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Summary. Highly sensitive observations of the Lyman
alpha (1216 A) emission of comet Bennett (19701II)
were made during its perihelion passage in March
1970 by the University of Colorado photometer on
board OGO-S5. The cometary hydrogen coma extended
to more than 30 x 10°km in the antisolar direction.
A new density model was developed taking into
account the orbital motion of the comet and the
gradients of the forces of gravitation and radiation
pressure. Exact trajectories of atoms in the orbital
plane representing the column densities perpendicular
to the plane were calculated. The variation of the
hydrogen atom lifetime along the trajectory as well
as the solar Lo profile were considered. The solar La
flux was determined independently of instrumental
calibration to be F,=5 x 10''phs~'cm™2A~'at1a.u.

using the strong curvature of the hydrogen cloud in
the orbital plane of the comet. The cometary production
rate of hydrogen atoms was found to be 5.9 x 10*°atom
s™! at 1au. The atoms had an average lifetime of
1.3 x 10%s at 1a.u. The combination of two equally
weighted maxwellian velocity distributions with mean
velocities of 7 and 21 km s~* matched the photometer
scans across the comet better than any single Maxwell
distribution did.

Cometary ultraviolet emission other than La was
observed when the visible coma was in the field-of-view
of the photometer.

Key words: comet — hydrogen — Lyman alpha —
solar Lyman alpha — coma

1. Introduction

The hydrogen clouds of four comets have now been
observed after the first detection of a strong Lyman
alpha (Lo) signal at 1216 A from comet Tago-Sato-
Kosaka (1969 IX) in January 1970 (Code et al., 1970).
Two months later comet Bennett (19701I) moved
through the field-of-view (FOV) track of the University
of Colorado photometer on board OGO-5. These
observations revealed an enormous extension of the
hydrogen coma of more than 30 x 10°km (Keller and
Thomas, 1973). These observations and their inter-
pretation are presented in detail.

Comet Bennett was also observed by a French photo-
meter on board OGO-5 (Bertaux et al., 1973) and by
spectrometers and photometers on OAO-2 (Code
et al., 1972). The French observations yielded isophote
maps out to about 15 x 10°km in the antisolar direc-
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tion. Haser’s (1966) fountain model was used for the
interpretation of the La maps by Keller (1971; 1973b)
and by Bertaux et al. (1973). This model deals with
the repellent Lo radiation pressure force and the
finite lifetime of the hydrogen atoms. The variation of
these quantities due to field gradients and the cometary
motion are neglected partly because of the observa-
tional geometry and because the observed part of the
hydrogen clouds extended only about one-sixth of the
cometary heliocentric distance. Keller (1973b) pointed
out that the observed isophotes differed qualitatively
from the model.

The present observations demand a more complex
model. The distance from the nucleus of the 25 March
observation was about 30 x 106km, or more than one-
third the cometary heliocentric distance. Since the ob-
serving line-of-sight was nearly perpendicular to the
orbital plane and the comet’s velocity was near its
maximum, the extended hydrogen cloud was strongly
curved in its antisolar part (Fig. 6). The picture is
similar to that of a dust tail. A model was develpped
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taking into account the cometary motion, the field
gradients, the solar Lo profile, and the finite lifetime
of the H atoms along their trajectories. In contrast
to the modified fountain model (Keller, 1971) the solar
Lo line intensity can, in principle, be determined
self-consistently from the cometary observations; this
model, therefore, provides a solar Lo flux value in-
dependent of instrumental calibration. A complete
Lo isophote map for the model hydrogen cloud of
comet Bennett on 20 March 1970 is also presented.

II. Observations
1. UV Photometer

The ultraviolet airglow experiment of the University of
Colorado was a two-channel, broad-band (1100-1800 A)
photometer mounted on the main body of the OGO-5
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Fig. 1a and b. Apparent emission rate of the star # UMa versus
true anomaly, 5, during orbit 273: (a) A-channel, (b) B-channel
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satellite. The spacecraft was launched in March 1968
into an eccentric orbit with initial perigee and apogee
heights of 290 and 146,800 km, respectively. The ex-
periment was designed to measure the zenith airglow
of atomic hydrogen (1216A) and atomic oxygen
(1304 A) (Thomas and Bohlin, 1972). The short wave-
length cut-off of the “B”-channel was determined by
the calcium fluoride filter which effectively blocks the
1216 A (La) line (Thomas and. Krassa, 1971). The
“A”-channel contained a lithium fluoride filter and
allowed transmission at 1216 A. The difference of the
two signals A—B was assumed to be due entirely to La,
and the B-signal was interpreted to be due to oxygen
1304 A emission at altitudes below 500 km.

The fields-of-view were defined by mechanical colli-
mators which produced a triangular-shaped signal
response as the photometer crossed a point source
(Fig. 1). When the photometer was pointed to within
33° of the sun, the signal was contaminated by
scattered solar light.

Because of the great spatial extension of the hydrogen
geocorona the La signal fell off slowly with altitude
and only approached the extra-terrestrial sky back-
ground level above 100000 km. The B-channel served,
for the purposes of the La measurements, as a useful
monitor of wavelengths longward of La and of
radiation belt charged-particle interference (the latter
occurring between 1000 km and 30000 km).

2. Observing Geometry

Since the photometer was body-fixed on the outward
face of the earth-stabilized satellite, the path of the
FOV described a great circle on the celestial sphere
as shown in Fig. 1 of Thomas and Bohlin (1972),
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Fig. 2. Observed apparent emission rate of the B-channel
(1250-1800 A) on orbit M18. Arrows indicate true anomaly, 7,
for which the elongation angle of the field-of-view with respect to
the cometary nucleus (n =226°2) and the sun (7 =231°5) passed its
minimur, —— scattered light only. ---- restored wing of scattered
light assuming symmetry in the elongation angle. — — — response
to a point source with observed maximum and scattered light
influence
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returning to nearly the same position every 55hrs
(the orbital period). On 15 March 1970 (orbit 285) the
comet was at a point on the observing track only 29°
from the sun, allowing scattering of long wavelength
sunlight to enter the photometer. However, on the next
orbit the FOV track crossed the comet at a solar
elongation angle of more than 33° so that solar
scattering was very weak (Fig. 2). Fortunately, all the
comet measurements took place at radial distances of
the spacecraft from the earth greater than 75000 km
where geocoronal scattering was small and varied slowly
with time. Three more observations were made the
following week at successively greater distances in the
antisolar direction (cf,, Keller 1973c, Fig. 2). No trace
of the comet was found during orbit 290; that is to say,
its maximum intensity was not greater than about
20 Rayleighs (R). During all the scans the line-of-sight
was not far from perpendicular (> 70°) to the comet’s
orbital plane. The (x, y) coordinates of the earth in
the cometary coordinate system for the time of the
observed maximums are shown in Fig. 6. The z-com-
ponent decreased slowly from 1.09 to 0.96 x 10%km
from 18 March to 25 March 1970.

3. Data Analysis

The telemetered data were recorded in intervals of
1.152, 0.144 or 0.018s. The initial data processing
produced samples at intervals of 1s. For comparison
with the model the data were smoothed still further.

The main sources of variations in the signal justify the
smoothing procedure adopted. Since the photometer
was an analog (voltage-measuring) device rather than a
photon-counter, the signal variations were not due
to statistical noise. In fact, the largest source of error
was due to an electronic circuit intended to protect
the photomultiplier (PMT) if it were pointed toward
the sun. Unfortunately, this circuit also responded
more or less randomly to voltage fluctuations induced
by cosmic rays. The circuit decreased the PMT anode
voltage to zero and gradually restored it to normal
with a time constant of about 15s. The gas jets and
reaction wheels in the attitude control system which
caused erratic motion of the spacecraft body also
influenced the signal. This, in turn, produced a random
motion of the photometer FOV over an ~ 1° limit
cycle with a period of a few minutes. A significant
change in the signal occurred when the spatial scale
of the source was less than 3° and was particularly
noticeable during star observations. The signal was
digitized into 256 levels, spanning an intensity range
of 20R to 380kR. For a 600 R signal the digitization
intervals were ~ 25 R and caused a noticeable “stepping”
in the unsmoothed data.

To smooth the data the median of all the data points
within an interval of 0°6 in true anomaly of the
satellite orbit (about 600 data points) was used. This
choice is affected minimally by downward biasing due

to the electronic cut-off circuit. Since the data were
given at discrete stepping intervals, often within a given
sampling interval two or more digitization values were
present. In actuality the signals for each data point
corresponding to a given level n were distributed in
some unknown fashion between the levels n, n+ 1. We
make the reasonable assumption that this distribution
is uniform, i.e., random. We may then assert that the
true median is approximately the base value I, plus
a correction proportional to the ratio of data points
having the value I, to the total number ) k, in the

n
sample. Thus, if there were k, values for which the
intensity was the median intensity I,, the corrected
median I was

Irf = In + (kn/zl kn') (In+ 1 In) . I1.1

The sky background was assumed to be constant for
each scan and equal to the average of both sides
immediately outside of the cometary emission. The
RMS deviation was less than SR in all cases. The
probable error was assumed to be the sum of this
background uncertainty (+ 5 R) and of the change in
intensity due to a pointing error along the track of
+0°5. The envelopes shown in Fig. 4 correspond to
these error boundaries.

4. Description of Data

The smoothed data are shown in Fig. 3, plotted
against true anomaly, 7, the angle measured along the
orbital plane from the ascending node to the position
of the spacecraft. The maximum values were observed
on 18.18, 20.74, 23.25 and 25.74 March 1970. The
locations of each scan in the coordinate system of the
comet are shown in Fig. 6. The La background in the

" vicinity of the comet was uniform for any given orbit

but varied by small, but significant amounts from orbit
to orbit. This variation is probably due to minor
changes in solar Lo emission. The background (of the
order of 500 R) was subtracted from the net A-channel
signal. The B-channel signal (usually 15-25R) was a
good measure of dark current and integrated star
light at long wavelengths and was also subtracted
from the A-channel signal.

The track for 18 March (M 18) (Fig. 2) shows an
enhanced B-channel signal. The sharp peak (about
60 R) occurred when the comet nucleus was in the
FOV. The following, broader peak was caused by
scattered solar light within the collimator; this can be
inferred because the signal reached a maximum when
the closest approach to the sun occurred. The B-channel
signal was enhanced again when a faint star was
recorded at n=202° of track M23 (Fig. 3c). Since
there was a slight alignment difference in the two
channels (see Thomas and Krassa (1971) for a detailed
discussion of this effect), the B-channel subtraction is
usually too large or too small (in this case too small).
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Figs. 3a—d. The smoothed values of the apparent emission rate
measured by the A-channel (La) when the FOV crossed the comet
are shown as dots (+). The abscissa is the true anomaly, 5, of the
satellite orbit. Corresponding B-channel data are shown as (x). On
the bottom plot are the A-channel data of the sky background
adjacent to the comet. (a) Scan on 18 March 1975, (b) 20 March,
(¢) 23 March, (d) 25 March
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Otherwise, the sky in the vicinity of the comet was
free of.stars brighter than about 20 R, the nominal
detection limit for channel B. Since the A-channel
photometer output is the result of an integration over
~3° FOV, the apparent brightness is not the true
brightness if the hydrogen emission varies strongly
over a spatial scale less than 3°. Particularly, the
maximums of M 18 and M 20 are affected. In addition,
the maximum of the M 18 track is so close to the
nuclear region that optical thickness effects are im-
portant. This part of the M 18 track was not used for
comparisons with the model. A correction for the
M20 maximum was not attempted since the variation
of the intensity gradient is stronger perpendicular to
the track direction. This effect causes an uncertainty
of the maximum intensity of about 5%.

5. Stellar Calibration

The response of the photometer to the bright star
n Ursa Majoris is shown in Fig. 1. The data for orbit
273 were chosen since they showed the maximum
signal of the large number of crossings of the star.
This implies that the star was crossed very near the
center of the FOV because of the triangular response
of the instrument. The data of Fig. 1 show the full
widths at half maximum of channels A and B to be
3.1° and 2.5°, respectively.

The conversion from Rayleighs, which is a unit of ap-
parent emission rate (10°photoncm™?s™! into 4n
steoradians) to one of flux in erg cm~2s~ ! (Thomas and
Krassa, 1971) uses the known FOV, the wavelength
response, and the source spectrum. For the latter
we have used the absolute energy distribution of
n UMa measured by Bless (1974) which agrees well
with that of Bohlin et al. (1974) in the wavelength
region observed by both (1> 1700 A). The predicted
values for the peak signal in the A- and B-channels
are, respectively, 1.28 and 1.87 larger than observed.
For the A-channel the 28% difference is considered
good agreement. This is consistent with the fact that
measurements by the OGO—5 photometer of the La
skybackground are in excellent agreement with recent
measurements by ultraviolet spectrometers on board
Mariners 6, 7, 9 and 10 and on Apollo 17. However,
Meier and Mange (1973) found that the La airglow
measurements from OGO-5 are about a factor of two
less than those of the NRL group and the Aerospace
group. Unfortunately, discrepancies between various
experimenters of a factor of two in absolute calibration
in the ultraviolet may remain for some time to
come.

III. Model
1. Theory

Cometary hydrogen atoms are dissociation products
of heavier parent molecules—probably water—which

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1975A%26A....39....7K

FIO75ARCA - 2397 27K

A Cometary Hydrogen Model: Comparison with OGO-5 Measurements of Comet Bennett 11

have evaporated from the nuclear surface. H,O and its
daughter molecule OH have scalelengths (outflow
velocity x lifetime against dissociation) of 1 x 10°km
and 2 x 10°km, respectively, at a heliocentric distance,
r, of 1 a.u. (Keller and Lillie, 1974). Since the scalelengths
are proportional to *2, the dimensions of the hydrogen
source would be only a few hundred thousand kilo-
meters during the observational period (r~0.5a.u.),
even if the scalelength of the parent molecule were as
large as 10°km at 1 a.u. This extension is very small
compared to the dimension of the hydrogen cloud.
The production of hydrogen atoms is isotropic, since
the distribution of the parent molecules is nearly
spherically symmetric (cf. observations of CN, C,,
etc.; Delsemme and Moreau, 1973), and the dissocia-
tion processes eject the hydrogen atoms isotropically.
Collisions of hydrogen atoms do not occur outside the
source region because of the low densities (Keller,
1971). Therefore, an isotropic point source may be
safely assumed for the hydrogen production.

Hydrogen atoms after ejection from the source follow
collision-free trajectories influenced only by the solar
gravitational field and radiation pressure. Resonance
scattering of the solar La flux causes an acceleration,
b, of the hydrogen atoms away from the sun according
to

b(v,)=<£v“i) Qf%z f) For=2 L(v,). IIL1

myc .

The expressions in parentheses contain the usual atomic
constants. F is the solar Lo flux at line center at
r=1 a.u. and L(v,) is the ratio of the intensity relative
to the line-center intensity at a Doppler wavelength
shift corresponding to the radial velocity, v,, of the
hydrogen atom. The ratio of radiative acceleration to
the gravitational attraction is traditionally called 1 —u
and is about 2 in the present problem. If 1 —pu>1,
the net force is outward, and the trajectories are
hyperbolas convex to the sun (if 1 —u is constant).
The situation is similar to acceleration of dust grains
being driven away from the nuclear region by scattering
of the solar continuum (cf. Finson and Probstein,
1968).

Hydrogen atoms which have left the nuclear region
with zero ejection velocity form a curve in the plane
of the cometary orbit, called the syndyname in ac-
cordance with dust tail nomenclature. The 1 — u ratio
was nearly constant and the same for all these atoms
since the radial velocity of the comet near perihelion
was very small and the center part of the solar La
line is rather flat (up to v,= +20kms™?'). The age of
the atoms whose trajectory endpoints form the syn-
dyname increases monotonically with their distance
from the cometary nucleus. Neglecting momentarily
the effects of the Lo profile and the field gradients,
atoms leaving the source with non-zero velocities
form expanding spherical surfaces for which an atom

with zero ejection velocity is the center point. At
observation time, t,, these center points were aligned
along the syndyname according to their ejection time,
t,. Atoms with velocities, v, greater than s/(t,—¢t,)
contribute to the column density at a point defined
by s, the minimum distance from the point on the
syndyname corresponding to ¢,. The total contribution
to the column density from all fictitious “source”
points on the syndyname is:

2 9 m2 P(s/tsing)

./V=_
4n +_f°0 ;E s-t

do dt (I11.2)
where P,(v)dv is the production rate of atoms with
ve(v+dv) and t=ty—t, and s=s(t). .# is the
column density [atom cm™?]. (The derivation of this
expression is given in the Appendix.) This expression
is exact under the assumption of a force-free outflow,
i.e., straight-line trajectories of the atoms with respect
to the source. The arbitrary motion of the source is
described by s=s(t). The fountain model (cf. Haser,
1966), where the orbital acceleration is neglected, can
be treated as a special case: the fictitious source is
accelerated away from the nucleus in the antisolar
direction by a constant radiative pressure force. In
this case the syndyname is a straight line (see Appen-
dix).

The actual expansion of the cometary hydrogen atoms
is only in first order force-free in the coordinate
system of the fictitious source. The field gradients
and the solar La profile to a lesser degree, deform
the spherical surfaces. The deformation of the surface
is proportional to A4b-t*> where Ab is the spatial
difference in acceleration between the center and a
point on the surface. Thus, not only the acceleration
gradient but also the time required to expand is
important. Atoms with relatively low velocities are more
strongly influenced than high velocity atoms. The
deformation of the surfaces is strongest in the orbital
plane which remains a mirror (symmetry) plane. Numer-
ical calculations show that the deformation in radius
is usually only a few per cent, exceeding 10% only in
the very extreme cases. The latter have a very small
weighting factor because of the exponential decrease
due to the finite lifetime of the hydrogen atoms
(see below). Since the line-of-sight of the OGO-5
observations was always nearly perpendicular to the
orbital plane, all our calculations were restricted to
column density integrations perpendicular to the or-
bital plane of the comet. This permitted the three-
dimensional problem to be reduced to one of two
dimensions. If the distortion in the column is neglected,
an integration may be immediately performed over
the coordinate perpendicular to the orbital plane
[¢p-integration in Eq. (II1.2)].

The initial minimum ejection velocity necessary to
reach a certain distance, s, is no longer equal to the
linear average velocity, s/t. Even small changes of the
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initial velocity can result in significant changes of the
¢-integral about P(v), since the production rate is
proportional to exp(—v?) [cf. Egs. (VIL5) and (IV.1)].
The radial velocity components (with respect to the
sun) of all atoms in a perpendicular column differ by
<+5kms~! from that of an atom in the orbital
plane. The content of a column is not dispersed by the
effects of the solar La profile. The emissivity of the
whole column, however, is determined by the solar
intensity corresponding to the Doppler shift of the
radial velocity of the atom in the orbital plane.

The intensity of the emission of an optically thin
column with projected density .4#° is (measured in
Rayleighs):

me?

4n1=( f),/VFor-zL(é,)=( . g )b(v,)./V.

hvizi6
(IT1.3)

The lifetime of the hydrogen atoms is limited due to
ionization by solar wind protons (charge exchange)
and to a smaller degree by photoionization (Keller,
1971, 1973b). The lifetime is not constant and equal
for all hydrogen atoms, as assumed for simplicity in
Haser’s (1966) model (Keller, 1971), but depends on
the particular trajectory of the hydrogen atom. Since
the lifetime varies as r?, the probability for an atom
to survive is

6 dr

o tur’(®)
where ty is the lifetime at 1 a.u. This factor is nearly
the same for all atoms within the column and must
be placed in the time integral for .#"in Eq. (IIL.2).
The optical thickness at line center is larger than
unity only in the small nuclear region with a diameter
of about 10°km (Keller, 1973a). The influence on the
hydrogen trajectories should be small. Observations of
comet Kohoutek (1973f) by Carruthers et al. (1974)
show, indeed, a slight deformation of the bright inner
isophotes (> 15kR) in the antisolar direction as
predicted by radiative transfer calculations (Keller,
1973a). A consideration of such effects in the present
model would considerably complicate the calculations;
therefore, optical thickness effects were neglected.

e

exp

2. Numerical Approach

We adopted a recent high resolution solar Lo profile
(Bruner and Chipman, 1974) which represents the
average of profiles along a slit across the solar disc
(Bruner et al, 1973). The short-wave maximum of the
self-reversed line is 0.2A from the line center. Its
intensity is enhanced by 43% over that of line center.
This profile was separated into spectral intervals
corresponding to radial velocity differerices of 5 kms™ 2.
The first step of the numerical integration was the

calculation of the syndyname, which depends only
on the solar La flux. A typical time interval for the
trajectory integration was 10*s. Radiative pressure
force changes due to the Lo profile and increasing
radial velocity were taken into account. Then the
actual trajectories of hydrogen atoms were calculated
from their starts on the cometary orbit to the ob-
servational points in the orbital plane. Beginning
with s/t (s is the vector from the fictitious starting point
on the syndyname to the observational point), the
correct ejection velocity necessary to arrive at s at
time ¢t was found by a correction scheme in a trial-
and-error process. During the trajectory integration,
the sums ) r;? were calculated. r; is the average

distance of each trajectory interval from the sun. The
lifetime integral along the trajectory was then eva-
luated:

todr At

QW ~ o) ri2, if At;=At=const. (IIL4)
The remaining part of the density calculation was
computed changing only the parameters ty and P,(v)
but not the solar Lo flux. Thus, both parameters
could be varied without a time-consuming recalcula-
tion of the trajectories. The integral

[P, ¢)do

[cf. Eq. (VIL6)] was tabulated according to the
dimensionless parameter v/v, (v, is the most probable
velocity). The total production rate, Qy, (see Appendix)
depends on the heliocentric distance of the comet at
ejection time and was varied according to Qgocr™"
(n being a parameter).

IV. Results

For each of the four observations between 18 March
and 25 March 1970 ten to fifteen values of the intensity
along the observational tracks were calculated. These
track profiles were compared to the observations.
Because of limited computer time and the variety of
parameters, no least-squares fitting was attempted.
The quoted figures are reasonable values based on
thorough investigation and isolation of the influence
of each parameter. The quoted errors are, therefore,
mainly based on estimates. Figure 4 shows the com-
parison of the data and the model predictions. None
of the many combinations of parameters investigated
fitted the data on 18 March at the wing around
n =235°. Here the models were always too high when
a fit at the other wing (at #=220°) was achieved.
This discrepancy was at least partly related to the
scattered light in the B-channel which exaggerated the
correction of the A-channel La signal (cf. Section II).
This part of the M 18 track was excluded from the
comparison with the model.
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Figs. 4a—d. Ordinate and abscissa are defined as in Fig. 3. The light
curves represent the probable error boundaries of the observational
data; heavy line—the “best fit” calculated model using two max-
wellian velocity distributions with mean velocities of vy=7kms™!
and vy=21km s~ *. Dashed line—a single velocity model, v;=9 km
s~'. The remaining model parameters are: Fo=5x 10'ph s~!
em™2 A7Y 1y =13 x 10%, n=2, Q=59 x 10>°H atom s~ ! (all for
1 a.u. heliocentric distance). (a) Scan on 18 March 1970, (b) 20 March,
(c) 23 March, (d) 25 March

1. Solar Lo Flux

The strength of the solar La flux determines the shape
of the syndyname (for a fixed cometary orbit). As
the repellent radiative pressure force on the hydrogen
atoms increases, the hydrogen cloud is pushed toward
the antisolar direction and the syndyname is
straightened out. The maximum is shifted to the left
side on the diagrams in Fig. 4 (the leading edge,
or the side to which the syndyname is convex) when
compared to the observations. With increasing re-
pulsion the individual track profiles also become
narrower.

The adopted average solar Lo profile was not varied,
i.e,, the line shape was considered fixed, but the total
line intensity was changed using the central intensity,
Fg, as parameter. This is a simplification since the
central intensity varies with solar activity in a different
manner than the total Lo intensity (Vidal-Madjar
et al., 1973).

Theoretical emission maximums for a constant solar
La profile (L(v,)=const.) are shown in Fig. 5a for
25 March (for three different t,). They are nearly
symmetric and relatively flat. The enhanced intensity
of the short-wave maximum of the actual solar La
profile influences the syndyname only slightly but
causes a shift of the maximum emission intensity
away from the hydrogen column density maximum
at the syndyname (Fig. 5b). The radial velocity of a
hydrogen atom at the syndyname is about 36 kms™!
at the nuclear distance of the M 25 track (~ 30 x 10°km).

10f
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>
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Z 0.6 | 1 1 1 1 ]
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= °
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w
=
<
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w
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Figs. 5a and b. The shift of the maximum along the track M 25
(abscissa in units of true anomaly) is demonstrated. The mean
velocity is vy=7km s~ . The three curves correspond to different
hydrogen lifetimes: ty=1x 105 (—), ty=3x10% (- -) and
ty=1x108s (—--). The location of the syndyname is indicated.
Fo=5x10''phs™' ecm~2 A~! with (a) a flat solar La profile
and (b) solar Lo profile observed by Bruner and Chipman (1974)
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Fig. 6. La isophote map of a model calculation for 20.74 March.
The x coordinate points in antisolar and the y coordinate in the
direction of the cometary motion. x and y lie in the orbital
plane of the comet. The cometary nucleus is located at the origin.
Two velocity components vy=7 and 21 kms™!, Fy=5x 10! ph
sT'cm™2A"! and ty;=13x10% are used. The isophotes are
labeled with relative apparent emission rates. 10 corresponds to
8.86R for Q=59 x 10%°H atom s~ ! at 1a.u. (n=2). Heavy lines
are scans of the OGO-5 University of Colorado photometer at
their particular geometrical position depending on the observational
date (M 28 dashed). The crosses (+) are defined by the x and y
coordinates of the earth at the times when the maximum intensities
were observed. The curved line is the syndyname

The wavelength of the solar short-wave maximum
corresponds to a Doppler shift of 50kms™* (0.2 A).
Therefore, hydrogen atoms with radial velocities larger
than 36kms~! have a larger emission rate. Those
atoms are farther away from the sun on the left-hand
side (convex side); this is demonstrated by comparison
with the isophotes of Fig. 6. The effect is still enhanced
because atoms on the right-hand side of the syndyname
have velocities <36km and scatter the less intense
central parts of the La line.

Models with central solar Lo fluxes of 3, 4, 5, 6 and
7x 10 ph s™! cm™2 A~! at {au. were calculated.
The best fit for all orbits was achieved with
Fo=5(+1.0)x 10'*phs~tcm™2A~ 1,

2. Hydrogen Atom Lifetime

The ionization lifetime of the hydrogen atoms in-
fluences the track profiles in a way similar to the
solar line profile. The atoms’ disappearance shifts the
intensity maximums to the left-hand side of the
syndyname. The H atoms contributing to the right-
hand side of the track are significantly older than
those on the left side. Therefore, a change in the
lifetime constant, t, influences the intensity of the right
side of the track considerably more (Fig. 5a). For an

effectively infinite lifetime (ty = 10%s) the flat maximum
lies very close to the location of the syndyname,
somewhat on the inner, concave side since the inte-
grated column density contribution is stronger due to
the curvature.

Because the particular trajectories of the hydrogen
atoms were calculated in detail, “older” here does not
necessarily imply earlier ejection, but rather a longer
time closer to the sun, ie., a larger value of the sum
Y.ri % Those atoms on the right side of the syndyname

generally start with ejection velocities pointing toward
the sun and therefore travel on trajectories closer
to the sun.

The ratios of intensities on the different tracks were
used to determine the value of the lifetime of the
hydrogen atoms. If the solar La profile were correct
and if the solar flux of 5x 10 phs™'ecm~2A~! did
not change during the observations from 18 to
25 March, the lifetime was t;;=1.3(+0.05) x 10°s at
1 a.u. A smaller solar flux necessitates a longer lifetime
(Fo=4x10'*phs tcm™2A~! implies ty <2 x 10°%s)
and vice-versa. The individual track profiles are con-
sistent with the small lifetime value of 1.3 x 10°s.
Taking into account possible changes in the solar flux
yields a conservative estimate of ty=1.3(—0.3+0.7)
x10%s. The hydrogen atoms contributing to the
maximums of the track profiles on 20 and 23 March
were ejected at nearly the same time before perihelion
(20.045 March): 8.3 and 8.0? for an outflow velocity of
vy=7kms™'; and 5.0 and 4.9° for vy=21kms™!. The
atoms for M 25 were ejected slightly earlier: 10.0 and
5.89, respectively.

3. Velocity Distribution

The velocity distribution has the strongest influence on
the track profiles. The calculations were limited to a
one-parameter radial velocity distribution:

£ =~ 2 expL—w/oo)?] (v.1)
1/7‘! 0(3) O . .
vy = 2 v, 18 the average velocity
H™ (]
%
vy = Ojo vf(v)dv (Iv.2)

0

and is the free parameter interpreted as the mean out-
flow velocity. A variety of values were investigated
(4<vy<24kms™'), but no satisfactory fit could be
achieved with one single velocity distribution; the best
fit is displayed in Fig. 4 for vy=9kms™!.

An appreciable improvement in the fit resulted with a
combination of two equally strong velocity distributions
with vy =7kms™! and 21 km s~ 1. All model curves lay
completely within the error bars. Unfortunately, no
useful measurements (15 March) were obtained for the
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sunward side of the hydrogen cloud. These track
profiles would be much more sensitive to the velocity
distribution. The difficulty with single maxwellian
distributions is that either they show too small a
contribution to the wings of the track profiles (for
vy<8kms™') or that the maximums of the model
track profiles become too wide (for vy>9kms™!).
Even with the combination of the two velocity distri-
butions the maximums are still systematically wide
when compared to the data.

To investigate the significance of the radial maxwellian

velocity distribution, a modified distribution (Keller,
1973a) was also used:

f(v)=20v/v3 exp[—(v/vo)*]. (IV.3)

This yielded a better fit for fy;=9kms~!and 21 kms™*.
The modified distribution provided narrower maxi-
mums. Obviously, a high velocity component of the
order of 20km s™! is necessary for any type of distri-
bution.

4. Production Rate Variation

The change of the total production rate, Qy, of hydrogen
atoms with heliocentric distance, r, should be small
during the observational period since r does not change
significantly near perihelion. Furthermore, the times of
ejection for both velocity components were less than
two days apart; therefore the influence of the exponent,
n, (Qgocr™") is very small. The track profiles, too, are
insignificantly influenced. Qyocr™2 was assumed for
the calculations. n=1 or 3 fits the data equally well,
and no evidence for sudden outbursts was found.

5. Production Rate; Absolute Calibration

As pointed out in Section I1.5, the absolute calibration
of the OGO-5 photometer is in good agreement with
other Lo background measurements, but an uncertainty
of up to a factor of 2 cannot be excluded. On the other
hand, the uncertainty in the solar La flux determined
by the model calculations is only 20% (Section IV.1).
Comparison of the observations with the model
yielded a value for Qy of 1.9 x 103° atom s™ !, referring
to the heliocentric distance of the comet eight to five
days before perihelion (r=0.57 to 0.55a.u.). If this
value is extrapolated assuming n=2, it yields Qy
=5.9(+2.0)x 10>°atoms™* at 1au. The estimated
error includes the uncertainties in the quantities n, F,
and t; but not that in the absolute calibration.

6. Isophote Map

An isophote map was calculated using the “best fit”
parameters described above for the date 20.74 March
1970, the time when the maximum on the M 20 track
was observed (Fig. 6). It displays the hydrogen coma

near perihelion (on 20.045 March). The isophotes were
drawn by hand from intensity points with 2 x 10% km
grid length. The resolution is about 10%km. The
observational tracks are indicated in their correct
positions with respect to the nucleus using the actual
geometry corresponding to their dates of observation.
The dashed part of the outermost isophote (labelled 10
on Fig. 6) is somewhat uncertain because of computer
time restraints on the numerical calculations.

7. B-channel Observations

The B-channel data on the M 18 track closely resembled
a response to a point source when the FOV swept
across the nuclear region of the comet (cf. Fig. 2). The
nucleus was well within the FOV at the minimum
elongation angle (1°2) at #=226°2 (corresponding to
2.4 x 10° km in the orbital plane). The appearance of a
point-like source limits the extension of the source to
several tenths of a degree (along the scan direction).
The peak signal of 37 R (corrected for the background
of 23R) corresponds to a point-source emission of
S=8.9x 103! photon s~ ! with a wavelength of 1304 A
at the comet’s geocentric distance of 0.75 a.u.

Several sources of this emission will be considered:
(1) resonance scattering from oxygen atoms at 1304 A,
(2) resonance scattering from oxygen atoms and carbon
atoms at 1304 A, 1561 A and 1657 A, and (3) an optically-
thick cloud of particles.

(1) For a 1304 A excitation rate go=8 x 10 ®phs™!
and a lifetime to=1.67 x 10° s (Feldman, 1974), a pro-
duction rate of Qo= S/goto="6.7 x 10°° oxygenatoms™!
would result. This oxygen production rate compares
with the water production rate, Qy,o=1(1/2) Qy
=1 x 10*° molecule s~ ! (see Section IV.5). The oxygen
scale length, vy X £y, at r=0.54a.u. is <4.5 x 10° km
(vo=1kms™1'), and hence the angular diameter of the
source is =<0°45, consistent with the point-source
appearance.

(2) Feldman et al. (1974) and Opal et al. (1974) detected
emissions of the carbon lines 1657 A and 1561 A in
comet Kohoutek (1973f). Feldman et al. (1974) also
suggested carbon monoxide, CO, as the parent molecule
for C. The present observations thus provide an upper
limit for the production rate ratio CO/H,O of comet
Bennett if the total observed emission is due to O and
C only. The emission of the fourth positive CO bands
can be neglected. The values adopted for the relevant
parameters are: excitation rates g; g5, =2.5x 107> phs™!
(Feldman, 1974) and g,s5¢; =0.924 x 10" 5 phs~! (Mc
Elroy and McConnell, 1971) and lifetime t.=2.5 x 10° s,
leading to Qco:OQu,0=3.5. By comparison, OAO-2
spectrometer observations of comet Bennett in April
1970 by Code et al. (1972) yielded an oxygen production
rate comparable to the hydrogen production. The
cometary oxygen emission (1304 A) seemed to be only
1/4 to 1/3 (carbon even less) of the total integrated

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1975A%26A....39....7K

FIO75ARCA - 2397 27K

16 H. U. Keller and G. E. Thomas

emission in the wavelength interval 1250 to 1800 A
(Lillie, 1974). This indicates that most of the emission
is caused by other atomic and molecular species and
perhaps scattering by dust and ice particles.

(3) Scattered solar continuum light can be important
for a cesium iodide photocathode, since the solar flux
near 2000 A increases more rapidly with wavelength
than the sensitivity decreases. This can explain the large
signal observed by the OGO-5 photometer when it
pointed toward the moon on August 10, 1968 (un-
published data). When this measurement is scaled to
correspond to a similar object at the distance of the
comet March 18, 1970, the diameter required to produce
a 37R signal is 6.7 x 10* km. The angular diameter of
the source would be 2 arcmin. If the reflectivity were
higher (ice) than that of the moon, or if there were an
extensive optically thin region then the estimated size
of the (optically thick) dust (and ice) cloud is smaller.
A more involved calculation is not warranted. Clearly,
the source greatly exceeds the size of the nucleus
(diameter ~ 10 km).

V. Discussion

An essential difference between our model (Fig. 6) and
the fountain model used for the interpretation of the
French OGO-5 observations of comet Bennett (Keller,
1973b; Bertaux et al., 1973) and for comet Kohoutek
(1973f) by Opal et al. (1974) is that the solar La flux,
rather than being a free parameter, is determined by
the model. Thus, as suggested by Keller and Thomas
(1973), these and similar comet observations can be
used to determine the absolute solar Lo flux in-
dependently of any instrumental calibration.

The hydrogen model can easily be generalized to a full
three-dimensional calculation if the geometry of the
cometary observations requires it and sufficient com-
puter capacity is available. If the emission rate is
determined accurately using the column density of the
force-free outflow [Eq. (IIL.2)], the two-dimensional
model can be efficiently used for any observational
geometry. It describes the effects of the cometary
motion and the variation of the hydrogen production
rate and lifetime.

In our earlier paper the solar La flux was over-
estimated (F,=7.6xphs !cm™2A~!) because the
additional shift of the intensity maximum away from
the column density maximum was underestimated.
The influence of the trajectories on the lifetime of the
hydrogen atoms was not taken into account as a possible
factor deteriorating the symmetry around the syn-
dyname (see Figs. 5a and b; Section IV.2). A large part
of the additional intensity shift is due to a different
solar La profile used in this calculation (see Section III).
The earlier discussion was based on the profile observed
by Bruner and Rense (1969). The short-wave maximum
of the self-reversed line was displaced from the center

by a wavelength shift of only ~36 km s~ *. An additional
enhancement of the emission rate of atoms faster than
those of the syndyname was not possible. For M 25
the situation of faster and slower (referring to radial
velocity with respect to the sun) H-atoms was sym-
metric since the syndyname velocity was already
36kms™! for Fo=5x10"phs tem 2A~1; for a
more detailed discussion see Keller (1973c). This
argument is no longer valid since the wavelength
displacement of the short-wave intensity maximum of
the more recent solar profile correponds to 50 kms™*.
The final value, Fo=5(+1)x 101 phs™*em™2A"1,
is now in excellent agreement with OSO-5 observations
by Vidal-Madjar et al. (1973). The corresponding
excitation factor is 2.7(+0.5)x 1073s™! and 1—pu
=1.5(40.3).

A comparison of the model isophotes in Fig. 6 with
those of the fountain model (Keller, 1973b) shows a
qualitative difference even when the curvature is
neglected. Too much weight is shifted to the far anti-
solar part by the fountain model. The isophotes in our
model show a tapering effect in which the outer iso-
photes become beanshaped. The curvature of the
isophotes in the French observations (Bertaux et al.,
1973) was less visible since the earth was only about
45° above the orbital plane of the comet in early
April 1970 and the innermost isophotes out to 250 R
are only slightly displaced away from the antisolar
direction. In this inner part the geometry in the orbital
plane remained much the same. The syndyname became
straightened out only slightly during April 1970. The
situation of comet Kohoutek (1973f) observations by
Opal et al. (1974) is similar. A detailed fit on the side
away from the sun cannot be expected from the
fountain model due to the curvature and the varying
lifetime caused by the cometary motion.

The new trajectory model, however, confirms the
results of earlier investigations cum grano salis. A pos-
sible major discrepancy emerged in the lifetime value.
The earlier analyses of the French OGO-5 observations
gave a somewhat larger lifetime of 2.2 x 10°s at 1 a.u.
(Keller, 1973b). Bertaux et al. (1973) found 2 x 10 s for
the early April observations and 1 x 108 s for the later
isophote maps when the heliographic latitude of the
comet was larger than 45°. This apparent discrepancy
with the present value of 1.3 x 10°s may be resolved
because the time spent in the trajectory does not solely
depend on the location of the hydrogen atom with
respect to the comet at observation time, but on the
individual trajectory and on the orbital trajectory of
the comet. The change of the heliocentric distance of a
hydrogen atom from ejection to the observational point
far away from the nucleus can be appreciable, and in-
correct values result if a constant lifetime is assumed
(as pointed out by Keller, 1973b). The solar La profile
can also change the intensity distribution along the
syndyname because of the increasing average radial
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velocity component of the hydrogen atoms. An assumed
constant La flux would result in a slight, artificial
increase (comet receding) of the lifetime. Most of the
differences in the calculated lifetimes is due to the
incomplete models and to the day-by-day variation of
the solar wind. The uncertainty in the value of the
solar La flux and the usually unknown variation of the
solar wind flux introduces the strongest source of error
in our analysis.

The hydrogen lifetime is limited by photoionization
and mostly by charge exchange with solar wind protons:

tH = (¢r + djp)_ !

®,=0.7x 1077 s~ photoionization rate; &,=gcF,
exchange rate; 6 =2 x 1075 cm ™2 is the cross section;
and F,, the solar wind flux at 1 a.u. (Keller, 1971, 1973b).
F, can now be determined from ty=1.3(—0.3+0.7)
x 108:

F,=(tyo) ' (1 — @,ty) V1
=3.5(—1.3+1.1) x 108 protons~* cm 2. V-1)
This figure is slightly higher than the average value of
2-3 x 108 proton s~ ! cm~? measured by in situ instru-
ments (Burlaga et al., 1973). The comet passed the
ecliptic during the observational period (on 21 March
1970), but unfortunately none of the orbiting solar-
wind experiments were positioned favorably for a
direct comparison.

High velocity hydrogen atoms are created by the
charge exchange process. The good agreement of the
model calculation with the observations confirm that
their contribution to the cometary Lo emission is
unimportant (Keller and Thomas, 1973). An influence
of the possible shock front (Brosowski and Wegmann,
1972) could only be expected on the subsolar part of
the hydrogen cloud due to a slightly enhanced proton
density behind the shock front.

The outflow velocity of the hydrogen atoms was
previously determined to be 8.2 km s~ (Keller, 1973b)
and 9 km s~ ! (Bertaux et al., 1973); both values derived
from the French observations. A recent study of the
innermost parts of the hydrogen coma of comet
Kohoutek (1973f) by Opal et al. (1974) yielded a value
of 8kms~! All investigations assumed the velocity
distribution, Eq. (IV.1).

The hydrogen atoms are created by non-thermal
dissociation processes of at least two generations
(H,O, OH) and possibly of several parent molecules
(Keller, 1971). The region around the nucleus where
collisions are important is smaller than the source
region (Keller, 1973a). The present investigation shows
that the maxwellian velocity distribution does not
reproduce the data satisfactorily. The appreciable high
velocity component may come from high excess
dissociation energies of probable parent molecules for
the cometary hydrogen (Keller, 1971; 1973b). As seen

from the Dbest-fit single-velocity distribution
(vy=9 km s~ !; Fig. 4) the deviations from the observed
data tracks are mainly detectable in the wings. The
French data did not reach low enough intensities to
reveal this effect. In addition, even though the subsolar
intensity gradient should be more sensitive to a non-
maxwellian distribution, very high spatial resolution
is necessary.

Recent high-spectral resolution measurements of the
cometary Lo emission line profiles of comet Kohoutek
(Keller et al., 1975; Bohlin et al., 1974) showed relatively
wide lines corresponding to assumed Doppler profiles
of about 10kms~!. The data are probably not suf-
ficiently good to determine the actual cometary line
profiles. A detailed laboratory investigation of the
dissociation processes of candidate parent molecules
(mainly H,O and OH) is desirable. To improve the
present analysis a stochastic calculation in the collision-

“dominated region should be performed. Accounting

for the partial relaxation of the initial nonthermal
velocity distribution would yield a distribution function
with few parameters.

The production rate of hydrogen for the period shortly
before perihelion, when the comet was not observable
from the northern hemisphere, agrees within 10% with
the values determined from the French observations
and from OAO-2 observations which extended until
May 1970 (Keller and Lillie, 1974).

The measurements of the B-channel photometer confirm
OAO-2 observations of comet Bennett (Code et al.,
1972). Oxygen O1 1304 A emission was detected to-
gether with unidentified weaker ultraviolet emission
features. The uncertainties of the excitation and life-
time values of oxygen and carbon are still large (factors
of ten cannot be excluded). The actual production rate
ratio of O and/or C to H and the amount of additional
UV emission is therefore uncertain. The present
observations do not exclude H,O as the dominant
parent molecule.

The evolution of the hydrogen cloud of comet Bennett
between 18 March and 13 May has now been described
over the heliocentric distance of r=0.57 to 0.54
(perihelion) and out to r=1.25a.u. The interests of
three groups with different instruments on two satellites
made this unique coverage possible. It will be difficult
to surpass this success in the near future.

VI. Conclusions

The comparison of a general model for the extended
hydrogen coma of comets with observations of the
University of Colorado photometer on board OGO-5
yielded the following results for comet Bennett (1970 II)
near perihelion: Production rate: Q= 5.9(+2) x 10?°
atomss™! (at 1 a.u.; Qyocr™2); Lifetime: ty=1.3(—0.3
+0.7) x 10%s (at 1a.u.). A “best fit” was achieved with
a maxwellian distribution using vy=7 and 21 kms™*
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for the outflow velocities of two components equally
weighted. A single-component model does not fit the
data in the lower intensity parts of the comet. The flux
in the center of the solar La line was determined in-
dependently of instrumental calibration based on the
curvature of the hydrogen tail:

Fy=50(+1.0)x 10'' phs ' cm™2A"! (atlau).

This corresponds to a hydrogen excitation factor
g=27(+0.5)x10"3s"! and a ratio of the forces of
radiation pressure and gravitation 1 —pu=1.5(+0.3).
The solar wind flux at the location of the comet (near
the ecliptic) was derived from the hydrogen lifetime:

F,=3.5(—1.3, +1.1) x 108 protons~* cm ™2
(at 1a.u.).

This value is somewhat higher than the average
observed from solar-orbiting spacecraft. The cometary
and solar data are in good agreement with corre-
sponding observation of comet Bennett and the solar
Lo flux. The B-channel observation (1250-1800 A) of
the nuclear region gives upper limits for the oxygen
and carbon production rates and leads to the pre-
sumption of additional cometary emission (perhaps
from dust and ice-particles) assuming that the atoms of
oxygen and carbon do not outnumber the hydrogen
atoms.

VII. Appendix
Derivation of the Column Density Integral

The contribution of a point source into a column with
a unit cross section and a minimum distance from the
source, s, at a fixed time, ¢, shall be calculated. The
source produces P,(v) dv atoms with speeds between v
and v+ dv into a force-free environment. These atoms
are distributed uniformly on spherical surfaces, 4702,
with a surface density of P,(v) dv/4nv*t>. Contributing
velocities must be larger than v,=s/t. The total
contribution to the column density at time, ¢, is the
integral over all surface densities, taking into account

Fig. 7.

NE= |

the geometnca] projection (cos¢g)~!
(Fig. 7). Thus,

=(1—(,0?)"*

2 ©  P()do

— (/o))
On replacing dv by do (v = s/t - sin @) this becomes

4n ) (1 (VILY)

2 /2 :
Nz(s)=4— f Md

VIL2
Ty s-t ( )
The total column density from source contributions at
all times, t, before observation time is the integral

Ve | N dt=—2 [ [ Pls/tsing)

+ o0 4n +o00 0 st

dodt.
(VIL3)

If the atoms decay with a lifetime, ty, which may be a
function of ¢, the integrand has to be multiplied by

exp[—}t;l(t’) dt’]:
0

dodt.
(VIL4)

In general, s itself will depend on t and the time
integration is complicated so that Eq (VIL.4) cannot
be solved in closed form.

A simplified example is the fountain model where
b=constant, and the source is uniformly accelerated
along the positive x-axis. For an observing point
located at the coordinates (x, y), the distance, s, of the
source is given by s=|/(x—1/2bt*)+y*. This ex-
pression for s is then used for the integration in
Eq. (VIL4).

For a force-free outflow in the accelerating frame, the
following statement holds:

P(w)dv=c f{)dv,

where f (v) is the normalized velocity distribution such
that

2 9 2 P (s/t sing)
./V_Tn—JrLexp[ jt l(t)dt] j. ——S—-E—

(VILS)

Tf(v)dv:i

¢=Q/vy is found by integration over both sides of the
Eq. (VILS). vy is the previously-defined mean outflow
belocity [Eq. (IV.2)], and Q is the total production
rate [atom s~ 1].

The integral for .4 simplifies considerably for the
steady-state case with P, and s constant in time. dt is
replaced by dv, = —(s/t*) dt(v,=s/t) and P by Qu/v, f (v)
yielding:

N(s)=

2Q }”/2 FO/509) 404y . (VIL6)
Uy 0 d

0 s @
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Interchanging the integrations and substituting x
=v,/sin¢g leads to

_ 2Q n/2 © _ QTC

This is the usual expression for the column density at
a distance s for a steadystate point source.
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Note added in proof. In Section 5 it was incorrectly stated that the
full width at half maximum of channel 4 is 3.1°. The correct value is
2.4°, which yields a predicted value of 4.69 kR for the peak signal
from n UMa using the data of Bless (1974). This is 2.13 times the
observed value. The absolute calibration of both channels appears to
be lower by a factor of about 2 than that of the NRL and Aerospace
groups.

References

Bertaux,J.L., Blamont,J.E., Festou, M.
25, 415

Bless,R.C. 1974, private communication

Bohlin,J.D., Drake,J.F., Jenkins, E.B., Keller, H.U. 1974, IAU Col-
loquium, No. 25, to be published

Brosowski, B., Wegmann,R. 1972, Max-Planck-Institut fiir Physik
und Astrophysik, Report No. MPI/PAE-Astro. 46

Bruner,E.C,, Jr., Rense, W.A. 1969, Astrophys. J. 157, 417

Bruner, E.C,, Jr., Parker,R.W., Chipman, E., Stevens,R. 1973, Astro-
phys. J. 182, L33

Bruner,E.C,, Jr., Chipman,E. 1974, private communication

Burlaga,L.F., Rahe,J., Donn,B., Neugebauer,M. 1973, Solar Phys.
30, 211

1973, Astron. & Astrophys.

Carruthers,G.R., Opal,C.B, Page, T.L., Meier,R.R.,, Prinz,D.K.
1974, Icarus, submitted for publication

Code,A.D., Houck, T.E,, Lillie,C.F. 1970, IAU Circular No. 2201

Code,A.D., Houck,T.E., Lillie,C.F. 1972, The Scientific Results
from the Orbiting Astronomical Observatory (OAO-2), Ed.
A. D. Code, NASA SP-310, 109

Delsemme, A.H., Moreau,J.L. 1973, Astrophys. Letters 14, 181

Feldman, P.D. 1974, private communication

Feldman, P.D., Takacs,P.Z., Fastie, W.G., Donn,B.
185, 705

Finson,M.L., Probstein,R.F. 1968, Astrophys. J. 154, 327

Haser,L. 1966, Les Congrés et Colloques de I'Université de Liége
37,233

1974, Science

Keller, H.U. 1971, Mitt. Astron. Ges. 30, 143

Keller, H.U. 1973a, Astron. & Astrophys. 23, 269

Keller, H.U. 1973b, Astron. & Astrophys. 27, 51

Keller, H.U. 1973c, AIAA Proceedings, Ed. E. Greenstadt, in press

Keller,H.U.; Thomas,G.E. 1973, Astrophys. J. 186, L 87

Keller, H.U,, Lillie,C.F. 1974, Astron. & Astrophys. 34, 187

Keller,H.U.,, Bohlin,J.D., Tousey,R. 1975, Astron. & Astrophys.,
in press

Lillie, C.F. 1974, private communication

McElroy, M.B., McConnell,J.C. 1971, J. Geophys. Res. 76, 6674

Meier,R.R., Mange, P. 1973, Planet. Space Sci. 21, 309

Opal,C.B,, Carruthers,G.R., Prinz,D.K., Meier,R.R. 1974, Science
185, 702

Thomas,G.E., Krassa,R.F. 1971, Astron. & Astrophys. 11, 218

Thomas,G.E., Bohlin,R.C. 1972, J. Geophys. Res. 16, 2752

Vidal-Madjar,A., Blamont,J.E., Phissamay,B. 1973, J. Geophys.
Res. 78, 1115

H. U. Keller
Max-Planck-Institut fiir
Physik und Astrophysik
D-8000 Miinchen 23
Fohringer Ring 6

Federal Republic of Germany

G. E. Thomas

Department of Applied Physics and Information Science
University of California, San Diego

La Jolla, California 92037, USA

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1975A%26A....39....7K

