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Summary. Comet Bennett (1970 II) was observed with
the ultraviolet photometers and spectrometers on
OAO-2 from April 13.39 to May 13.88, 1970, during
which time its heliocentric distance, R, increased from
0.77 to 1.26 a.u. An analysis of the spectrometer data
indicates the scale length of OH was 2(+0.5, —1.0)
x10°km at R=1a.u. An analysis of the photometer
data for the emission features of OH 43090 and
H 41216 indicates the production of OH and H at
R=1au. was 3.0x10?° molecule s~! and 5.4 x 10%°
atoms s~ !, respectively. During this period the pro-

duction rates of H and OH varied as R~ 23, consistent
with the assumption that water vaporization controls
the production rate of gas in comets at small helio-
centric distances. During perihelion passage the total
gas production of comet Bennett was ~2 x 10'* g. The
influence of these results on the comet’s albedo is
discussed.

Key words: comets — water — dissociation — hydro-
xyl — hydrogen

1. Introduction

The first ultraviolet observations of a comet were
obtained by Code et al. (1970a) who used NASA’s
Orbiting Astronomical Observatory (OAO-2) to detect
a large cloud of hydrogen around comet Tago-Sato-
Kosaka (1969 IX) (hereafter TSK). These observations,
together with the measurements of the strong emission
feature of OH at 3090 A, indicated that H and OH are
much more abundant than other known molecular
species, and that water is probably the dominant
source of ice in comets.

Subsequent observations of comet Bennett (1970 II) with
three different ultraviolet experiments on OAO-2
(Code et al., 1972) and OGO-5 (Bertaux et al., 1973;
Keller and Thomas, 1973) confirmed this discovery and
provided the best measurements of H and OH available
to date. The production rate, outflow velocity, and
lifetime of hydrogen atoms in comet Bennett have been
determined by several authors who analyzed these data
(Keller, 1971, 1973a, b; Bertaux et al., 1973).

In this paper we analyze the OAO-2 photometry of the

OH 2.3090 and H A 1216 emission features to determine
* On leave of absence from Max-Planck-Institut fiir Physik und
Astrophysik, Miinchen.

whether the production rates of OH and H are
consistent with water as the dominant molecular
species. H and OH are probably the most abundant
species in the cometary coma and, therefore, reflect the
total production rate of gas from the comet. Since the
intensity of OH was not uniform across the field of
view (10") of the OAO photometer, and the scale length
of OH was unknown (Mendis et al., 1973; Delsemme,
1973), we also analyze OAO-2 spectrometer data using
Haser’s (1957) model to determine the scale length of
OH and CN. A similar analysis was performed by
Delsemme (1973) for comet TSK using preliminary
OAO-2 data (Code, 1970) and an assumed scale length
for OH.

Our results cover an appreciably larger range in helio-
centric distance than the French OGO-5 observations
and also include the emission of OH. Production rate
determinations from satellite data are more accurate
than those using ground-based observations since
satellite measurement can be obtained several times
each day, without regard for weather, and no correc-
tions for atmospheric extinction are required.
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II. Observations

The instrumentation and operation of the Wisconsin
Experiment Package on OAO-2 have been described
in detail by Code et al. (1970b). The experiment included
four eight-inch stellar photometers and two six-by-
eight-inch objective grating spectrometers which co-
vered the 1050—4250 A spectral region. The photometers
consisted of an off-axis parabolic mirror, an aperture,
filter wheel, Fabry lens (except stellar 4), and a photo-
multiplier tube. Each filter wheel contained three
medium band interference filters, a dark slide, and a
Cerenkov radioactive calibration source. The spectro-
meters consisted of a set of baffles to reject off-axis
light, an objective grating, camera mirror, exit slit, and
a photomultiplier tube. Spectral scans were obtained
by stepping the grating in 10 or 20 A increments over
a range of 100 steps.

The nominal apertures of the instruments provide a
10’ diameter circular field of view (FOV) for the
photometers, and a 2'x 8 rectangular FOV for the
spectrometers. The OAO-2 spacecraft was stabilized
in 3 axes with a startracker system and had a nominal
pointing accuracy of +1’. In actual practice, the
pointing accuracy was degraded by thermal mis-
alignment of the startrackers and varied 2 or 3’ as
pointing control was transferred from one combination
of startrackers to another during an orbit.
Observations of comet Bennett with OAO-2 started on
April 11, 1970, when the earth-comet-sun angle first
exceeded 45° (a spacecraft operational constraint).
Intensive observations of the coma, Ly-o head, and tail
of the comet continued until April 25, when there no
longer was a stable guide-star pattern for the comet’s
position. A final set of observations was obtained
May 13, 1970.

The comet was observed just before sunrise on each
orbit unless the spacecraft was in the earth’s inner
radiation belt. Good data were obtained on about 9
orbits per day. A standard photometry sequence could
be completed during the approximately 10 minutes
between comet-rise and sun-rise, but a spectrometer
sequence required ~ 16 minutes to complete, and scat-
tered light from the illuminated earth cut short scans
with Spectrometer 1 (1800-3600 A). Due to the objective
design of the spectrometers, it was possible to extend
the spectral coverage of the comet to 4200 A by off-
setting the spacecraft in the direction of dispersion.

Table 1. OAO-2 photometer characteristics
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Fig. 1. Spectrum of comet Bennett obtained with an objective
grating spectrometer (SP1) on OAO-2 on April 18, 1970 (orbit
7148). The spectral resolution ~23 A

One arc minute of spatial offset corresponded to 10 A
in wavelength shift. Since emission features such as OH
243090 and CN 43883 are essentially monochromatic
in the 23 A bandpass of Spectrometer 1, information on
both the abundance and the spatial distribution of
these constituents was obtained by scanning the coma of
the comet.

We used observations of the coma of the comet obtained
with Spectrometer 1, Stellar 1—Filter 4 (ST 1F 4),
ST2F2 and ST 4F 4. The photometer characteristics
for these filters are listed in Table 1.

A typical spectrum of comet Bennett is shown in
Fig. 1. Vignetting by the “venetian blind” baffles in the
instrument was responsible for a ~ 60 percent reduction
in the count rate. .
The photometer data are tabulated in Table 2. The
orbit on which the observations were obtained, the date,
and net digital counts at the gain indicated are given.
The net digital counts are the average of six successive
readouts; each count representing 64 photoelectric
events. An integration time of 1/8s (E 1) was used for
the ST 1 F4 and ST 2 F 2 measurements, while an 8s
integration (E 3) was used to get comparable statistics

Photometer/filter Asat1/2 Effective wavelength for Emission Sensitivity®)
peak sensitivity equal energy source feature

ST1F4 27603170 A 2980 A OH 1 3090 135.7 R/ct

ST2F2 2740-3170 2940 OH 43090 295.4

ST4F4 1185-1370 1330 H 1216 183.2

#) In Rayleighs per digital count.
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Table 2. Photometric data

Orbit Date Net digital counts

ST1F4 ST2F2 ST4F4

El Ei E3
7074 Apr 13.39UT 403 211 270
7077 13.61 410 274
7078 13.68 : 273
7084 14.01 412 206 298
7089 14.44 321 185 245
7095 14.85 303 163 225
7102 15.34 290 160 210
7103 15.41 296 160 228
7108 15.76 321 136 240
7140 17.99 249 122 211
7149 18.62 260 129 174
7161 19.45 213 108 179
7174 20.29 213 109 172
7224 23.84 148 77 133
7238 24.81 136 73 113
7247 25.44 132 69 111
7506 May 13.46 224 15.9 24
7508 13.60 21.8 16.2 24
7512 13.88 22.6 15.6 23

with ST 4 F 4. These integration times apply for all the
data and calibrations discussed in this paper. The data
were reduced by hand, using a graphical method to
determine the dark current as a function of time. A
correction for the sky background, insignificant for the
OH filter, was taken from an average of nearby areas
of the sky.

During the period of these observations, the average
calibration source readings with the OAO-2 photo-
meters were:

ST1 19.60£0.18,
ST2 8.02+0.09,
ST4 1048 +12,

digital counts, respectively. Most of the variation in
these readings can be attributed to counting statistics,
indicating the sensitivity of the photometers was con-
stant to better than +1%.

The photometric accuracy of an individual measurement
with the photometers and spectrometer is typically
+1 count. The probable error after subtracting dark
current, sky background, and underlying continuum is
less than + 3%.

No absolute photometry was attempted with the
spectrometer, A calibration for the photometer data
was derived from the relative photometer calibration
(Code, private communication), using ground-based
and OAO-2 observations of AQV stars at 44250 A
to place it on an absolute basis. Since the data were
obtained prior to orbit 8000, no degradation correction
was made for ST { F 4or ST 2 F 2. The filter degradation
curves of Holm (1973) were used to correct the cali-
bration factor for ST 4 F 4. The sensitivity of the photo-

meters to H 41216 and OH 4 3090 is listed in Table 1.
The estimated accuracy of the calibrations is +20%
at 3090 A and +30% at 1216 A.

In order to determine the emission rate of OH from
the photometer data, it was first necessary to find the
contribution due to sunlight scattered by dust in the
comet. This correction was estimated by comparing
the spectrum of comet Bennett with that of fHyi, a
G 21V star which closely resembles the sun (Savage and
Caldwell, 1974) and by underdrawing the solar conti-
nuum. By integrating the photometer response function
over the emission and continuum spectra we found
~15% of the total signal was from the continuum at an
effective wavelength of ~3100 A.

III. Description of the Model

Our observational material only provides the mean
column density of H and OH in a 10’ F 0 V centered on
the nucleus of the comet. In order to determine pro-
duction rates from these data, a model that predicts
the radial distribution of atoms and molecules in the
head of a comet was required. We adopted Haser’s
model (1957) which has proven useful for the interpre-
tation of several cometary emission features in the visible
spectral region (O’Dell and Osterbrock, 1962). In this
model, “parent” molecules flow radially outward from
the nucleus and are dissociated into “daughter” mole-
cules or atoms which themselves are assumed to flow
purely radially outward. This last assumption is a major
limitation of Haser’s model, since the parent molecules
form an extended source for the daughter molecules.
The velocities of the daughter molecules in the inner-
most parts are, therefore, more isotropically distributed
and not radially. The influence of this simplification
on the photometric profiles is minor (cf. Delsemme,
1973). It is important that both exponential decays of
the parent and daughter molecules can be described by
this model. The characteristic scale lengths are y,=v,t,
and y, =v,t,, repsectively. v is the outflow velocity and
t, the lifetime. )
For the case in which the nuclear radius <y, and
74 the density of the daughter molecules will be

0 Ya - -
D == ‘4 rlvp _ rlva
)= a5 €T e

where Q,, is the production rate of the parent molecules
in molecule s™*, and r is the distance of the nucleus.
The column density at a projected distance, g, from the
nucleus is then

Ja(0) = +J"m Dy(r)dz = % (———y‘ ) 2 Q/j“ K,(x) dx
¢ - ‘ 47“7d ))p_ Ya olrp 0

where z2=r2—g? and K,(x) is the modified Bessel
function of zero order and second kind.
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The total number of daughter molecules seen with a
circular diaphragm of radius s centered on the nucleus is,
thus,

M(s)=2n g Ja(@) ede
which may be written as

M(s)= %yd{1 +

p_yd

s/va
L ko ax+ Koo - Kt
s/Yp

where K, (x) is the modified Bessel function of first order
and second kind.

The expression in the outer parentheses, f(y, s), may be
considered a correction for the limited field of view of
the instrument. Instead of seeing all the molecules
present,

n=0t=0y/v,

only fQt are within the radius, s, of the diaphragm.
For the limiting cases, where the coma is much larger
or much smaller than the FOV of the instrument, we
have f—0ass/y—0,and f—1 as s/y— oo. In the case of
the OAO observations, fouy=0.7, while f;;~0.02 at
R=1au.

If we assume the coma is optically thin, its average
brightness, B, in a field of view of radius, s, will be

M
R

: f('y, S)

where g is the appropriate excitation factor in photon
molecule™ ! s~ 1. Solving this equation for Q,,

ns?v;  B(s)
gva f(s)

In this equation s is proportional to 4, the geocentric
distance of the comet. Q,, is also a function of R, the
heliocentric distance, since the lifetime and excitation
of the molecules depend on the solar flux and solar wind
which are diluted as R™2. Thus,

[molecule s~ !].

Q,=

A2

0, (R) ¢ 2z BulR)

where B,(R) is the observed brightness in a field of
view with constant solid angle w. The influences of the
variation of 4 and R cannot be separated and must
be taken into account simultaneously.

In order to interpret the OAO-2 spectrometer observa-
tions in terms of the brightness profile of the
cometary coma, it is necessary to calculate the average
brightness in the rectangular FOV as it was scanned
across the comet. Theoretical profiles were computed
for a variety of assumed parent-daughter-molecule
scale lengths. The brightness is proportional to the sur-

face integral of the column density in the FOV of
the slit. It was assumed the center of the slit passed
over the nucleus of the comet. These integrations, as
well as the integral of K,(x) were done numerically,
using appropriate expansion series for K,(x) and K, (x)
(Abramowitz and Stegun, 1965).

IV. Interpretation of the Spectrometer Data
A. OH Scale Length

The outflow velocity of heavy molecules, such as water,
from the nuclear region is around 1 kms~! (Huebner
and Weigert, 1966). The lifetime of water against photo-
ionization by solar UV radiation at a heliocentric
distance of 1 a.u. is 10° s (Keller, 1973b; Bertaux et al.,
1973). Hence, the typical scale length for the decay
of H,O is 10°km at 1.a.u. On April 15, 1970, when
comet Bennett was 0.8 a.u. from the sun, this length was
smaller than the 2’ resolution of the spectrometer which
corresponded to 8.8 x 10* km. Therefore, only crude
information of the OH parent molecule can be expected.
Figure 1 shows a portion of the spectrometer data that
includes the OH emission feature. The profile can be
interpreted as a spatial scan across the coma. It is a
convolution of the cometary brightness distribution,
the instrumental slit profile and the non-monochromatic
band emission. For the slit profile a Gauss function was
assumed with a half width of 2’ at half maximum in-
tensity. The strongest band lines of OH (42X* — X21I))
are spread over a wavelength range of about 20A
near 3090 A (Dossin et al., 1961). The effect of this ex-
tended wavelength of the emission is small, given the
23 A full width at half maximum of the slit profile, and
was neglected in the calculations.

The coma is assumed to be radially symmetric; the
short and long wavelength wings of the spectrometer
profile are shifted together to yield the best fit to one
theoretical profile. The maximum intensity at the
center of the profile is unknown. Figure 2 shows theo-
retical profiles with various scale lengths for the parent
molecule and OH. The observational points for orbit
7137 are shown with error bars indicating the uncer-
tainty due to the spectrometer count statistics and the
larger contribution of the not so well defined continuous
background of scattered solar light. Since the H,O
scale length cannot be determined with accuracy, the
above-mentioned scale length of 10° km at 1 a.u. helio-
centric distance was used. A scale length shorter than
5 x 10* km does not fit the data.

In Fig. 3 six observed profiles are displayed together
with the appropriate theoretical profiles for yoyu=
2x10°km and 7yy,0=10°km at 1au. The error in
the intensity determinations can only partly account for
the deviation of the measured points from the theo-
retical profiles. The following factors may be re-
sponsible for these deviations:
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Fig. 2. Theoretical OH profiles for comet Bennett for various scale
lengths of the parent/daughter molecules. The labels refer to pairs
of values of y, and y,, in units of 10° km. The data points are for the
profile observed on April 17, 1970 (orbit 7137). Error bars indicate
the uncertainty due to photon statistics and the background

1. The cometary coma is not radially symmetric;

2. the instrument was not really centered on the
nucleus, inducing an error similar to 1;

3. the OH band emission is not symmetric with respect
to its brightest lines; and

4. emissions other than the (0—0) OH band are conta-
minating the spectral profile.

The actual instrumental slit profile is only of minor
influence since the innermost parts (¢ < 2') are relatively
uncertain as described above. The result for the OH scale
length is

Yor=2(+0.5—1.0) x 105 km .

The degradation by factor (4) above can increase the
apparent scale length, and the real value of the OH
scale length may lie close to the lower error limit.
Assuming an outflow velocity of =1kms™! for OH,
the lifetime of OH molecules in the solar radiation
field at 1 a.u. is

ton=2(£1.0)x 10°s.

B. CN Scale Length

In order to check the calculations we also investigated
the intensity profile of the (0-0) CN band (B*Z™
—X2%x*) at 3883 A (Fig. 1). Figure 4 shows four ob-
served profiles, together with the theoretical profiles
for the parameters determined by Delsemme and
Moreau (1973) from high resolution optical observa-
tions using Haser’s model. They found ycy= 1.4 10° km
and for the parent molecule ycy,=35x 10*km. The
OAOQ-2 observations confirm these values and are in
excellent agreement with Delsemme and Moreau’s
results.

(arc min.)

Fig. 3. A comparison of model calculations with OH observations
for six orbits in April, 1970. The long wavelength wing is indicated
by filled circles (@) while the short wavelength (sun-ward) wing is
indicated with (x). The theoretical profiles (solid line) are for
y,=10° km and y,=2 x 10° km
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Fig. 4. A comparison of observed CN profiles with model calculations,
assuming ycy, =95 X 10*km, and ycy =14 x 10° km. The theoretical
profiles are represented by a solid line while the long wavelength
observations are shown with filled circles (@) and the short wave-
length edge is represented by (x)
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V. Photometer Data Interpretation
A. Qoy Variation

During the interval from April 13 to May 13, 1970,
17 observations of the cometary OH emission were
obtained with the ST 1 and ST 2 photometers. The data
from ST1F4 and ST2F 2 are plotted with different
symbols on the lower curve of Fig. 5. Both data sets
show good correlation for the April observations. A
comparison of the observations from Stellar 1 and
Stellar 2 yields the linear relationship ST 1 F 4=(1.90
+0.025) ST2F2 with a standard deviation of +4
counts (2%). The data in May show an appreciable
difference in brightness. We attribute this to errors in
the pointing of the satellite. An analysis of the space-
craft pointing and photometer FOV misalignments
indicate ST 2 pointed about 2.5 and ST 1 about 40
away from the cometary nucleus. Model calculations
for May 13 show that the error in brightness for a
2!5 offset is only 10%, but for 4’ it increases to 28 %.
In Fig. 5 the points for May 13 have been corrected
to the nominal + 1’ spacecraft pointing. For the ob-
servations in April the pointing error is ~2' overall
(6% brightness decrease), and the corresponding error
bars are to be considered only in direction of increasing
brightness (4 log B=0.025). The error due to photon
counting statistics is smaller than the diameter of a
point in Fig. 5 (see Section III). In the logB versus
logR diagram of Fig. 5, the observations form a
straight line with a slope of —5.1+0.2. The correc-
tions required to convert the observed brightness
values to production rate values were computed with
the model described in Section III. We assumed
Yi,0 = 10° km and yoy =2 x 10° km. For each observa-
tional date the weighted average of both data sets was

H. U. Keller and C. F. Lillie

taken [(ST2 F 2+ 1.9 ST 1 F 4)/2]. In the log Oy versus
logR diagram (Fig. 5), the points lie close to a straight
line with a slope of —2.3+0.2. The deviation of the
points from the straight line is probably due to short
period variations in the brightness of the coma itself.
The largest uncertainty in the determination of the
exponent of the OH production rate variation with
heliocentric distance is due to the uncertainties of the
model parameters, Yoy and yy,o. The model induced
correction for the slope is relatively sensitive to an
increase of the OH scale length, causing a small lower
error limit for the exponent, Eqy, of the OH production
rate variation with heliocentric distance:

Qonoc R™Fou
and
EOH = 2.3( + 0.3 - 0.7) .

B. Qy Variation

Ly-o. photometer observations were made at the same
time as the OH measurements. Figure 6 shows 19
brightness values in a log B versus logR diagram.

The points do not form one straight line; instead, they
may be divided into two groups: the observations in
April which form a line with a slope of about —4.0
and observations between the end of April and May 13
with a steeper slope of —5.4. The uncertainty in the
May data is larger due to the strong geocoronal back-
ground, typically ~ 6 kR, which is comparable to the
brightness of the comet on this date. The accuracy of a
measurement is estimated to be +6% (4 logB=10.03).
Pointing errors are of minor influence since the Ly-o
source is far more extended than the OH source. Since
half of the hydrogen atoms are created by two suc-

sl
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<
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O Corrected production rates
I : 1
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Fig. 5. The OH 4 3090 photometer observations of comet Bennett from April 13 to May 13, 1970. The lower curve shows the logarithm of the
observed brightness (right ordinate) from ST 1 F 4 (A) and ST 2 F 2 (@) versus the logarithm of the heliocentric distance, R. The upper curve ([J)
shows the observations, corrected for field-of-view effects, in terms of the production rate of OH (left ordinate) versus logR
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Fig. 6. The hydrogen Ly-o photometer observations of comet Bennett from April 13 to May 13, 1970. The logarithm of the brightness observed
with ST 1 F 4 in relative units is shown versus the logarithm of the heliocentric distance, R, by filled circles (@). The production rate of hydrogen
derived from the observations, corrected for field-of-view effects, versus logR is shown by open squares ([7)

cessive dissociation processes, Haser’s model could only
be used to approximate the correction to the Ly-a
observations. Fortunately, the scale lengths of OH and
H,O are not very different and are both much smaller
than the scale length of hydrogen, yy=1.8 x 107 km
(ty=22x10%s and vy=82kms™ !, Keller, 1973b).
We find that increasing y, from 10° to 2x 10°km
decreases the slope of the production rate of hydrogen,
Qy, versus heliocentric distance by only 0.1, or ~4%.
We assumed a mean value of y,=2 x 10° km for both
parent molecules (H,O and OH). If Haser’s model is
applied on this basis, we find Qy was constant early in
April 1970 (Fig. 6) and then began to decrease with
R™23, As expected, the optically thin model does not
apply to the April observations. Therefore, the radial
intensity variation of Keller’s (1973a) radiative transfer
model was used to estimate the variation of the hydrogen
production rate with heliocentric distance. With the
production rate of about 10*° H atom s, the slope of
the Qy variation was determined to be about 2.2 + 0.35
from April 13 to April 25. This value is in good agree-
ment with the OH slope. If one neglects the optical
thickness effects of the last six observations and
applies Haser’s model, the exponent of the Qy varia-
tion is E5=2.34+0.2. The model corrections are not
sensitive to small variations in the value of yy. The
scatter of the Ly-a brightness is probably due to short
term variations in the solar Ly-« flux and the production
rate of hydrogen.

C. Absolute Calibration

1. Qon
Using the relative calibration of Code (1970) the
sensitivity of ST 2 F 2 is 2.18 times higher than that of

ST 1 F 4, but a correlation of the observed count rate
yields only a factor 1.9. The average of both independent
calibrations was taken to determine the absolute
OH 3090 A flux and, hence, the production rate (see
Section II). Anderson (1970) calculated an excitation
factor, g =4.3 x 10~ photon s~ !, for the (0-0) band by
solar radiation using an oscillator strength of f=7.1
x 10™* determined by Golden et al. (1963). More re-
cent measurements of the oscillator strength yield
appreciably higher values. The most recent value
f=13.1x10"* of German et al. (1973), was adopted
here, yielding g =7.9 x 10™* photon s~! for the mean
solar flux. Anderson estimated the uncertainty in g to
be +40%. Even if the error in f is now assumed to
be smaller, the uncertainty remains since the wave-
length shift due to the radial velocity (~30kms™?') of
the comet with respect to the sun has not been accounted
for. Thus, Qo =(3.0+1.2) x 102° molecule s™* at a
heliocentric distance of R=1 a.u.

2.0y

The uncertainty of the g-value for Ly-« is similar to
that for OH. OSO-5 (Vidal-Madjar et al., 1973) ob-
served the solar Ly-a flux during April and May 1970.
An average flux of 4.6 x 10** photon s™! cm~2 A~! is
adopted yielding a g-value of 2.5 x 10~ 3 photons™* at
1 a.u. This figure and the sensitivity of ST4 F4 from
Table 1 yield Q) =(5.4+2.7) x 102° H atom s~*. The
estimated error includes the uncertainty of the instru-
mental calibration (+30%) and the uncertainty of the
solar Ly-o flux (430%). The uncertainty of the Ly-o
flux is much larger if the solar flux calculated by Keller
and Thomas (1973) is used. An additional error of
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about 25% was introduced by the model simplification
of taking a mean scale length for the parent molecules
of hydrogen (see Section VB).

V1. Discussion

The OH 43090 emission feature of comets is strong
but difficult to observe with ground-based techniques
due to atmospheric absorption (primarily O;) and to
the relative insensitivity of most instruments at this
wavelength. A detailed investigation of the cometary
(0-0) band emission of the 42 X" — X2 I, transition was
first published by Hunaerts (1953). The solar Fraun-
hofer lines influence the intensity distribution and must
be taken into account together with the appropriate
wavelength displacement due to the radial velocity
of the comet with respect to the sun. The deduced OH
production rates were several orders of magnitude too
small, in part because the OH lifetime was greatly
overestimated (~10%s at R=1 a.u.). Recently Mendis
et al. (1972) used 7.1 x 10° s without giving a source
for their value. They considered photoionization only
as the destructive mechanism. Wallis (1973) tabulated
the various destructive mechanisms for OH, including
charge transfer and dissociative ionization by solar
wind protons and photoionization and dissociation.
Summing the values yields to =3 x 10° s, close to the
value established directly from the OAO observations.
The OH scale length deduced from a spectrum of comet
Burnham (1960 II) by Delsemme (1973) on the other
hand is much larger, again about 105 km (or toy ~ 106 s).
This large value is probably due to limited observa-
tional material. We could find no laboratory ex-
periments and only incomplete theoretical calculations
(Julienne et al., 1971; Solomon, 1968; Arpigny, 1965)
dealing with the OH lifetime. The present result of
You=2(+0.5—1.0) x 10°km does not permit us to
determine which OH destruction mechanism has been
underestimated. Since the OH molecule is excited by
solar radiation about 150 times before it is dissociated,
predissociation effects should be considered. A small
amount of predissociation is possible for highly ro-
tationally excited molecules in (0-0) transition (Smith,
1970). Ly-a (but not the continuum from 1400 to 1860 A)
dissociates water into highly rotationally excited OH
2x* (Carrington, 1964). Fewer than 20% of H,O
molecules are dissociated by Ly-a (Keller, 1973b),
reducing the importance of this process. Highly vi-
brationally excited OH has not yet been detected in
cometary spectra and should not result directly from
H,O photodissociation (Carrington, 1964; Welge and
Stuhl, 1967). High resolution ultraviolet spectra of
cometary OH together with observations in the infra-
red may answer some of these issues. For several spec-
trometer scans (orbit 7137, 7139) the short wavelength
side of the OH feature was deteriorated by scattered

light. Therefore, the long wavelength side has more in-
fluence on the results. At about 3140 A the vibrationally
excited transition (1—1) of the OH band system are
reported in cometary spectra (Dossin et al, 1961;
Richter, 1963). This emission is weak compared to the
(0-0) transitions, but may increase the observed scale
length. A reduction of the OH scale length to the lower
error limit of yoy=1x 10° km cannot be completely
excluded. Bertaux and Festou (1974) obtained a pre-
liminary OH scale length of 8 x 10* km using photo-
graphic observations of comet Kohoutek (1973f) in
the wavelength region around 3090 A.

Delsemme (1973) determined the exponent of the Quy
and Qy variation with heliocentric distance for comet
TSK using OAO-2 data. He assumed Code’s (1970)
values to be already corrected for the geocentric distance
variation and applied, therefore, only a correction for
the heliocentric distance variation. This two-step ap-
proach seems not to be too fruitful, since the corrections
depend on both distances of the same order and should,
therefore, be considered simultaneously. Eqy may be
affected by variation of the radial velocity of the
comet, vg, causing a wavelength shift with respect to
the solar Fraunhofer lines. vy changes from 26.1 to
28.3kms~! from April 13 to May 13. The influence of
this shift on the g value should be small.

The orbit of comet Bennett had an inclination of nearly
90° to the ecliptic, and the comet passed over the solar
north pole during the observational period. Reliable in-
formation on the insolating solar Ly-a flux from this
region are not available, and systematic variations may
have changed Ej.

The exponents Ey and Egy fit well together; the pro-
ductions of OH and H run parallel, suggesting a
mutual formation process and a mutual parent molecule,
presumably, water. This conclusion is also supported
by the ratio of the production rates Qy/Qoy = 1.8. This
agrees well with the expected ratio of =2 within the
range of the errors. A comparison of the hydrogen pro-
duction rates with determinations based on the French
OGO-5 observations of Bennett (Bertaux et al., 1973;
Keller, 1973b) shows excellent agreement for the middle
of April 1970. It is very satisfactory that observations
with different instruments that require different methods
of interpretation yield similar results.

The production rate of water from comet Bennett
may be most accurately estimated by considering the
observations of both OH and H. Since the OH pro-
duction rates were determined from two sets of observa-
tions with independent calibrations, Qqy has been given
double weight in the calculation for the production rate
of water which becomes

On,0=1/3(Qu/2 +2Q0n)
=2.9(+ 1.2) x 10?° molecule s ™!

at R=1au.
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The exponent of the total production rate and its
variation with R set restrictions on the sublimation
heat, vaporization temperature, and albedo of the
cometary nucleus.

The bond albedo of comet Bennett has been determined
by Delsemme and Rud (1973) who assumed water was
the dominant parent molecule and used observations
of the cometary brightness at large heliocentric distances
and the hydrogen production rate at R=0.8a.u. to
separate the albedo from the cross sectional area of
the nucleus. The water rate derived from the OAO-2
observations is only ~10% higher than the value
they adopted and would change their values for the
albedo (4 = 0.66) and nuclear radius (3.8 km) by only a
few per cent. It is surprising that the albedo of the
very dusty comet Bennett was the same as that of mo-
derately dusty comet TSK (4 =0.63).

Delsemme and Rud (1973) assumed that the re-radia-
tion term in the equation for the steady state vaporiza-
tion model becomes negligible at small heliocentric
distances and Q oc R~ 2 for R £0.8 a.u. No indication of
a decrease in slope of the production rate was found in
this investigation (R,;,=0.77 a.u.), but the Qy values
derived from the French OGO-5 observations for early
April may indeed indicate a decrease in Ey. Keller
(1973b) found Ey=1.5 for 0.61 < R<0.86 a.u. If the
data of the last two dates are omitted, E; would be
close to 2. The increase in Qy in late April 1970 found
by Bertaux et al. (1973) from OGO-5 isophotal maps of
comet Bennett does not show up on the OAO-2
results. This is not too surprising, since the observed
isophotes did not agree well with the model (Keller,
1973b) for the optically thin parts of the cometary
hydrogen atmosphere.

Delsemme (1973) calculated the production rate ex-
ponent between R =0.8 and 1.0 a.u. for water ice nuclei
with various albedos. The relatively small exponent.

EHzO = EOH = EH = 2.3 N

derived here agrees only marginally with the value
expected for a visible albedo, A, =0.6. (4,;, cannot
differ greatly from the bond albedo since most of the
solar energy is radiated in this wavelength interval.)
A high infrared albedo, A4;,;=0.6, is necessary to give
agreement with the assumption of a water-ice nucleus.
A somewhat lower visible albedo would give better
agreement with Ey o = 2.3, suggesting that the influence
of dust on the vaporization process may have been
underestimated by Delsemme and Rud (1973).

For the observed heliocentric interval, we find no in-
dication of the strong increase of the exponent at larger
heliocentric distances, due to the prevailing influence of
the re-radiation term in the vaporization equilibrium
(Huebner, 1965; Delsemme and Miller, 1971). This
bending of the logQ versus logR curve may be
characterized by a particular heliocentric distance,
R, (Marsden et al., 1973). Since an increase in the

exponent should already be detectable at R,/2, the
OAO-2 observations exclude the low value of
Ry=0.8a.u, but not the high value of R,=2.8a.u.
used by Marsden et al. (1973) to calculate the non-
gravitational forces acting on comet Bennett. In Fig. 2
of their paper Marsden et al. show the dependence of
R, on the visible and infrared albedos of comets as-
suming a dirty water ice nucleus. For A4,,,= 0.6, we find
A;s =05 for Ry=2.8a.u., providing a lower limit for
the infrared albedo.

We may also use our results to calculate the mass loss
by comet Bennett during perihelion passage. Assuming
Ou,0=2.9 x 10?° molecule s™* at 1 a.u,, and Ey,o=2.3
was constant for R<2.5a.u, the loss of water was
2 x 10'* g, neglecting the water molecules (<10%)
which were ionized before they could be dissociated.
This value would decrease slightly for a smaller ex-
ponent near perihelion. If we take a radius of 3.8 km
for the cometary nucleus and a density of 1, the total
mass of water ice was ~2.4 x 10!7 g. Consequently,
comet Bennett lost about 0.1 % of its total mass, and its
radius decreased only ~ 1 meter during perihelion pas-
sage. The presence of an appreciable amount of dust does
not change these figures significantly. Using dust tail
calculations Sekanina and Miller (1973) estimated the
maximum dust production at perihelion was ~0.5 of
the gas production by mass. It is interesting to note
that when the production rate of molecules of mean
molecular weight 18 calculated by Sekanina and Miller
is extrapolated from 0.6 to 1.0 a.u. with an R~ %3 law
0:5=29 x 10?° molecule s™!, in excellent agreement
with the OAO observations.

VII. Conclusions

Using OAO-2 spectrometer data for comet Bennett
the scale length of OH was found to be yoy=2(+0.5
—1.0) x 10° km, corresponding to a lifetime of toy
=2(+1)x10°s at a heliocentric distance of 1a.u.
The value found by Delsemme and Moreau (1973)
for the CN scale length of comet Bennett from high
dispersionspectra(ycy, = 5 x 10* km,yey = 1.4 x 10°km)
was confirmed using the same OAO-2 spectrometer
data. With scale lengths for H and OH it was
possible to correct the OAO photometer observations
for field of view effects to determine production rates
and their variation with heliocentric distance. The
exponent of the H production rate agrees well with the
exponent found for the OH production: Egy=2.3
(+0.3—-0.7) in the heliocentric distance interval
R =0.77 to 1.26. The production rates of OH and H at
R=1au. were 3.0(+1.2)x 10?>° molecules"! and
54(+£27) x 10*° atom s~ !, respectively. Assuming
water to be the parent molecule, the water production
was 2.9(+ 1.2) x 10?° molecule s~ ! at 1 a.u. and varied
with an exponent Ey,,=2.3(+0.3) with heliocentric
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distance. During perihelion passage comet Bennett lost
about 2 x 10'# g of water, ~ 0.1 % of its total mass. These
results are consistent with the assumption that water
is the most abundant parent molecule in comets and
dominates the evaporation process from cometary
nuclei.
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Note Added in Proof: Dr. F. Mies kindly provided a calculated ex-
citation rate for OH taking the solar spectral intensity distribution
and the cometary radial velocity (28kms™!) into account. This
value is g=1.2 x 103 photon s~ *. The production rate of OH would
be changed accordingly to Qg =(2.04+0.8) x 10?° at 1 a.u. The ratio
of the emissions of the (0-0) to the (1—1) band of OH is 23.
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