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ABSTRACT

Ground-based high spectral resolution measurements of Comet Halley in the 6300.3 A spectral region establish
this technique as a powerful and low cost method for determining cometary H3O production rates. A model
of the line profile to be expected from the O'D coma emission indicates that ground-based observations with
fields of view on the comet of about 1 x 105 km measure profiles characteristic of O'D from the HyO parent.
As the field of view increases, the signature of more energetic O'D ejected by CO; and CO photolysis may
become evident in the wings of the 6300.3 A line profile. The width of the 6300.3 A O'D profile is found to
be equal to the ejection speed of O'D following H20 phototolysis for fields of view to 1 x 10° km. Halley
observations show that cometary NH; (0,8,0) emissions do not contaminate the cometary O'D signature when
the spectral resolution is < 0.2 A. H0 production rates determined by scaling the measured O!'D production
rates according to the H20 photolysis branching ratio are in good agreement with other measurements. Minor
upgrades in the tracking and spectral resolution capabilities of observatories now dedicated to measurements
of the terrestrial airglow would be useful for expansion of the high resolution cometary O'D data base - to
include comets that come with less fanfare than did Halley.

INTRODUCTION

A bright cometary 6300 A emission was first reported in 1958 by Swings and Greenstein /1/ in their analysis
of Comet Mrkos. Due to the brightness of the emission, Bierman and Treffetz /2/ concluded that the emission
could not be due entirely to fluorescence, and that a large population of metastable O'D was being created
by photodissociation of a parent molecule. Since that assertion there have been many attempts to determine
the population of parent species based on available red line data (both 6300 A and 6364 A) and photochemical
models. Excellent reviews appear in /3,4,5/.

Measurement of the 6300.3 A intensity with sufficient accuracy to determine parent production rates based
on photochemical models depends critically on treatment of spectral contamination. Terrestrial emissions can
be isolated by the cometary Doppler shift with modest spectral resolution, but separation of cometary NH;
(0,8,0) band emissions from the 6300.3 A line requires spectral resolution of about 0.2 A or better /6,7/.

The performance leader in high spectral resolution spectroscopy of cometary atmospheres is the group at the
University of Wisconsin /6,8,9.10,11,12/. Using their twin-etalon Fabry-Perot spectrometer attached to the
0.81 m McMath solar telescope at Kitt Peak Arizona, the first spectrum of the 6300.3 A cometary line isolated
from both the terrestrial red line and cometary NH; emissions was published in 1975 /6/. During the Halley
apparition, the Wisconsin system was used to image the red line from 8.0 x 10® km from the nucleus outward to
about 8 x 10 km free from spectral contamination /11.12/. The Wisconsin spatial imaging study of 6300.3 A
intensity concludes that the dominant source of O} emission within about 1 x 10° km of the nucleus is due to
O'D from H,0 photodissociation. This result validates determination of the water production rate, Q(H20),
from the O'D production rate, Q(O!D), for fields of view < 1 x 10% km centered on the comet nucleus. The
calculation must also account for metastable decay beyond the field of view, and collisional quenching near
the nucleus.

This paper models the high spectral resolution 6300.3 \ line profiles to determine the relative contributions

1o the emission that can be expected from the distinct O'l) daughters produced by photodissaciation H,0,
CO3, and CO. The model results are compared with profiles measured with a much more modest system than
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that used by Wisconsin - a single etalon Fabry-Perot interferometer interfaced with a commercially available
0.4 m telescope. The sources of metastable O'D atoms in cometary comae include:

Hy0 + he - Hy + O'D (1)

— OH + H (2)
OH + hv - H + O'D (3)
CO + hv - C + 0'D (4)
CO; + hv - CO + O'D (5)

/3,13,14/.
COMETARY LINE PROFILES

Here we discuss the line profile to be expected in O(?D) 6300.3 A coma emissions, in particular in ground-based
observing situations when the field of view (FOV) is centered on the nucleus and the radius of the field of
view (Rpov) is large compared to nuclear dimensions. We neglect variation of parent photodissociation rates
within the coma and, except for the imposition of a dust zone centered on the nucleus, we ignore atienuation
of 6300.3 A photons.

In keeping with this assumed observing scheme, a velocity space described in terms of cylindrical coordinates
{vs, 1, €) is joined to each coma location r specified by spherical coordinates (r, 8, ¢) centered on the nucleus.
Here, v, is the component of the constituent velocity along the line of sight (LOS) in a reference {rame moving
with the nucleus, v; is the component transverse to LOS, r is the distance from the nucleus, # is the angle
between r and the observer-nucleus axis, ¢ is the azimuth about this axis, and ¢ is the azimuth about the
LOS through r (¢ and e share reference planes). These coordinates are illustrated in Figure 1.
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Fig. 1. LOS geometry.

In terms of the kinetic distribution f for the metastable <pecies. the spectral profile for this geometry is

ity /1 Rrpov - sinf 9 x PR /21
£ 1e) - T i 3 4 6
; I{v,) —ld#/R,_ drr /;) du /“ dvy vy A de f (6)

where 74 is the net lifetime of the metlastable upper state and v is the branching ratio when the decay is into
multiple lower states (for O(*D) 6300.3 A observations. this ratio is 3/4). The multiple integral on the RHS
gives the total number of metastable atoms within the observed coma with the specified LOS velocity v,.
The lower radial limit Ry, can usually be set to zero, though it is no real complication to include screening;
specifically, if R, denotes the radius of a presumed spherical zone of optical thickness greater than unity

(established by dust), then
R, v, <0
Ru= { R:/ sin 4, 1.': >0
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Now to specify f. Often considerable excess energy remains to be distributed among the molecular fragments
following photodissociation. For example, Huebner’s revised estimates for excess energies in the generation of
O('D) from likely primary parent molecules lead to the “ejection” speeds given in Table 1 /14/. Compared
with typical thermal speeds (0.5kmsec™! for atomic oxygen at 7, = 200°K), the motion of the emitting
species can be dominated by the excess energy deriving from photodissociation. By assuming the daughter
metastable atoms are monoenergetic and ejected isotropically in the local rest frame, a coma line profile
is easily constructed for photodissociative production; this is basically the “vectorial” approach of Festou
/13/ and as presented here is valid when H0 or OH is the parent. since O{'D) then results primarily from
absorption of solar Lyman-a /15,16/.

TABLE 1 O('D) Parents

SPECIES TOTAL BRANCHING “EJECTION"
LIFETIME® RATIO"* SPEED
(sec) (km sec™?)
H;0 8.33 x 10¢ 0.12 2.07
OH*** 1.17 x 10° 0.05 1.60
Cco 1.54 x 108 0.065 5.57
CO, 5.00 x 108 0.46 5.74
* At 1.0 AU

** Assuming excess energy channeled only into kinetic energy of products
*** From /16/

For now, consider a single parent and consider the density of metastable atoms n{r) at a coma location (r,4, ¢)
as viewed in a frame of reference moving with the local flow of parent molecules. In this comoving frame, the
monoenergetic, isotropic kinetic distribution in LOS cylindrical velocity coordinates is /17/

n(r) (v - [v2 - v}]'/?) 7
drv, | [2-vf2 (

f:

where v, is the ejection speed of the metastable atom. Transforming to the comet nucleus rest frame, v, is
replaced by v, — pi, where ¥ is the radial outflow speed of the parent gas from the nucleus and g = cosé.
Substituting into (1), the spectral profile becomes

4 uy Rpov/siné

2nTd I{v,) = 1/ dp/ dr n(r)r2 (8)
Y Vo Juy Ry

where iy is equal to (vs + v,)/% or 1.0, whichever is smaller (if pyr < -1.0, the entire integral is set to zero).

Similarly, g is the larger of —(v, — v,)/% or -1.0, the entire integral being zero if uz > 1.0.

The density of the observed species n(r) is easily prescribed in the steady state once the parent density
distributions are known, since the metastable decay occurs in the vicinity of the parent’s photodestruction:

»(O0(D)) _ Bin1 | Banz
Td Ta Tg2

)

where the summation extends over parent species, 7y is the lifetime of the parent, and §; is the branch-
ing ratio for O('D) production. For a single parent coming directly from the nucleus, the Haser “parent”
distribution/18/ can be used to obtain

4rT, BQpra v Ry - R, Rrov/(1 - p?)/? ~ R,
St B2 ] o o)

where Qp is the rate of sublimation of the parent molecule from the nucleus.

The most interesting aspect of these profiles is the dependence on coma outflow speed v. Figure 2a shows a
profile using nominal Halley parameter values at about the time of the spacecraft encounters with H20 as the
sole parent and ¥ = 0.9 km sec™; Figure 2b was generated with % = 1.2 km sec?. Due to photolytic heating
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in the coma, the outflow speed is not constant but actually increases to an asymptotic value/18,19/; the values
used in Figure 2 are suggested by Giotlo NMS measurements/20/. Since most O(!D) generation occurs well
out from the nucleus, this asymptotic outflow speed is the one most appropriate for use in interpreting 6300.3 A
line profiles obtained with large fields of view.
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Fig. 2. a) O('D) profile given by Eqn. (5) (solid curve), using HyO parameter values

1.15cm of Table 1 and ¥ = 0.9 km sec™!. The Gaussian profile (dotted curve) is generated with the
H20 ejection speed given in Table 1, while the dashed curve is exp - v2/(v3(H,0) + 9?)]. 1.15cm b)
Same as panel a) but with # = 1.2 km sec™ . In both panels, Rpo1- = 103km.

There is also a dependence on observing geometry, illustrated in Figure 3a. In the limit of large Rpov (entire
molecular coma observed), the profiles are trapezoidal in shape: if Rrov should be smaller than the scale
length of the primary parent, the profile is artificially weighted in the wings (tunnel vision effect).
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Fig. 3. a) Variation of profile with Rpoy. Choice of ¢ = 1.5 km sec”™ ! was made to accentuate the
effect. b) Effect of including OH source. Solid curve shows superposed contributions from H,0O and
OH photodissociation, with OH modeled as a Haser “daughter” of H,0. Dashed curve is profile for

H,0 alone (same as solid curve from Figure 2b). Rroy = 10°%km and # = 1.2 km sec™ .
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Contributions to the observed line from several parents can easily be modeled by superposing individual single
parent lines. Contributions from CO and CO; would have been barely perceptible in Figure 2, not merely
because of smaller sublimation rates but also because of the longer times for photo-generation of O('D).
After HyO, the most significant O('D) parent is OH. The distribution of OH in a cometary coma is not
particularly well described by a Haser model (especially the kinetic distribution) and really requires the use
of a full vectorial approach. However, to illustrate the effect of OH contributions to the line profile in a crude
manner, Figure 3b shows the profile that results when OH is modeled as a Haser H;O “daughter” species
/18/, using the parameter values of Table 1. The profile modifications brought about by including OH are
probably not observable with current instrumental limitations, since it is not as virile a parent as H;0 (most
OH dissociations lead to production of O(3P)) and the resultmg ejection speed is not greatly different from the
H,0 value. The OH contribution is best studied using imaging techniques /12/. In any event, observations
with Rpor < 10%km will be dominated by the Hz0 source.

It is of course necessary to take proper account of the emission profile when estimating total intensities or
extracting ejection speeds, either of which requires deconvolving an instrument function from the observed
profile. For instance, Huppler et al. /6/ extracted full widths at half-maximum (FWHM) of = 2.7 km sec™!
from observations of O('D) 6300.3 A emissions from comet Kohoutek, narrower than expected on the basis
of the development outlined above. This might be traceable to their assumption that the emission profile
is Gaussian, or it may indicate that some aspect of the physics of O('D) generation has gone unrecognized;
before the latter can be invoked, the former must be explored. A similar caveat holds regarding the use of
O('D) 6300.3 A intensity measurements to estimate H,O production rates.

INSTRUMENTATION

Spectral line profiles of the 6300.3 A emission from Comet Halley have heen obtained using a single etalon
Fabry-Perot interferometer interfaced to a 40.6 cm Newtonian telescope at the Arecibo Observatory. These
observations were made post-perihelion, in March and April, 1986. A schematic drawing of the instrument
configuration is shown in Figure 4.
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Fig. 4. Light from the comet is transmitted from the telescope to the FPI plates using a fiber optic
light guide cable. Light exiting the cable is collimated using lens L1 with a focal length (f) of 63 cm.
The collimated light then relects from the 45° mirror, M, to the etalon plates. The FPI interference
pattern is then focused by the objective lens L2 (f=122¢m) to the pinhole aperture A. The light is then
collimated by lens L3 (f=30cm) prior to passing through the interference filter I.F. The light 1.15cm is
then focused onto the photomultiplier tube by lens L4 (f=2.5cm.)

The interferometer scans in wavelength by varying the pressure (and therefore refractive index) of SFg gas
between the etalon plates. The free spectral range of the FPIis 1.80 A (85.85kms~!) at 6300.3A. The FPI
is operated at a finesse of about 10 for these observations, so the spectral resolution is about 8.6 kms™!

The spectral band pass of the system is defined by the band pass of the interference filter. The interference
tilter used in this experiment is a three cavity filter, giving a nearly square bandpass 3.2 A broad at the half
transmission point.
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Due to the possibility of cometary NH; and terrestrial OH contamination in the 6300.3 A spectral region, it
is important to understand the actual band pass of the system in this region. The throughput of the system
is maximized while observing the 6300 A terrestrial emission, so that the nominal band pass in the earth
reference frame is 6360.3 + 1.6 A. However, small variations of the filler temperature can shift the bandpass,
approximately 1A per 4° C. Although the filters are somewhat insulated from the ambient room atmosphere,
we conservatively ascribe the room temperature variations to filter temperature variations. These variations
were monitored, and found to be about £2° C. We estimate that spectral features in the range 6300.3+ 2.1
might be passed by the system. Features in this region appearing more than 0.9 A (one half of a free spectral
range) from the 6300.3 A rest position will overlap into first free spectral range. For example, a feature at
6298.62 A will appear in the first free spectral range at 6298.62A + 1.8A = 6300.42 A. A feature at 6297.9 A
(terrestrial OH emission) will not be passed by the system.

Absolute sensitivity calibration is achieved by cross calibration with a tilting filter photometer that is cal-
ibrated with a 1C source. The FPI and photometer measure common volumes of the terrestrial 6300 A
emission for cross calibration. Of course, the width of the cometary emission feature is narrower than the
terrestrial feature a factor of about 1.7, and the calibration must he adjusted accordingly.

OBSERVATIONS

Optical observations of Comet Halley at the Arecibo Observatory began in January, 1986, before perihelion.
Instrumental and weather related difficulties limited useful data to the posti-perihelion period in March and
April, 1986. The field of view of the instrument was 5'.9, equivalent to approximately 2 x 10°km at the
distance of the comet in March, and about 1.} x 10° km in April. The apparition at Arecibo was characterized
by low elevations during this period, never exceeding 30° during the available dark hours. The equatorial drive
system of the telescope required periodic electronic correction, and we estimate the tracking accuracy to be
about 2 arcsec min~!. A typical scan of one free spectral range required about 12 minutes. The observation
procedure has been detailed further in /21,22/, and these papers display data from the March, 1986 period.

Figure 5 shows four examples of the 6300 A spectra obtained from Comet Halley in April 1986. Spectra from
March 1986 are shown in /21,22/. The cometary O!D emission is resolved from the terrestrial emission due
to the motion of the comet in each case. Also, features on the long wavelength side of the cometary O!D
emission are evident in each panel, and the O!D feature iteslf appears asymmetric on the red side. These
features and the asymmetry are attributed to cometary NH; emissions.
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Fig. 5. Four examples of head centered scans of the 6300 A region. The Doppler shift and wavelength
scales on the upper and lower abscissas are for the earth reference frame. The vertical dashed lines
define one free spectral range of the FPL The 6300 \ carth rest position is denoted by an arrow pointed
upward with the earth symbol above it. The arrow with the comet symbol above indicates the expected
position of the cometary O'D emission. a) 11 April 1986 1.70 UT. b) 12 April 1986 4.91 UT. c) 13
April 1986 6.67 UT. d) 14 April 1986. In each case two scans have been added for an effective I.P. of
20s per point. Each full scan pf the spectral region requires about 14 minutes.
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A persistent feature in our 6300.3 A data appears approximately 0.49 A to the red of the cometary O!D
emission. This emission can be attributed to either the NH; Q branch 3y3 - 3¢2 (0,8,0) or 434 - 404 (0,8,0)
emissions, at 6299.0 and 6300.8 A in the cometary rest frame respectively /23/. The lower wavelength
emission overlaps into the same region as the higher in the second order of the instrument band pass. No
NH2 emissions due to transitions in lower rotational levels can account for this feature. Attributing this NH;
feature to population of the third or fourth rotational level is contrary to the results of /7,12/. However, the
observations of /12/ were made before perihelion and again in late April 1986. Apparently, a measurement
on 5 April 1988 did not reveal these higher rotational level emissions. The measurements of /7/ were also
made in late April 1986. Other, less intense features further 1o the red might also be attributed to transitions
in rotational levels above 3, but cannot be attributed to levels < 3. Due to the weakness of these features and
tracking difficulties, we eschew further comment on these weak features.

The red side asymmetry is due to the NHa 243 - 292 (0,8,0) transition at 6298.6 A appearing at 6300.4 A in
the second order of the band pass. The second member of this duublet is not within the filter band pass. Due
to this NH; contamination very near to cometary O'D emissivn. a crude estimate of the 6300.3 A intensity is
made here by fitting to the peak of the cometary emission. The instrument sensitivity at this wavelength is
0.10 counts s~! R~! 1 30%.

RESULTS AND DISCUSSION

The measured intensities and derived production rates of O'D are shown in Table 2. The production rate of
O'D i» estimated by

4
Qoip = (5)477A2016300 (11)

where 4/3 accounts for decay channel of O'D giving the 6364 A emission. A is distance from the observer to
the comet and Q is the solid angle of the FPI field of view. This ignores quenching of O'D in the collisional
zone near the nucleus and the production of O'D by H,0 beyond the field of view. For these fields of view, on
the order of 1-2x10° km, quenching is entirely negligible /3/. Metastable creation beyond this field of view
depends upon the lifetime of parent species against dissociation, which increases as the square of heliocentric
distance /12/, and upon the size of the field of view at the comet distance. For these reasons, Qoip must
be adjusted upward by a factor of about 1.65 in April, while a negligible amount of metastable decay occurs
beyond the field of view for the March geometry.

Although the effects of OH photolysis on the 6300 A line profile are small for these fields of view, OH photolysis
must be considered when attempting to derive the water production rate from 6300.3 A emission /12/. The
waler production rates in Table 2 are calculated by multiplying the O'D production rates by seven, in line
with the work of /12/ and the theoretical brancing ratios in Table 1. /12,14,16/. Errors listed in Table 2
are root mean squares of all spectra analyzed for a certain night, and the intensities have been adjusted for
extinction by interploating the results of /8/.

TABLE 2 6300 A Intensity, O'D and H,0 Production Rates

Date *Ro Intensity Qoip Qn,0
(A.U) (Rayleighs) (sec™1) (sec™!)

15 March 0.92 156+ 32 1.2 +0.5 x 103 8.4 &+ 1.8 x 10%®

17 March 0.94 185420 1.1 £0.1 x 10%° 7.7 £ 0.8 x 10%°

11 April 1.35 37111 3.1+18x10% 2.2 + 1.0 x 10%*

12 April 1.37 72£22 5.9+ 1.8 x10%8 4.1 £ 1.0 x 10%

13 April 1.38 90+ 30 72422 x 10% 5.0 + 1.6 x 10%°

* heliocentric distance
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In Figure 6 we compare a measured O'D line profile with a theoretical profile. The theoretical profile includes
the NH2 2, - 292 (0,8,0) emission line with an intensity similar to that reported by /12/. This profile is
convolved with the FPI instrumental function that is measured with a frequency stabilized He-Ne laser. The
theoretical profile assumes an outflow velocity, v,, of 1.2kms~!. Although OH may be an important parent
of O!D with this field of view, the O'D ejection velocity from OH photolysis does not greatly effect the shape
of the theoretical profile.

COMA EXPANSION .
SPEED = 1.2 km/s Reoy = 10°km

| GEOCORONA
0.5

I(vs) / 1(0)

! L \

! v 4 NHp |
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Fig. 6. The profile of Figure 5a has been normalized to unity at the peak count rate and compared to
theoretical profile generated with equation 10. A field of view of 10° km has been used in the theoretical
calculation, very near to that used for the observation. Additional explanation appears in the text.

CONCLUSIONS

High spectral resolution observations of the 6300 A line profile are a powerful and simple diagnostic for the
study of cometary comae. The line profile must be known to accurately calculate Qo1 p using the 6300.3 A
intensity. Also, the theoretical profiles show the outflow velocity of the parent molecules from the nucleus
can be determined using the FPI observations. This technique will prove particularly useful for comets that
appear suddenly relative to the time required to schedule major experiments.

This particular experiment can be improved in several ways to prepare for future apparitions. Some of the
most important changes include:

The interference filter should be as narrow as possible when using the single etalon Fabry-Perot configuration.
The narrow band pass serves to limit the extent of inter-order overlap that can contaminate the first free
spectral range.

The interference filter should be strictly temperature stabilized to prevent drift from broadening the efleciive
band pass.

Telescope tracking and seeing conditions probably require image grade fiber optic cable be used. This would
prevent large oscillations of background signals due to irregular illumination at the end of fiber bundles.
Observations with fields of view well under 10° km should be interleafed with fields of view well in excess of
103 km to investigate carefully the branching ratios and ejection speeds of water and OH photolysis, as well
as outflow velocity of the parent species.
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