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Summary. Ly-o (1216 A) isophote figures of comet
Bennett (1969i), observed by OGO-5 between April 1
and 19, 1970 (Bertaux and Blamont, 1970), were used
to determine the production rate, outflow velocity and
lifetime of hydrogen atoms, for each of the eight ob-
servations using the density integral given by Haser
(1965). The production rate varies as R~ -5 with the
heliocentric distance within the error limits of —1.0

and — 2.2. The outflow velocity remains constant within
the uncertainties of the data and model with the mean
value of 8.2km s~ . The lifetime of the hydrogen atoms
is found to be 22x10°s at a sun-comet distance
of 1a.u. This study could not confirm a variation of
the lifetime different from R™2.
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1. Introduction

In 1970, OAO-2 and OGO-5 observed the comets
Tago-Sato-Kosaka (1969g) (hereafter TSK; OAO-2),
Bennett (19691) (OAO-2 and OGO-5), Encke (OGO-5),
and Toba (OGO-5) in Ly-a at 1216 A. The largest
amount of data is available for comet Bennett (Code et al.,
1970; Bertaux and Blamont, 1970; Thomas, 1972) and
TSK (Code et al., 1970, 1972). The first three comets
showed an extended hydrogen atmosphere as predicted
by Biermann (1968), while only an upper limit of the
hydrogen production rate of 2.5 x 1027 atom s~ ! could
be found for Toba (Bertaux et al., 1972).

The data from the OAO-2 experiment refer mainly to
the center of the comets’ atmospheres, because of the
low sensitivity but high resolution of the instrument.
Code et al. (1970) found the luminosity of TSK in the
hydrogen Ly-« line and in the OH 3090 A line to vary
as R™>8 as the comet’s distance from the sun increased
from 0.78 to 1.02 a.u. Because the lifetime of the mole-
cules, the optical thickness (at least in Ly-«) and the
geometrical resolution of the photometer are not inter-
dependently known, the luminosity cannot be precisely
described. Hence, the dependence of the parent mole-
cules of the hydrogen with heliocentric distance cannot
be determined. A satisfactory interpretation has not
yet been established.

The situation in evaluating the French OGO-5 Ly-«
observations is simpler. The hydrogen atmosphere
around the nucleus is optically thin beyond a sphere
of radius 10° km. The only important time scale is the
lifetime of the H atoms, determined by the ionization
by solar wind protons and to a lesser extent by solar

UV photons (Keller, 1971, 1973). On the other hand,
the solar Ly-o pressure effects are important and must
be considered in choosing the right hydrogen atmosphere
model. In this paper, eight isophote figures are compared
with the theoretical model, based on Haser’s fountain
model (Haser, 1965) as first applied by Keller (1971).
These isophote figures originate from observations of
comet Bennett between April 1 and 19, 1970, when
the comet’s distance to the sun increased from 0.61
to 0.86 a.u.

II. The Fountain Model

In 1957, Haser began to consider the lifetime of
the neutral molecules and radicals in his model to
describe the visible coma. In 1965, he generalized
the model by introducing solar radiation effects and
different velocity distributions for the outflowing mole-
cules. This model can also be applied to hydrogen
atmospheres, as long as the optically thin region
beyond a typical radius of 10° km is considered. Nearly
all hydrogen atoms are formed inside this radius, by
photodissociation from their parent molecules. In
Whipple’s model (1950, 1951, 1955) the parent mole-
cules evaporate from the icy conglomerate nucleus,
or in the more developed models (Delsemme and
Miller, 1971a, b) from a mixture of clathrate hydrates
with an outflow velocity of less than 1 km s~ ! (Huebner
and Weigert, 1966; Malaise, 1970). From considerations
of cosmic abundance, the volatile molecules should be
composed of carbon, oxygen, nitrogen and hydrogen;
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for instance, CH,, NH;, CO, and H,O. Many of
these molecules are rapidly dissociated by solar radia-
tion. Their lifetimes, at a sun-comet distance of 1 a.u.,
are typically less than 10° s (Potter and Del Duca, 1964).
For water, whose presence is suggested by the large
amount of OH observed (Code et al., 1972), the lifetime
is only 10° s.

Using the fountain model, we consider the sphere
around the nucleus, within which most of the dissocia-
tion takes place, as a point source relative to the outer
layers of the hydrogen atmosphere. We make the
following detailed assumptions.
— An isotropic point source produces hydrogen atoms
with a total rate Q (atoms™?).
— The H atoms leave the source with a radial max-
wellian velocity distribution

2 v
v, (

f)dv= 4 w0) dv

)
which holds in the interaction-free environment of a
thermalized source with infinitesimally small radius.
The velocity, vy, is the most probable velocity. The
mean velocity, 7, given by

vf(v)dv,

V=

o= 8

is related to v, by
2

D=1, l/’?
We interpret v as the outflow velocity, vy, of the H atoms
(estimated to be on the order of 10kms™?, Keller,
1971).
— The motion of the H atom is not disturbed by
collisions outside the source (Keller, 1973), but is
influenced by the solar radiation pressure. A solar flux
Fy =32 x 10! photonss™* cm™2 A~! in the Ly-« line
(see below) at 1a.u. heliocentric distance causes an
acceleration of b=0.57cms™2, comparable to the
solar gravitational acceleration of 0.6 cm s™2.
— Solar wind protons and solar UV photons (A<911A)
limit the lifetime, ¢y, of the H atoms moving along
parabolic trajectories. Under normal solar conditions,
the influence of the protons is much stronger than
that of the photons. Protons lead to a lifetime of
t,,=3x10%s and photons to ¢, =14x10"s at 1a.u.
Combined, the mean lifetime is

1

tg= ——— =25 x10°s

pr

1
(see Keller, 1971, 1973).
— The source is constant. Variations due to the
orbital acceleration of the comet and those due to
changing solar illumination are neglected. Within the

10-day lifetime of the H atoms, these effects are of
minor importance.

— The influence of the varying phase angle (from
97° to 61°) is also neglected. The position of the isophotes
at any particular point is inaccurate by up to 14 %, due to
the projection factor.

We consider only the outer optically thin region
(r>10°km). Therefore the intensity I, leaving the
hydrogen atmosphere (measured in Rayleighs) is given
by

e’

4nl= ( )f-N-Fo.

m,c

The parentheses contain the usual atomic units. The
oscillator strength, f, for Ly-o is 0.416 and, N, the
column density of the scattering H atoms, is given by
Haser’s integral (see Appendix). Assuming a square
profile for the self-absorbing solar Ly-« line (width 1 A)
the solar flux at 1 awu. heliocentric distance is
Fo =32 x10'! (photons cm~2 s~ ! A~1) using the total
flux data of Hall and Hinteregger (1970). Resonance
scattering in Ly-a is not isotropic, but deviations are
less than 15% (Brandt and Chamberlain, 1959) and are
neglected.

III. Comparison of the Computed Models
to the Observed Isophote Figures

Isophotes are computed, using Haser’s integral, until
a best fit to the observed values is achieved. The fol-
lowing three parameters are varied: the outflow velocity,
vy; the lifetime, ty, and the source rate, Q. vy is mainly
determined by the distance the atoms can travel towards
the sun, r,,,, = v3/2b, and by the displacement of each
isophote away from the sun. The limitation of the
anti-solar elongation of the isophotes and of the ex-
tension perpendicular to the sun-comet direction princi-
pally yields the lifetime, t. Q is found by the absolute
calibration of the isophotes.

The first two parameters are coupled; unless the total
cometary atmosphere is observed, a coupling also
exists between these and the third parameter. The
exact position of the cometary nucleus is not known
on the observed isophote figures and, therefore, could
not be used in the comparison. More weight is placed
on the fitting to the outer isophotes, of intensities
2,1,0.5 and 0.25 kR. These have better spatial resolution
relative to those closer in. In Fig. 1, the isophotes
observed on April 1, 1970 are shown; and in Fig. 2,
the computed isophotes giving the best fit are shown.
A congruency between the observed and computed iso-
photes could only partly be established. Often a fit of
the isophotes on the sunward side and perpendicular to
the sun-comet line led to a discrepancy on the side oppo-
site the sun. In the comparison, a compromise in the fit
perpendicular and radial away from the sun was sought.
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Fig. 1. Ly-a isophotes of comet Bennett (1969i) observed by Bertaux and Blamont on April 1, 1970 (private communication). The sun-comet

distance is 0.61 a.u.

arm

—

1 Mill km

Fig. 2. Isophotes for comet Bennett on April 1, 1970, computed with single scattering by Haser’s integral. Source rate Q = 1.2 x 10%% s~1. Qutflow
velocity v;=7.9 kms™!. Solar Ly-a flux =32 x 10}! photons cm~2s~*A~! at 1 a.u. t;;=2.5 x 10%s (reduced to 1 a.u.)

An overall fit was attempted balancing the non-matching
parts of the isophotes. Changes in vy and Q have more
influence than those in ty The first two parameters
were usually altered in steps of about 10%, but ty in
steps of 20 %.

IV. Results and Discussion

The results are shown in Table 1. Q decreases systemati-
cally with increasing heliocentric distance R (see below).

A possible slight increase can be noted in the out-
flow velocity, vy; the mean value obtained here is
82+ 1kms™ ! A systematical variation of the reduced
lifetime, was not found. The mean value at 1 a.u. is
ty =22 10%s. Uncertainties in the determination of ty4
are partly due to incomplete isophotes, as indicated
in Fig. 1. But the measured isophote curves show also
a systematically different shape from those computed,
especially opposite the sun (compare Figs. 1 and 2).
Here the observed isophote shapes are smaller per-
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Table 1
[0) [ H atom _ H atom ] [ H atom
Dat R[a.u. = 1 Hatom
ate faw] vy | cmsterad valkms™"] *| s sterad 2 s tals]
April 1 0.61 1.2-10%3 19 9.4-10%8 1.2-103%° 2.5-108
2 0.62 1.05 79 83 1.0 2.5
9 0.70 0.92 19 13 0.92 2.0
11 0.73 0.80 79 6.3 0.79 2.0
14 0.78 0.68 9.0 6.1 0.77 2.5
15 0.80 0.70 79 5.5 0.69 20
16 0.82 0.70 9.0 6.3 0.79 2-2.5
19 0.86 0.81 79 6.4 0.80 2.0

Date of observation, R sun-comet distance, Q,, production rate per sterad, Q total production rate, v outflow velocity, t, lifetime reduced to 1 a.u.

pendicular to the sun-comet direction and sometimes
more elongated away from the sun. (The observed
isophote figures are published by Bertaux, et al., 1973))
On the other hand, the computed isophotes show a more
circular or elliptical behavior emphasizing the side
turned away from the sun. Another striking descrepancy
is the form of the inner isophotes, 5 to 2 kR, which
are most often elongated in the perpendicular direction
and not circular or elongated in the antisolar direction.
The optical thickness in Ly-o of the region in question
is too small to influence the shape of the isophotes
appreciably (Keller, 1973). This behaviour of the inner
isophotes might be described by a nonisotropic source
producing more H atoms into the sunward direction
(compare to the corresponding model of Haser, 1965);
however, this is inconsistent with the behaviour of the
outer isophotes in the antisolar direction. The locus of
the nucleus must be known for further investigation.
The Ly-o isophote figure of the central part of comet
Bennett on April 16, 1970 (Code et al., 1970), shows

T

some irregularities, although the overall features are
circles (Keller, 1973; Code et al., 1972).

The simple fountain model does not describe the
measured isophotes accurately. Some other physical
processes should be involved to produce such tapering
isophotes. Some of the figures (i.e. April 1, 14) show a
brightness gradient in the inner parts, in the antisolar
direction less steep than —1 which is not consistent
with the fountain model (Wallace and Miller, 1958).
In order to reproduce the tapering shape of the isophotes
and to get a better fit, especially for the above mentioned
dates, several different mathematical models were calcu-
lated. Figure 3 shows the results of one of these models
where a varying lifetime, t = Dy/D-ty, is taken. Here ty
is the lifetime of the H atoms on the sunward side;
D is the impact parameter (shortest distance between
the point in question and the sun-comet direction),
and D, (6 x 10° km) is the scale parameter determining
when t =ty For the other observational dates no or
only marginal improvement was found.

- 20

—
1 Mill km

Fig. 3. See caption for Fig. 2. Lifetime ¢ is variable on the side turned away from the sun. t =ty - Dy/D. tyy=2.5 x 10° s lifetime on sunward side.
Dy=6x 10°kms~*, D impact parameter (shortest distance to sun-comet direction)
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Fig. 4. Production rate per sterad, Q,,, depending on the heliocentric
distance R of comet Bennett (1969i). Numbers are giving the dates
of observation. Drawn in line represents the slope, — 1.5

Part of this disagreement is because the hydrogen
lifetime and the source rate Q are treated as constant.
A lifetime of around 10 days and more means that the
H atoms responsible for the outer isophotes (0.5 and
0.25 kR) were created ten days before when the comet
was nearer to the sun. Therefore, their mean lifetime
along their trajectory is shorter than their lifetime at
the time and place of the observation. So the real
brightness gradient tends to become steeper at farther
antisolar distances than the gradient due to a constant
lifetime for all atoms. Here this effect is nearly compen-
sated by using a constant Q, whereas Bertaux et al. (1973),

using a larger rate (oc % for the older atoms, augment
their density and so weaken the gradient. To match
the measured isophotes, they must increase the gradient
artificially by using a shorter lifetime. Since the varia-
tions of ¢ty and Q are of the same order of magnitude
but of opposing influence, both effects should be
considered together in a model. Before April 1 and 2
the mean lifetime of the H atoms is short and the R
variation is therefore small (the comet has just passed
perihelion). The constant lifetime of both models agree
rather well, and the difference in t; between the first
two observations and the following is partly due to
above described effect. The large difference found by
Bertaux et al. (1973) seems improbable. However, a dif-
ference cannot be excluded since the disagreement
between the model and the measurements makes
the determination of the lifetime uncertain by about
0.5 x 10%s.

The source rate, Q,, [H atom s~ ! sterad '], decreased
between April 1 and 19, while R increased from 0.61 a.u.
to 0.86a.u. In Fig 4, the Q,, dependence is indicated
by the straight line and has the slope —1.5. Using
the simple model and considering the uncertainty in
the data, the production rate of the H atoms probably
depends on R as a power between —1.0 and —2.2.
The good fit of the Q values to the indicated slope does
not represent the accuracy of the Q determination. The

relative errors of the Q values reflecting the errors in
vy (10%) and the difficulty in matching the measured
isophotes are estimated to be up to 30%.

The data point for April 19 does not fit well to this
slope and could be considered with measurements
made at the end of April. Bertaux et al. (1972, 1973)
found a slight increase of the cometary brightness from
these observations, requiring an increase in the produc-
tion rate between April 16 and 26, because there was
no significant variation in solar activity. Since the
hydrogen lifetime is about ten days, such an increase
may be possible. On the other hand, Bertaux et al. (1973)
mention that these latter observations were made in
another series and the data are less significant than
those for the first half of April. In comparison to the
analysis by Bertaux et al. (1972, 1973), the production
rates in this paper tend to be higher, and the mean
velocity smaller. Bertaux et al. found a mean velocity
of 84+ 2kms™?!, compared with vy=73+1kms™! (the
most probable velocity of the maxwellian distribu-
tion). The discrepancy is due to the different assumed
values of solar fluxes in Ly-a. Bertaux et al. took
Fo=4.6x10'* photon cm™2 s™! A™! from recent
OSO-5 measurements (Vidal-Madjar et al., 1973) while
this investigation is based on a former value of
3.2 x 10** photon cm™2 s™! A~! (see Section II). The
larger flux value provides a higher excitation rate and,
therefore, a lower H atom density (or column density)
for a specific isophote of the resonance radiation
(Q/vg ~ 1/Fg). Due to the larger solar radiation pressure,
a greater initial velocity is required to reach the same
maximum distance toward the sun (vH~1/l;~[/1~To).
Therefore, Q is roughly proportional to the inverse
square root of the solar Ly-a flux. Also, a shorter time
is necessary to reach a certain distance in antisolar
direction. The diverse methods of interpretation of the
measured data seem to yield the following differences
in the results. Taking the whole isophotes into account
leads to less variation in vy and ty, but to a systematic
decrease in Q, whereas the profiles in radial direction
as taken by Bertaux et al. (1973) reflect the uncer-
tainties of the data and the disagreement with the model.
This leads to larger variation in vy, t, and to a dis-
crepancy in the perpendicular profiles (not only for
the Q values). A systematic decrease of Q with the
heliocentric distance of the comet is only indicated.

The hydrogen production rate reflects the production
rate of the primary parent molecules, since their scale
lengths (outflow velocity x lifetime) are much smaller
than the total hydrogen atmosphere. Assuming H,O
as parent molecule, Delsemme (1973a) found that the
production rate varied with R by a power of —2.8 in
the case of comet TSK. The exact value depends on the
visible and infrared albedo of the cometary nucleus.
The present result within the error limit (—2.2) only
agrees marginally with Delsemme’s (1973b) computa-
tions of the dependence law for the vaporization of
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water snows. Sekanina and Miller (1973) estimated the
water production of comet Bennett by computing the
dust tail. They found Qy,0=9.4-10*°s7" for a helio-
centric distance of 0.6 before perihelion. This value
is in good agreement with the results of this investi-
gation.

Because of the small quantum efficiency, probably
much less than 25% of water molecules are dissociated
by Ly-« leading to excited OH* molecules and to
H atoms with translation energies of about 0.1eV
(Carrington, 1964). The more important H,O dissocia-
tion, over the wavelength region of 1450-1860 A,
provides more than 1.5eV (corresponding to 16.5kms™1)
of kinetic energy to the H atoms. Keller (1971, 1973)
proposed a two-component model for the H atoms.
Using the same calculations but taking a production
rate of parent molecules of only Qu=6 x 10?® mole-
cules s™! sterad™!, the radius of the sphere, within
which collisions of H atoms with other molecules are
likely to occur, is 1.5 x 10* km. (For H,O and OH as
dominant collision partners, this value may be slightly
smaller). In this region of the atmosphere some of the
excess energy can be transferred to other molecules,
like OH, and partly increase their outflow velocity
up to 2-3km s~ . So the region of further dissociation
might be somewhat extended. But most of the hydrogen
atoms are created outside the sphere of collision. The
hydrodynamical model of Mendis et al. (1972) does not
consider the dominant dissociation excess energies and
therefore cannot yield significant results.

The production rate of evaporating molecules decreases
about a factor of 2 (~R™?) while R increases from
0.61 to 0.81 a.u. (Huebner, 1965). The sphere of collision
is reduced. The H atoms on the average, are formed
at a greater distance because of the diminished solar
flux. Despite the decreased molecular temperature, the
outflow velocity of the H atoms should increase. Since
no (or only a slight) increase of the outflow velocity is
observed, cooling by collisions should be the dominant
process only if the total production rate of all molecules
is essentially higher than that of the H atoms. Thus,
the constant velocity of 8.2kms™! must be directly
coupled to the creation of the H atoms. The H atom of
the second (OH-) dissociation may gain only excess
energies of 0.35e¢V (8kms™!) or less. This is in
contradiction to an excess energy of at least 1eV
(or 13.5 km/s) which can be expected from the approxi-
mation of the unbound states of OH, as estimated by
Solomon (1968). In any case, the fast H atoms (of the
first H,O dissociation) should have a significant influ-
ence on the isophote gradient in solar direction. Bertaux
et al. (1973) probably underestimated the amount of
this fast component. Both photoionization processes
lead to gaussian-type velocity distributions. Their
representation by a maxwellian distribution is ques-
tionable. The isophote shapes are rather sensitive to
the chosen velocity distribution (compare Haser, 1965).

The fast component should be observable in the central
optical thick region of the hydrogen atmosphere. From
the OAO-2 measurements, the existence of the fast
component could not yet be established. While many
results are in agreement, the high excess energies of
the H,O dissociation seem to contradict the assumption
that water is the dominant parent molecule. The weak
dependence of the H production rate of the heliocentric
distance may be caused by the large dust amount of
comet Bennett. Sekanina and Miller (1973) found that
the dust apparently dimmed the solar illumination of
the nucleus near the comet’s perihelion. More investiga-
tion in the observation and in the photochemistry
of H,0 and OH are necessary to confirm the results.

Appendix
Haser’s Density Integral

Following Haser (1965) we introduce a cartesian
coordinate system with the origin at the cometary
nucleus, the sun in the negative z- and the earth in the
positive x-direction. The density around the isotropic
point source nucleus is given by

_ Qw —_tt;

nH(x’ Y, Z)_ vH(x2+y2+zz) e

Q,, is the production rate per steradian. vy is the mean
outflow velocity, t; is the mean lifetime and ¢ is the
time it takes the hydrogen atoms to reach the point of
interest. Taking in account the solar radiation, the
H atoms are accelerated in the positive z-direction.
The acceleration, b, destroys the spherical symmetry and
leaves a cylindrical symmetry around the z-axis. Each
point inside the hydrogen atmosphere can be reached
on two parabolic trajectories. Therefore the density
is a combination of two parts, indicated by the dif-
ferent signs

\

ny(x, y,z) = ZQT‘:I (('a +1/x3—x?))/x3 - xz)‘1

.Cxp[—til/%l/ail/x%_XZ]
H

2
where a=z+vT and xo=|/a’>—(z*+%), and v is

the velocity of the H atoms. The column density is
twice the integral along the x-axis from x=0 to the
surface of the rotational paraboloid. The upper bound-
ary is x,. Introducing the radial maxwellian velocity
distribution f(v) dv (see Section II) the column density
is given by

NG 2= | £0)2 ] gl 3, 2) dx do
0 0
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Here again we have to regard the two density parts
and to integrate over both. To calculate the intensity,
the column density, N, must be multiplied by the
excitation rate (see Section II). The isophotes for the
observed intensity values (5 to 0.25 kR) are computed
for a given set of parameters ty, vy, and Q,,. The first
step is to determine the crossing points of the isophotes
with the z-axis by an interval method. Then the cor-
responding radial distances are determined for 17 dif-
ferent directions in a y-z half plane (taking into account
the symmetry).
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