uncertainty in
QH2O to be±0.41× 1030 and±0.91× 1030 molecules s−1 at 1.0 and 1.5 AU,
respectively.

derived from the deviation of the water spatial profile (Fig. 2
from a fitted curve (gaussian+ polynomial). The 1σ uncertainty
in global production rate for each line in Table II represents
standard deviation of the mean production rate over the rang
12 arcsec from the nucleus (e.g., Fig. 4C). This includes fac
such as spatial variations in rotational temperature and out
velocity, and other factors which cause deviations from our id
ized gas outflow model. On dates where rotational temperat
were not determined from our data, a minimum uncertainty
10% in production rate was assumed for each measured lin

Our water production rates are shown vs heliocentric dista
in Fig. 5. A least squares fit to values on our 10 dates yiel
QH2O= (8.35± 0.13)× 1030 [R(−1.88±0.18)

h ] molecules s−1. This
is formally consistent with an insolation-limited dependence
R−2

h . Separate pre- and postperihelion dependences were no
tained due to insufficient sampling preperihelion and insuffici
heliocenric coverage postperihelion. Similar heliocentric dep
dences were derived for native CO production (R(−1.73±0.26)

h be-
tween 4.1 and 0.9 AU, DiSantiet al.1999), and for dust at mil-
limeter wavelengths (R(−1.7±0.2)

h between 2.5 and 0.9 AU, Jewi
and Matthews 1999). This implies that the mass loss ratio
native CO, water, and dust remained constant within 1.5 AU
the Sun, as expected if water release controls the productio
these species. Considering these three species alone, the
ratio of dust to ice released from the nucleus near perihe
was 5.1± 1.2. This is consistent with the value (≥5) derived by
Jewitt and Matthews (1999).

Production rates for OH at radio wavelengths near perihe
agree with our measurements. However our derived value
Jan. 21.8, Feb. 24.0, and Mar. 1.9 are about a factor of two la

than the radio OH results in this time frame (Colomet al.1997),
T HALE–BOPP 333
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and about a factor of three larger than the derivedQOH from
ultraviolet measurements between 1.55 and 1.20 AU prepe
lion (Schleicheret al.1997). The reasons for this disagreem
are unclear, but could be related to variable cometary acti
the models applied to the OH observations, or to unrecogn
effects in our own models. As a result, our derived heliocen
dependence for water production rates atRh< 1.5 AU is less
steep than that obtained for OH at radio wavelengths (∼R−3.7

h
at Rh≤ 1.3 AU; Colom et al. 1997). The fact that our helio
centric dependence for H2O agrees with that for native CO an
millimeter-sized dust, lends support to the soundness of ou
sults.

Water was not detected on UT Aug. 8.0, 1997 (Rh= 2.24 AU
postperihelion), but a 3σ upper limit to the production rate wa
obtained that is slightly below our derived heliocentric dep
dence. This upper limit was derived from the observed line
in a 1× 1-arcsec extract centered on the nucleus. We assum
to be a factor of three lower than the true line flux, based on
increase seen for our ethaneQ curve on Aug. 8.0 (Dello Russ
et al. in preparation). This upper limit is consistent with an
ferred water production rate of (2.6± 0.4)× 1029 molecules s−1

from SWUIS UV/VIS imager measurements of OH aboard
Shuttle Discovery between Aug. 9 and 15 (Sternet al.1999), and
with a predicted decrease in the water sublimation rate be
∼2 AU if one considers the comet as a very large isother
particle (Jewittet al. 1996). However, the lack of postperih
lion coverage betweenRh= 1.06 andRh= 2.24 AU makes a
definitive interpretation difficult.

8. SUMMARY

Historically, direct detection of water from groundbased
servatories has not been possible due to severe atmosphe
tinction. To avoid this problem, we developed a general me
for observing water from the ground by targeting lines in non
onance fluorescence. This method is most advantageous fo
tively bright comets near perihelion since multiple water line
different hot bands can be detected and spatially mapped i
inner coma with high signal-to-noise ratios. This reduces
dependence on model assumptions compared with techn
which infer water production from daughter products. At lar
heliocentric and geocentric distances indirect methods enjo
advantage in sensitivity since detection of relatively weak
band lines becomes difficult.

The high spatial resolution afforded by CSHELL provid
the opportunity to compare the distributions of volatiles a
dust in the coma of Comet Hale–Bopp. Comparing simu
neously obtained profiles of volatiles and dust can provid
qualitative means of determining the presence or absenc
a significant distributed source contribution. The spatial p
file for volatiles (and dust) released directly from the nucl
should fall off approximately asρ−1 (outside the region affecte
by nonideal observing conditions), while the presence of a

tributed source will result in a broader distribution. Our spatial
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profiles for H2O and dust are consistent with the release of b
directly from the nucleus of Hale–Bopp within 1.5 AU of t
Sun.

Spatial data may also be presented by generatingQ curves.
Derived production rates from nucleus-centered extracts a
ways lower than those derived from extracts centered off
nucleus due to nonideal observing conditions. The extent o
affected region is represented by the FWHM of a stellar P
(assuming the observing conditions for the star and comet
similar). For this reason, we determine global production r
outside this affected region (in this case between 2 and 12
sec from the nucleus). Comparison ofQ curves for water, dus
and a real PSF show that most (perhaps all) water is rele
directly from the nucleus within 1.5 AU of the Sun. A sm
contribution from distributed sources (icy grains, ion–molec
chemistry, etc.) is formally possible within∼1000–2000 km o
the nucleus. However, differentiating competing effects wh
cause deviations fromρ−1 within this region is problematic, s
we do not claim to have detected a distributed source for w
in Comet Hale–Bopp. This differs from the behavior at la
heliocentric distances, where more volatile species (e.g.,
controlled the activity of Hale–Bopp and most water was pro
bly released from a distributed source of icy grains (Jewittet al.
1996, Biveret al.1996, Davieset al.1997).

We derive a heliocentric dependenceQH2O= (8.35± 0.13)×
1030 [R(−1.88±0.18)

h ] molecules s−1 for Hale–Bopp (Fig. 5). When
compared with release of native CO and dust (DiSantiet al.1999,
Jewitt and Matthews 1999), our results imply a dust to ice m
ratio in the nucleus of 5.1± 1.2. The measured heliocentric d
pendences for production of CO and millimeter sized dust a
with our measurement for water, implying that water contr
the release of these species within 1.5 AU of the Sun.

Our water abundances provide a benchmark with which w
production rates inferred by indirect methods can be compa
They provide a standard for other volatile species in Hale–B
which, when compared to interstellar and nebular material,
help constrain the origin of cometary ices and their proces
histories.

APPENDIX: DETERMINATION OF G-FACTORS FOR H2O
HOT-BAND EMISSIONS

In nonresonance fluorescence, direct absorption of solar photons e
molecules from the ground vibrational state (000) to a higher vibrational s
followed by cascade into an intermediate state. For example, the 111
(ν1 + ν2 + ν3 − ν1) hot band is the result of a pump from 000 to 111 (
total pump rateP(000–111)= 1.97× 10−6 s−1) followed by cascade into 10
with 12.1% efficiency. The 100 state is not significantly populated at 30
so laboratory absorption strengths are not available for the 111–100 tran
We therefore take the radiative transition probabilities for 111–100 from t
for 011–000 (i.e., we assume that the vibrational wavefunctions are separ
An analogous approach is used for other transitions from 111 that termina
highly excited states. Two other hot bands (001–010 and 100–010) are als
in our data.

The upper vibrational level (001) of the 001–010 (ν3− ν2) hot band is popu
lated primarily (∼97%) by a direct pump from 000 (the total pump rateP(000–

001)= 2.81× 10−4 s−1; Bockelée-Morvan and Crovisier 1989). A small con
SO ET AL.
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tribution (∼3%) to the population of the 001 level is provided by cascade fro
the 101 and 011 states. Cascade from 001 to 010 proceeds with 2.65% effic
(Bockelée-Morvan and Crovisier 1989).

The upper vibrational level (100) of the 100–010 (ν1 − ν2) hot band is pop-
ulated by two major pathways: (1) A direct pump from 000 and (2) a pum
from 000 to 101 followed by cascade into 100 with 23.0% efficiency (Bockel´ee-
Morvan and Crovisier 1989). Pump rates for 000–100 and 000–101 are ca
lated from laboratory absorption strengths. Transition probabilites for 101–
are taken from measured band strengths for 001–000, and vibrational branc
ratios for 100–010 are based on measured absorption strengths for 100–01
100–000. Laboratory absorption strengths are used to calculate radiative
sition probabilities for 100–010, while the transition probabilities for 101–1
are taken from the measured band strengths for 001–000. We use the follo
values for vibrational band pump rates and vibrational branching ratios (B
taken from Bockel´ee-Morvan and Crovisier (1989):

P(000–100)= 1.01× 10−5 s−1

P(000–101)= 3.04× 10−5 s−1.

Vibrational branching ratios:

BR(101–100)= 0.720

BR(100–010)= 0.230.

Fluorescence efficiencies (g factors, s−1) are calculated as follows. We first
establish populations for all rotational levels in the 000 vibrational state
assuming a Boltzmann distribution at a specified rotational temperature
populations of all excited vibrational states are initially assumed to be ze
Rotational branching ratios are then calculated using Einstein coefficients
each ro-vibrational transition, taken from the HITRAN-1992 Molecular Da
Base (Rothmanet al. 1992). Next, three steps are considered, leading to thg
factor for a ro-vibrational line: (A) direct pump from 000 to 100, (B) pumpin
from 000 to 101 with subsequent cascade into 100, (C) cascade from 100
010. An example is given below for the 212–303 line at 2003.00 cm−1.

A. Direct Pump from 000 (Ground Vibrational State)
to the 212 Level of 100

The 212 level of 100 can be pumped from four rotational levels in 000 (i.e
101, 221, 303, and 321), whose populations vary with temperature. The individu
pumping ratesP (s−1) and their sum [P(000–100)212] are given below for
temperatures (K) of interest.

Temp.
(K) P(101–212) P(221–212) P(303–212) P(321–212) P(000–100)212

40 1.74× 10−6 2.98× 10−8 6.75× 10−8 3.62× 10−9 1.84× 10−6

50 1.48× 10−6 5.64× 10−8 1.29× 10−7 1.19× 10−8 1.68× 10−6

60 1.26× 10−6 8.18× 10−8 1.89× 10−7 2.50× 10−8 1.56× 10−6

70 1.08× 10−6 1.03× 10−7 2.40× 10−7 4.11× 10−8 1.46× 10−6

80 9.31× 10−7 1.18× 10−7 2.76× 10−7 5.74× 10−8 1.38× 10−6

90 8.08× 10−7 1.28× 10−7 3.01× 10−7 7.26× 10−8 1.31× 10−6

100 7.08× 10−7 1.34× 10−7 3.15× 10−7 8.59× 10−8 1.24× 10−6

120 5.49× 10−7 1.36× 10−7 3.21× 10−7 1.05× 10−7 1.11× 10−6

150 3.95× 10−7 1.27× 10−7 3.03× 10−7 1.19× 10−7 9.44× 10−7

296 1.24× 10−7 6.76× 10−8 1.62× 10−7 9.07× 10−8 4.44× 10−7

B. Pump into 101 followed by Cascade into 100

1. Pump into the 101 vibrational state.Four rotational levels (111, 211, 313,
and 331) in the 101 vibrational state can populate the 212 level of the 100 vibra-
tional state upon cascade. All pumps from rotational levels in 000 to these le
in 101 are needed. Rates (s−1) for populating each of these rotational levels i
-101 are given below.
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Direct pumping rates (s−1) into the 111 rotational level of 101

Temp. (K) P(110–111) P(212–111) P(000–101)111

40 2.51× 10−6 6.87× 10−7 3.20× 10−6

50 2.44× 10−6 8.75× 10−7 3.32× 10−6

60 2.29× 10−6 9.79× 10−7 3.27× 10−6

70 2.10× 10−6 1.02× 10−6 3.12× 10−6

80 1.92× 10−6 1.02× 10−6 2.94× 10−6

90 1.75× 10−6 1.01× 10−6 2.76× 10−6

100 1.60× 10−6 9.77× 10−7 2.58× 10−6

120 1.34× 10−6 8.94× 10−7 2.23× 10−6

150 1.06× 10−6 7.74× 10−7 1.83× 10−6

296 4.72× 10−7 4.10× 10−7 8.82× 10−7

Direct pumping rates (s−1) into the 211 rotational level of 101

P(110–211) P(212–211) P(312–211) P(330–211) P(000–101)211

40 3.80× 10−6 3.35× 10−7 4.52× 10−8 1.59× 10−12 4.18× 10−6

50 3.71× 10−6 4.28× 10−7 1.13× 10−7 8.91× 10−12 4.25× 10−6

60 3.47× 10−6 4.78× 10−7 1.99× 10−7 2.68× 10−11 4.15× 10−6

70 3.19× 10−6 4.99× 10−7 2.86× 10−7 5.65× 10−11 3.98× 10−6

80 2.91× 10−6 5.00× 10−7 3.65× 10−7 9.62× 10−11 3.78× 10−6

90 2.65× 10−6 4.92× 10−7 4.33× 10−7 1.43× 10−10 3.58× 10−6

100 2.43× 10−6 4.77× 10−7 4.88× 10−7 1.92× 10−10 3.40× 10−6

120 2.03× 10−6 4.37× 10−7 5.59× 10−7 2.89× 10−10 3.03× 10−6

150 1.61× 10−6 3.78× 10−7 6.06× 10−7 4.09× 10−10 2.59× 10−6

296 7.15× 10−7 2.00× 10−7 5.01× 10−7 5.75× 10−10 1.42× 10−6

Direct pumping rates (s−1) into the 313 rotational level of 101

P(212–313) P(312–313) P(330–313) P(414–313) P(432–313) P(000–101)313

40 1.84× 10−6 1.34× 10−8 8.41× 10−12 1.51× 10−8 7.45× 10−13 1.87× 10−6

50 2.35× 10−6 3.36× 10−8 4.72× 10−11 5.46× 10−8 8.41× 10−12 2.44× 10−6

60 2.62× 10−6 5.90× 10−8 1.42× 10−10 1.23× 10−7 4.02× 10−11 2.80× 10−6

70 2.74× 10−6 8.49× 10−8 2.99× 10−10 2.10× 10−7 1.18× 10−10 3.04× 10−6

80 2.75× 10−6 1.08× 10−7 5.09× 10−10 3.07× 10−7 2.59× 10−10 3.17× 10−6

90 2.70× 10−6 1.29× 10−7 7.56× 10−10 4.03× 10−7 4.66× 10−10 3.23× 10−6

100 2.62× 10−6 1.45× 10−7 1.02× 10−9 4.93× 10−7 7.34× 10−10 3.26× 10−6

120 2.40× 10−6 1.66× 10−7 1.53× 10−9 6.40× 10−7 1.39× 10−9 3.21× 10−6

150 2.07× 10−6 1.80× 10−7 2.17× 10−9 7.85× 10−7 2.49× 10−9 3.04× 10−6

296 1.10× 10−6 1.49× 10−7 3.04× 10−9 8.28× 10−7 5.53× 10−9 2.09× 10−6

Direct pumping rates (s−1) into the 331 rotational level of 101

P(212–331) P(312–331) P(330–331) P(414–331) P(432–331) P(000–101)331

40 5.06× 10−9 2.27× 10−10 2.13× 10−9 5.10× 10−12 2.45× 10−11 7.45× 10−9

50 6.45× 10−9 5.69× 10−10 1.20× 10−8 1.85× 10−11 2.77× 10−10 1.93× 10−8

60 7.21× 10−9 9.98× 10−10 3.59× 10−8 4.16× 10−11 1.32× 10−9 4.55× 10−8

70 7.52× 10−9 1.43× 10−9 7.58× 10−8 7.13× 10−11 3.90× 10−9 8.87× 10−8

80 7.54× 10−9 1.83× 10−9 1.29× 10−7 1.04× 10−10 8.52× 10−9 1.47× 10−7

90 7.41× 10−9 2.17× 10−9 1.92× 10−7 1.37× 10−10 1.53× 10−8 2.17× 10−7

100 7.19× 10−9 2.45× 10−9 2.58× 10−7 1.67× 10−10 2.42× 10−8 2.92× 10−7

120 6.58× 10−9 2.81× 10−9 3.87× 10−7 2.17× 10−10 4.58× 10−8 4.42× 10−7

150 5.70× 10−9 3.05× 10−9 5.49× 10−7 2.66× 10−10 8.19× 10−8 6.40× 10−7
296 3.02× 10−9 2.52× 10−9 7.71× 10−7 2.81× 10−10 1.82× 10−7 9.59× 10−7
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2. Cascade from 101 to 100.The vibrational branching ratio for cascade fro
101 to 100 is 0.720. Rotational branching ratios are determined by accou
for all possible transitions from the relevant upper rotational states (111, 211, 313,
and 331) to lower rotational states. There are 16 total transitions. The four wh
populate the 212 level in 100 are inbold type (with corresponding rotationa
branching ratios, e.g., BR(101111–100212)= 0.504). Note that for cascade, th
upper rotational level is listed first.

Rotational levels
(101–100 band) Rotational BR

111–110 0.496
111–212 0.504

211–110 0.279
211–212 0.160
211–312 0.556
211–330 0.005

313–212 0.353
313–312 0.092
313–330 0.001
313–414 0.549
313–432 0.004

331–212 0.002
331–312 0.002
331–330 0.732
331–414 0.000
331–432 0.264

C. Cascade from 100 to 010

Combining the above information,g factors for 100–010 hot-band emissio
can be calculated as a function of temperature:

gT(212–303) = [ P(000–100)212 + {P(000–101)111(BR(101111–100212))

+ P(000–101)211(BR(101211–100212))+ P(000–101)313

× (BR(101313–100212))+ P(000–101)331

× (BR(101331–100212))}(BR(101–100))]

× (BR(100–010))(BR(100212–010303)).

The vibrational branching ratio for cascade from 100 to 010 is 0.230, ba
on measured laboratory absorption strengths. The rotational branching rat
212–303 is 0.2865. For the 212–303 line atT = 40 K this becomes

g40K(212–303) = [1.84× 10−6 + {3.20× 10−6(0.504)

+ 4.18× 10−6(0.160)+ 1.87× 10−6(0.353)

+ 7.45× 10−9(0.002)}(0.720)](0.230)(0.2865)

= 2.61× 10−7.

Temp. (K) g(212–303) (s−1)

40 2.61× 10−7

50 2.63× 10−7

60 2.59× 10−7

70 2.52× 10−7

80 2.43× 10−7

90 2.33× 10−7

100 2.24× 10−7

120 2.03× 10−7

−7
150 1.76× 10
296 9.61× 10−8
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