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FOREWORD 

By their unexpected apparition, their unusual appearance, and their peculiar 

motion over the heavens, comets impressed the imagination of mankind in 

many ways. While superstition once exaggerated the importance of comets 

among the heavenly bodies, modern exact astronomical sciences went to the 

other extreme. It was realized that the amount of matter in a comet is ex-

tremely small. As the source of meteor streams and meteors in general, they 

are presently viewed as a third-rate cosmic population lacking any influence on 

the goings-on of this world. Nevertheless, comets have been used by the as-

tronomers and astrophysicists as a kind of laboratory probe to check the effects 

of gravitation on the masses of the planets which perturb their motion, and 

on the interaction of solar radiations with gases and plasmas of extreme tenu-

ity not attainable in the laboratory. They are studied as a scientific curiosity, 

their physical and chemical structure evolving into a great cloud of dust and 

gas, and the huge comet tails often growing for a short moment into the larg-

est objects in the solar system. Perhaps their study may lead to unexpected 

discoveries despite the insignificance of these bodies. 

Although treated as an inferior category in the study of the universe, com-

ets may represent, next to the Earth and the Sun, the most important class of 

objects in the history of the solar systems. They are the survivors and replicas 

of an ancient population of small bodies and planetesimals from which the 

present planets originated. By a curious interplay of the laws of gravitation, 

remnnts of the original population of planetesimals have remained in cold 

storage in the outer portions of the solar system or were ejected into interstel-

lar space. They offer a unique opportunity to study the properties of materials 

used in making the planets and Sun itself at the dawn of the solar system. 

Their present insignificant total mass is a remnant of their mass when the 

planets were forming. 

The appearance of a new apparition—a bright, long-period comet—is a 

rare phenomenon, perhaps occurring once per decade. The great pace of tech-

nological and scientific developments allows comprehensive studies of the na-

ture of the evolution of the coma and tail as the comet approaches the Sun 

and then recedes from it. The extended observing capability in the ultraviolet 

from Earth-orbiting observatories, the new infrared observatories on airborne 
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platforms, radio telescopes, and the ability to send a space probe through the 

comet's coma and tail should lead to many discoveries about the physical na-

ture of comets and the evolution of the solar system. 

Comet Kohoutek (1973f) is a true long-period comet, the period prior to 

planetary perturbations, was nearly four million years, or perhaps, Comet Ko-

houtek is a primordial body from another solar system. This comet of rela-

tively large mass approached very close to the Sun, perihelion distance of 0.14 

AU, opened the way to a comprehensive ultraviolet and photographic and vis-

ual observations of Comet Kohoutek's transformation through perihelion. 

The uniquely early discovery of a bright, long-period comet with 

perihelion occurring during the third manned mission to Skylab opened the 

way to the most comprehensive study of the evolution and transformation of a 

comet. In 1970 the major discovery of the amount and size of the cloud of 

hydrogen gas (and OH) in the comas of Comet Tago-Sato-Kosaka, Comet 

Bennett, and Comet Encke from the ultraviolet detectors in the Orbiting As-

tronomical Observatory of the Orbiting Geophysical Observatory had a sub-

stantial effect on our knowledge of the structure of the cometary nucleii. For 

Comet Kohoutek a substantial program—Operation Kohoutek—was organized 

to coordinate, interrelate, and manage the observations encompassing the 

ground-based optical and radio astronomy observations, and the observations 

from aircraft, sounding rockets, an Orbiting Solar Observatory, the Orbiting 

Astronomical Observatory, the Mariner-Venus-Mercury, and Skylab. The re-

sults of these investigations have turned out to be substantial and significant 

as demonstrated in these proceedings. 

The study of Comet Kohoutek has been the most comprehensive and de-

tailed for any comet up to now. A great number of scientists have contributed 

new approaches, techniques, and many hours of work to produce results in 

this comprehensive cometary investigation. These results will, I am sure, be 

applied in future research involving extended astronomical observations from 

radio, infrared, and large space observatories. Missions to comets are expected 

soon—a flyby of Comet Encke during its 1980 apparition, followed by a ren-

dezvous with Comet Encke in 1984 and a flyby of Comet Halley in 1986. 

MAURICE DUBIN 
Chief, Cometary Physics 
Physics and Astronomy Programs 
National Aeronautics and Space Administration



PREFACE 

The early results from these various observations were brought together at the 

Comet Kohoutek Workshop held on June 13-14, 1974, at the Marshall Space 

Flight Center (MSFC). At this scientific symposium, 42 papers were pre-

sented for discussion and dissemination of data actually obtained from Comet 

Kohoutek with NASA facilities and NASA-coordinated observations from 

Skylab, aircraft, rockets, and ground-based systems. The wide interest in come-

tary structure and composition was reflected by the attendance of over 100 sci-

entists. 

The organizing committee for the workshop was composed of A. H. Del-

semme, M. Dubin, H. Floyd, S. P. Maran, B. Marsden, C. R. O'Dell 

(Chairman), and W. C. Snoddy. Bertram Donn was an invited participant at 

the first organizing meeting. The Marshall Space Flight Center was host for 

the participants, and Dr. W. R. Lucas, the Center Director, opened the work-

shop with the welcome address. The chairmen were, in order of the sessions, 

M. J. S. Belton, A. H. Delsemme, R. A. R. Parker, E. Stuhlinger, and C. R. 

O'Dell. 

The organization of the report follows that of the workshop. There were 

four sessions: tail form, structure, and evolution; H 20-related observations; 

molecules and atoms in the coma and tail; and photometry and radiometry. A 

fifth session was a summary and discussion period. 

Appreciation is expressed to the MSFC Skylab Office for support of the 

workshop, and to Martin Marietta Aerospace, the MSFC Space Sciences Labo-

ratory, and the individual authors and participants in the workshop. 

Where the material was to be published elsewhere, a summary of the au-

thor's paper is given. 

GILMER ALLEN GARY 
Space Sciences Laboratory 
Marsha!! Space Flight Cantor 
National Aeronautics and Space Administration 
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SKYLAB VISUAL OBSERVATION OF COMET 
KOHOUTEK 

EDWARD G. GIBSON 
Johnson Space Center 

Visual observations of Comet Kohoutek were made during the flight of Sky-

lab 3. Sketches based on these observations were made on the 9 days 

following perihelion. During this time period, the comet could be observed 

from Skylab unobstructed by space station structure, but it could not be prop-

erly observed from the ground. These sketches, which were put on downlink 

TV, were not in the pre-mission plans and were drawn when the crew could 

find free time. Ten-power binoculars were used to aid in most of the observa-

tions. The sketches were made in black and white by the author and then re-

viewed by the other two crewmembers, Commander Gerald P. Carr and Pilot 

William R. Pogue, to ensure that the sketches were consistent with their ob-

servations. Following the flight the author made color sketches corresponding 

to each of the in-flight sketches. Both the original black and white and the 

color sketches are presented in figures 1 through 11. 

Figure 1 shows how the comet appeared approximately 10 days before peri-

helion. After this time it was occulted by space station structure until perihe-

lion. On December 29, 1973, one day after perihelion, the comet was first 

seen while the author was outside during extravehicular activity (EVA) look-

ing through a sun visor. The comet was extremely bright and its most unusual 

feature was a sunward spike (figure 2). This spike was faint in relation to 

the coma and tail immediately behind the coma. A very faint diffuse feature 

could be seen in the acute angle between the spike and tail. 

The format of figure 2 is used in all of the remaining figures except the 

last. The nomenclature in the upper right-hand corner shows how the comet 

was observed; either during EVA, out of the No. 3 window of Skylab's struc-

tural transition section (STS,), or out of the No. 1 window of the command 

module (CM,). The length of the comet is given in degrees (4_50) and, 

cause of the public use of the TV downlink, it was also given in a compre-
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FIGURE 1—December 18, 1973: Perihelion minus 10 days. 

hendible physical length, 25 E—M or 25 Earth-Moon distances. The top 

sketch presents a somewhat subjective picture of the comet in which the 

darker color implies a higher observed brightness. The middle sketch is an 

attempt to show what the isophotes would look like, if we had been able to 

measure them. The bottom sketch, which was made postflight, is an attempt to 

illustrate the observed color, texture, intensity, and form. White is used to 

imply a higher intensity even though the color itself may be uniform. Figure 

11 is a compilation of all of the color sketches. 

Figures 2 through 11 show that the appearance of the comet changed ap-

preciably in form, color, texture, and length after perihelion. The sunward 

spike, so evident on one day after perihelion ( + 1) faded away until on P 

+ 5 it was no longer visible to the eye. The color, which was essentially 

white before perihelion, was yellow on p + 1. Because the spike was rela-

tively faint, its color was very difficult to perceive. On p + 2 the comet had a



Skylab Visual Observation 
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FIGURE 2.—December 29, 1973: Perihelion plus I day. 

very definite orange cast but returned to yellow on p + 3. By p + 5 the 

comet appeared white which gave way to a white with a violet cast and a 

mottled appearance in the tail by p + 8. The mottling which is drawn is an 

attempt to indicate its nature but not its exact geometry. 

The apparent length of the comets tail also underwent some interesting 

changes. It increased from approximately 2-3 0 on p + 1 to 5-60 on p + 3 

most likely because the axis of the tail became more normal to the line of 

sight and its apparent distance from the disk of the Sun increased so that the 

eye became better adapted as it attempted to focus only on the comet. Since 

we were moving around the Earth at approximately 4 degrees per minute, the 

time between sunset and cometset was short during this time period. By p + 

5 the apparent length of the comet had decreased to 4_50, primarily because 

of the increase in its actual radial distance from the Sun. From p + 5 to p 

+ 7 the apparent length of the tail increased to 6-7°. This probably resulted
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FIGURE 3.—December 30, 1973; Pri/e1;o pi plus 2 days. 

from the ability of the eye to properly dark adapt and perceive the very faint 
features of the tail when the air glow was no longer in front of or immedi-
ately adjacent to the comet. After p + 7, however, the apparent length and 
the brightness of the comet decreased as it continued to move away from the 
Sun. 

Two separate tails of the comet, dust and gas, were looked for but not ob-
served. Only the transition from a uniform white/yellow texture to a mottled 
white/violet texture was observed. At the time of the observations it was as-
sumed that this corresponded to a transition from observation of the dust to 
observation of the gas in the tail. 

DISCUSSION 

LANE: In your isophote drawings of the coma, you seem to show rela-
tively concentric circles without compression on the sunside. Do you have any 
feeling or recollection of any nonconcentric isotopes? Or was the brightness
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FIGURE 4.—December 31, 1973: Perihelion plus 3 dap. 

so great that you could not tell if there was any variation or compression on 

the sunside? 

GIBSON: We could see that the center of the coma was much brighter 

than the outside, but could not see that level of detail which was below our 

perception. 

DRYER: In looking at the sketches, am I correct that you definitely would 

see some waviness in the tail? 

GIBSON: Yes. We used binoculars to observe the comet once it got 3 or 4 

days past perihelion. We used them before but it was essentially afterward 

that we noticed that appearance. Waviness is not the best word, but a mottled 

appearance where some areas were lighter and darker than others. 

DRYER: It is very reminiscent of Karman vortices within the tail. 

GIBSON: I wouldn't attribute Karman vortices to it. It may have been, 

but we did not see that level of detail. We did not try to duplicate every 

blotch or every high point and low point, but strictly to pick up characteristics 

of it. 

KELLER: How long would you estimate the spike was on December 29?
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FIGURE 5—January 1 1974: Pr,hnl,on Plus 4 days. 

GIBSON: I would estimate maybe 2 0 or so. 

SEKANINA: I just wonder whether the comet was above the airgiow dur-

ing the time when you observed the anti-tail. And what would you say about 

the rise of the anti-tail? Was there a rapid change in brightness? 

GIBSON: It was a very strong function of how far it was from the Sun, 

in that when you look at it where it is against or very close to the airglow, 

you have a tough time distinguishing it. Once it gets above that layer and 

you are able to get dark adapted, then you are able to see it against the black 

of the sky and we could get a better look at it. 

SEKANINA: Could you compare it with the ground-base conditions? 

GIBSON: I would think you are better off up there once you are away 

from the airgiow. 

NEY: Question about the tail compared to the anti-tail. First, the feel-

ing that you had about the relevant colors; second, the anti-tail was easily visi-

ble. At what point in the anti-tail did you feel the surface brightness was the 

same as it was in the tail? How much farther did you have to look out in the 

tail to get a comparative brightness with the anti-tail?
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FIGURE 6.—January 2, 1974: Perihelion plus 5 days. 

GIBSON: You are pushing us and it's good that you do but, first of all, 

the color: when we looked at it and said it was yellow or orange, it was a 

general overall appearance, and when we looked at it one day after perihelion 

the comet was all yellow. We could get a general yellow color across the 

whole comet and looked at the anti-tail and could say its color is not incon-

sistent with the whole comet, but it's not white. It's pretty much the same 

color as the other. There may have been some differences. 

WHIPPLE: Your picture said yellow/white in the anti-tail and yellow in 

the tail. 

GIBSON: It referred to the front part in the coma. The coma itself was 

more intense and therefore perhaps appeared to us as slightly more white than 

the darker part of the tail further back. I don't think that was meant to be at-

tributed to the anti-tail itself, which was very faint. I don't think we had very 

good perception of even the intensity function or distances. 

SEKANINA: I just would like to ask you, can one basically say that you 

had more difficulty with distinguishing the color of the anti-tail because it was 

faint and therefore colorless?



JAN 3. 1974 PERIHELION +6 DAYS 
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FIGURE 7.—January 3, 1974: perihelion plus 6 days. 

' FIGURE 8.—January 4, 1974: Perihelion plus 7 days. 
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FIGURE 9.—January 5, 1974: Perihelion plus 8 days.
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FIGURE 10.—Januar) 6,1974: Perihelion plus 9 dap. 

GIBSON: That is correct. I would be the first to say, because it was faint 
—we had a difficult time doing that. 

JAMBOR: I would like to ask you three questions which concern the days 
of one day and two days after perihelion. You mentioned that one day after 
perihelion you were observing during EVA. Where did you observe it when it 
was two days after perihelion? If I gave you a scale of pale, medium, bright, 
and brilliant, how would you describe the colors one day and two days after 
perihelion? Looking at the sketches we have that are 10 days after perihelion, 
the tail was kind of narrow and whitish, whereas, one and two days after pe-
rihelion you drew it very broad, which suggests that it could be due to dust 
particles. 

GIBSON: I will take your last question first. It did appear to us that it 
was rather broad in a relative sense. You must realize that the comet was 4 to 
5 degrees as compared with the other days when it was always twice that in 
length so that you got to look at the true geometry of it. It did appear in a



DEC 18. 1973 PERIHELION -10 DAYS 

DEC 29. 1973 PERIHELION +1 DAY

JAN 2. 1974 PERIHELION 45 DAYS 

JAN 3. 1974 PERIHELION +6 DAYS 

- 

DEC 30. 1973 PERIHELION +2 DAYS 

- 

DEC 31. 1973 PERIHELION +3 DAYS

JAN 4. 1974 PERIHELION +70y5 

JAN 5, 1974 PERIHELION +8 DAYS 

JAN 1. 1974 PERIHELION +4 DAYS
	 JAN 6. 1974 PERIHELION +0 DAYS
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relative sense that the tail was broader one day after perihelion. Now as far as 

colors and intensities, I am going to skirt your question by saying, what we 

saw I put down in the drawings and the color sketches, and have tried to put 

in the intensities. Maybe I am missing the point of your question. Is there 

something which is not there on those colored drawings which you feel is some 

additional information which I can give you? 

JAMBOR: Really, what I am trying to say is, did you see the colors as 

something definite or very bright, or did you see a general hue? 

GIBSON: A general hue, although you could look at the coma and see 

that it was brighter and appeared whiter because of it. 

JAMBOR: Two days after perihelion you mentioned different colors. Were 

you able to differentiate between orange and yellow then? 

GIBSON: We questioned ourselves on it and the answer is "Yes." We did 

see it on the first day of EVA but when we came back inside we noticed we 

could then see it out from behind Transition Structure Window No. 3.



LARGE-SCALE OBSERVATIONS OF THE ION 
TAIL FROM THE JOINT OBSERVATORY 
FOR COMETARY RESEARCH 

JOHN C. BRANDT 
Laboratory for Solar Physics and Astrophysics 
Goddard Space Flight Center 

Clear skies in central New Mexico during mid-January enabled us to obtain a 

good series of comet photographs from a new, fully dedicated comet observa-

tory. The Joint Observatory for Cometary Research (JOCR) is located near 

Socorro, New Mexico, at an altitude of 10 615 feet and is operated by the 

Laboratory for Solar Physics and Astrophysics, Goddard Space Flight Center 

and the New Mexico Institute of Mining and Technology. The principal in-

strument is an f12 Schmidt camera which records an 8-degree by 10-degree 

field on 4- by 5-inch plates or film. The observatory also has a 16-inch Boiler 

and Chivens telescope used for photometry. 

The comet was extensively observed during the period January 9 through 

January 27, 1974. The comet was an object visible with the naked eye from 

the Joint Observatory for Cometary Research during this entire period, and 

was an impressive object on a few days around January 14. Color photographs 

of the comet were obtained and show the (blue) ion tail quite clearly, but no 

dust tail. This confirms the general impression that the normal type 2 (dust) 

tail was much weaker, for example, than in Comet Bennett. On January 14, 

1974, Universal Time (UT), offset photographs of Comet Kohoutek traced 

the type 1 (ion) tail to a distance of 0.333 AU from the nucleus. 

Several structures were observed in the ion tail of Comet Kohoutek at dis-

tances approximately 0.1 AU from the head, and two of these will be dis-

cussed here. Details concerning these events are discussed by Hyder, Brandt, 

and Roosen (Icarus, The Comet Kohoutek Issue, (1974) 23,601). On Janu-

ary 11, 1974 (UT), we observe a large tail structure resembling a swan-like 

cloud. The "Swan" was 7° or 15 million km from the head and had a charac-

teristic size of 5 million km. (See figure 1.) The entire structure is traveling 

down thetali' at a vciocity of approximately 250 km/s. We have searched the 

available literature for solar and solar wind events that could have been respon-

15
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FIGURE 1 .—JOCR photograph of Comet Kohoutek taken on January 11, 1974 (UT), 
showing the "Swan" cloud in the lower, right-hand corner. 

sible for the "Swan." Although the spacecraft information is far from com-

plete, our preliminary conclusion is that there is no obvious solar event 

responsible. On the other hand, the 'Swan" may be an advanced state of the 

kink instability discussed below. 

On January 13, 1974 (UT), we observed a wavy structure in the tail of 

Comet Kohoutek, which resembles a helix. We have interpreted this helix as 

the form resulting from the kink instability caused by currents flowing along 

the tail axis. We have used simplifying assumptions to derive the phase speed 

of this wave and it turns out to be the Alfvén speed. We can measure the 

phase speed both from studying our own observations and by comparing our 

observations with photographs taken with the Palomar Schmidt (figure 2). 

The speed is 235 km/s. If the CO densities are assumed to be at the low end 

of the range normally quoted in the literature, i.e., approximately 10/cm3, the 

magnetic field in the tail can be determined and is 100 y (= 10- 3 G). This re-

sult represents a cometary magnetic field enhanced by a factor 4 or 5 over the 

solar wind values.
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FIGURE 2.—Schematic diagram showing the change in position of the helical structure 
photographed on January 13, 1974 (UT). 

DISCUSSION 

B ELTON: How long did your coverage extend for the comet? 

BRANDT: February 19 was our last. After that we could still take long 

exposures and get a little dot. But images showing some structure and anti-tail 

do persist on into February. That is when our effective coverage stopped. 

LANE: What was the general length of the exposures? 

BRANDT: Essentially between 1 and 40 minutes, depending on the day 

and whether it was an offset. Obviously, as it went farther away from the 

Sun, we used an increased exposure time. 

DUBIN: The "Swan" structure looks like it is not a helix, or not part of 

the helix. 

BRANDT: But the speeds are the same. 

DUB IN: Even though there is a much more morphological thing to it? 

BRANDT: Yes. Now the numbers do come out differently. One came out 

250 km/s and one at 235, but within the accuracy that we can measure (which 

is 10 percent or so). I don't think it is an accident that both of those features 

are almost the identical distance from the head, i.e., about a tenth of an AU. 

This is one of the reasons I suspect that the "Swan" structure is not a de-

tached piece of the comet but is a good finite plasma amplitude wave running 

down the tail. 

DONN: That the intricate structure should be reproduced implies to me 

that it was a material cloud; therefore, a very complex structure.
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BR.ANDT: I am saying I don't think it is the case. We only have observa-

tions on that day that extend over a 20- to 30-minute period. I don't know 

what it looked like 2 hours before and 2 hours after. If you look at the 

growth rate for waves of that amplitude and those kinds of conditions—our 

observations are exactly consistent with that. It is moving not at the Alfvén 

speed or the solar wind velocity but at an intermediate number. 

WEHINGER: I gather the films are all blue sensitive? Did you expose in 

the red or yellow region? 

BRANDT: Photos were made through the red region. 

WEHINGER: You see the plasma tail features in the red region? 

BRANDT: They are faint but we do see them. We have also taken 

photographs with filters in combination with the IIa–O which isolates it bet-

ter into the ultraviolet. So it gives us much better contrast with respect to the 

sky. We have taken some IIIa–J's some IIa–E's, and some ha–F's to be sure 

that we had some crude spectral coverage. The most efficient way to go about 

it is to use IIa–O. 

BELTON: Is it true that there were no features in the dust tail? 

BRANDT: No features that we have any observations on, except the anti-

tail.



PHOTOGRAPHY OF COMET KOHOUTEK BY THE 
SKYLAB WHITE LIGHT CORONAGRAPH 

R. M. MACQUEEN 
J. T. GOSLING 
E. HILDNER 
R. H. MUNRO 
A. I. POLAND 
C. L. ROSS 
High Altitude Observatory, National Center for Atmospheric Research' 

H. U. KELLER 
Laboratory for Atmospheric and Space Physics, University of Colorado 

H. U. SCHMIDT 
Max Planck Institut für Astronomie and Astrophysik 

Approximately 1600 photographs of Comet Kohougek were ob-
tained near the time of perihelion passage. The passband of the 
instrument was 3500-7000 A, and linear Polaroid filters were 
sometimes used. The (photographic) photometry of coronagraph 
photographs is accurate to ± JO percent. 

'NCAR is sponsored by the National Science Foundation. 
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THE ANTI-TAIL OF COMET KOHOUTEK 

Z. SEKANINA 
Smithsonian Astrophysical Observatory 

The theory of dust comets, formulated by Finson and Probstein (1968) for 

the case of small emission velocities, has been applied to the anti-tail of 

Comet Kohoutek. The results, reported here indicate that the anti-tail can be 

described as a flat formation, confined essentially to the comet's orbit plane 

and composed of relatively heavy particles (mostly in the size range of 0.1 to 

1 mm), whose motions are controlled only by solar gravity and solar radiation 

pressure. The derived model fits the semiquantitative descriptions of the anti-

tail by various observers, including the Skylab 3 astronauts, and allows us to 

arrive at the following tentative conclusions regarding the properties of the 

solid particles. 

The main body of the anti-tail was made up entirely of the material shed 

by the comet before perihelion. The onset of appreciable dust production has 

been established from the position of the sharp edge of the anti-tail on its 

sunward side. The sharp edge showed up at positional angle 253.0 0 ± 0.30 

on a photograph of the comet, taken at the Pic-du-Midi Observatory on Janu-

ary 17.8, 1974 (UT). (See Sekanina, 1974.) From this we derive that the 

emission of dust started 210 to 250 days before perihelion at heliocentric dis-

tances 3.7 to 4.2 AU, and that the heaviest particles ejected at that time were 

at least 0.6 to 0.7 mm in diameter (at an assumed density of 1 g/cm3 ). Water 

vapor could not provide the momentum necessary to drag such large grains 

away from the nuclear surface at the quoted heliocentric distances, except per-

haps near the subsolar point. On the other hand, carbon dioxide (and all 

other substances of a comparable or higher degree of volatility, including hy-

drogen cyanide and methyl cyanide) should do the work all over the nuclear 

surface. 

The production rate of dust appears to have varied in proportion to about 

the inverse fourth power of heliocentric distance far from the Sun, less steeply 

nearer the Sun, and then to have leveled off at 0.2 AU from the Sun. The de-

rived rate is about an order of magnitude higher than the emission rates of 

micron-sized particles established from studies of the regular type II tails of 

Comets Arend-Roland and Bennett. Absolute calibration of anti-tail photo-

graphs will be necessary to check this result. 
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The population index s of the differential particle mass distribution rn-8 

dm comes out to be near 1.4. The theoretical photometric profiles of the anti-

tail, calculated with this value of the population index and with the afore-

mentioned production-rate law, are plotted in figure 1. The value of the pop-

ulation index, which is substantially lower than a commonly accepted value 

derived from various radio-meteor studies (s > 2), means a strong relative 

excess of heavy particles, in which practically all the mass of the anti-tail was 

concentrated, and can be interpreted as an indication of a severe evaporation 

effect. If the "intrinsic" population index of the debris from Comet Kohoutek 

was about 2, the observed value of s may suggest that the particles have lost a 

significant fraction of their original mass through evaporation near the Sun. 

The evaporation effect would, of course, also influence the particle dynamics; 

this aspect of the problem remains to be studied. 

Since the evaporation loss of radius depends exponentially on the latent 

heat of vaporization of the particle material, the above reasoning, if correct, 

can give a fairly reliable estimate of the effective heat of vaporization from 

the observed range of particle sizes and the orbital dynamics. The inferred 

figure lies in the range of 40 to 45 kcal/mole, if the absorptivity of the parti-

cles for solar radiation equals their emissivity for reradiation, but may be 

greater, if the emissivity is lower than the absorptivity. If the latent heat were 

higher than required, the evaporation effect would be practically negligible 

and the population index consistent with other determinations. If the latent 

heat were lower than required, the particles (from the size range under con-

sideration) would have been completely evaporated near perihelion. 

Unfortunately, at present we do not know the "intrinsic" population index 

of the heavy particles that compose the anomalous comet tails. However, a 

preliminary study of the anti-tail of Comet Arend-Roland (Sekanina, unpub-

lished), where the evaporation effect should be considerably less important, 

does indeed suggest that s somewhat exceeded 2. 

The inferred value of the latent heat of vaporization of 40 kcal/mole or 

more is much higher than that for sodium. Consequently, sodium, which ap-

parently accounted for the spectacular display of the anti-tail during the early 

days, must obviously come from more complex substances of a higher effective 

vaporization heat. Sodium atoms released from such substances can be shown 

to have emitted, in the D doublet, an energy that may have exceeded by sev-

eral orders of magnitude the intensity of solar light scattered by the particles 

shortly after perihelion. Later, as the rate of evaporation of particles subsided 

with the comet's continuing recession from the Sun, the sodium's contribution 

to the anti-tail's brightness dropped considerably, and particle scattering 

clearly prevailed in the anti-tail's light after January 1. 

This report is a condensed version of a more comprehensive study of the 

anti-tail of Comet Kohoutek, which has been published in the journal Icarus 
((1974) 23, 502).
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DISCUSSION 

LANE: What is the effect if you chose your density of 3 9/cc instead of 
the 1 g/cc? 

SEKANINA: The product of density and particle size is a constant, there-

fore if you increase density by 3 you would have to decrease the particle size 

by 3. 

LANE: But that changes your evaporation phenomenon, does it not? 

SEKANINA: That it does, but actually what is involved here is the heat 

of the evaporation of the particles. The evaporation rate depends strongly on 

the evaporation heat. We still come up with a fairly reasonable estimate for 

the heat of evaporation of the particles and that comes up to about 40 to 45 

kcal/mole. 

WHIPPLE: A comment on assuming density 3: I think it is completely 

out of the order of magnitude of practicality. In the Geminied meteor show-

ers from an old comet the resolved densities are still low, well below unity. I 

want to discourage any serious calculation based upon a density much above 
water. 

KELLER: Observations by the crew pointed out that dust and the tail 

length of the comet increased very rapidly after perihelion up to 7 to 8 de-

grees and if you make some calculations you need 1—ji, values larger than one, 

up to ten. Therefore, you need very small particles or you have to include 

evaporation effects. The decrease afterwards may be due to the effect of evap-

oration cleaning up the particles. 

SEKANINA: We basically come up with the evaporation rate of some-

thing like 0.1 mm per revolution—which means that all particles smaller than 

that evaporate completely. This also explains the situation that there was prac-

tically no dust coming from the comet after perihelion. Because the dust 

evaporated almost immediately after it was released, we could not see it. In a 

regular dust tail we see particles 10 or 20 days old, but in this case the Sun 

evaporated micron-size particles in about one day or a tenth of a day. 

KELLER: How does this argument compare with Ikeya-Seki, which shows 

the definite dust tail after perihelion passage?
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SEKANINA: One possibility, of course, is that this is a new comet. Ikeya-

Seki is definitely not a new comet. In Ikeya-Seki the iron particles, if you 

work with 80 or 90 kcal/mole, such particles are untouched. You get evapora-

tion rates of 10 cm per revolution. 

BELTON: Did you mean to say that the Ikeya-Seki was not a new comet? 

SEKANINA: Definitely not. Ikeya-Seki was not a new comet in the Oort-

Schmidt sense. It is a very old comet. It did not come from the Oort cloud 

since its period was 1000 years or something like that. It is a very old comet 

in the cosmological term. 

MENDIS: In all these calculations for the particle size, you assign a value 

for 1—t, and do not allow variation in that. 

SEKANINA: That is correct. This is something that remains to be done. 

MENDIS: For water-ice material, this picture is completely misleading. 

SEKANINA: It would be misleading if the characteristic of the particles 

were basically icy. We are pretty sure since we see the particles after perihe-

lion that the material must be in the range of about 40 to 45 kcal/mole. 

MENDIS: You see particle sizes of almost a centimeter? 

SEKANINA: I would say millimeter size and if we assume lower densities 

we can go up to centimeters. 

MENDIS: It's inconceivable how you can get particles of this size by nor-

mal reactions. 

SEKANINA: It's inconceivable if you assume H 20. It's not inconceivable 

if you assume more volatile substances in the comet. I came up with the con-

clusion from a study of distant comets that some of the tails are formed at 15 

AU. And you can still assume that submillimeter particles are coming off at 

15 AU if you have methane or carbon dioxide.



Page intentionally left blank 

Page intentionally left blank



INTERPRETATION OF THE ANTI-TAIL OF COMET 
KOHOUTEK AS A PARTICLE FLOW 
PHENOMENON 

G. A. GARY 
C. R. O'DELL 
Marshall Space Flight Center 

The theory of Finson and Probstein (1968) was amended to include the grav-

itational field of the comet nucleus for very large particles. The addition of 

the gravitation term to the derivation of the terminal velocity V of the parti-

cle from the coma gives the following result: 

V2= 9V92 2GMC 

j3	 R. 

where V9 is the thermal velocity of the expanding gas, G is the gravitational 

constant, Mc is the total mass of the nucleus, R is the radius of the comet 

nucleus, and /3 is the dimensionless parameter. 

An important result of considering gravity is that at any time there will be 

a maximum size for particles lost. Our theory was tested by comparison of 

orientation, brightness, and form of the anti-tail of Comet Kohoutek. It can 

be shown that the shape and orientation are satisfactory. The apparent length 

of the spike can be a measure of the particle size (d) and the density (pa), 

and a value of Pdd = 0.004 g/cm 2 fits the Skylab crew observation. The 

width of the tail at the coma is established by the increased gas velocity and 

rate of mass lost at small heliocentric distances. 

The dominant size (Pdd = 0.004) contributing to the observed spike di-

rectly establishes the presence of large particles in this comet. The size is 

about 100 times larger than that of particles dominating the type II tail. 

This would be the first direct evidence for cometary loss of those particles 

large enough to account for the observed meteor showers. It has been widely 

known that those particles coming off the comet with significant velocities will 

be rapidly dispersed; however, this model, like Whipple's original discussion, 

means that there will always be some particles coming off with nearly zero 

relative velocity.
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An immediate question that arises is "What is the nature of these parti-

cles?" We know that the largest volume of particulate material ejected by the 
comets is about Pad/Q 5 X lO g/cm- (O'Dell, 1974); therefore, 
of much smaller size. Two major possibilities exist: the large particles are 

larger forms of the same basic structures as the small particles, or the large 

particles are composites of the small particles. If the former is true, then the 

presence on the comet surface of large solid particles has an important evolu-

tionary impact. This would mean that at any inner solar system passage selec-

tively more of the fine particles would be removed, leaving relatively more of 

the coarse particles on the surface. This would mean progressive change to a 

very coarse surface texture, which would be highly insulating and could ac-

count for the changes of photometric nuclear diameter, intrinsic luminosity 

and change to a gas-dominated spectrum that is observed in old comets 
(O'Dell, 1973). The alternate interpretation—that the large particles are com-

posites of small particles—may be confirmed by studies of meteor streams. 
Jacchia (1963) has determined that meteors associated with identifiable com-

ets have a much greater fragility than those of apparently asteroidal origin. 

This would be entirely consistent with the larger cometary particles, presuma-

bly the ones forming the visual meteors in these showers, being low-strength 

composites of the basic particles which are much smaller. 

NOTE: The complete paper has been published in the journal Icarus 
((1974) 23, 519). 
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DISCUSSION 

BRANDT: Are the last three speakers basically saying the same thing? I 

have seen divergent approaches to this problem, and some similarity of re-

sults, and different emphasis. Are the last three speakers basically interpreting 
it the same way? 

GARY: I think all of us are saying that the spike is a result of particles of 

about a 10th of a millimeter or in that range. And it can be derived from the 

Finson-Probstein ejection model and with the correct orbital mechanics. 

There are unique differences between the different models presented. We have 

included the gravitation term. 

SEKANINA: Absolutely. I would like to say that as far as some minor 

differences between the three presentations are concerned, this can possibly be
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explained in terms of the fact that none of us has had at his disposal the per-
fect comet treatment. And therefore, everybody simply tries to substitute for 
this something that he felt would be the next best method. And according to 
that, I believe that there could be some minor differences which should be 
clear when one can sit down and formulate a photometric profile. But we are 
still waiting for measurements from observations before we can claim any-
thing specific. 

WHIPPLE: Point of clarification: did you use just pdd = 4 x 10-3 ? 

GARY: No, but that was the best fit.
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HALE OBSERVATORIES' PHOTOGRAPHS OF 
COMET KOHOIJTEK 

CHARLES T. KOWAL 
Hale Observatories 
California Institute of Technology 
Carnegie Institution of Washington 

In the summer of 1973, before Comet Kohoutek emerged from the vicinity 

of the Sun, users of the Schmidt telescopes at Palomar Mountain were asked 

to obtain photographs of the comet whenever possible. Many photographs 

were taken with both the 48-inch and the 18-inch Schmidt cameras. Generally, 

the plates were taken on blue-sensitive emulsions, or with panchromatic emul-

sions and a yellow filter. Table I lists the 48-inch plates which were obtained. 

Prints of those plates marked with an asterisk are available from the California 

Institute of Technology Bookstore, Pasadena, California 91109. 

Table 1.—Schmidt Camera Photographs of Comet Koboutek 

Plate Date UT Plate and Filter Exposure 
Number 1973 (minutes) 

P8-9463 Oct 25 12:21 103a-0 - 5 
PS-9480 Oct 27 12:17 llla-J+Wr.2c 15 
P8-9500 Oct 30 12:37 103a-4D-f-GG13 5 

*P8-9513 Oct 31 12:18 103a-O+GG13 7 
P8-9619 Nov 24 12:15 103a-O-f-GG13 10 
P8-9620 Nov 24 12:42 103a-O-f-GG13 6 

*P8-9621 Nov 24 12:58 103a-D-J-Wr. 12 12 
*P8-9655 Dec	 1 12:48 103a-O-f-GG13 10 

1974 

*P8-9702 Jan	 13 02:35 103a-0 - 3 
P8-9703 Jan	 13 02:45 103a-D-f-ycllow plexiglass 10 
P8-9704 Jan	 13 03:05 103a-0 - 4 

*p8-9708 Jan	 15 02:32 103a-0 - 3 
*p8-9709 Jan	 15 02:49 103a-D-J-ycllow plexiglass 8
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Table 1.—Schmidt Camera Phocograpk of Comet Koboutek—Concluded 

Plate Dare UT Plate and Filter Exposure 
Number	 1974 (minutes) 

PS-9710 Jan	 15 0307 103a-0 - 6 
*PS9714 Jan	 16 02:43 103a-0 - 3 
*PS...9715 Jan	 16 02:58 103a-0 - 3 
PS-9727 Jan	 22 02:42 103a-0 - 3 
PS-9728 Jan	 22 02:58 103a—D+yellow plexiglass 6 

PS-9740 Jan	 25 02:48 103a—D+yellow plexiglass 10 

PS-9741 Jan	 25 03:10 103a-0 - 5 
P5-9751 Jan	 26 03:21 103a-0 - 3 
PS-9752 Jan	 26 03:30 103a—D+yellow plexiglass 6
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S201 FAR-ULTRAVIOLET PHOTOGRAPHS OF 
COMET KOHOUTEK FROM SKYLAB 4 
(SL4) (Preliminary Report) 

THORNTON PAGE 
Naval Research Laboratory and Johnson Space Center 

The S201/SL4 Far-Ultraviolet Camera experiment obtained 126 frames ex-
posed on Comet Kohoutek between November 26, 1973, and February 2, 
1974, of which 30 have been measured for analysis of the comet's hydrogen 
halo on nine separate dates from 31.7 days pre-perihelion to 13.0 days post-
perihelion. Over 350 frames were exposed on other targets, and 35 of them 
have been measured to check the unexpected changes in camera sensitivity 
during 5 hours of operation in the 61-day interval. The results given below 
show the development and decline of the hydrogen halo photographed in 
Lyman-a light (1216 A), but they are still subject to some uncertainty because 
of the change in camera sensitivity and some erratic film fogging that affected 
about 25 percent of the flight film. 

The S201 Electronographic Camera 

The electronographic Schmidt camera (Carruthers and Page, 1972, and Car-
ruthers, 1973) has been used on several rocket flights above the atmosphere 
and outside the geocorona during the Apollo-16 Mission, when it was 
equipped with an objective grating and mounted on a leveled tripod for both 
imagery and spectrography. The Apollo-16 backup model was modified at the 
Naval Research Laboratory (NRL) for observations of Comet Kohoutek from 
Skylab 4, through the antisolar Scientific Air Lock (SAL), by use of the Ar-
ticulated Mirror System (AMS) or Extravehicular Activity (EVA). The elec-
tronographic camera is an f/i Schmidt of 75-mm focal length with a 12.7-cm 
Al + MgF 2 -coated primary mirror and 75-mm corrector plates, one of LiF 
transparent to 1050 A, the other of CaF 2 with cutoff at 1250 A. The KBr pho-
tocathode at the focal surface produces photoelectrons from light quanta of A 
< 1600 A, and these are focused by axial electrostatic and magnetic fields on 
a special-order Kodak film with 6-micron-thick NTB-3 (nuclear track) emul-
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sion. The electrostatic field is provided by —25 kV from a high-voltage 

power supply applied to the photocathode, and the magnetic field (about 400 

G) by a cylinder of Alnico bar magnets around the camera. The KBr photo-

cathode is "blind" to visible and near-UV light. Its sensitivity in the far UV 

can be degraded by humidity above about 25 percent relative humidity (RH). 

Figure 1 shows the S201/SL4 camera configuration. The camera, high-volt-

age power supply, film transport, and electronic sequencer were mounted in a 

vacuum-tight canister with removable covers front and rear. With the front 

cover removed, the adapter flange was sealed with double 0-rings to the AMS 

on the antisolar SAL, or the camera could be pointed manually on EVA, 

clamped to the Apollo Telescope Mount (ATM) truss. On EVA, the full 200 

field of view was utilized, and the camera was shaded from direct sunlight by 

one of the ATM solar panels. 

The AMS provided a 6. 08 unvignetted beam from a direction between 600 

and 90° from the -z axis (antisolar), vignetted 50 percent at about 5.08 

off axis, and including a "rim view" 5. 0 8 to 10 0 off the -z axis. This was 

asymmetrical, as shown in figure 2. Thus, each S201 frame shows an area 
12. 09 x 6. 0 8 around the selected target, plus a ring around that out to 90 
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Fiouitz 1.—Cutaway diagram of S2011SL4 canister.
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FIGURE 2.—Diagram of the S2011SL4 field of view through AMS–SAL. The central 

region, from 7.°7 left of field center to 5.°2 right, and 3.°4 up and down, marks the 
unvignetted target field of view in the AMS mirror. Between this and the dashed 
line, the AMS target field is progressively vignetted, and the "rim view" of a different 
star field near the •Z axis increases. Outside the dashed curve, the camera views the 
latter field only. 

from the AMS pointing direction including stars and background from both 

AMS direction and —Z axis, plus a third ring 90 to 100 from the center 

showing stars and background from the - Z axis only. This situation, accepted 

with the S201/SL4 modification, complicates the identification of stars on the 

far-UV photos. 

Preflight calibration was performed by Dr. Carruthers at ML with the 

camera in a vacuum chamber pointed at a He-02 light source monitored by 

calibrated pulse-counting photomultipliers. The camera recorded four expo-
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sures through the LiF corrector (1, 2.5, 6, and 15 sec) and four through CaF2 

(3, 10, 30, and 107 sec), yielding a calibration curve relating film density above 

background, AD, with exposure, E (the product of target brightness, B, by 
exposure time, it ). Figure 3 shows that this characteristic curve is closely lin-

ear, with a minor "toe" at the zero-density end, and a slope dzD/dE = 
0.033. It has been extended to AD over 3.5 by measures of densities on two 

or more frames in later sequences showing targets or background of unknown 

B. Each pair of AD's with known ratio of E's gives a slope, and these are 

shown in figure 3. (Star densities are integrated to give a density-volume for 

each star image, shown by open circles in figure 3.) 

The Flight Films 

Lengths of 35-mm NTB-3 film, each approximately 10.7 m long, were 

loaded in three film transports (FT's) for the SL4 Mission. From launch to 

December 16, 1973, FT #001 was in place on the S201 camera in the canister, 

and FT's #002 and #003 were stowed in the Skylab film vault. After S201 

nTr 
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FIGURE 3.—Plot of density above background, AD, versus Exposure, E, through LiP 
corrector.
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operation on December 16, the rear cover of the canister was removed briefly, 

FT #001 was replaced by #002, and the humid cabin air was promptly ex-

hausted after the cover was replaced (to minimize photocathode degradation). 

After each camera operation, the canister was repressurized with dry nitrogen. 

On December 28, FT #002 was replaced by #003, and on February 2, 1974 

FT #003 was removed for return to Johnson Space Center (JSC). On Febru-

ary 14, all three FT's were delivered to the Photographic Technology Division 

at JSC, and the film was given uniform development (9 mm D-19 at 85°F) 

together with test films from the same NTB-3 batch that had remained at JSC 

during the SL4 Mission. 

Examination of the processed films revealed three major defects: (1) Irreg-

ular edge fog, in some places extending right across the film, thought to be 

caused by condensate water during splashdown—hence termed "water fog" in 

table 1. (2) Discharge fog, limited to the 32-mm (20°) field of view on each 

frame, due to residual gas in the canister allowing glow discharge or sparks 

across the 25-kV potential gap. Even at fairly hard vacuum (10- 5 torr), a cen-

tral "ion point" appears, as on figure 4, to the left of the comet image, due to 

negative ions of residual gas. (3) A large graininess, and irregular areas of 

reduced density, particularly on film #003, possibly due to sudden tempera-

ture changes. The latter are termed "watermarks" in table I. 

Exposed frames were identified and numbered, from Frame No. 1/0 

through 1/183 on Film #001, 2/1 through 2/150 on #002, and 3/0 through 

Table I .—S201/SL4 Frames Exposed, November 26, 1973, to February 2, 1974 

Date Film! 
Frames

NASA 
Nos.

Target SpecScans Features 

Oct 25 1/0	 -	 9 6127-6136 Calibration 40 x,y, 9 raster 1 sequence; 0.02 to COD 

Nov 26.98 1,112 - 21 6139-6148 S MC 24 x,y, 4 r 1 seq; stars, SMC, water 
fog 

1/24 - 32 6151-6161 A426 6 x,y, 2 r 1 seq; many stars 
1/34 - 44 6164-6174 Comet K 24 x,y, 5 r 1 scq;, comet, stars 
1/46 - 55 6176-6185 Virgo Cl. 4 x,y, 2 r 1 scq; stars 
1/57 - 66 6188-6196 Tau Stars 6 x,y, 2 r 1 seq; many stars 

Dec	 5.92 1/68 - 79 6198-6209 Coma Cl. 4 x,y, 2 r 1 seq. no stars 
1/82 - 90 6214-6224 Comet K 18 x,y, 4 r 1 seq; comet, stars 

Dec 12.07 1/92 –102 6226-6236 Virgo Cl. 8 x,y, 2 r 1 seq. stars 
1/104-114 6238-6248 Comet K 44 x,y, 7 r 1 scq; comet, few stars 

Dec 12,25 1/120-129 6252-6262 EriGp. 4x,y,2r 1scq, stars 
1/131-140 6264-6274 NGC134 6 x,y, 2 r 1 scq; stars 
1/141-151 6276-6286 A2199 6 x,y, 2 r 1 scq; many stars 
1/152-161 6288-6300 Crab Neb. 6 x,y, 2 r 1 seq; many stars 

Dec 16.74 1/166-174 6304-6313 Moon 16 x,y, 4 r 1 seq; moon, few stars, 
water fog 

1/176-183 6315-6321 Comet K 16 x,y, 2 r 1 seq; comet, stars, fog, 
film end
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Table I.—S2011SL4 Frames Exposed, November 26, 1973, to February 2, 1974—Concluded 

Date Film! 
Frames

NASA 
Nos.

Target SpecScans Features 

Dec	 2.2.94 2/1	 - 10 6322-6331 N. Aurora 8 x,y, 4 r 1 scq; band, water-
marks 

2/12 - 23 6333-6343 Fornax Cl. 8 x,y, 2 r 1 seq; few stars 
2/24 - 44 6346-6367 NGC6643 8 x,y, 2 r 2 seq. few stars 
2/46 - 55 6369-6378 Gum Neb. 8 x,y, 3 r I seq; many stars 
2/57 - 66 6380-6389 Gum E 4 x,y, 2 r 1 scq; stars 

Dec	 23.65 2/68 - 77 6392-6401 Crab Neb. 4 x,y, 2 r 1 seq. stars, cathode 
specks 

2/79 - 88 6403-6413 NGC1068 6 x,y, 2 r 1 seq; 2 stars, cathode 
specks 

2/91 -101 6416-6426 A1060 2 x,y 1 seq; few stars 
2/104-113 6429-6439 NGC5128 2 x,y 1 seq; stars 
2/116-124 6442-6450 Comet K 18 x,y, 3 r 1 seq; comet, 0 Oph 

Dec 25.9 2/128-150 6453-6475 Comet K 24 x,y, 9 r 2 seq on EVA; comet 
stars, film end 

Jan	 2.94 3/1	 -	 7 6477-6487 Comet K 12 x,y, 3 r 1 seq; comet, stars, 
watermarks 

3/12 - 22 6489-6499 A2634 2 x,y 1 seq; few stars, water-
marks 

3/24 - 33 6502-6511 Pleiades 10 x,y, 3 r 1 seq; stars, discharge 
fog 

3/35 - 45 6514-6524 NGC6300 2 x, y I seq; few stars 

Jan	 6.57 3/47 - 57 6527-6537 Comet K 12 x,y, 3 r 1 seq; comet, water-
marks 

Jan	 10.72 3/59 - 68 6543-6553 N. Airglow 1 r 1 seq; watermarks 
3/70 - 80 6555-6566 Comet K 6 x,v, 2 r 1 seq; comet, water-

marks 

Jan	 13.05 3/82 - 91 6570-6580 S. Airglow 1 r 1 seq; 1 star, water-
marks 

3/93 -103 6581-6591 Comet K 1 seq; watermarks, 
discharge fog 

Jan	 15.06 3/105-107 6595-6597 Comet K 34 seq; background 
only 

Jan	 26.01 3/109-111 6600-6602 Comet 1 r 34 scq; background 
only 

3/113-123 6605-6615 Fornax Cl. 2 x,y, 2 r 1 scq; stars, water-
marks 

3/125-135 6619-6629 Al228 2 x,y, 1 r 1 seq; stars 
3/137-163 - - Missile 234 seq for NRL missile 

launch experiment 

Feb	 2.00 3/165-168 6632-6635 Comet K 8 x,y, 1 r 34 seq; streaks, water-
marks 

3/170-178 6637-6646 Moon 26 x,y, 2 r 1 seq; moon, water-
marks, fog 

3/181-188 6651-6658  M101 1 seq; water fog
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FIGURE 4.—Frame 11108, a 15-s exposure through LiF showing Comet Kohoutek fuJi 

above the horizon at 01.45.55 GMT on December 12, 1973. The small patch left of 
the comet image is caused by ions of residual gas in the S201 camera. The large 
semicircle is geocorona Lrnan-a background, partly vignetted by the SL.4 Articulated 
Mirror System. 

3/188 on #003. Later examination eliminated some gaps in this numbering 

scheme, and NASA numbers were assigned as follows: SL4-182-6126 

through 6321 on Film #001, SL4-183-6322 through 6475 on #002, and 

SL4-184-6476 through 6658 on #003, as shown in table I. 

About 25 percent of the exposed frames are badly affected by one or more 

of the three defects noted above. However, some 50 frames show Comet Ko-

houtek on nine different occasions with fairly good resolution (4 arc-mm), six 

of them through LiF corrector shown in figure 5, and one through CaF 2 in 

figure 6. The vignetting effects shown in figure 2, and discharge points on 

some frames, complicate star identification except near the field center, but re-

liably identified images of 11 stars on Frames 1/176 and 1/180, 5 stars on 

2,/55, and 7 (the Pleiades) on 3/33, were measured with accuracy of 2 or 3 

microns to give the camera scale of 26.6 tL per arc-mm. 

These, and the density measurements, were made with the SpecScan micro-

densitometer at the Photographic Technology Division, JSC. The flight films 

were scanned emulsion up, pressed between two glass plates on the microden-

sitometer platen together with a standard diffuse-density (D) step-wedge
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COMET KOHOUTEK HYDROGEN HALO

From S201 /SL4 Ly,non-alpha Photon 

FIGURE 5.—Comet Kohoutek hydrogen halo. Frame! 1/38, 1/84, 11108, 1/180, and 21119, 
taken through the AMS at 15t exposure, and frame 21128 taken on EVA at 1-s, all 
LiF corrector, 1050-1600 A bandpass, showing Lyman-a emission. 

(0.10 D and 2.25 D) film and a frame-numbered copy negative to ensure 

proper identification. As shown in table I, tracings were made along x, paral-

lel to the film edge, and along jr, across the film, at various scales. Tracings 

were centered on comet or star images by adjusting x and y for maximum D. 
Full-field traces were centered on the film in y, and between the field edges 

when the 32-mm (20°) circle could be detected. Raster scans of 512 X 512 

or 1024 X 1024 measurements were recorded on magnetic tape and converted 

to density contour plots, as in figures 7 and 8. 

These density measurements revealed the changes in camera sensitivity, 

S(x,y,t), a function of position on the frame ( x,y measured in mm from the 

frame center) and time ( t, measured in days after the first S201/SL4 use on 

November 26.98). The most obvious evidence is shown in figure 9, a full x-

trace of Frame 2/128 taken on EVA, where the decreased sensitivity (S < 

1.00) shows near the center of what should be a uniform background. The 

geocorona Lyman-a background provides the most convenient source for meas-

uring sensitivity changes, since every frame was exposed to it in varying de-

grees. Figure 10 shows the x-section of this background as recorded on six 

frames taken on November 26.98 (t = 0), when the sensitivity S(x,y,0) = 

1.00, by assumption. Similar traces on 34 other frames yield the decreasing
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FIGURE 6.—Comet Kohoutek and blue Stars in Sagittarius, Liman-o excluded. From 
frame 21137, 95-s exposed through CaPt corrector, 1250-1600 A bandpass. The long, 
pointed tail extends 2 X 106 km antisolar from the comet nucleus. The dark edge is 
part of the film holder defining the edge of the 20° circular field. 

values of S(x,y,t) partly shown in figures 11 and 12. The edge values (x > 

10, y > 10) are poorly determined because measured LW's there are small 

(< 0.05 D); they seem to show an increase in S after t = 27.4 days. Note 

that the major decrease in sensitivity took place in the first 20 days of 

S201/SL4 operation, after only 13 sequences of photographs in 86 minutes of 

operation. Humid air Cannot have 'caused this decrease because it would de-

grade the full photocathode, while the measured values of S are roughly one-

half as large at the center as at the edges. Figure 13 shows the measured val-

ues of S(x,0,29) on EVA without the AMS mirror, and 2 days earlier, using 

the AMS. Apparently, the central value, S(0,0,27), was degraded by a factor 

of about 5 due to degraded Lyman-a reflectance of the AMS mirror during 

the first 27.4 days of S201/SL4 operation. Karl Henize (1974) has estimated 

a factor of 2 at longer wavelengths (about 1800 A). This conclusion is based 

on one assumption: that the background on EVA, December 25.9, is uniform, 

so that the upper curve in figure 13 represents only the S201/SL4 camera sen-

sitivity, S(x,0,29.9). The lower curve in figure 13 shows S(x,0,27.4) = 

RMSC (x,0,27.4), where RM is the fractional decrease in AMS mirror reflect-
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UDc1 

X 

FIGURE 7—Isodensily Contours from frame 21128 showing Comet Kohoutek's Lyman-
halo in 1-s exposure at 21:32.45 GMT on December 25, 1973. The halo center is 
more than 4.00 D. The outer contour intervals are 0.20 D. Directions to the Sun is 
toward the lower right. The square is 64 arc-min on a side (1.7 mm on the original 
film). 

FIGURE 9.—Microdensitometer tracing across frame 21129 showing Lyman-a background. 
The background density is fairly uniform at about O86 D in the outer 9-mm ring of 
the 32-mm field, but decreases to 0.62 D near the center, implying a 28 percent loss 
of camera sensitivity there.
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FIGURE 8.—Isodensity contours from frame 2/746 showing Comet Kohoutek on a 30-s 
exposure through CaFe corrector, 1250-1600 A bandpass, at 21:38.38 GMT on 

December 23, 1973. The tail extends off the plot, antisolar, to the upper left. The 
base side is 75.5 arc-mm (2.0 mm on the original film). 
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FIGURE 10.—Mean geocorona background density from iIMS views on November 26.98, 
1973. This curve, corrected for target direction relative to the Sun, is used to calibrate 
background measures on later dates for determination of the S201 camera sensitivity 
change. 

ance. As noted above, this is complicated somewhat by the vignetting (figure 

2) and the rim view around the AMS mirror. 

Whatever its cause, the sensitivity S(x,y,t) has been determined for each of 
nine dates after the first S201/SL4 operation on November 26.98 when 

S(x,y,0) is assumed to be 1.00. Figure 14 shows rough contours of 

S(x,y,38.7). The Moon, the Pleiades, and three other groups of stars appear 

on frames separated by 47.3, 30.0, 16.0, 11.4, and 34.0 days, at various values 

of x and y. Density measures on these frames show changes in S(x,y,t )that
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FIGURE 11.—Plots of camera sensitivity versus X-distance from the field center on eight 
different dates. 

tend to confirm the values in figures 11 to 13. These are used to correct meas-
urements of Comet Kohoutek's Lyman-a halo. 

Comet Kohoutek Lyman-Alpha Halo Size and Brightness 

Figures 15 and 16 show microdensitometer x- and y-traces centered on the 
comet image on Frame 1/108, December 12.07. Except for uncertainty in the 
background density, DB, the linear relation AD = 0.033 E (figure 3) allows
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ber 23 and 25, 1973. The upper curve, from frames 21128-146 taken on EVA, shows 
S201 camera sensitivity after 29 days. The lower curve, from frames 2117-119 ex-
posed through the AMS, shows the combination of camera sensitivity and A/IfS mirror 

reflectance 2 days earlier.
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FIGURE 14—Contours of S(x,y,38.7) for January-3, 1974. The camera sensitivity differs 
from one part of the field to another. So far, the values are only roughly determined. 

a fairly accurate measurement of the comet's Lyman-a (hydrogen) halo to an 

"edge" of constant brightness corresponding to a density above background, 
ixD0 = 0.1 E S(x,y,t). This edge brightness level is estimated to be about 20 

kilo-Rayleighs in Lyman-a, and will be more accurately determined later on. 
Table 11 lists the measurements of halo widths, Ax and Ay in microns, on 21 
frames exposed on nine different dates. The comet's central (nuclear) density 

above background, is listed first for each frame; then other density lev-
els above and below ADb are given. (The density ratio 2.5 reflects the 
S201/SL4 exposure sequence of 1, 2.5, 6, and 15 seconds through the LiF 
corrector, assumed to record primarily Lyman-a brightness.) 

Of course, these comet halo diameters are somewhat increased by the cam-

era's limited resolution, including instability of the spacecraft and, in the case 

of x-traces, advance of the film into and out of position, starting . and stopping 
the exposure (This accounts for values of Ax larger than Ay.) Figure 17 
shows one of the traces of star images used to determine the resolution on 
each frame. The dimensions s., and s are full widths of the star image at half
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FIGURE 15.__Microdensito7fleter X -trace across Comet Kohouiek's Lyman-a halo on

frame 11108. The upper curve is the same scan plotted at double scale. 

maximum (½.Dmax), and the halo diameters are Bx = Ax - 5e = 
Ay - s, in microns. These are converted to linear diameters by use of the 

scale factor (26.5 j /arc-min, or 6. 1 28 X 10-/micron) and the Earth-comet 

distance, REC, in Astronomical Units. Thus the halo diameters perpendicular to
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FIGURE 1 6.—Microdensitometer Y-trace across Comet Koboutek's Lyman-a halo on frame 
11108. The horizontal scale is in microns from the maximum-D center of the halo. 

the line of sight are 

d= 6.-28X 104SREc/57. 0 2 = i.iox 1056REo in AU, and the halo radius 

1.496 X 108 d/2 = 0.832 X 1038RE0 in km. 

The measured values are listed in Table II (without rounding—the third 
place is not significant) and are plotted on figures 18-21. TheA D/AD,
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FIGURE 17.—Microdensitometer X-trace of a star image on frame 11108. Star traces like 
this are used to correct for image resolution. The width at half maximum is s	 89 

microns. A similar trace along y shows 5y	 135 microns on frame 11108. 

scale is logarithmic: 'x" denotes r, '+" denotes r. In general, separate 

frames taken at the same time agree within a few percent, although nuclear 

densities AD,, are often above 4.0 D, the highest density measurable on the 

microdensitometer. Table III shows the mean values of ADn, D, d, r, and 

r, and includes the Sun-comet distance, Rsc, aspect angle, /3, and Earth-comet 

radial velocity, VEC. 
Figure 22 shows the variation of halo diameter, d, with R80 and time. As 

expected, the hydrogen halo increased with decreasing R 0 before perihelion, 

but it has an unexpected pre-perihelion maximum on December 12, and 

another maximum presumably at perihelion, with a minimum between. It is 

also clear from tables II and III that the ratio of peak nuclear brightness (as 

measured by AD,,/AD.) to diameter is much larger near perihelion. Such an
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FIGURE 18.—Brightness versus radius in the Comet's Lyman-a halo on November 27, and 
December 6 and 12, 1973. Measures of the density relative to the "standard" Do are 
plotted for two or three frames on each date. Do = 0.1 S At corresponds to edge 
brightness B0 20 kilo-Rayleighs. Different symbols (x, +) are used for the x-
and y-radii measured on the longest exposure on each date. 

increase in "concentration" of the hydrogen halo might be expected from the 
increase in hydrogen production from the comet nucleus near perihelion. 

The mean curves of log D/DO versus radius in figure 21 are fairly well 
fitted by the empirical relation log A (r) = log A. - (r/r0 ) n log z, where 

(r) = AD/ADO = density normalized to 1.00 for 20 kilo-Rayleigh bright.
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FIGURE 19.—Brightness versus radius in the Lyman-a halo on December 16, 23, and 
25, - 1973. Frame 21140, 2.5-s exposure, shows an oversize halo for undetermined 
reason. 

ness, A. = 1Dh/IDO = the peak central density, r0 = (r + r) /2 at 

AD = AD0 from table III, and n = 1/2 before December 24, n = 2/3 
after December 24. (This change in the index n represents the steeper gradi-
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FIGURE 20.—Brightness versus radius in the Lyman-a halo on January 3, 6, and 10,
1974. 

ent of brightness with radius, or greater 'concentration" of the halo after 

December 24.) Using this empirical relation, the integrated density volume, 

2 7r S L(r) dr is (total)	 32.8 r02 A,,Ilg A,, before December 24, and 

8.2 r0 2 A,,Ilg An after December 24. These estimates of the total Lyman-a 
brightness of the comet halo are also plotted in figure 22.
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0.0	 0.5	 1.0	 1.5	 2.0	 2.5 x 10 km	 • 

RADIUS. r 100 km) 

FIGURE 21.—Mean curves of brightness versus radius in the halo on nine different dates. 
The upper set show the pre-perihelion Lyman-a halo development from P - 31.7 

days through P - 2.8 days. The lower set show the post-perihelion decline from 

P - 2.8 through P + 13.0 days.
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Hydrogen Production Rate in the Comet Nucleus 

Opal et al. (1974) have analyzed photos of Comet Kohoutek taken by a 

similar camera on an Aerobee rocket launched on January 8, 1974. Their 

results, shown in figure 22 and table III, give somewhat higher peak density, 

than the S201/SL4 data. Their analysis shows that the hydrogen atoms 

released from the comet nucleus diffuse outward at about 8 km/s. In a steady 

state, with Q atoms per second-steradian leaving the nucleus at 8 km/s, they 

show that halo brightness at r km from the nucleus will be 

B(r) = 3.93 X 10 g0Q402 r kilo-Rayleighs	 (1) 

where g0 0.0002 12 solar Lyman-a photons scattered per second-atom in the 

line of sight at R5 = I AU. Their measurement of B(r) = 25 kR at 

r = 6.2 x 10 km yields Q = 3.6 X 10 28 atoms per second-steradian. 

If AD,, corresponds to B0 = 20 kR, the brightness corresponding to other 

densities, AD in tables II and III, is 

B(r) = 20 D/txD0	 in kilo-Rayleighs.	 (2)

Combining this with equation (1) yields 

Q	 2.40 X 1023 Rs(12 r AD/AD,	 per second-steradian. 	 (3) 

Applied to the measurements in table II, equation (3) yields ranges of values 

shown in table IV. Because the model is imperfect (no allowance for changing 

Doppler shift or possible changes in solar activity), four distinct values of Q 
are listed, as well as the mean for each date: Q,, based on the smallest reliable 

value of r, Qe based on the largest value of r, and Q° based on the standard 

density AD,. Following Opal et al. (1974), the slope of B(r) versus 11r was 

also determined in order to combine all the measurements in table II. Two 

plots of AD/AD, versus 10 6/r are shown in figure 23. From equation (3), 

Q is related to the slope, 2, by 

= 2.40 X 1029 R02 E	 per second-steradian. 	 (4) 

As table IV shows, Q8 is generally larger than the other values; Q,, and Qe 
are smaller except on December 25.9, 28 days before perihelion. Figure 24 

also shows that Q is approximately proportional to R50 in the interval covered 

by these observations, except for the low value on November 26.98, 31.7 days 

pre-perihelion. 

FIGURE 22.—Diameter and brightness of the Lyman-a halo versus Sun-comet distance. 
The dashed curves show a rough fit to d = 0.003/Rsc (in AU) and A (total) = 

12/R250 (in D X lO1 km2), except for the preperihelion maximum on December 12.
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Table IV.-H-Productwn in Comet Koboutek 

r,,1106 Q,,/ r/ Q/ r/106 Q,,/ Q/ Range in Mean	 t	 R.sc 
Frame (kin) 1028 106 10 (kin) 10 10	 Q/10 Q11028, (days) (AU) 

(kin)	 Error 

1/37	 0.070 1.6 1.70 2.4 0.054 1.2 2.9 1.2-3.3 	 2.3 P-31.7 0.974 
1/38	 0.068 1.6 2.50 2.3 0.056 1.3 3.7 1.3-4.5 ± .7 

1/83	 0.121 4.2 2.03 4.5 0.440 6.1 6.4 4.5- 6.9 6.2 P-22.8 0.760 
1/84	 0.125 5.5 3.27 2.7 0.590 8.2 9.0 2.7-10.7 ±1.7 

11106	 0.099 3.4 1.67 3.6 0.570 4.9 4.5	
46 P-166 0.599 1/107	 0.095 3.2 2.55 3.3 0.660 5.7 6.0 3.2- 6.4±12 

1/108	 0.056 2.2 3.3	 1.7 0.740 6.4 5.5 1.7- 6.4 

1/179	 0.086 1.1 1.14 1.6 0.370 1.9 1.8 1.1- 1.9 	 1.9 P-12.0 0.466 
1/180	 0.102 2.1 1.90 0.6 0.460 2.4 3.2 0.6- 3.2 ± .6 

2/117	 0.105 1.0 0.89 1.3 0.890 1.3 1.0 1.0- 1.4 
2/118	 0.024 0.4 1.20 0.8 0.750 1.1 1.0 0.4- 1.4 1.0 P- 5.0 0.249 
2/119	 0.084 0.8 2.34 0.6 0.750 1.1 0.9 0.6- 1.1 ± .2 
2/128	 0.104 2.0 1.38 0.4 0.980 0.8 3.3 0.4- 3.3 

2/129	 0.280 2.8 1.78 0.6 1.235 1.0 3.3 0.6- 3.3 	
1•	 - P	 2 2/139	 0.114 2.2 1.09 0.6 0.935 0.7 2.7 0.6- 2.7 	

.8 0.182 

2/140	 0.470 4.2 2.18 0.7 1.480 1.2 4.7 0.7- 4.7 

3/4	 0.146 1.7 1.11 0.8 0.840 1.5 3.2 0.8- 3.2 	 2.4 P+ 5.3 0.271 
3/5	 0.405 4.4 1.21 0.8 0.860 1.5 6.7 0.8- 6.7 ±1.7 

3/50	 0.035 0.7 0.99 1.5 0.600 2.2 1.9 0.7- 2.3 1.9 P+ 8.9 0.389 
3/51	 0.015 0.3 1.45 1.3 0.630 2.3 2.1 0.3- 2.5 ± .3 

Aerobee	 0.62 3.6	 P+10.4 0.434 

3/74	 0.062 1.0 0.95 1.4 0.341 2.1 1.7 1.0- 2.1	 1.8 P+13.0 0.512 
± .2 

Atomic Oxygen EmissiOn 

It was expected that the S201/SL4 far-UV photographs would provide data 

on oxygen as well as hydrogen production in Comet Kohoutek, but preliminary 

measures do not confirm this. Spectrograms taken by Opal et al. (1974) on 

January 8.1, 1974, show C I A1657 A and 0 I A1304 A emission in 

roughly 3: 1 brightness ratio. With KBr photocathode cutoff at 1600 A, the 

S201/SL4 camera could not detect the carbon emission, and it does not show 

oxygen (even on exposures as long as 500 seconds) except on December 25.9, 

as shown in figures 6 and 8. A remarkable tail appears on six different 

frames with exposures of 10, 30, and 107 seconds through CaP 2, 1250-

1600 A bandpass. It is about 500 000 km wide near the nucleus, and its
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SUN-COMET DISTANCE (x104 km) 

FIGURE 23.—Halo brightness versus 11radius. The slopes of these curves are propor-
tional to hydrogen production rate. Note the fair agreement between three frames on 
each date, and the lower slopes for r < 300 000 km, possibly the result of Lyman-a 
self-absorption near the halo center. 

projected length (at 8 = 29 0 ) is at least 2 X 106 km, narrowing to a point 

at the antisolar end. This length and shape make it unlikely that these far-UV 

photographs recorded oxygen in the ion tail of Comet Kohoutek, par-

ticularly since the earlier (December 23.65) and later (January 2.94) CaF,
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FIGURE 24.—Hydrogen production rate, Q, versus Sun-comet distance, Rue. The error 
bars show the range in estimates listed in table 4. Nuclear (Qn) and edge (Qe) esti-
mates are denoted by "n" and "e." The dashed line shows a rough lit to Q/1O 
6 Roo, except for the low November 27 estimate. 

photographs do not show it. It may be sunlight scattered from the comet's 

dust tail or 1370 A band emission from C + 0 combination ( 3P levels). 
A great deal more analysis is necessary to get all pertinent data on Comet 

Kohoutek from the S201/SL4 far-UV photographs.
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OBSERVATIONS OF COMET KOHOUTEK 
(1973/) WITH A GROUND-BASED 
FABR V-PEROT SPECTROMETER 

D. H. HUPPLER 
F. L. ROESLER 
F. SCHERB 
J. T. TRAUGER 
Department of Physics 
University of Wisconsin 

A Fabry-Perot spectrometer with an aperture of 150 mm was installed at the 

Kitt Peak McMath Solar Telescope to observe various emission lines from the 

gas cloud surrounding Comet Kohoutek between December 1, 1973, and Feb-

ruary 2, 1974. Over this time period the intensity of the Ha 6563 A line 

tended to vary as the minus 3.3 ± 0.4 power of the Sun-comet distance (fig. 

1). The Ha line profiles (fig. 2) can be fitted well assuming the hydrogen 

atoms were expanding radially with a Maxwellian speed distribution, with 

mean speed 7.8 ± 0.5 km s (T = 2900 K), but are inconsistent witha 

single-speed distribution. The absolute Ha intensities thus yield a hydrogen 

atom production rate, which on December 7, 1973, was 10 0 atoms s'. Obser-

vations of Ha on the head and within about 200 000 km of the head in the 

tailward direction show blending with an H2O line (Wehinger et al., 1974) 

Doppler-shifted in the tailward direction by a variable amount, typically 20 to 

40 km s. Presumably these ions were accelerated tailward by interaction with 

the solar wind. (Production rates for H20-'- can be determined pending deter-

mination of the relevant cross sections.) 

From the intensity of the [01) 6300 A line, one finds a production rate of 

1D oxygen atoms of 2 X 1028 atoms s' on December 8, 1973. The instru-

mental resolution of 40 000 was insufficient to determine the [01) line profile 

(fig. 3), but an effective temperature greater than 2000 K is precluded. Meas-

urements at the Da wavelength before and after perihelion put an upper limit 

of 0.01 on the D/H ratio. Observations incompletely analyzed at this time are 

expected to yield upper limits for the intensities of the Ha 4861 A, [01] 

5577 A, and He! 5015 A lines.
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FIGURE i.—Hydrogen-Alpha emission in a circular 2-arc-minute field centered on the 
comet head. The log of the intensity in Rayleigbs is plotted versus the log of the 
Sun-comet distance in AU. The as are pre-perihelion and the f's are post-perihelion. 
A least-squares fit to a straight line gives I a 

4-

FIGuRE 2.—Hydrogen-Alpha scans with circular 2-arc-minute field of view. The left 
scan is 1-112 arc-minutes sunward, the center scan is centered on the bead, and the 
right scan is 1-112 arc-minutes tailward. The comet Ha emission is blue-shifted from 
the geocorona Ha by the comet-Earth relative velocity on December 6, 1973. The I-I2O 
line is seen in the head and tailward scan red-shifted relative to the comet Ha. 
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FIGURE 3.—Forbidden Oxygen 6300 A scans with circular 40 arc-second field of view. 
The left scan is 40 arc-seconds off the head and the right scan is centered on the head. 
The comet line is red-shifted from the airglow line by the comet-Earth relative velocity 
on January 24, 1974.
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WEHINGER, P. A.; WYCKOFF, S.; HERBIG, G. H.; HERZBERG, G; and Law, 
H.: 1974, Ap. J . 190, L43. 

DISCUSSION 

OPAL: We looked at corrected production rates from the Skylab results, 

and it looks as if the production rates for hydrogen before perihelion were 

some four or five times higher than after perihelion. 

HUPPLER: That is nice. 

HER.BIG: If someone claimed this effect was entirely H 2O, not hydrogen 
at all, how would you defend against that? 

HUPPLER: If it is H2O totally then (if it had no Doppler shift relative 

to the comet) you would see it where we see it, sunward; but, there should be 

a Hydrogen Alpha (Ha) emission that is equivalent to what we see, because 

of the Lyman Alpha observations, and we are not really sure that we can 

identify this H2O. It occurs at the right place and has the right width and 

height for Hydrogen Alpha emission. The oxygen also occurs at the right 

place. 

WEHINGER: There are a few other H 2O lines that are not very far 

from Hir. Could you compress your scan on variable spacing? 

HUPPLER: The problem is that with our instrument we came up with a 

10 A interference filter. We wish we had known about the H 2O before we 

went after Ha. We would have looked at a line that was dear to find out 

what the velocity shift is and exactly how it varies, to map it around the 

comet. I would not like to place too much emphasis on our width. 

The Lyman Alpha velocity is 8 km per second. We don't observe the 

higher velocity components because they are in the wings of our profile. 

There could be easily a. lower velocity component and a higher velocity com-

ponent. The lower velocity components would have been ionized already be-

fore they got out where the Lyman Alpha people were looking.



OBSERVATION OF THE COMET KOHOUTEK 
(19731) IN THE RESONANCE LIGHT 
(A2 -X2ll) OF THE RADICAL OH 

J. E. BLAMONT 
M. FESTOU 
Service d'AOronomle 
Centre National de Ia Recherche Soientifique d'Etudes Spatiales 

Two monochromatic pictures of Comet Kohoutek (1973f) were taken on Jan-

uary 15, 1974, at 03.00 UT (Sun-comet distance = 0.62 AU; Earth-comet 

distance = 0.82 AU) in the resonance light (A 2 + - X211) of the radical 

OH. The equipment was a photographic telescope (f12), 300 mm in diameter, 

placed behind a heliostat. The measurements were made onboard the NASA 

990 Convair airplane operated by Ames Research Center. The heliostat was 

stabilized by two gyros correcting in azimuth and elevation in sidereal time. 

The first flights revealed an important drift in one direction. Effects due to in-

strumental drift and motion of the comet on the position of the image have 

been manually corrected. However, there remains a broadening of the comet 

image in the direction parallel to the drift. The pointing accuracy is ± 10 

arc-seconds in the direction perpendicular to the drift. 

An interference filter, with a peak transmission at 3090 A of 30 percent 

and a bandpass of 70 A was placed in the focal plane. From a complete study 

of the transmission of the filter and of the features shown on the spectra of 

Comet Kohoutek, it is concluded that no contamination of the data by emis-

sion other than that of the (0-0) band occurred. 

The film was calibrated before and after each flight. Absolute calibration of 

the film has been carried out. Total transmission is a function of the atmos-

pheric transmission causing the features deduced from our data to be in error 

as much as a factor of 2. 

Isophotes of the (0-0) band are presented and analyzed in a direction per-

pendicular to the drift (Icarus, 1974). Such a picture provides two types of 

information: 

(1) The value of the intensity recorded at the peak is 6 kilo-Rayleighs 

(kR) at the airplane level, which corresponds to a value of 300 IcR emit-

ted by the comet. The OH cloud is optically thin and integration over the iso-
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photes provides the total number of OH radicals in the comet: n _ (2 ± 1) 

X 1034 radicals. 

(2) The comparison of a profile with an Haser model distribution of the 

OH radicals leads to a lifetime of the OH radical of 

TOH = (4.8 ± 1) x 104s 

This is the first measurement of the lifetime of the OH radical in a comet. 

The value appears very close to the lifetime of HO. 

The photodissociation of H 2O and OH produce the H-atoms previously ob-

served in comets. The short lifetime of OH combined with the high total pro-

duction rate of gas in comets (> 3 X 10 0 mol.s' 1) can explain the ob-

served velocity of 8 km s' for the H-atoms: H20 is photodissociated inside a 

sphere of radius 30 000 to 40 000 km and produces H-atoms thermalized by 

neutral compounds. Between 4 x 104 km and 105 km, OH is the parent mol-

ecule of the H-atoms; collisions are negligible and the H-atoms retain the 

major portion of the excedent energy E resulting from the dissociation of 

OH. These H-atoms reach the outer part of the hydrogen envelope with the 

observed velocity of 8 km s-'. The value of E is	 2 >< 104 cm-1, in good

agreement with values deduced from the OH energy diagram level. 

NOTE: The complete paper has been submitted to the journal Icarus. 
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DISCUSSION 

LANE: The interference filter you used included both the 0-0 and the 

1-1 OH band? 

BLAMONT: 0-0 only. 

LANE: There is a very sharp time dependence on individual line intensi-

ties in OH in the 0-0 band and the total surface brightness is time-dependent. 

One needs to check total line intensity. 

WEHINGER: In the model you show that H 20 dissociates into hydrogen 

at 40 000 km. We have obtained that H 2O lines are still strong in the comet 

tail at that distance and may extend twice that far. 

KELLER: Do you know the cross section you used for your calculation? 

BLAMONT: It was 10 15 cm2. 

KELLER: Comet Bennett showed a similar result in OH.



ULTRAVIOLET HYDROXYL OBSERVATIONS OF
COMET KOHOUTEK ON JANUARY 24, 
1974 

GALE A. HARVEY 
Langley Research Center 

Observations of hydroxyl (OH) emission in the electronic band system 
(2 

211) near A3100 from Comet Kohoutek were made during the evening of 

January 24, 1974. The severe atmospheric attenuation in the ultraviolet OH 

spectral region and the low-elevation angles resulting from observing the 

comet while it was inside the Earth's orbit led to use of the NASA Convair 

990 Flying Laboratory as an observing platform. The observations were made 

from an altitude of 41 000 ft; i.e., above the bulk of the Earth's atmosphere. 

Low-resolution spectra of the comet in the wavelength interval A3000 to 

A4600 were obtained during an evening flight just off the coast of the state of 

Washington. These observations are described in more detail elsewhere (Har-

vey, 1974). 
The comet was of visual magnitude 5.5 as determined by Bobrovnikoff's 

method with 7 X 50 binoculars. The spectra were recorded with an f/1.3 

Maksutov slitless spectrograph of 150-mm aperture. The dispersion element 

was a double fused-silica prism of 540 combined apex angle. The spectra 

were recorded on single-coated medical X-ray film and processed for high 

contrast. An inertial image-stabilization mirror system was used to reduce trail-

ing of the comet image due to aircraft roll. 
The spectra consist of three features: strong OH-NH radiation unresolved, 

a weak X3880 CN band, and a still weaker continuum between the OH-NH 

and the CN bands. These slitless spectra have been compared with the slit 

spectra taken during a similar period by A. L. Lane, et al. (Comet Kohoutek 

Workshop Proceedings) which are of much higher spectra resolution and 

show well-resolved (0-0) and (1-1) OH band sequences, a strong NH band 

system at A3360, and a continuum increasing with wavelength over the region 

AA3000-3500. 
It was determined, by correcting the high-resolution data of Lane to an alti-

tude of 41 000 ft by using the atmospheric attenuation model of Elterman, 
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that about two-thirds of the unresolved OH-NH radiation was contributed by 

OH. The energy radiated in the unresolved OH-NH bands of the slitless 

spectra was two and one-half times that in the CN band. The diameter of the 

OH-NH coma as measured on the spectrum plate was three minutes of arc. 

The NH coma as determined by Lane is of the same general diameter as the 

OH coma. The dominant characteristic of the slitless spectra is that most of 

the energy in the region AA3000-4600 is in the OH-NH bands. 

The energy radiated by Comet Kohoutek in the OH-NH bands and re-

ceived outside the Earth's atmosphere was determined by using x Pisces (A2, 

4.94 mag) as the reference star. (See fig. 1.) The irradiance from OH-NH 

outside the Earth's atmosphere was thus determined as 4 x 10 erg/an-s, or 

2.7 x iO erg/cm2-s from OH alone. The total energy WOH radiated by 

Comet Kohoutek in OH was 5.9 X 10 18 ergs/s. The uncertainty of this en-

ergy determination is a factor of about 2 and is due primarily to the severe at-

mospheric attenuation and low irradiance of reference stars in this region of 

the spectrum. This January 24, 1974, OH measurement is in agreement with a 

January 15, 1974, OH filter-photometry measurement scaled according to R-2 

-2, of 4 X 1018 ergs/s by Blamont and Festou (1974) and Festou (1974). 
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FIGURE 1.—Ultraviolet spectra of Comet Kohoutek on January 24, 1974.
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DISCUSSION 

MARAN: What is the spatial resolution in the direction perpendicular to 

the dispersion? 

HARVEY: About 1 minute of arc. 

VOICE: What exposure time did you use? 

HARVEY: That was a 1-minute exposure time. 

NEW: How do your production rates compare with what we just heard? 

HARVEY: I did not do any work at all in production rates. I believe it 

would be similar to Blamont's when scaled for distances.
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GROUND-BASED NEAR-ULTRA VIOLET OBSER-
VATIONS OF COMET KOHOUTEK* 

ARTHUR L. LANE 
Jet Propulsion Laboratory 
California Institute of Technology 

ALAN N. STOCKTON 
Institute for Astronomy 
University. of Hawaii 

FREDERICK H. MIES 
National Bureau of Standards 

The discovery of Comet Kohoutek (1973f) more than 9 months before its pe-

rihelion passage, and the preliminary trajectory analysis which seemed to 

imply an auspicious brightening, both suggested that a number of classically 

"difficult" ultraviolet observations might be possible. The study of the evolu-

tion and spatial extent of hydroxyl radicals (OH) was one such effort in this 

category because the OH emission band system of the first excited state lies in 

the near-ultraviolet (near-UV) in the region of the growing atmospheric 

opacity caused by ozone. A feasibility estimate, based on several of the brighter 

recent comets (Comets Bennett and Arend-Roland) showed that these 

studies of excited state OH emissions were possible, and under carefully con-

trolled conditions, could even be quantitative. To partially ameliorate the at-

mospheric extinction problem it was necessary to obtain observing time at a 

high-altitude site. The University of Hawaii Mauna Kea Observatory, at an al-

titude of 4200 meters, was equipped to perform the OH measurements and 

was able to accommodate the observing request. 

* This paper presents the results of one phase of research 
carried out at the Jet Propulsion Laboratory, California 
Institute of Technology, under Contract No. NAS7-100, 
sponsored by the National Aeronautics and Space Admin-
istration; and jointly supported, in part, by the National 
Bureau of Standards and the Institute for Astronomy, 
University of Hawaii.
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Spectroscopic measurements were recorded with a Cassegrain image tube 

spectrograph at the 2.24-rn telescope. For most of the near-UV spectra the 

central wavelength of the instrument was set to 3200 A, with a total possible 
range of 2900 to 3600 A, and a linear dispersion of 27 A mm- 1 . All the spec-
tra were recorded with the 1.5 arc-sec by 2 arc-min slit aligned parallel to the 

Sun-tail direction and with the nucleus centered in the slit. Exposures were 

between 1-minute's and 30-minutes' duration on Kodak lIa-O plates. The 

comet was observed at 0.93 ± .02 AU, both pre- and post-perihelion for the 

most detailed studies, and was also examined once on March 2, 1974, when it 
was at a post-perihelion distance of 1.6 AU. 

Figure 1 is a print of two pre-perihelion spectra of the wavelength range 

2900 to 3600 A. The upper spectrum is a 9-minute exposure; the lower one, a 

2-minute exposure. In addition to the labeled OH and NH spectral features, 

numerous ion lines and other unknown emissions are present. Figure 2 por-

trays the post-perihelion behavior of the comet in the near-UV. The upper 

spectrum was recorded January 25, 1974 (30-minute exposure), and the lower 

spectrum on March 2, 1974 (30-minute exposure). The heavy dark lines be-

tween the spectra connect regions of identical spectral wavelength. Compari-

son of figures 1 and 2 shows the temporal changes in the behavior of the 

comet. The spectral intensity distributions in the OH and NH bands change 

with time, and a dramatic loss of NH and ion line intensity is observed at a 

heliocentric distance of 1.6 AU in the March 2, 1974, spectrum. Figure 3 is a 

microdensitometer tracing of the January 25, 1974, spectrum. The OH A-X 

G — 
c,
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FIGURE l.—Pre-perihelion near-UV spectra of Comet Kohoutek. The upper spectrum is 
a 9-minute exposure, bottom spectrum a 2-minute exposure. No spectral information 
is seen short of the 3072 A feature in the OH A-X (0-0) band.



Ground-Based Near-Ultraviolet Observations	 89 

d

$4

2 YAQ 7 

FIGURE 2.—Post-perihelion near-UV spectra of Comet Kohoutek. The emissions of the 
NH A-X band and the ion lines near 3550 to 3600 A which were strong at a helio-
centric distance of 0.9 AU have disappeared in emission by 1.6 AU. 
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FIGURE 3.—Z'ificrodensitometer tracing of the January 25, 1974, Comet Kohoutek spec-

trum. OH emission at 3072 to 3118 A and 3130 to 3170 A. NH emission is between 

3345 and 3390 A. Unidentified features near 3250 A are found both pre- and post-

perihelion.
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(0-0) and (1-1) bands are respectively 3072 to 3118 A and 3130 to 3170 A. 

The NH A-X band is between 3345 and 3390 A. An unidentified feature ap-

pears at 3257 A and is present in the pre. and post-perihelion spectra. The 

features near 3300 A require further microdensitometry to determine their ve-

racity. The relative intensities of the OH A-X (0-0) and (1-1) bands are 

about 4:1 as measured, but the atmospheric ozone attenuates the (0-0) band 

much more strongly. Rocket measurements above the atmosphere (Feldman, 

Fastie, et al., 1974) indicate a ratio of about 15:1, which is in general agree-

ment with the correction factors determined from the 1966 U.S. Standard At-

mosphere Supplement. 

Preliminary inspection of the pre- and post-perihelion spectra revealed a 

dramatic change in the intensity characteristics of the OH emission bands. 

Careful microdensitometer tracings centered on the nucleus region are shown 

in figure 4. These tracings are at approximately 1.5 A resolution and the tem-

poral variability of the individual emission lines within each band is evident. 

The predominant difference in the comet is its heliocentric velocity (not dis-

tance) which was about —40 km s-' at the pre-perihelion measurement time 

and about + 41 km s- 1 at the post-perihelion date. If the assumption that the 

observed emission is resonant fluorescent scattering is correct, one must exam-

ine the solar spectrum in this 3100 A region for a possible explanation. The 

molecular transition analysis of these spectra has been performed by Mies and 

Krauss (1974) and virtually all of the line intensities for both the (0-0 )and 

(1-1) OH bands result from very low rotation excitation states, namely J = 0 

and 1, which confirms the assumption of resonant fluorescence scattering. 

(Photochemically produced "hot" OH which had not been quenched would 

have many J values greater than 6.) Figure 5 gives the relative intensity of 

the solar spectrum (disk) for a 2 A interval in which the OH (0-0) 3081.6 A 

line is resonantly pumped (Donn, 1974). The notations "JAN" and 'NOV" 

indicate the actual intensity-wavelength points of solar emission which are 

Doppler-shifted by the comet's heliocentric velocity to be in resonant fluores-

cence at the time of measurement. It is immediately apparent that the cometary 

OH spectrum is extremely dynamic, in a temporal sense, and that no single 

"snapshot" spectrum can determine emission characteristics or brightnesses un-

less a detailed, high-resolution knowledge of the solar spectrum is included in 

the analysis. When Mies and Krauss performed such an analysis using this 

solar spectrum and also the available transition probabilities and molecular 

selection rules for emission, they found a good qualitative agreement between 

measurement and theory. This is shown in figure 6 where the OH microdensi-

tometer tracing is compared with the predicted line intensities for the specific 

time of measurement. The fact that some intensities do not match well indi-

cates either that the solar spectrum is still not adequately known in intensity 

and resolution (a difference of 0.03 A can make a difference factor of from 2 

to 5 in the intensity of an OH emission line), that the molecular transition
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FIGURE 4.—Higher resolution tracing of the pre- and post-perihelion OH emissions.

The same region around the nucleus is examined in each spectral tracing. 

probabilities are not correct, or possibly that the collisional environment is per-

turbing the rotational population distribution. Careful analysis of all the avail-

able spectra may indicate what should be considered as susne't 

In summary, we have demonstrated that moderately high-resolution near-

UV spectroscopy of comets is feasible and important in ascertaining their 

characteristics and compositions. It is also very apparent that spectra rtcorded 

'out-of-context" do not necessarily portray the correct behavior of a molecular 

emission band.
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WAVELENGTH () 

FIGURE 5.—Relative intensity of the disk solar spectrum between 3080 and 3082 A. 
"JAN" and "NOV" refer to the position of the rest wavelength emanating from the 
Sun which is in resonance with the Doppler-shifted 3081.6 A OH line at the time 
of the cometary observations. 
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FIGURE 6.—Comparison of observed OH A-X emission and the line intensities predicted 
by Mies and Krauss for the conditions of Doppler shift at the time of measurement. 
Note that some of the agreements are excellent, especially on the principal lines. 

FELDMAN, P. D.; TAKACS, P. Z.; FASTIE, W. G.; and DONN, B.: 1974, Science, 
August 1974. 

Mias, F.; and KRAUSS, M.: 1974, Ap. J . (Letters), 191, L145. 

DISCUSSION 

FELDMAN: Do you account for the difference of OH and NH intensities 

between January and March simply by different elevation angles of the obser-

vations made? 

LANE: The NH will not be as straightforward as we thought and it may 

have a pumping phenomenon very similar to OH. We will be able to extrapo-

late above the atmosphere by calibration on the plate. 

WHIPPLE: You were guiding in the optical region? 

LANE: Yes. Visually. 

WHIPPLE: How did the nucleus look? Was it pretty sharp?
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LANE: On March 1 it was a blur. We had a difficult time. In the Novem-
ber period (pre-perihelion) the nucleus was more condensed and very sharp. 
In the January period it was more difficult. 

WHIPPLE: This is not atmospheric? 
LANE: No. In Haleakala, if the weather is good, then the seeing is incred-

ible. With this instrument you get down to 2940 A in 5 minutes, looking at 
the dark side, not the bright side, of Venus near the horizon. 

BRANDT: I called and asked E. Roemer what the false nucleus looked 
like in January and she said that its size was several arc-seconds. From that, it 
would be completely compatible. 

WHIPPLE: Back in November it was what? 
LANE: It was stellar, almost.



COMET KOHOUTEK OBSERVATIONS FROM 
COPERNICUS 

J. F. DRAKE 
E. B. JENKINS 
Princeton University 

(Preliminary data presented and no paper submitted.) 
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OH OBSERVATION OF COMET KOHOUTEK
(19731) AT 18 CM WAVELENGTH 

F. BIRAUD 
G. BOURGOIS 
J. CROVISIER 
A. FILLIT 
E. GERARD 
I. KAZES 
Observatoire de Meudon 

Comet Kohoutek (1973f) was monitored in the 1667- and 1665-MHz OH 
lines with the Nancay radio telescope from November 29, 1973, through Feb-
ruary 15, 1974. A signal in absorption was observed during the first half of 
December (peak line antenna temperature of - 0.09 ± 0.01 K at 1667 
MHz and - 0.07 ± 0.01 K at 1665 MHz, with a line width of 4 ± 1 km 
s-'). Then the signal faded. It reappeared in emission around January 20 
(peak line antenna temperature of + 0.09 ± 0.02 K at 1667 MHz and + 
0.05 ± 0.02 K at 1665 MHz with a line width of 4 ± 1 km s- i ). (See fig. 
1.) For both detections, the velocity of the lines coincides within ± 0.5 km 
s-1 with the velocity derived from the ephemeris. Measurements made in the 
first half of December gave an upper limit of 20 percent of circular polariza-
tion; the satellite lines at 1720 and 1612 MHz were not detected at a level of 
0.02 K. 

These results may be explained by an ultraviolet (UV) pumping of the 
OH molecule: when the Fraunhofer spectrum is taken into account, the inver-
sion of the OH ground state A-doublet is strongly dependent on the comet 
radial heliocentric velocity (Swings effect) and can exceed ± 50 percent. 
There is a good agreement between our observations and the variations with 
time of the inversion calculated from this model for the orbit of Comet Ko-
houtek. The number of OH molecules seen by the Nancay radio telescope 
beam (3.5 X 19 arc-mm) is then estimated to be 6 x 1033 in December and 
3 X 1033 in January. Blamont and Festou have observed in January, in the 
A3090 A emission band of OH, a small OH cloud (100 000 km) (C. R. 
Acad. Sc. Paris 278, B479). However, comparision of our results with those 
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L.T.E. ratio of the main line intensities; the error bars represent the r.m.s. fluctuation. 

of Turner (IAU Circular No. 2610) favors an OH halo of large angular ex-

tent, possibly greater than 18 arc-mm (106 km). 

NOTE: The complete paper was submitted to Astronomy & Astrophysics. 

DISCUSSION 

KELLER: I wonder how sensitive the population is against collision. How 

many collisions do you need to destroy these populations? 

CROVISIER: This was questioned by Turner and he found that there 



OH Observation at 18 cm 	 99 

were collisions. The collision rate was quite low in comparison with the UV 
radiation rate for a distance of about 1 AU. 

KELLER: Is this necessary to maintain an inverse population? 
CROVISIER: Yes, it is. 
LANE: In fact, you can invert that, given the UV data. 
LANE: CH is a similar structure and a group tried to see it; they did not 

detect it. 
CROVISIER: Yes. Maybe there is pumping of CH. 
WHIPPLE: The direct measurement of the collision rate here is extremely 

important because we don't know how many particles there are. This looks 
like the first opportunity to get an accurate measurement. This is a great con-
tribution. 

DELSEMME: The width of the beam is not thin enough to detect the 
major region where collisions are. Could you comment on the width of the 
beam that is being used? 

CROVISIER: Yes. The beam width was 3.5 arc-minutes in RA. 
DELSEMME: It would be great to be able to detect collisions if we were 

able to use a beam that is thin enough to detect the inner region where these 
collisions are possible. 

DONN: In this respect the ideal thing would be some OH spectroscopy, 
which is not a very easy thing to provide. But this is similar to what we opti-
cally tried to do. 

CROVISIER: Yes, but the point is that the signal is very faint.



ULTRAVIOLET FLUORESCENT PUMPING OF
011-18-CM RADIATION IN COMETS 

FREDERICK H. MIES 
National Bureau of Standards 

In the absence of collisions, optical pumping of cometary 
OH by solar UV radiation determines the relative popula-
tion of OH molecules in the A-doubled levels of the 'II 
ground state. The distribution is extremely sensitive to the 
heliocentric radial velocity of the comet, and at appropriate 
velocities the level populations will be either inverted or 
anti-inverted. Thus the OH-18—cm spectrum of a comet, 
measured with respect to the 10K galactic background at 
1665 and 1667 MHz, may be observed either in emission 
or in absorption at different periods during the trajectory. 
Optical pumping also will produce an alignment of the 
magnetic sublevels along the axis of the incident solar radi-
ation, and variable degrees of linear polarization are ex-
pected. 

NOTE: The complete paper was submitted to the Astro-
physical Journal (Letters) 191, L 145 (1974). 
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H2O IN THE TAIL SPECTRUM OF COMET 
KOHOUTEK (19731) 

P. A. WEHINGER 
S. WYCKOFF 
Wise Observatory 
Tel-Aviv University 

Spectrograms of Comet Kohoutek were obtained at the Wise Observatory be-

tween November 29, 1973, and February 16, 1974, with the one-meter reflec-

tor located at Mitzpeh Ramon on the Negev Desert. An ITT F4089 magneti-

cally focused image tube with an S-25 photocathode was used with a 

Cassegrain spectrograph. The spectra cover the region from 5000 to 9000 A 

with a reciprocal dispersion of 150 A mm- 1. The spectral resolution is about 5 

A while the spatial resolution is on the order of 2000 km. The spectra were 

recorded on Kodak 103a-D plates with typical exposures of 15 to 45 minutes. 

The comet's heliocentric distance ranged from 0.4 to 0.9 AU. All the spectro-

grams were unwidened with the slit oriented in the direction of the tail and 

the coma located on the center of the slit. The observed extent from the nu-

cleus into the tail was 50 000 km. The spectra of the coma were purposely 

overexposed in order to detect the faint tail features. 

The identification of H. 2O in the tail of Comet Kohoutek, reported else-

where (Wehinger, Wyckoff, Herbig, Herzberg, and Lew, 1974), is based on 

these observations plus higher dispersion spectrograms (33 A mm') taken by 

Herbig in November 1973 and January 1974. Unidentified features were first 

noted in Comet Kohoutek by Benvenuti and Wurm (1974). Shortly thereaf-

ter, Herzberg and Lew (1974) proposed the tentative identification of H2O 

on the basis of two features due to the 8-0 vibronic band and two other fea-

tures due to the 6-0 band, at 6200 and 7000 A, respectively, seen in Benve-

nuti and Wurm's spectrum. 

Nearly 50 previously unidentified lines are seen in the Wise Observatory 

spectrograms of Comet Kohoutek, all of which are in excellent agreement 

with the laboratory data on H2O obtained by Lew (1974). The spectrum of 

HO was discovered by Lew and Heiber (1973) and is being analyzed by 

Lew. Herzberg (1973) had predicted that H 2O would be found in comet tail 

spectra.
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The observed emission features due to the H2O are vibronic bands with 
transitions from the upper vibronic state to the ground state, in a progression 

of bands from the 5-0 band at 7500 A to the 10-0 band at 5400 A. The 

}{2O vibronic band structure alternates between 7r and Y,, bands and is 
similar to NH3 which is seen in the coma of this comet and previous comets. 

The synthetic spectrum of rotational electronic transitions, computed for the 

8-0 and the 7-0 bands, is in good agreement with the observed line intensi-

ties within each band. The vibronic states are populated by resonance fluores-

cence simulating a gas at very low temperature (50 to 100 K). The predicted 

spin splitting is seen in Herbig's spectrograms for rotational lines with the 

largest splitting (i.e., of the order of 3-4 A). 

The presence of H2O-- is expected since OH and H are observed; the OH 
in the A2 - X211  band (AA 2800 to 3160 A) and H in Lyman-a (due to 

Swings and Haser, 1961; Jenkins and Wingert, 1972; and Bless and Code, 
1972). 

In summary, the identification of H 20+ is confirmed from. the wavelength 

measures, the band structure, the line intensities, and the spin splitting. All of 

these quantities are in excellent agreement with the laboratory data on H20+ 

The positive identification of HO in the tail spectrum of Comet Kohoutek 

confirms the presence of water in comets as postulated by Whipple (1950, 

1951) in his icy conglomerate model of cometary nuclei, and also supports 

Delsemme's (1973) indirect arguments concerning the presence of water ice 
in comets. 
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DISCUSSION 
LANE: Please speculate on the formation of the H2O by ionization or 

electron bombardment. 
WEHINGER: I have some figures on this. There are several processes in-

volved--charge transfer, 0.2 to 1 KEV solar wind protons and the electron 
collision ionization with solar wind electrons in the 20- to 100-electron volt 
range. Charge transfer is 10 ionizations per 107 water molecules per second. 
Electron collision is 2 X 107 particles per second. 

LANE: Do you mean photoelectrons from other species? 
WEHINGER: When you have a radiation short of about 1300 A, the 

Lyman-Alpha from the Sun, it is energetic enough to dissociate the water. 
There are two effects—photoionization and photodissociation. 

LANE: What is the process of the ionization? 
WEHINGER: The charge transfer from solar wind protons is one; the 

solar wind electrons causing collision ionization is another; and then, the solar 
UV short of 980 A is a third. All three of these contribute to the production 
of the H 20 ions. 

PAGE: What is the significance of 1300 A? 
WEHINGER: That is where photons are energetic enough to dissociate 

water. 
DELSEMME: You will find that 99 percent of the rest of the water is still 

dissociated, less than 1 percent is ionized: It is understandable that you are 
really using a lot of water. 

KELLER: How do you figure out 1 percent? 
DELSEMME: That figure is still highly unknown. 
WEHINGER: These are just typical values. 
MENDIS: My guess is that the photoionization is much more important. 
BRANDT: The temperature of electrons is four times the temperature of 

the protons. Is that the correct range? 
WEHINGER: I had an electron temperature equivalent to 20 to 100 eV. 
DELSEMME: The problem is, what is the distribution inside the shock 

wave? 
VOICE: Will you be able to separate the relative intensities of the various 

lines? 
WEHINGER: The spectra that I have from Wise Observatory are at 150 

A/mm and you can't begin to separate H Alpha to get relative intensities and 
fluxes of the lines. 

DUBIN: What is the history of the ions versus distance? 
WEHINGER: We have data from about 0.4 to 0.7 AU. We don't have 

details yet on the variation in the line strengths with distance.



ROCKET ULTRAVIOLET IMAGES AND 
SPECTRUM OF COMET KOHOUTEK 

C. B. OPAL 
G. R. CARRUTHERS 
D. K. PRINZ 
R. R. MEIER 
E. 0. Hulburt Center for Space Research 
Naval Research Laboratory 

Emissions of atomic oxygen (1304 A), atomic carbon (1657 A), and atomic 

hydrogen (1216 A) from Comet Kohoutek were observed with electrono-

graphic cameras carried on a sounding rocket on Janury 8.1, 1974 (at this 

time the comet was at R = 0.43 AU). 

The cameras incorporated 75-mm focal length f/i Schmidt optical systems 

with fields of view of 200 and resolutions of 2 arc-mm. The cameras were 

calibrated in flight by comparison with airglow brightnesses measured simulta-

neously with accurately calibrated photometers. 

A camera with 1250-1900 A passband (CsI photocathode -and CaF 

corrector plate) produced a circular image of the comet about 10 arc-mm 

across (4 X 10 5 km). A similar camera pointed at a grating to form an 

objective spectrograph revealed that the emissions in this band were mainly 

the 1657 A line of C and the 1304 A lines of 0 in ratio of peak brightness 

of 3:1. Taking the diameter of the direct image to give the size of the carbon 

line emitting region, we derived a total luminosity in this line of 1.2 X 1029 

photons/s (somewhat less than half that observed by Feldman et al., at R = 
0.34 AU). 

A third camera sensitive to the 1100-1500 A band (KBr photocathode 

and LiF corrector plate) recorded the extensive atomic hydrogen halo in the 

light of resonantly scattered solar Lyman-a (1216 A) radiation. The peak 

brightness was about 100 kR. Emission was detected out to distances of about 

2 x 10 km, at which point the comet emissions faded into the 7-kR ter-

restrial Lyman-a airgiow. The brightness distribution out to a distance of 106 

km followed that expected from a simple model, in which it is assumed that 

the hydrogen initially flows radially outward at a velocity v = 8 km/s, with 

shells of different radii displaced down-Sun according to the cumulative effect 
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of the acceleration produced by solar Lyman-of radiation pressure. At greater 

distances it was necessary to use a numerical individual-particle fountain 

model to take into account the actual parabolic orbits of the atoms. A good fit 

with this model was obtained for a thermal velocity distribution with v = 8 

km/s and a long lifetime against loss through charge exchange with the solar 

wind. Both models gave a production rate of 3.6 X 1028 atoms/second-
steradian. 

NOTE: The complete paper was submitted by the Journal Icarus ((1974) 
23, 526). 

DISCUSSION 

KELLER: You did not mention one very important figure and that is the 

solar-flux curve. The velocity is proportional to the square of solar flux and 

also the production rate. 

OPAL: I think it is the 3/2 power of the solar flux. 

LANE: In the region near the nucleus at ejection, is it possible you are 

starting to get photon screening by molecules that have larger cross sections? 

OPAL: I would think that they would absorb the solar Lyman-Alpha also, 

and we would see some shadowing behind the comet—which we do see in a 

way, but not very strongly. 

BRANDT: There are changes in the solar wind properties but all of them 

correlate very poorly or not at all with solar spot number. You cannot use 

the sunspot number for any known property of the solar wind. 

OPAL: Not even the total flux over the sunspot cycle? 

BRANDT: Total flux is almost a constant (within 50 percent). This is a 

source of difficulty. 

OPAL: I looked into that matter and saw some data which show there is 

great variation in velocity and flux at times.



ROCKET ULTRAVIOLET SPECTROPHOTOMETRY 
OF COMET KOHOUTEK (1973/) 

P. D. FELDMAN 
P. Z. TAKACS 
W. G. FASTIE 
Physics Department 
The Johns Hopkins University 

B. DONN 
Astrochemistry Branch 
Goddard Space Flight Center 

Spectrophotometric observations of Comet Kohoutek (1973f) between 1200 

and 3200 A were made from an Aerobee rocket launched from White Sands 

Missile Range at 0145 UT on January 5, 1974. A brief description of the 

instrumentation and results has been given 'by Feldman et al. (1974) and 

table I from that reference is reproduced below. In addition to HI Lyman-a 

(Al216 A) and the OH bands at AA3090 and 3142 A, both of which are 

very intense, the only features detected were the resonance transitions of 

atomic oxygen (A1304 A) and carbon (AA1561 and 1657 A). These fea-

tures were also detected by Opal et al. (1974) in a rocket experiment launched 

3 days later. 

Several possible cometary features were not observed. Among these are the 

CO Fourth Positive Bands (1400-1600 A), the CO 2 doublet at 2890 A, 

and the 14.2 Lyman bands (1300-1650 A). However, the fluorescent scattering 

efficiency for these bands is quite small (see table I) so that the absence of 

the bands does not significantly contribute to our knowledge of the composi-

tion of the comet. There is also no evidence of scattered solar radiation near 

3100 A, so that an upper limit to the cometary albedo of 0.05 can be set at 

3100 A, based on the 5500-A albedo of 0.20 given by Ney (1974). This 

sharp decrease in albedo in the ultraviolet is consistent with the general in-

crease in emissivity of cometary dust in the infrared as noted by O'Dell 

(1971). 

The quantity of interest is the total production rate, Q, in s of each of 

the observed species. Assuming the only excitation processes to be those in-
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Table I.—Spectropborometric Observations of Comet Koboutek 

X(A) F (photons 
s'cm')

L (photons 
s71)

g (photons 
s'mol')

7(s? Q (s') 

01 1304 120± 40 2.8 X 1021 5.0X10-7b 4.0 X 106 1.4X10 
CI 1657 140± 50 3.3X10 l.lXlob 2.5X10° 1.2X10 
OH 3090 3100±100 7.4X103° 1.2X10 31' 7.9X 10 0.8X10 

CO 1510 :515 :54X10 8.2X108 6.9X105 :57	 X10 
CO2 2890 :518 :54X10 9.1X10° 3.9X 10 :51.1X102° 
H2 1608 :515 :54X10 1.1X10-7 8.5X10 :53	 X10

H	 1216	 ...	 ...	 2.1 X 10-3...	 5.4 X 10 

At 1 AU. 
b Allowing for Doppler shift of 55 kin s1. 

duced by solar radiation, Q is related to the observed flux F by 

Q4thF 

gr 

where i. = Earth-comet distance, 

g	 emission rate factor for resonance scatttering or fluorescence, 

and	 r	 mean lifetime of the species, determined from photoionization 

and photodissociation loss rates. 

Note that the product gT is independent of the heliocentric comet distance. 

Both g and r are generally uncertain to about a factor of 2. In addition, the 

large heliocentric Doppler shift at the time of observation, 0.25 A, exceeds 

the width of the solar 01 lines and thereby removes resonance scattering as a 

strong source of X1304 emission. Fluorescence of oxygen in 01 ( 3P - 3D) 
transition at 1025.77 A excited by the nearly degenerate solar Lyman-fl line 

at 1025.72 A is found to be an important source of the observed A1304 

emission. The situation for the Cl multiplet at A1657 A is not as severe since 

there are accidental coincidences between the shifted and unshifted lines. 

The values of g and used in deriving the production rates are given in 

the table, along with the Q values for each species. The most striking result is 

the high value of Q for atomic carbon, which implies that the parent mole-

cule containing carbon is evaporated at the same rate as H20. On the basis of 

the upper limits on all possible hydrocarbon species, the observed carbon 

could not have derived from those parent molecules. Thus, the most likely 

candidates for the carbon parent molecule are CO or COs, neither of which 

can be excluded on the basis of the upper limits given in the table. 
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DISCUSSION 

BLAMONT: If your explanation of the emission of oxygen is correct, you 

should have some emission of 8446. Have you looked for it? 

FELDMAN: I did not look for it but I asked Steve Maran about it. He 

said that as part of Operation Kohoutek; he has not seen any observations out 

that far.



OBSERVATIONS OF THE HYDROGEN LYMAN-a 
(1216 A) EMISSION LINE OF COMET 
KOHOUTEK (19731) BY THE SKYLAB 
ATM S082B SPECTROGRAPH 

H. U. KELLER* 
Laboratory for Atmospheric and Space Physics 
University of Colorado 

J. D. BOHLIN 
R. TOUSEY 
Naval Research Laboratory 

The S082B spectrograph designed and operated by the Naval Research Labo-

ratory was part of the Skylab Apollo Telescope Mount (ATM). The ATM 

consisted of a cluster of solar observational instruments. The resolution of the 

S082B spectrograph was superb, but its sensitivity was less. In order to view 

the comet, the whole Skylab spaceship had to be moved and stabilized to point 

away from the Sun. The stability and pointing errors are known only theoret-

ically and are of the order of several minutes of arc, e.g., comparable to the 

target size—the coma of Comet Kohoutek. 

The entrance slit of the S082B instrument corresponded to a field of view 

(FOV) of 2 x 60 arc-seconds. The spectrograph operated in two wavelength 

regions: from 1000 to 1970 A and from 1940 to 3940 A. The nominal reso-

lution changed from 0.08 A to 0.16 A with increasing wavelength. About 

100 frames of high-speed film Kodak 101 were used for cometary observa-

tions. No results were obtained in the long wavelength channel, where the 

OH emission lies and would have been of great interest. 

During the observing period from December 19, 1973, to January 6, 1974 

the spectrograph recorded five images of the cometary Lyman-a emission 

(1216 A). The three best exposures of December 29, 00:14 UT (13 min ex-

posure time); December 30, 15:09 UT (9 mm); and December 31, 23:27 

UT (30 mm) have been analyzed. The radial velocity component of the 

* On leave from Max-Planck-Institut for Physics and Astro-
physics, Munich, Germany.
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comet with respect to the Earth was greater than 40 km 1 and, therefore, the 
geocorona did not interfere with the cometary emission. 

The results are still preliminary since not all effects determining the line 

images have been studied as yet. The peak plate densities of the lines are 0.1 

to 0.2 above background (fig. 1). The calculated instrumental profile is appre-
ciably smaller (FW/HM = 0.055 A) than the recorded line images, typically 
FW'HM = 0.14 A (FW"HM full width at half maximum). Unfortunately 

the photographic images are too noisy to be deconvoluted to yield the actual 

cometary line profiles. However, the line widths can be determined with suffi-

cient accuracy. Gaussian profiles with varying half widths were assumed for 

the cometary line and convoluted with the theoretical instrumental profile, and 

the resulting half widths were compared with those observed. Table I displays 

the results of the observational and the calculated widths of the cometary line 

profiles. The scatter of the H and D curve determines the estimated errors. 

The average of all three profiles is FWHM=0.140()A for the 
observed images and FWHM=0.130()A for the cometary line. 
This line width corresponds to a Doppler velocity of V = 19.3 km S7 1 or 
an outflow velocity vH = 21vf vn=21.7(t) km s7'. This interpretation 

DEC. 30, 73, 15 : 09 UT
EXPOSURE 9MIN. 

DEC. 29,73, 00 : 14 UT	 INSTRUMENTAL 
EXPOSURE 13 MIN	 PROFILE 

DEC. 31, 73, 23:27 UT 

j \	 _____	 EXPOSURE 30 MIN. 

02A 

FIGURE 1.—Cometary line and instrumental profiles.
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Table I.—Cometary Line Profiles 

FWHM[A] of 
Date	 FWHM[A) on plate	 cometary line	 Limits and Value 

Dec 29	 0.177	 0.168	 upper limit 

	

0.135	 0.125	 determined value 

	

0.120	 0.108	 lower limit 

Dec 30	 0.161	 0.153	 upper limit 

	

0.146	 0.135	 determined value 

	

0.140	 0.131	 lower limit 

Dec 31	 0.166	 0.158	 upper limit 

	

0.140	 0.131	 determined value 

	

0.120	 0.108	 lower limit 

implies that the cometary emission is optically thin, which is certainly 

not true for the FOV of the instrument centered on the nucleus. The actual 

pointing will be verified by using the white light coronagraph exposures 

taken for this purpose during the spectrograph observations. Since only a 

small number of all short wavelength exposures (with even longer exposure 

times) were successful, it is almost certain that the instrument was pointed 

at the brightest part of the hydrogen atmosphere, i.e., the nuclear optically 

thick region. 

Multiple scattering calculations by Keller (1973a) show that in the 

region around the nucleus determined by the FOV, the optical thickness is 

certainly larger than 10 and might well reach values of 100 and even more. 

For simplicity, a plane parallel layer with constant source function was 

assumed to study the optical thickness effects. For an average optical 

thickness of 50, the broadening factor would be 2.1 and the outflow velocity 

would decrease to 10( -+ ') km s'. This value is reasonably close to the 

values of 8 km s7 l for the outflow velocities established by using observa-

tions of the optically thin parts of the hydrogen atmospheres of Comets 

Bennett and Kohoutek (Keller, 1973b; Opal et al., 1974). 

In summary, the cometary Lyman-a emission line of Comet Kohoutek 

was resolved by the Skylab ATM S082B spectrograph observations for the 

first time. This line is probably strongly broadened by optical thickness 

effects. The preliminary line width yields an outflow velocity in agreement 

with observed outflow velocities of the hydrogen atmospheres of Comets 

Bennett and Kohoutek.
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DETECTION OF METHYL CYANIDE IN COMET 
KOHOUTEK 

B. L. ULICH 
National Radio Astronomy Observatory 

E. K. CONKLIN 
National Astronomy and Ionospheric Center 

In this paper we report the first detection of radio emission from a comet. 

We observed Comet Kohoutek from December 1, to December 5, 1973, using 

the National Radio Astronomy Observatory (NRAO) 36-foot radio telescope 

on Kitt Peak. The receiver was a double sideband mixer radiometer operating 

at a wavelength of 2.7 mm. The spectrometer consisted of a 50-channel filter 

bank with a resolution of 100 kHz and 256-channel filter bank with a resolu-

tion of 250 kHz. 

The data obtained on December 1 and December 5, 1973, are shown in 

figure 1. Two lines are visible in emission with half widths of about 0.3 km/s. 

We are confident they are of cometary origin for the following reasons: 

First, during our observations the comet moved about 
70 in the sky with 

respect to background sources. These lines were observed several times during 

a 5-day period, but were always seen only at the predicted position of the nu-

cleus. No lines were detected at points 1 minute of arc away in the tail. 

Second, the change in observed line frequency during this period 

matched the Doppler shift calculated from the changing geocentric velocity of 

the comet. 
Third, the narrow line widths are consistent with thermal broadening at 

temperatures typical of comets at this heliocentric distance. 

We have identified the two emission lines with the J = 6 - 5, K 0, 

and K = 3 vibrationally excited transitions of methyl cyanide, CH3CN. 

When the observed frequencies are corrected for the calculated Doppler shift 

of the comet, the rest frequencies agree with the known values for methyl cy-

anide. In addition, the frequency separation and relative intensities of the two 

lines are in excellent agreement with both theoretical calculations and labora-

tory measurements. 
The ground state of methyl cyanide has been observed previously in the 
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FIGURE 1.—Radio emission from Comet Kohoutek, December 1 and 5, 1973. 

galactic center, and its presence in comets was postulated by Huebner and 
others. 

The fluid dynamic model of the photochemical coma of a comet assumes 

that the molecular density decreases as 1/r 2 away from the nucleus out to a 
critical radius at which photodissocation occurs. If we adopt a value of 10 

km for this critical radius and a gas temperature of 150 K, the column den-
sity of CH3CN averaged over the 1 arc-minute antenna beam is about 6 X 
1014 molecules/cm2. This corresponds to a production rate (at a heliocentric 
distance of 0.8 AU) of about 10 29 CH3CN molecules/second, which is an 
order of magnitude larger than that of HCN. 

We were unsuccessful in detecting either the CN radical or the J = 1 - 0 

transition of CO at the nearby wavelength of 2.6 mm. Upper limits on the
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column densities are about 3 x 10 molecules/cm2 for CN and 6 x 10 

molecules/cm2 for CO. The corresponding upper limits on the production 

rates are 5 X 1027 molecules/second for CN and 1030 molecules/second for 

CO. 

In conclusion, our detection of a complex molecule such as methyl cyanide 

in considerable abundance in the nucleus of Comet Kohoutek is the first direct 

confirmation of the parent molecule hypothesis. 

DISCUSSION 

LANE: With two transitions, are you able to make an estimate of the tem-

perature as opposed to having to assume the 1500 for your calculation? 

ULICH: No. You can derive a value for the temperature based on the 

width of line. But we are limited by resolution of the filters which would 

give us unreliable data. 

CARRUTHERS: If you have 1029 CH3CN, would you expect all those to 

be dissociated and produce CH and CN at some point in the breakup, and 

that 1 029 would then be the upper limit of CH and CN? 

ULICH: Yes. I thought about that and all I can say is that these are the 

numbers I come up with, based on a straightforward interpretation of the 

data, and I don't understand it. 

DONN: I think you have to be careful of straightforward interpretation of 

data. You can assume 1500 temperature to get the number of molecules. You 

really need a detailed analysis of what is going on. 

ULICH: I agree, the production rate is highly dependent on the type of as-

sumptions you make and on the dissociation radius you. use. It can change eas-

ily by an order of. magnitude but I think, on a relative scale compared with 

.HCN observations,.the numbers are pretty good. 

BELTON: Have you tried to compare the CN number with that derived 

from optical. observation? Is there a chance that the transition will be pumped 

by ultraviolet? 

ULICH: It would be an interesting thing to do, to compare it with the 

optical data, but I have not done that. 

LANE: I do have two plates of both NH and the CN simultaneously that 

should allow me some overlap to tie OH and NH together. One should get 

OH, NH, and CN together.



DETECTION OF HCN RADIO EMISSION FROM 
COMET KOHOUTEK (19731) 

L. E. SNYDER 

Joint Institute for Laboratory Astrophysics 
University of Colorado and National Bureau of Standards 

W. F. HUEBNER 

Los Alamos Scientific Laboratory* 

D. BUHL 

National Radio Astronomy Observatoryt 

Radio emission of HCN has been detected from Comet 
Kohoutek before and after perihelion passage. Multiple 
Doppler shifts in the observed spectrum indicate jets with 
velocities ranging up to several km s. The HCN column 
density of the "quiescent" triplet, averaged over the an-
tenna beam, is 1.5 x io cm'. With some reasonable 
assumptions, this corresponds to an HCN gas production 
rate of (3— 12) x 10' molecules s. 

We report the radio detection of hydrogen cyanide in Comet Kohoutek 

(1973f) and the first quantitative observations of the velocities of jets in the 

inner coma while the comet was at small heliocentric distances. Observations 

of the ground state J 1 - 0 transition of H 112 C14N were made on Decem-

ber 15 and 16, 1973, before perihelion, and on January 3 and 6, 1974, after 

perihelion passage. A 3-mm line receiver mounted on the National Radio As-

tronomy Observatory (NRAO) 36-ft (11-m) radio telescope at Kitt Peak was, 

* Work performed, in part, under the auspices of the U. S. 
Atomic Energy Commission. 

t The NRAO Green Bank, West Virginia, is operated. by 
Associated Universities, Inc., under contract with the Na-
tional Science Foundation.
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used for the observations. The system was calibrated with a chopper wheel 

and was checked by observing the HCN emission from the galactic sources W 

51 and Sgr A (NH 3 A). Because of solar heating of the telescope, most of 

the observations had to be made through the fabric dome. Since our observa-

tions are discussed in detail by Huebner, Snyder, and Buhl (1974), we will 

briefly summarize here the results of our data analysis. 

Figure 1 (A—C) shows the observed HCN emission spectra obtained with 

100-kHz filter resolution. The J = 1 - 0 transition is split into three quadru-

pole hyperfine components: F = 0 - 1 at 88.63394 GHz, F = 2 —1 at 

88.63185 GHz, and F = 1 - 1 at 88.63042 GHz (De Lucia and Gordy, 

1969) with theoretical intensity ratios 1:5:3 as indicated over the top bar of 

the figure. The data have been smoothed by adjacent filter averaging and, for 

all data taken through the closed dome, the temperature scale has been in-

creased by 1.6 to account for the dome attenuation of — 40 percent. Figure 

1(D) is anoise spectrum taken while tracking — 7.5 minutes of arc off the 

comet nucleus and observing through the closed dome. The dotted vertical 

bars in figure 1 (A—c) show the peak-to-peak noise levels found from scaling 

figure 1(D) by the appropriate ratios of system temperature and integration 

time. The larger, solid vertical bars are the dotted bars multiplied by 1.6 to 

show how use- of the dome scaling factor artificially increases the displayed 

noise levels. Since the closed dome attenuates the HCN spectral line data by 

about 40 percent (but the noise level determined from figure 1(D) properly 

accounts for the closed dome), an open dome estimate for the HCN data in 

figure 1 (A—C) may be made by reading the spectral line intensities from the 

antenna temperature ordinates and the noise levels from the corresponding 

dotted vertical bars. Figure 1(A) presents the preperihelion observations. Sev-

eral of the strongest Doppler-shifted triplets, marked by bars above the spec-

trum, indicate the presence of jets and the magnitude of their velocity compo-

nents in the line of sight (1 MHz corresponds to 3.4 km s as indicated by 

the scale below figure 1(C)). The true signal-to-noise ratio of the strongest 

features in figure 1 (A) is about 3. Figure 1(B) shows the post-perihelion ob-

servations. The jets produce Dopplershifted components which exhibit differ-

ent- intensities and shifts with respect to the comet's radial velocity. The 

FIGURE 1.--Emission spectrum of the HCN J = 1 - 0 transition observed in Comet 
Kohoutek (A) before perihelion, (B) after perihelion, and (C) combined average 
spectrum. Each horizontal bar connects hyperfine triplet components of the same 
Doppler-shifted jet. Bars with arrows indicate the "quiescent" emission triplet. Dashed 
bars connect hyperfine triplets not significantly above the noise level. A noise spectrum 
(D) was obtained by tracking '—'7.5' of arc (-5.6 beam widths) off the comet nucleus 
while observing through the closed dome. As explained in the text, (D) was used to 
determine the true noise levels of (A), (B), and (C), which are indicated by the verti-
cal dotted bars. The percentages of time for which observations were carried out with 
the dome open are given to the right of each spectrum.
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"quiescent" triplet (marked by a horizontal bar with arrows) is always present 

at the expected position in the spectrum in the pre- as well as post-perihelion 

observations. There is no evidence of abatement in the post-perihelion spec-

trum. Figure 1(C) presents the combined observational data. Some of the 

weaker triplets are suppressed by the averaging of all the data, and only the 

strongest remaining triplets are identified by horizontal bars. The F = 2 - 1 
component of the "quiescent" triplet in figure 1(C) has a true signal-to-

noise ratio of about 4. 

Each HCN hyperfine component (F = 2, 1, 0) has an optical depth Tp 
given by

=
 (

hB	 8irv	 12 -)C	 iF 
C 

,)(2F+1){1	 } o-. i I 2[1 exp(_ j.)] (1)

where N is the column density of the total number of HCN molecules (as-

suming Boltzmann statistics); the matrix element for the unsplit 

J = 1 - 0 transition; iv the line width at half-height; v the transition fre-
quency; B the HCN rotational constant; and the term in braces is the usual 

6 - j symbol. If the comet coma is optically thin with a negligibly small 

optically thick central region, and ignoring any weak 3-mm continuum emission 

from the comet, then the antenna temperature, TA *, of the F = 2 - 1 HCN 
hyperfine component is related to the optical depth by 

Mi [1— exp(—_i)]	 2.127N 873v2	
C 2 —h/kT TA*	

k [exp(bv/kT)-1]	 T 3ckiv	
(2) 

where T is the excitation temperature and p the beam dilution factor. In the 

absence of enhancement of emission, e.g., through solar radiation, the excita-

tion temperature will be the kinetic temperature of the radiating gas. Since the 

molecules can only radiate in the inner coma before they are destroyed by 

solar UV, it can be assumed that the gas is in thermal equilibrium with the 

surface from which it evaporates, i.e., T	 150 K. Average values for the 
F = 2 - 1 component of the HCN "quiescent" triplet are TA *	 0.8 K and 

200 kHz, although smoothing gives the lines in figure 1 a broader ap-

pearance. Thus, for the "quiescent" triplet, equation (2) gives a total column 
density N = fl-1 (1.5 x 1013 cm- 2 ); substitution into equation (1) yields 

0.0054 for the mean optical depth <f2-1 > = j3 T2.1 which includes the effects 

of beam dilution. The lifetime of HCN under the influence of solar radiation is 

not known, but typically the range of molecules in the coma, at 1 AU heli-

ocentric distance,. is 104 to 10 5 km. We shall use these values for the cutoff 
range, r0, in the model described by Huebner and Snyder (1970) for the aver-

age, uniformly smeared out, column density in the antenna beam. 

I(N) = 4Q' 
A20B2 

cos - - (ro2 - j2)1/2 -	 (3) ro
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In this equation .r = mm [r0, .	 O/2), <N>	 N = 1.5 X 1018 

cm-2, Q' is the total production rate of HCN molecules, v	 0.3 km s-1 is

the average (thermal) expansion velocity of the gas, a is the geocentric dis-

tance of the comet, and OB 80 of seconds of arc is the half-power beam 

width of the antenna. To a good approximation, the production rate, Q', is 

the same during the observing periods before and after perihelion. Thus for 

the "quiescent" triplet at 1 AU, Q' ranges from 12 X 10 r' for 

r0 = 104 km to 3 x i0 j-i for r0 = 105 km. Taking into account the 

Doppler-shifted components, the overall HCN production rate is about two 

to three times higher. Further analysis of other molecular observations is in 

progress. 

ACKNOWLEDGMENTS 

We thank the NRAO personnel for their support during the observations. 

We were assisted in telescope operations by D. Cardarella, D. Myers, C. 

Sparks, and P. Rhodes. It is a pleasure to acknowledge the help we received 

from Drs. T. Clark, Rh. Lust, and B. G. Marsden on the ephemerides; and to 

express our thanks to Dr. B. L. Ulich for helpful discussions on calibration, 

and to M. L. Stein for invaluable help in the reduction of the data on the 

MANIAC II computer. L. E. Snyder received partial financial support during 

this work from NSF Grant GP-34200 to the University of Virginia. 

REFERENCES 

DE LUCIA, F.; and GORDY, W.: 1969, Phys. Rev. 187, 58. 
HIJESNER, W. F.; and SNYDER, L. E.: 1970, Astron. J . 75, 759. 
HUEBNER, W. F.; SNYDER, L. E.; and BUHL, D.: 1974, Icarus, 23, 580. 

DISCUSSION 

MILLER: What were the other two comets you tried this out on? 

SNYDER: Tago-Sato-Kosaka and Bennett. I did not try it out on HCN. 

MILLER: Did you use the same equipment? 

SNYDER: We did not use the same telescope and did not look at the same 

molecule. We went for a strong molecular emission and correct beam width. 

But we had to look through the dome due to solar heating of the antenna. 

CHAISSON: Were you able to map at all with such a small beam? 

SNYDER: We tried some maps but we were unable to do it successfully. 

In fact, we don't see any difference between taking small offsets. If we had an 

open dome and cool receiver, then we might try some maps.



OBSERVATIONS OF COMET KOHOUTEK WITH 
SKYLAB EXPERIMENT S019 

K. G. HENIZE 
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G. F. BENEDICT 
S. B. PARSONS 
University of Texas 

Useful images of Comet Kohoutèk taken with the S019 objective-prism spec-

trograph were. obtained on nine dates ranging from November 25, 1973 to 

January 11, 1974. The plate data are listed in table I. 

Photographs on five separate dates are illustrated in figure 1. Although the 

image of the nucleus is generally elongated toward the left as a result of spec-

tral dispersion, this elongation does not extend to shorter wavelengths than 

3000 A. The well-dispersed spectra of several stars extending from 5000 A at 

the right to 1300 A at the left in the December 16 exposure illustrate the 

usual extent of stellar spectra produced with this instrument. It is clear that 

none of the emissions which may occur between 1300 and 3000 A has an 

intensity approaching that of emissions in the 3000 to 5000 A region. 

The images of the nucleus on December 13 and December 16 show a binu-

clear structure which suggests that two distinct emission bands are being ob-

served. Isophotes of the December 13 image (fig. 2) confirm its binuclear 

structure. The 0.3-mm separation of the two images corresponds to within 

0.03 mm of the expected separation of the OH A3090 and the CN A3883 

bands. Since these are the two strongest emissions in the spectrum of Comet 

Kohoutek between 3000 and 4500 A, we conclude that these two bands ac-

-count for its binuclear structure. It is interesting to note that the elongation of 

the nucleus and the binuclear structure is more evident in December than in 

January. This suggests that the strength of the OH band was greater in De-

cember than in early January. We expect to isophote all the images in order 
to confirm this suspicion in a more quantitive way. 
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Table I.—.ç019 Observatjonj of Comet Kobouteft 

Date	 Start Time (UT)	 Exposure (seconds)	 Tail Length 

Nov 25 2236 900 1.50 
Dec	 7 2351 300 1° 
Dec 13 1501:30 120 1.5° 
Dec 14 1556 180 ?cdgc 

1559 30 ?edge 
Dec 16 2220 270 1.50 
Dec 17 0300 270 1.50 
Jan	 7 2349 40) 2.50 
Jan	 8 1215 500 2° 

1224 70 2° 
Jan	 11 0148 720 4°

It is also interesting to attempt to map the extent of the OH image. Using 

density data obtained with the S019 PDS Microdensitometer at the University 

of Texas, we have drawn a line of symmetry through the comet tail and ex-

tended this through the nucleus. Then the long wavelength half of the image 

has been subtracted from the short wavelength half. A distinct diffuse image 

remains which may be attributed to OH emission at A3090. (See fig. 3.) We 

expect to apply this technique to the analysis of all our comet images. 

On December 17 we attempted to obtain an absorption spectrum of the 

comet as it occulted the bright Bi V star, 7r Scorpii. A spectrum of r Scorpii 
was obtained 20 minutes after closest approach. When compared with a spec-

trum obtained 4 hours before closest approach, no obvious changes are visible 

to the naked eye. A detailed photometric analysis of the two spectra has not 
yet been made. 

DISCUSSION 

PAGE: On your contour chart it looked as if there were also two different 
regions of the tail. Is that possible? 

HENIZE: I would not say it is impossible, but I must admit I have not 

placed any significance in what I saw in the tail. 

BRANDT: What emissions do you identify in the tail? Your observations 

may yield tail orientations against solar wind orientation in the region close to 

the Sun and would be unique. Such observations may be very valuable. 
HENIZE: That is an interesting question. Unfortunately, we don't see 

much tail structure. We have that data if you want it. The question is what 

sort of radiation is it? As I say, if we had some nice sharp points or rays in 

that tail we might make a good interpretation. We are looking more or less at 

a continuum. I have heard that there is very little dust in this comet. I see no 
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FIGURE 1.—Objective-prism images of Comet Koboutek obtained by Skylab experiment 
5019. From right to left, the dates and exposure times are December 13 (120 s), 
December 16 (270 s), January 7 (400 s), January 8 (500 s), and January 11 
(720 s). Several stellar spectra appear on the exposure taken on December 16. The 
star directly below the comet, ir Scorpii, was occulted by the comet 4 hours later. The 
double image of the nucleus on the first three dates is probably due to the separation 
of the OH X 3090 image from the image of the CN band at X 3883. 

evidence of structure in the tail corresponding to structure in the nucleus. I 

think of the tail as a continuum. 

BRANDT: For what it's worth, you can probably get some information 

from this orientation. 

MILLER: I would not be surprised if some of that tail extension was 

3880. We have a single objective prism connected with the Schmidt. The CN 

at 3880 and C2 at 4737 go way out in the tail to a million km and are very 

unique. 

VOICE: I have observations that extend through December. 1 find that the 

CN energy is very strong and extends a couple of degrees into the tail. 

WHIPPLE: The way the sodium went off in the tail and the fact that par-

ticles in this comet were vaporizing imply that you are getting a source of the
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FIGURE 3—Symmetrical subtractions of the image of 
January 11. The right side shows the original right 
half of the image which was subtracted from the 
left half. The left side shows what remains of the 
left half after the subtraction. 

4

dust way back into the tail. It begins to seem that these particles may last a 
little longer than in most comets. Sodium is on the back side, not on the Sun 
side at all, which indicates that the particles are being carried back and disin-
tegrated in the tail structure rather than the nucleus. 

HENIZE: We may have something significant here. The comet turns black 
at about 3000 and chops off. What one needs to do is compare the comet 
spectral distribution with the solar distribution, and I have not done that. 

KELLER: There is the same thing on the OAO-2 spectra of Bennett 
where you don't see below 3000 A. 

HENIZE: Where we really had the burned-out image was on January 11, 
when we get a good sharp cutoff at 3000 A.
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VOICE: Commenting on the sodium again—between December 13 and 20, 
there seems to be an increase in narrow-band cometary emission of the sodium 
line. It became extremely brilliant just as the comet was lost. The sodium 
emission was way out into the tail. 

HERBIG: Is it really surprising that the ultraviolet is so faint? On your 
spectrogram we saw B stars which ran out into the ultraviolet, and A stars 
which died rather quickly, and F stars which had nothing. 

HENIZE: I could compare the comet spectra to a G-type star. The late F 
stars and the G stars go out at least to 2800 and then there are iron bands 
that really start chopping that spectrum off. I must admit, the question is—
does it chop at 3000 or does it chop at 2600? And if it chops at 3000, I am 
surprised.



A9-cm CH EMISSION IN COMET KOHOUTEK 
(1973/) 
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Center for Astrophysics 
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The principal hyperfine transition (F = 1 -+ 1) A9 cm 
of the UJJ, J = 112 A-doublet state of CH, has been 
detected in emission from Comet Kohoutek. The spectral 
feature was monitored for several days after perihelion, 
until the signal strength diminished below the radiometric 
sensitivity. The average column density of ground state 
matter N(CH) _ 4 X 10 4 cm. Further details of the 
results of this experiment can be found elsewhere in the 
published literature (Astrophysical Journal (Letters), 
Volume 191, L43, 1974). 

DISCUSSION 

SNYDER: What were the Swedish negative results? 
CHAISSON: They reported negative results on the 7th and 9th. On our 

data we could see no evidence from the line on either of those days. Their 
limit in the IAU telegram was considerably below our detection on the pre-
vious dates, but it was probably higher than that. 

FELDMAN: Was the CH turned off, or what? 
CHAISSON: No. It decreased with intensity and with time. Their observa-

tions would be in agreement with us. 
BELTON: Was the velocity offset the same as the OH? 
CHAISSON: I think it was 0.5 km/s for OH. And it was 0.8 km/s for 

water in Bradford.
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UUCH: I might also mention that CH3CN data indicate a slight offset of 

about 0.5 km/s in the same direction. 

CHAISSON: Right. To the blue side. 

ANDREW: I noticed that the various line velocity widths seem to vary 

with frequency. And that the higher frequency was on a narrower line. Is this 

a resolution effect, or something more real? 

CHAISSON: The millimeter lines observed by Ulich from those molecules 

are probably coming from the nucleus. Ours are coming from large daughter 

clouds and attribute the larger line to the beams.



THE '2C/'3C RATIO IN COMET KOHOUTEK 
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Photoelectric scans of the C2 1-0 bandhead at 4737 A 
in Comet Kohoutek. (1973/) are presented at resolutions 
0/0.14 to 0.5 A. The ratio 12 C113C = 115 ±23g was deter- 
mined. Within the experimental errors, this agrees with 
the terrestrial ratio 1!C1I2C = 89. 

Introduction 

An isotopic abundance ratio may constitute a clue to the origin of comets. At 

present, the 12C/15C ratio is the only isotopic abundance- ratio which has been 

derived for comets. 

Previous estimates, for this ratio have been made by Stawikowski and 

Greenstein (1964) for Comet lkeya (19631) and by Owen (1973) for Comet 

Tago-Sato-Kosaka (19691X). The isotopic ratios found were 12C/'C = 

70 ± 15 and 100 ± 20, respectively. Both these investigations were made 

with. photographic spectra of moderate dispersion. The ratio is determined by 

comparison of the intensities of the 12C12C (1--0) P-branch bandhead at 

4737.08 A with the 12C13C (1-0) bandhead at 4745 A. The isotopic shift is 

approximately 7 A and places the 12c13c (1-0) bandhead in a relatively clear 

region of the spectrum. 

The 4745 A feature was first identified by. Bobrovnikoff (1930). Swings 

(1943.)' had noted that the feature was absent in. some comets, most notably 
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Fioun 1.—Medium resolution scans of Comet Kohoutek (1973/). The scans have been 
normalized to the same peak intensity for the 1 2Ct bandhead at 4737 A. The 
18C-'C + NH_* blend is seen at 4745 A. The increased strength on January 21 of the 
NHf (ito - 2w) complex at 4738.0 and 4738.8 A is shown. 

Comet Cunningham (19401). This is a tentative indication that cometary com-
positions may differ. 

Observations 
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The spectrum shown in figure 1 was obtained with the 107-inch telescope at 
McDonald with the Tull (1972) coudé scanner. The resolution is 0.4 A. The
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1 2C12C (1-0) and l2c13c (1-0) bandheads are indicated. In addition, there 

is the previously reported unidentified feature at 4748 A. The other features at 

4738.0, 4738.8, and 4752 belong to the NH2 (0, 14, 0) system. A measure 

of the NH/C2 intensity ratio is provided by the 4738.0 and 4738.8A NH2 
lines. 

The extraction of a -CPC ratio from 112C12C (1-0) and 12C13C (1-0) 
bands is complicated because the 12C/13C (1-0) band is blended with several 

NH2 lines. In order to try to correct for the NH2 contribution, a series of 

high-resolution scans were made of the 4745 A feature and are shown in figure 

2. The high-resolution scans were made with the echelle mode and are at a 

resolution of 0.1 A. The 12C13C (1-0) bandhead occurs at 4744.69 A. The 

NH, blending lines are at 4744.28 (0.49), 4744.46 (0.64), 4744.84 (1.00), 
and 4745.19 (0.67) A. The number in parentheses is the relative absorption 

strength of the line as estimated from a tracing reproduced in Owen (1973). 
The last three lines are from the (0, 14, 0) band and are classified by Dress-

ler and Ramsay (1959). This 4744.28 A line probably belongs to the (1, 10, 
0) band (Ramsay, 1974). This is the first time that these lines have been re-

solved in a comet. 

The ratio NH,/C2 was approximately constant from January 4 to January 

12. The high-resolution scans were made between January 14 and January 21. 
A marked increase in NH, relative to C. occurred between January 12 and 21, 
as can be seen in figure 1. 

The 12C/ 13C Ratio 

The low-resolution scans from January 4 to January 12 were co-added to im-

prove their S/N; the relative Doppler shifts were taken into account before 

the addition was carried out. An attempt was made to synthesize the observed 

spectrum. For the 12C12C (1-0) handhead, wavelengths were taken from 

Phillips and Davis (1968). The relative rotational line intensities were calcu-

lated, assuming a Boltzmann distribution. The generated spectrum was con-

volved with the instrumental profile. The best fit obtained was for a tempera-

ture of 3000 K. The wavelengths for the 12C13C (1-0) bandhead were 

calculated along with their relative intensities, assuming a temperature of 

3000 K. A composite of the 4NH2 lines + 12c13c (1-0) bandhead was com-

puted and the ratio of 12C13C/NH2 was adjusted until the best fit to the ob-

served profile was obtained. The key assumption is that NH2 lines are present 

with their assumed relative intensities. The best fit obtained—to the mean 

profile—is shown in figure 3. The ratio 12C13C/(12C13C + NH,) was 42 per-

cent and values of 33 percent and 53 percent give inferior fits. The ratio of 
12C/13C provided by the two best fitting synthetic profiles was 115 

The high-resolution scans, however look like pure NH2. The synthetic 

spectrum for these scans indicated a 12clac/(12clac + NH.) of 13 percent 

which is equivalent to a ratio of 12C/18C = 370. The resolution of this incon-
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sistency between the high- and low-resolution scans, lies in the increased inten-

sity of NH, relative to C2 during the period when the high-resolution scans 

were made. The increase shown between January 12 and 21 is approximately 

a factor of 3 which would make the high-resolution scans consistent with the 

medium-resolution scans. 

Conclusion 

On the basis of the medium-resolution scans, the 12C/13C ratio for Comet 

Kohoutek (1973f) is found to be 12C/1 C = 115±g which is not signifi- 

cantly different from the terrestrial value 12C/13C = 89. 

This study demonstrates the limitations imposed by the NH blends. The 

moderate spectral resolution enabled a reasonably satisfactory treatment of the 

NH2 blends. Higher resolution should be possible in future comets with our 

projected instrumental improvements. Nonetheless, consideration might be 

usefully given to alternative methods for obtaining 12C/13C ratio. The CN(0, 0) 

Violet system is an attractive possibility. A carefully chosen 13CN rota-

tional line in the (0, 0) system could be picked out in the Q branch gap of 

the superimposed CN (1, 1) system shown in figure 4. The line separation in 

this region is sufficiently large to resolve them in a bright comet. We show 

lines up to N(20), as levels for N > 20 are not likely to carry an apprecia-

ble population. Resonance-fluorescence would have to be taken into account; 

but this has already been treated by Arpigny (1964). 

NOTE: A full discussion of this problem has been accepted for publication 

in the Astrophysical Journal (1974) 194, 745. 
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FIGURE 2.—High-resolution scans of the 12C'-'C + NH2 4745 A blend in Comet 
Kohoutek (1973f). The close similarity of the comet spectrum to the N112 laboratory 
spectrum is apparent. The two NH 2 lines at the red end of the complex are com-
pletely beyond the blue degraded 12C13C 1-0 bandhead.
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FIGURE 3.—The observed and synthesized 4745 A blend of 120 3 + NH2. Positions 
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DISCUSSION 

DONN: Did you use the same temperature for the '2C/13C? 

DANKS: Yes. 

DONN: There is some danger in this if the temperature is not at the ther-

modynamic temperature but something approximated by radiative equilibrium. 

This depends on the solar spectrum. The distributions may not be the same. 

DANKS: It seems that in past studies C2 has not been very sensitive to any 

resonance-fluoresence mechanism. There are no strong Franhoufer lines in the
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FIGURE 4.—Approximate line separations in the CN (0, 0) Violet band. The super-



imposed 12 0N (1,1) band is also shown. 

region of 12C/ 13C and I don't think the transition probability is going to be 

very different from that of 12C/12C The best temperature fit there was 

30000, but 4500 0 would not have been very different. 

PAGE: Why did NH, increase by a factor of 3 in 10 days? 

DANKS: I wish I knew; but it is not impossible. You would expect the 
ratio of NH2 to C. to change. I can't explain it. 

MARAN: Can this allow you to say something about the comet's being the 

same age as other objects? 

DANKS: If the ratio is terrestrial, it does not say very much. Within the 

experimental error it is similar to the terrestrial value. 

WEHINGER: Did you look at any of the other 12C/13C bandheads? 

DANKS: No. That is not quite as simple because it is going to be shifted 

into a region which is more complicated. You have to separate it from other 

lines. There are other emissions in this region. We also considered the CN 

(2-0) red system and we thought if we could take one rotational line we 

might not only get 12CN and 13CN but perhaps results from the C2. 

SEKANINA: How certain are you in using or eliminating the continuum? 

Can it be in part responsible for the discrepancy? 

DANKS: I feel certain that we have done the best job possible in this re-

gion. There are two faint Fe—I lines in the region of the 12c/13c bandhead. 

We can account for these, and the background looks fairly smooth.



ON THE STRUCTURE OF THE NUCLEUS OF 
COMET KOHOUTEK (19731)* 

W. F. HUEBNER 
University of California 
Los Alamos Scientific Laboratory 

Detection of some mother molecules in Comet Koboutek 
and the multiple Doppler shifts in the emission spectra of 
these molecules yield new information about the detailed 
chemical and physical structure and the accretion mechanism 
of the nucleus. The more volatile frozen gases vaporize first 
and rather uniformly from the surface layer of the comet 
during its approach to the Sun. This relatively quiescent 
phase occurs at heliocentric distances r > 0.5 AU. The 
depletion of volatiles changes the chemical composition of 
the surface layer into a conglomerate of coarse-grained 
refractories (that were too big to be dragged into the coma 
by the escaping gases) and less volatile frozen gases, pre-
dominantly water. This fractionation accentuates uneven-
ness in the surface structure and exposes materials which 
can acquire somewhat higher equilibrium temperatures. As 
the comet continues to approach the Sun, it is exposed to 
more intense solar radiation and some of the heat is con-
ducted below the surface. Jets form if volatile material is 
concentrated in pockets to which heat can penetrate. The 
intensity, duration, and magnitude of the Doppler-shifted 
spectra permit very crude estimates for the size of such 
pockets. It appears that the nucleus is heterogeneous in 
composition and structure on a scale of about 10 m. if Ko-
houtek is a typical comet, then this suggests that comet 
nuclei accrete cornetesimals of this size. 

* Work performed, in part, under the auspices of the U. S. 
Atomic Energy Commission.
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Comet Kohoutek has been a very rewarding astronomical object. The wealth 

of observational data obtained admits some new conclusions about the detailed 

chemical and physical structure of its nucleus. A number of models for the 

physical structure of the nucleus have been suggested—all within the frame-

work of the icy conglomerate composition proposed by Whipple (1950, 1951, 

1955). Among these models are the homogeneous nucleus, the heterogeneous 

nucleus, the "onion skin" nucleus composed of layers of different composi-

tion, and the spotted nucleus (Shul'man, 1970). The observational data based 

on brightness of the comet as a function of heliocentric distance (reduced to 

1 AU geocentric distance) linked to gas production rates; the development of 

the dust coma, tail, and spikes; and particularly the microwave detection of 

some mother molecules and the associated Doppler shifts of their spectra 

favor the heterogeneous model of the nucleus. 

First, I want to discuss the gas production rate as a function of heliocentric 

distance. Taking all the pre-perihelion brightness data as published in the 

IAU Circulars, reducing the data to 1 AU geocentric distance, and fitting 

these to the gas production rates as obtained from the principle of energy bal-

ance (Huebner, 1965a; Delsemme 1966) as outlined by Huebner (1965b), 

we find that the average latent heat of vaporization of the frozen gases in the 

surface layer is about 4 to 7 kcal/mole. The range of these values is deter-

mined primarily by the scatter of the brightness data, and the uncertainties of 

the physical properties such as visual albedo, infrared emissivity, heat conduc-

tivity, and spin of the nucleus. Applying the same procedure to the data after 

perihelion we find that the average latent heat of vaporization is about 7 

to 10 kcal/mole. If the physical properties are not significantly altered during 

perihelion passage, then the composition of the frozen gases in the surface 

layer must have changed. As pointed out in earlier papers at this meeting by 

Keller and Sekanina, Kohoutek produced a dust coma at large heliocentric dis-

tances before perihelion. The dust production is closely coupled to the gas 

production rates through drag forces. Submillimeter dust grains had to be 

dragged into the coma at - 4 AU heliocentric distance to account for the ob-

served spikes during perihelion passage. The lift-off forces for such grains re-

quire that the latent heat of the frozen gases be about 4 kcal/mole (Sekanina, 

1974). This value is in good agreement with the above deductions based on 

the visual brightness of the comet. A change of - 2 kcal/mole for the latent 

heat of vaporization from before perihelion to after perihelion is not very un-

usual (see, e.g., Huebner, 1965a). It indicates depletion of the more volatile 

components of the frozen gases in the surface layer while the comet moved 

around the Sun. 

Secondly, I want to discuss the radio observations before perihelion of the 

comet at heliocentric distances between 0.9 and 0.8 AU. Ulich and Conklin 

(1974) detected methyl cyanide while the comet was at these heliocentric dis-

tances. The observed spectrum indicates a Doppler shift of less than 0.5 km/s
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with respect to the rest frame of the nucleus. Methyl cyanide has a latent heat 

of vaporization of about 8 kcal/mole. The observation indicates rather uniform 

continuous outgassing of the surface layer. As reported earlier in this session 

by Snyder et al., hydrogen cyanide was detected in the comet before as well as 

after perihelion at heliocentric distances between 0.5 and 0.3 AU. The ob-

served spectrum had many Doppler shifts. The Doppler shifts varied in fre-

quency as well as in intensity. There was no visible abatement of the intensity 

after perihelion as compared with intensity before perihelion. The combined 

spectrum obtained on December 15 and 16 and the spectra obtained on Janu-

ary 3 and on January 6 are presented in figure 1. The bars above the spec-

trum indicate triplet hyperfine components belonging to the same Doppler 

shift. These Doppler shifts indicate directed jets with velocity components up 

to - 3.5 km/s in the line of sight. The bar with the arrows pointing down-

ward corresponds to the hyperfine triplets with zero Doppler shift in the rest 

frame of the comet. This could be interpreted as a quiescent outgassing. It is 

more likely, however, to represent jets of neutral gas, just like all the other 

Doppler shifts, but in a direction perpendicular to the plane of observation. 

The "quiescent" HON spectrum is present in each observation to within the 

width of one channel of the spectrum analyzer (100 kHz or - 0.34 km/s). 

The more intense Doppler-shifted spectra appear to persist for at least several 

hours, but less than 24 hours. Jets have been observed visually in many com-

ets (see, e.g., Rahe, 1966; Rahe and Donn, 1969, 1971). but they were not 

necessarily composed of neutral gases and their stream velocities had not been 

measured. 

An explanation consistent with observations is that the jets are formed by 

exploding pockets of volatile gases somewhat below the surface of the nu-

cleus. Since the comet is close to the Sun (less than 0.5 AU) and the surface 

layer has been depleted of the more volatile components (leaving primarily 

dust, water, and clathrates in that layer) the equilibrium temperature will rise 

somewhat and the temperature gradient toward the interior of the nucleus will 

become accentuated. As heat penetrates into the nucleus it will heat up pockets 

of the more volatile gases which will then explode by fracturing the delicate 

structure that surrounds them. The escape velocity of the gas for the adiabatic 

case is given by Lelevier (1965) as

(1) 

where c is the speed of sound (approximately equal to the thermal velocity of 

the ambient coma, about 0.4 km/s) and 'y is the ratio of the specific heats. 

Typically y	 1.1 to 1.35 for polyatomic molecules at low temperatures. For 

HCN, y 1.25 and the escape velocity is about 8 times the thermal velocity, 

which is consistent with the observed 3.5 km/s. From the column density of 

the stronger Doppler components in the line of sight (as obtained from the 

antenna temperature), the escape velocity, and the approximate duration of
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the jets, one can estimate the amount of gas enclosed in these pockets. The 
volume one arrives at in this manner is of the order of several thousand m3 
per pocket. Only large pockets will produce clearly observable jets. Finally, as 
the comet moves beyond 0.5 AU heliocentric distance after perihelion, no line 
emission has been detected in the radio range (Simon, 1974). This indicates 
that the outgassing of volatiles has stopped, and that the interior layers just 
below the surface have cooled off and no pockets can be exploded. 

In summary, the impression one obtains from the observations is illustrated 
in figure 2. As the comet approaches the Sun at heliocentric distances larger 
than 1 AU, the surface layer is depleted of the more volatile components 
leaving mostly water, clathrates, and dust in it. Some icy grains and dust are 
dragged into the comet's coma by escaping volatile gases. Between 1 and 0.5 
AU heliocentric distance, some of the pockets in the surface layer are depleted 
and the surface layer begins to warm up to a somewhat higher equilibrium 
temperature. The temperature gradient toward the interior develops and heat 
is conducted into the layers just below the surface. This then causes pockets 
of frozen volatile gases just below the surface layer to vaporize, explode, and 
form jets as the comet continues to approach the Sun. Jets appear to form in 
random directions. This does not necessarily mean that they have to issue uni-
formly or nearly uniformly from the surface of the nucleus. They could also 
originate primarily from the subsolar side of the nucleus but in different 
directions determined by surface irregularities. Some larger dust grains accu-
mulate on the surface. They will temporarily shield the frozen gases from the 
solar radiation, but they will also form hot spots which can lead to flares. The 
peak of the temperature distribution on the surface must be reached during, 
or very shortly after, perihelion passage. This peak will diffuse inward and 
broaden as time passes; thus heat can still penetrate into the surface for some 
time after perihelion passage, giving rise to further jets. At distances larger 
than about 0.5 AU, the temperature distribution has flattened out sufficiently 
and the surface layer has been depleted to some depth of all volatiles, includ-
ing those in pockets, to such an extent that jets can no longer form. If Comet 
Kohoutek is a typical comet, then the heterogeneous model of the nucleus 
suggests that comets accrete cometesimals of varying composition and of linear 
dimensions of the order of a few times 10 m. 

Not nearly as much detailed information has been obtained about the chem-
ical constituents of the comet other than water. Only a few mother molecules 
have been detected: CHSCN and HCN. It must be kept in mind that the mol-

FIGURE 1.—Emission spectrum of the HCN J = 1 - 0 transition observed in Comet 
Kohoutek (1973/) before perihelion (December 15 and 16, 1973) and after peri-
helion (January 3 and 6, 1974). Each horizontal bar connects hyperfine triplet com-
ponents (F = 0 - 1, 2 - 1, and 2 - 1) belonging to the same Doppler-shifted Jet. 
The corresponding theoretical intensity ratios are indicated above the top bar. Bars 
with arrows indicate the "quiescent" emission triplet.
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FIGURE 2.—A portion of a cross section of the heterogeneous model of a comet nucleus. 
At some heliocentric distance r > I All (top of figure), the out-gassing of the vola-
tile components begins. The temperature profile on the left indicates a rise of the 
equilibrium temperature at the nuclear surface. At r - I AU, volaliles have been 
depleted from the surface, heat begins to penetrate. At r < 0.5 AU heat has pene-
trated to pockets of volatiles and causes them to erupt in jets. After perihelion, but
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ecules have very strong transitions in the radio range, which make their detec-

tion easy, and it was for this reason that the search had been concentrated on 

these species (Huebner, 1971). There may be many other molecules which 

have weaker transitions, but this does not reflect on their abundance in com-

ets. The relatively high abundance of CH 3CN (several ten times higher than 

HCN) computed from the observed antenna temperature, as reported earlier 

in this session by Ulich and Conklin, may be a consequence of the assumed 

equilibrium model. Since CH3CN was detected in the v8 = 1 state which is 

about 500 K above the ground state, non-equilibrium processes may play an 

important role. This requires further investigation. 
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DISCUSSION 

SEKANINA: Most of the energy is re-radiated. The production rate de-

pends on the albedo. Production as a change in albedo could, for example, 

mean partial depletion of dust and a decrease in the production rate of water. 

still at small heliocentric distances (r < 0.5 AU) the temperature profile broadens 
and heat penetrates still somewhat deeper, but the temperature begins to decrease at 
the surface. A few more pockets of volatile, explode. Coarse-grained dust (indicated 
by a black surface contour) accumulates. At later times only frozen gases (mostly 
water and cla.tbrates) from the surface vaporize, causing a dimming of the comet when 
its brightness is compared with that at the same heliocentric distance before perihelion.
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DELSEMME: Latent heat may not be the same as actual latent heat of 

what is vaporizing, because of the existence of icy grains, which makes a big 

difference. We have no good way of measuring the actual latent heat. It does 

not exclude at all the vaporization of water. 

HUEBNER: The latent heat which I have indicated here is an average 

value. A better way would be to have the detailed spectra, follow the bright-

ness flow of the detailed spectra for each species, and then do a fit.



HIGH-RESOLUTION SPECTROPHOTOMETRY OF 
SELECTED FEATURES IN THE 13-MICRON 
SPECTRUM OF COMET KOHOUTEK (19731) 
[SUMMARY] 

DAVID D. MEISEL* 
Department of Physics-and Astronomy 
State University College 

RICHARD A. BERG 
Department of Physics and Astronomy 
and the C.E.K. Mees Observatory 
University of Rochester 

A pressure-scanned Fabry-Perot interferometer with complete blocking of 

overlapping orders was used on the C.E.K. Mees Observatory (University of 

Rochester) 24-inch reflector at Bristol, New York, to observe Comet 

Kohoutek (1 973f). Selected regions in the 1 .1-s near-infrared spectrum were 

scanned with - a resolution Of 1.2 A half-power-full-width. Profile deconvolu-

tion as carried out with a newly developed Fourier transform, nonlinear sam-

pling, and transform inversion procedure, enabled weak spectral line emissions 

to be detected against the comet Fraunhofer continuum on January 4.95, 1974 

(UT), and January 7.95, 1974 (UT). 

Two -radicals, CN(O-0)[A 211—X 21 1 and OH(5-2)[X 2111 were ob-

served, but searches for H&I (X10830), H 20 (000--012), and CH, 3v3 R (J 
= 1) were negative although it is likely that our 54-arc-seconds diaphragm 

probably included most of the coma that is likely to contain neutral molecules 

(Potter and Del Duca, 1964). 

Central intensities (or upper limits) were derived for three possible cases 

for the change of intensity within the Fabry-Perot diaphragm. Limits to mo-

lecular production rates for CH, and HO were not derived because of the 

difficulties - in assessing the contribution of collisional effects in the regions 

near the comet nucleus. 

Associate of the C.E.K. Mees Observatory. 
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Although a quantitative analysis of the OH infrared emission has not yet 

been carried out, it is plausible that the OH (5-2) Q1 line was selectively ex-

cited because of pumping by the solar chromospheric He I (A10830) line. 

This interpretation is reinforced by 18 cm OH radio observations (Biraud, 

1974) which indicated that solar UV pumping of OH was near zero at the 

time of the infrared OH detection (Jan. 7.95, 1974). 

NOTE: The observations were published in detail in Icarus ((1974) 23, 

454). Equipment and data reduction procedures will be published elsewhere. 
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AN UPPER LIMIT FOR METHANE PRODUCTION 
FROM COMET KOHOUTEK BY HIGH-RESO-
LUTION TILTING-FILTER PHOTOMETRY AT 
3.3L 

A. E. ROCHE 
W. C. WELLS 
Lockheed Palo Alto Research Laboratory 

C. B. COSMOVICI 
Instituto di Fisica 
Universita di Lecce 

S. DRAPATZ 
K. W. MICHEL 
Max-Planck-lnstitut für Physik und Astrophysik 

We have established an upper limit for the methane production from Comet 

Kohoutek (1 973f) by studying the fluorescence radiation from the P2, P3, and 

P9 lines at 3.3 p . The measurements were made on flights aboard the NASA 

CV990 aircraft, with a new and unique high-resolution, high-throughput 

tilting-filter photometer. The photometer (fig. 1) employed three dielectric 

interference blocking filters on a filter wheel and a 0.2-mm-thick solid spaced 

Fabry-Perot etalon with a resolution of 3.7 A (FWHM), finesse of 43 and 

42 percent peak transmission (fig. 2). The etalon had a tilt range of 6° to give 

a 50 A scan. The photometer was mounted on a 12-inch Dahl-Kirkham f130 

telescope, and the comet was tracked with a gyrostabilized heliostat mirror. 

Observations were made on flights on a line from Los Angeles to Vancouver 

at an altitude of 40 000 feet where the Doppler-shifted comet emission lines 

reached the detector with little or no attenuation by atmospheric methane. 

Wavelength calibration was first carried out at Kitt Peak Solar Observatory. 

Further precision calibration was done in our laboratory and in flight by ob-

servation of methane in absorption (fig. 3). The instrument was calibrated ab-

solutely in the laboratory and by observing the thermal emission from Venus. 

On January 8, 1974 (at 2 UT), our measurements indicated a production rate 

upper limit of Q < 10 molecules/second steradian. 

155



0.4 

03 

z 
0 
U) 
En

0.2 
U) 
z 
4 

I-.

0.1

156	 COMET KOHOUTEK WORKSHOP 

PRE

C) 
AMP 

TO LOCK-1N AMPLIFIER

VIn Sb DETECTOR ELEMENT LO.5MM. irk I REP '1O'3W/IWz 
irk	 -FILTER

• 23001 

DOW-T0.62 

FA3RV-PEk11L11NG FILTER 

T042.r43A..3.71 

BLOCKM FILTER w,ai. 
UTE Ta4 

t).200A 0. 
-	 30CM 

I/

 

IRS	
TELESCOPE	 K,

WINDOW DICHROIC	 VIBRATING	 GSTAOILISED 
MIRROR	 REED CHOPPER	 HELIOSTAT 
RieG9D 1150HZ)	 13oMc-scc. 
TO9 

FIGURE 1.—Schematic of the tilting filter photometer interfaced with the /130 telescope, 
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FIGURE 3.—Typical absorption line spectra obtained by tilt-scanning the narrow band 
filter in the laboratory (a standard source and absorption cell) and in flight (absorp-
tion of solar radiation by atmospheric methane). 

DISCUSSION 

HUEBNER: We flew the AEC aircraft with JR equipment from the time 

of December 16 to January 16. We also did not see methane.



A SEARCH FOR EXTREME ULTRAVIOLET RADIA-
TION FROM COMET KOHOUTEK 

GUENTER R. RIEGLER 
Bendix Aerospace Systems 

GORDON P. GARMIRE 
California Institute of Technology 

As a part of Operation Kohoutek, an extreme ultraviolet photometer experi-

ment was flown on an Aerobee 200 sounding rocket above the White Sands 

Missile Range on January 5, 1974 (0150 UT). The experiment was mounted 

piggyback on the Johns Hopkins University payload, NASA 26.023 UG. The 

same photometer had been flown previously for airglow studies (Riegler and 

Garmire, 1974a). The purpose of the experiment was to search for helium on 

Comet Kohoutek by detecting resonantly scattered solar 584 A radiation. Hel-

ium is assumed to have been trapped along with local matter during the for-

mation of the comet, and released during the evaporation of the outer layers 

under the influence of solar heating. 

The photometer contains two concentric gold-coated paraboloid mirrors 

which act as grazing-incidence concentrators. A 1500-A-thick tin filter defines 

a bandpass from 550 A to 800 A. An aperture stop defined an effective field 

of view with 1° full width at half maximum. The response to periodic expo-

sure to a radioactive calibration source verified that the photometer performed 

well during the flight. 

Observations of Comet Kohoutek at extreme ultraviolet wavelengths were 

severely compromised by atmospheric photoelectric absorption along the line 

of sight. The peak altitude achieved during the flight, 232 km, was signifi-

cantly lower than the altitude anticipated during the initiation of this project. 

As a result, the transmission of the intervening atmosphere for 90° zenith 

angle near the peak altitude was only 0.045. Including all efficiency factors 

and atmospheric absorption, the effective on-axis collecting area of the photo-

meter was A = 0.021 cm2. 

The observed counting rate distribution as a function of altitude is con-

sistent with the response to the atmospheric 584 A helium twilight airgiow 

alone. Using standard statistical arguments, we therefore use the one-standard 
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deviation of the counting rate at apogee to derive an upper limit to the signal 

from Comet Kohoutek. This upper limit can be interpreted in terms of an 

upper limit to the production rate of helium on Kohoutek. 

For simplicity we assume that the helium distribution follows a r 2 law 
where r is the distance from the center of the nucleus. The upper limit to the 

production rate of helium atoms ranges from Q 	 2.1 x 10 He/s for an 
average temperature T 100 K to Q = 8.6 X 1029 He/s for T = 1000 K. 
Assuming a hydrogen production rate of Q' = 8.6 X 1029 H/s (scaled from 
an observation by Opal and Carruthers, 1974), we thus obtain upper limits to 

the helium/hydrogen production rate ratio between 0.25 and 1.0 for helium 

temperatures between 100 K and 1000 K, respectively. 

Details of the experiment, the calculations, and the uncertainties involved 

have been given elsewhere (Riegler and Garmire 1974b). 
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ULTRAVIOLET (2558 A) PHOTOGRAPHY OF THE 
COMET KOHOUTEK USING S-183 ON SKY-
LAB 

GEORGES COURTES 
MICHEL LAGET 
ANDRE VUILLEMIN 
Laboratoire d'Astronomie Spatiale 

HARRY L. ATKINS 
Space Sciences Laboratory 
NASA, Marshall Space Flight Center 

Two 7° )< 9° photographs (X11 = 2558 A, Ax = 356 A) 
were taken on Skylab 4, with S-183. One of these photo-
graphs taken on January 10, 1974 (Oh UT a = 920, e = 
300) was used to estimate the flux in conjunction with the 
nearby stars. An average value of 1.8 X 10 erg cm' r' 
is deduced. An angular diameter of 4 arc-minutes was de-
tected. 

Introduction 

S-183 was designed to take photographs in three bandpasses centered at 1878 

A and 2970 A with a half-maximum bandwidth of 636 A, and at 2558 A 

with an half-maximum bandwidth of 356 A. The proposed plan of observa-

tion of Comet Kohoutek was to measure the intensities of the 3098 A OH 

emission line and the scattered ultraviolet solar light through the coma and 

into the dust tail at 1878 A and 2558 A. The main spectrograph section of 

the experiment did not work because of mechanical malfunctions. However, 

the 2558-A bandpass did operate and the present note is relative to a photo-

graph taken January 10, 1974, at 0' 03" 36 

Earth-Comet-Sun angle = 920 

Sun-Earth-Comet angle = 30° 
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Observational Data 

The picture of the comet was recorded with a Maurer camera loaded with 

16mm 103a-O(film), equipped with a Schmidt-Cassegrain telescope (Xetr = 

2558 A, P13, / = 74 mm). The bandpass was defined by the mirror coat-

ings. The measured transmission during the preflight calibration is given by 

figure 1. Postflight measurements (2000-5000 A) have shown the reflectivity 

to be the same. The secondary transmission band located at 3100 A has ap-

proximately 2-percent transmission. Figure 2 shows the comet against the 
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FIGURE 1.—$andpass of the observations.
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background field stars, and another star field obtained with the same exposure 

time (5 minutes). The comet appears as a bright round-shaped star. The letter 

near the stars and the first number refer to the spectral type. The last two 

numbers refer to the visual magnitude. The tail is not detected. A microdensi-

tometer scan of the stellar image with a spot of 15 X 200 ju shows a trian-

gular profile. According to the spread function of the stars and the maximum 

optical density of the comet, the angular diameter can be estimated from 3.5 

to 4.5 arc-minutes. In the focal plane, 40	 is equal to 1.85 arc-minutes. 

Figure 3a represents an isodensity contour. The slightly elliptical shape 

seems to be related to the direction of the tail. Figure 3b illustrates a micro-

densitometer scan across the maximum. 

Most of the stars recorded on figure 2 have been identified in terms of vis-

ual magnitude and spectral type. Only a few have additional data such as 

B—V and these indicate an insignificant amount of reddening (E(B—V) 

.05). 

To estimate the flux scattered and/or reflected by the coma, we used the 

point spread function plus diffusion of the stars as absolute standards for cali-

bration. For each identified star we computed the flux by using the theoreti-

cal models of Carbon and Gingerich (1969) integrated over the bandpass of 

the telescope. The reddening was not included. In addition, a comparison of 

focused and slightly out-of-focus star images was used to give a maximum 

and minimum value of the flux. 

This method was used to deduce the flux F of the comet in the 2558-A 

bandpass. This value was found to be

I 
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FIGURE 2.—UV(Xe	 2558 A) photography of Comet Koboutek and reference stars.
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Tail 

I	 - 

--

FIGURE .—Microdensijometer scan of Comet Kohoutek. 

10_8 < F (erg cm s) < 2.5 10-8 

Further measurements derived from calibration indicate that the OH emis-
sion constitutes about 10 percent of the measured flux. In addition, if one as-
sumes that the continuum in the-visible and in the ultraviolet has a solar type 
spectral distribution, then 21 percent of the measured flux is due to an aver-
age transmission of the multilayer filter of 0.03 percent over the spectral 
range 3500-5500-A. 
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OBSERVATIONS OF COMET KOHOUTEK AT 
WAVELENGTHS FROM 0.55 MICRON TO 
18 MICRONS 

EDWARD P. NEY 
School of Physics and Astronomy 
University of Minnesota 

Since I have a limited time, I will say very little about the observational de-

tails in order to concentrate on the results. In essence our observations were 

obtained on the 30-inch telescope at O'Brien Observatory outside Minneapolis 

with a bolometer operating at 1.1 0K, and refer to a diaphragm size of 27 X 

27 arc-seconds. Sky cancellation was accomplished by the use of a chopping 

secondary. A second telescope was used to measure the comet in a one-minute 

beam. 

The broadband filters have A/iA = 10 and define 12 wavelengths from 0.5 

microns to 18 microns. The comet was acquired in daylight and observed near 

the meridian. Since the same detector was used at all wavelengths, the meas-

urements were made at the same position on the comet, which was automati-

cally tracked by the telescope. 

Figure 1 shows the circumstances of the observations. The Sun-comet dis-

tance varied from 0.15 to 1 AU, and the comet-Earth distance was usually 

near 1 AU. 

Figure 2 shows Mars, Vesta, and Ceres. Figure 3 shows Comet Kohoutek 

and Mercury. The quantity plotted is xF, the product of the monochromatic 

intensity and wavelength. This kind of plot is useful because a horizontal line 

represents equal energy/octave. Two black bodies which have the same maxi-

mum XFA represent the same total energy. At short wavelengths the planets 

and the comet simply reflect or scatter sunlight and the short wavelength data 

fit a solar 6000 0 black body. At long wavelengths the black body curve is the 

thermal radiation from the dust. The principal difference between the planets 

and the comet is the presence of the silicate signature at 10 and 20 microns in 

the comet and the fact that the comet temperature is higher than a black body 

at the given distance from the Sun. The visual albedo is given by the relative 

height of the scattered light curve and the thermal radiation curve. 
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FIGURE 1.—Wavelength observations of Comet Kohoutek, showing circumstances of the 
observations.	 - 
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Figure 4 shows Comet Bennett and Comet Kohoutek at the same distance 

from the Sun. The silicate signature was first discovered in Comet Bennett in 

1970 and it was not possible to look for it in another comet until Kohoutek. 
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FIGURE 3.—Wavelength observations showing.Comet Kohoutek and the planet Mercury. 

Figure 4 also shows that the dust in Bennett had a higher albedo, a higher 

temperature, and a' more pronounced silicate signature. The grey body temper-

ature at this distance from the' Sun is also shown. The coma, tail, and sun-

ward spike were observed between December -29 and.January'7. 

Figure. 5 shows the geometry on New Year's Day. The numbers refer to 

the relative surface brightness of the comet. Figure 6 shows the energy spectra 

of the coma, tail and anti-tail. The coma and tail show the silicate signature 

and seem hot. The. anti-tail is a perfect black body at. the black body tempera-

ture. 
These curves show a great deal about the nature of the particles. The opac-

ity of silicates at 10 microns is 1000 cm2/g. For a single grain to be optically 

thin requires that its diameter be less than three microns. The average coma 

optical depth is very small (r 10-4 ). The presence of these small particles, 

which are smaller than the wavelength at. the Planckian. maximum causes the 

temperature excess. Because the scattered sunlight-shows solar colors, we can 

infer that the important particles are not Rayleigh scattering and are therefore 

larger than 0.2 micron. The albedo.of the grains is 0.18 ± 0.02. The fact 

that the brightness versus beam sie is. the same at visual and iñfrared wave-

lengths indicates that the same particles are responsible for the scattered sun-

light and the thermal radiation. 

In the anti-tail the situation is quite different. Either these particles are 
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FxGuan 4.—Wavelength observations comparing Comet Bennett and Comet Kohoutek 
at the same distance from the Sun. 

FA 

6-
I-

5-0 z 
C)

3-
Lj 
o	 2-

U) 
W	 I-
I-

0
737 19	

io 

.iII	 ii	 11111	 ii 
10 9 8 7 6 5 4 3 2 I 0 I 2 3 4 5 6 

MINUTES OF ARC EAST	 MINUTES OF ARC WEST 

FIGURE 5.—Geometry of Comet Kohoutek on New Year's Day. The numbers refer to 
the relative surface brightness of the comet. 



Observations at Specified Wavelengths 	 171 

I I • : • — ._ 

r I 

1c112 -

580 BLAcK r . 
F'5 BODY 

-'j 
I6I6__ 

0.60.81	 2	 4	 6 810	 20 

WAVELENGTH IN MICRONS 

FIGURE 6.—Wavelength observations showing the energy spectra of the coma, tall, and

anti-tail of Comet Kohoutek. 

large compared with 20 microns or are of a different material. The elegant 

analysis of Sekanina gives credence to the postulate that they are large parti-

cles in orbit. According to his analysis, they should be particles ejected more 

than 25. days before the observation and having a ratio of radiation pressure 

to gravity of 0.01 to 0.02. 

	

Figure 7 shows a set of observations between r = 0.15 and r	 0.95 AU

all corrected to A = 1. 

The super heat of the coma varies from 15 to 20 percent, and the albedo is 

0.18 ± 0.02. The silicate bump is always present. 

Figure 8 shows Comet Kohoutek pre- and post-perihelion, and Bradfield 

post-perihelion at the same distance from the Sun. Kohoutek is dimmer after 

perihelion than before. Both comets have the silicate feature and the tempera-

ture excess. 

However, Bradfield suffered some drastic changes. Between March 21 and 

April 5, it lost the silicate signature and its albedo dropped. It seems likely 

that the particle size increased. 

Figure 9 shows all four comets that we have observed as a function of 

radial distance from the Sun. The period in which the dust bump disappeared 

in Bradfield is during the short horizontal section of the curve at r 0.6 

AU. Subsequently this comet dimmed drastically and the dust virtually disap-
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FIGURE 9--Comets Bennett, Kohoutek, Bradfield, and P/Encke observed as a function 

of radial distance from the Sun. 

peared. The nucleus appeared stellar and 10 to 10•5m, indicating a nuclear di-
ameter of about 10 km. 

Figure 9 shows that Bradfield and Kohoutek were similar comets, that Ben-
nett was about five times brighter, and that Encke is about 100 times dimmer. 
If the comets are otherwise similar, Kohoutek and Bradfield are about 10 km 
in diameter, Bennett 20 to 30 km, and Encke about 1 km. 
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INFRARED OBSERVATIONS OF COMET 
KOHOUTEK 

G. H. RIEKE 
F. J. LOW 
T. A. LEE 
W. WISNIEWSKI 
University of Arizona 

Because the infrared radiation of comets is dominated by thermal emission of 

dust grains, infrared photometry is a powerful tool for studying cometary 

dust. However, since the techniques for infrared observing have developed 

fairly recently, very few comets have been observed in this spectral region. 

The extensive record of the behavior of Comet Kohoutek(1973f) in the in-

frared is unique and should result in a substantial increase in our understand-

ing of these objects. 

Photometry of Comet Kohoutek before perihelion passage has already been 

described (Rieke and Lee, 1974). In contrast to the behavior after perihelion 

passage, which will be described in detail below, during this period the comet 

evolved without abrupt changes and along lines suggested by the much less 

detailed infrared studies of earlier comets. The nucleus of the comet was not 

exceptionally large and, compared with Comet Bennett( 1969i), Comet Ko. 

houtek ejected relatively little dust. These two facts adequately explain why 

Comet Kohoutek was much fainter than the early predictions. The spectrum 

did not show a "silicate" emission feature until the comet came within 1.5 

AU of the Sun. Within this heliocentric distance, the absorption efficiency of 

the dust grains in the visible remained constant at about 80 percent. The in-

frared color temperature exceeded the temperature that would be attained by 

gray, conducting spheres at the same heliocentric distances, indicating that the 

emissivity of the dust grains was substantially less than 80 percent in the 

middle infrared. 

More recent photometry of Comets Kohoutek and Bradfield ( 1974b) is sum-

marized in tables I, II, and III. The measurements were carried out under 

procedures described in the previous article. Because a system of winter storms 

coincided with perihelion passage, we have no measurements of Comet Ko-

houtek near this time. Fortunately, the observations described by Ney at this 
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Table I.-Photoelectric Pborometrj of Corner Koboutek(1973f) 

Date r Diaphragms (") Magnitudes 
(UT) (AU)

12 31	 62	 112	 157	 U B V R I 

Jan 16.1 0.66 X 6.20 5.76 6.53 
X	 6.19 6.53 6.02 6.75 

X	 7.02 7.28 6.75 7.33 
X	 8.24 8.46 7.92 8.29 7.84 

X 10.91 10.04 10.04 
Jan 23.1 0.73 X 7.27 6.66 7.40 

X	 9.58 9.78 9.18 9.36 9.02 
X 12.10 11.58 

Jan 28.1 0.95 X 7.98 7.41 8.14 
X	 10.32 10.51 9.96 10.19 9.75 

X 12.71 12.23

workshop cover the interval near perihelion thoroughly, with a slight overlap 

with out data at either end. The combination of both sets of data provides a 

complete record of the photometric behavior of Comet Kohoutek. In compar-

ing Ney's infrared data with ours, one should make allowance for some small 

differences in observing procedure and calibration. Ney used a 20-arc-sec 

square aperture. In addition to the normal corrections for beam size, a correc-
tion of about 15 percent to allow for the different beam shape should be 

made.* In addition, Ney's calibration is about 15 percent brighter than ours. 

Finally, the separation between the measurement and reference beams is larger 

for Ney's work, also making the comet appear brighter. The correction to be 

applied for this difference depends on a number of experimental details, but 

from scans of the central region of the comet (Rieke and Lee, 1974) we esti-
mate it to be 5 to 10 percent. Therefore, for comparison with Ney's photome-

try, our measurements should be multiplied by a factor of about 1.45, or 

brightened by 0.4 magnitude. Observations similar to Ney's were also made 
by Gatley et al. (1974). 

Infrared photometry of three comets at heliocentric distancesner 0.6 AU
- ---is- shown in figure I. Although the spectra are similar, closer inspection shows 

significant differences in the strength of the "silicate" emission at 10 (3 X 
1013 Hz), with Comet Bennett having the most pronounced spectral feature. 
Between 3 and 5, the color temperature of Comet Bradfield is only slightly 
above the equilibrium temperature for gray, conducting spheres, while the 

color temperature of Comet Bennett over this spectral range substantially ex-

ceeds the equilibrium temperature. Comet Kohoutek is intermediate in this re-
gard. 

* (Editor's comment: Ney communicated to the editor that a 27-arc-sec square aperture 
was used, a correction to the data presented at the workshop.) 
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Table Ill.—Addjtomal Infrared Photomerrj of Comet Koboutek 

Date Diaphragm Wavelength Bandpass Flux 
(UT) (arc sec) (p) (0) (1Cr2° W m 2 Hz') 

Jan 16.1 13.5 3.05 0.1 5.5 
Jan 16.1 13.5 3.85 0.5 6.8 
Jan 16.1 13.5 4.8 0.6 17 
Jan 28.1 5.5 17 2 22

The behavior of Comet Kohoutek' after perihelion passage is shown in 

figure 2. The infrared photometry is compared with photometry before perihe-

lion passage at comparable heliocentric distances. Because of the reduced geo-

centric distance of the comet, it would be expected to be about 20 percent 

brighter after perihelion passage. This correction has not been applied to the 

data in figure 2. Slight variations in the width and height of the 10 emission 

feature were suggested by the pre-perihelion passage measurements but the 

more recent data show a much larger and definitely significant change between 

0.66 and 0.88 AU heliocentric distances. At the same time, changes appear to 
have taken place near 20 (1.5 X 1013 Hz). In contrast to the behavior be-

fore perihelion passage, the albedo of the dust grains may have fluctuated, 

with the largest departure from the mean value occurring on January 16 (0.66 
AU). 

Thus, observations at comparable heliocentric distance show variations in 

the infrared spectra both from comet to comet and, in the case of Comet Ko-

houtek, as a function of time. Changes have also been seen in the albedo of 

the dust grains. It appears that the nature of the dust ejected by the nucleus is 

different for different comets and can even change with time as a given comet 

evolves. These changes can occur rapidly, with time scales of less than one 

week and over changes in heliocentric distance less than 0.2 AU. 

Both in the infrared and visible, Comet Kohoutek faded rapidly as it left 

the Sun. After January 16, it was substantially fainter at all wavelengths than 

it had been at the same heliocentric distances approaching the Sun.. However, 

the brightness in the U, B and- V bands, which are dominated by gaseous 

emission lines, did not decrease as dramatically as at the wavelengths domi-

nated by reflection and emission by dust. 

Although other possibilities may exist, the simplest explanation of the 

changes we have observed in Comet Kohoutek is that the nucleus contains 

pockets or layers of frozen gas and dust with different properties. As these 

pockets or layers are exhausted and new ones exposed, the composition of the 

comet ejecta can undergo abrupt changes. The initial predictions that Comet 

Kohoutek would be spectacular were based on its being relatively bright when 

it was far from the Sun. However, the brightening was anomalous and the di-

ameter of the nucleus was overestimated (Rieke and Lee, 1974). Mendis and 
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FIGURE 1.—Infrared photometry of three comets. The spectra are labeled with the helio-
centric distances in AU. The data for Comet Bennett are from Maas et al. (1970). 
The observations of Comet Kohoutek were before perihelion passage. The flax values 

have been arbitrarily renormalized to facilitate comparison of the spectra.
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FIGURE 2.—Comparison of infrared observations of Comet Kohoutek before and after 
Perihelion passage. The spectra are labeled with the heliocentric distance in AU and 
the observations after perihelion passage are indicated with the heavier line. The trick 
marks in log (S) are at intervals of one. The four groups of spectra have been 
renormaljzed to avoid confusion, but there has been no renormalizat ion within each 
group. 

Ip (1974) have suggested that this brightening was caused by the exposure of 

a layer or pocket of volatile material which quickly evaporated from the nu-
cleus. 

Therefore, the hypothesis that cometary, nuclei contain layers or pockets of 

different compositions can explain many of the phenomenaexhibited by Comet 

Kohoutek- Abrupt chang ändunpredictable behavior have been observed in 

many other comets, indicating that their nuclei are similar to Càmet Kohoutek 

in this respect. This possibility should be given, serious consideration in. future 
studies of the origin' and nature-of comets. 

The infrared observations show that silicates play at role in cometary dust. 

However, the i0- emission feature.. is much -weaker in Comet Kohoutek than 

would be expected from silicate grains unless appreciable numbers of the 
grains are larger than 5 1A in diameter (Hunt and Logan 1972). The presence. 
of many large silicate grains would be hard to reconcile with the elevated 
brightness temperature in the 3 to 5- fk region and with theories regarding the 

U, 

0 
9
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development of type II (dust) tails. It is more likely that cometary dust con-
tains other materials besides silicates. 

The changes in the infrared spectrum might be caused by changes in the 
size distribution or composition of the grains. In the case of Comet Kohoutek, 
the development of an anti-tail and the infrared spectrum of the anti-tail de-
scribed by Ney at this workshop show the presence of large grains. However, 
if the grain diameter is the only variable, the elevation of the 3- to 5- color 
temperature should be correlated with the strength of the 10-s emission fea-
ture. Such a correlation is not apparent for Comet Kohoutek and is clearly ab-
sent in the three-comet comparison shown in figure 1. Therefore, variations in 
the composition of the dust probably account for some of the infrared behav-
ior of comets. 

In summary, our observations indicate the following: 
1. The absorption efficiency of the dust in Comet Kohoutek was about 80 

percent. The infrared spectrum showed weak silicate emission features at 10 

and 18 , and an elevated color temperature between 3 and 5 j.. 
2. Although silicates are the only material definitely identified in cometary 

dust, significant amounts of other materials are probably also present. 
3. The infrared spectra, and therefore the nature of the dust, varies from 

comet to comet. 
4. Rapid changes in the infrared spectrum of Comet Kohoutek indicate that 

material of different compositions is found in layers or pockets in the nucleus. 
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DISCUSSION 

OPAL: How much water would you say is in amorphous silicates, and is 
there a transition due to the elimination of the water by evaporation? 

RIEKE: I don't think anyone knows what structure the silicate has. It ap-
pears not be be critical. There is some evidence that similar materials do exist 
in meteors. The transition involves both driving off the water and a change in 
the crystalline nature of the material.



182	 COMET KOHOUTEK WORKSHOP 

HENIZE: I found a significant change in the dust nature in mid-January; 
can you pin that down for us? 

RIEKE: The first observation was on January 16. It appeared to have 
changed in photometric observations 4 days later. 

HENIZE: On the 16th, did you find that things were different than in 
December? 

RIEKE: No. On the 16th it was slightly fainter when corrected for geome-
try. It appeared to be very similar. 

DONN: There is strong evidence for the silicate theory and there is a lot 

of talk about icy grains at larger distances. Does anyone have any indication 

of the ice absorption at 3 microns or any other indication of the molecular ma-
terial or the grains? 

RIEKE: Unfortunately the comet is very faint at 3 microns, where you 

might expect to find ice. We should have found ice if it was there. 	 -



PHOTOGRAPHIC PHOTOMETRY FROM SKYLAB 

P. D. CRAVEN 
R. V. HEMBREE 
C. A. LUNDQUIST 
Marsha!! Space Flight Center 

Early Skylab plans for observations of Comet Kohoutek showed that observa-

tion opportunities would have to be distributed between the major instru-

ments, and that for each instrument these opportunities typically would be 

separated by several days. This observation pattern stimulated consideration of 

a schedule of frequent comet photographs through the spacecraft windows, 

using existing cameras. A conceptually simple photographic effort could pro-

vide a baseline record of gross comet behavior. A plan for such a schedule of 

photographic photometry was adopted and designated Experiment 5-233. 

Table I lists the characteristics of the selected photographic system. Kodak 

3401 film was chosen on the basis of availability, resolution, speed, predicted 

radiation effects, and other pertinent factors. Spectral transmission of the win-

dow and lens and the spectral sensitivity of the film are such that the spectral 

response of the system covers approximately the range from 4000 to 7000 A. 

The large field of view minimized pointing requirements for the astronauts 

and ensured adequate numbers of star images for reference purposes. 

Each standard set of photographs contained three frames, exposed as shown 

in table H. When possible, such a set was taken approximately every 12 

hours. One calibration sequence of six frames of a selected star field was ob-

tained for each film cassette. 
The exposures focused on infinity were intended primarily to record the 

gross characteristics of the comet tail. The defocused frames were taken so 

that the integrated coma magnitude could be measured by microdensitometry 

relative to images of stars of known magnitude and spectral class. 

The best data were obtained during periods when the spacecraft motion was 

stable, which required that the automatic momentum dump system not be op-

erating. However, modest spacecraft motion does not prevent photometry 

from the photographs. The four cassettes of film yielded about 90 usable 

comet photographs, of which about one-third are focused on infinity. The last 

pre-perihelion observation was on December 22, 1973, and the first post-
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Table I.—Pbo:op.ap:c System 

CAMERA:	 35-mm Nikon with remote shutter control. Camera body taped to items of 
spacecraft structure for stability. Manual operation. 

LENS:	 55 mm; 1/1.2; adjustable focus 36 x 24 deg field of view 
FILM:	 Kodak Plus-X Aerial 3401 (thin base) 4 film cassettes, 60 exposures per cassette 

Table II.—Exposu,e Sequence 

STANDARD OBSERVATION SEQUENCE 
60-s exposure 15-ft focus 

120-s exposure infinity focus 
60-s exposure 15-ft focus 

CALIBRATION SEQUENCE 
Unexposed 
10-s exposure 15-ft focus 
30-s exposure 15-ft focus 
60-s exposure 15-ft focus 

120-s exposure 15-ft focus 
120-s exposure infinity focus

perihelion observation was on January 8, 1974. The most prevalent causes of 

unusable frames were failure to have the comet in the field of view and 
excessive spacecraft motion. 

Only preliminary results are available at this date, three months after the 

Skylab film was returned to Earth and processed at the Johnson Space Center. 

These results are derived from trial analysis procedures using third-generation 

duplicate films. These analyses used two different microdensitometers and sev-

eral numerical techniques. The original first-generation films will be used in 

the final analyses after optimum procedures have been established. 

Preliminary determinations of coma integrated magnitudes confirm that for 

equal heliocentric distances the comet was about two magnitudes dimmer after 
perihelion than before perihelion. 
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THE DETECTION OF CONTINUUM MICROWAVE
EMISSION FROM COMET KOHOUTEK 
(1973/) 

STEPHEN P. MARAN* 
ROBERT W. HOBBS 
JOHN C. BRANDT 
Laboratory for Solar Physics and Astrophysics 

WILLIAM J. WEBSTER, JR.* 
Atmospheric and Hydrospheric Applications Division 

K. S. KRISHNA SWAMYt 
Laboratory for Optical Astronomy 
NASA-Goddard Space Flight Center 

We observed the comet on January 10 and 11, 1974, with both the 
interferometer and the 140-foot (43-meter) radio telescope at the National 
Radio Astronomy Observatory. In both cases, a positive result was obtained. 
The 140-foot telescope observation, made at wavelength 2.8 cm, yielded a flux 
density of (0.034 ± 0.013 standard error) flux units. Taken by itself, it 
would constitute only another "probable detection" in the long history of at-
tempts to detect continuum radio emission from comets, and in fact we shall 
not discuss this measurement further here. 

On the other hand, our interferometer observations, at wavelength 3.71 cm 
yielded a flux density of (0.78 ± 0.001 formal standard error) flux units and 
therefore constitute a very definite detection. Allowing for an uncertainty of 
about 25 percent in the absolute calibration of the interferometer flux density 
scale, we can quote a value of (0.08 ± 0.02) flux units for the 3.71—cm 
emission of the comet on January 10 and 11. Our data on the measured 
fringe amplitude as a function of baseline, obtained during an interval of 9 
hours, with a maximum baseline of 2.7 km, show that this emission arose 

* Visiting Astronomer, National Radio Astronomy Observa-
tory. The NRAO is operated by Associated Universities, 
Inc. under contract to the National Science Foundation. 

t National Research Council Resident Research Associate. 
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from a region located within a few arc-seconds of the location of the nucleus 
and having a diameter that was certainly less than 2.8 arc-seconds (1700 km) 
and very possibly less than 1.4 arc-seconds (850 km). These limits correspond 
to brightness temperatures of more than (240 ± 60) K and more than (980 
± 250) K, respectively. 

If the lower temperature limit and larger diameter apply, the observations 
fit what we might expect in terms of thermal radio emission from the grains 
in the icy grain halo that Delsemme has postulated to exist in comets. On the 
other hand, if the higher temperature and smaller diameter apply, we would 
require the presence of a dust component that is more volatile than the dust 
studied by the infrared observers, since it is limited to a region of only sev-
eral hundreds of kilometers. In either case, we would expect that the source 
of the microwave continuum emission must also appear in scattered visible 
light as a "false nucleus." Dr. E. Roemer (private communication to John C. 
Brandt) has stated that the existence of a false nucleus of a few arc-seconds 
diameter on January 10 and 11 would not contradict the visual observations 
known to her. 

We should note that continuum emission from this comet has been ob-
served at millimeter wavelengths by Akabane and Chikada (preprint) and by 
Vidal-Madjar and colleagues (private communication). Akabane and Chikada 
have proposed a thermal bremsstrahlung mechanism as an alternative to ther-
mal emission from grains. W. Altenhoff and B. Andrew have both advised us 
in private communications of unsuccessful attempts to detect the microwave 
emission from this comet. 
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DISCUSSION	 --

- WHIPPLE: How effective is your dust in radiating? 
MARAN: We found that we needed fairly dirty or very dirty ice grains of 

size range 0.6 to 6 mm to explain our 300° temperature. We have not yet 
looked at what we need in the way of dust that does not have any ice. The 
observation implies that in visible light there should be a false nucleus of at 
least an arc-second in diameter, possibly several arc-seconds. Dr. Roemer has 
told Brandt that there was no optical contradiction on that date. 

WEHINGER: On January 10 and several dates around that time, the 
brightest part of the comet—the false nucleus—is about 2 seconds of arc in 
diameter.
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DELSEMME: I assume you don't exclude a mixture of icy grains and 

dust? 

MARAN: Oh, no, not at all. 
MENDIS: I wish to make a comment about the radius. It is well known 

that if you have small grains you can probably get frequency dependence, but 

it may be possible to get a much higher temperature if you have fairy-castle-

like structures of 1 micron. 
MARAN: I understand, but do you think it can radiate effectively at 4 

centimeters? 

MENDIS: Possibly. 
CHAISSON: As a comment, on the 10th, we were transmitting a signal at 

the same wavelength. I don't think you picked it up.



UPPER LIMITS ON THE RADAR CROSS SECTION 
OF COMET KOHOUTEK 
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Department of Earth and Planetary Sciences and 
Department of Physics 
Massachusetts Institute of Technology 

An attempt to observe radar echoes from Comet Kohoutek 
was made at a radio frequency of 7840 MHz (A - 3.8 
cm) on January 12, 1974. The Haystack Observatory radar 
in Massachusetts was used. A search for an, echo over a 
range of bandwidths covering 2 Hz to 66 kHz yielded no 
positive result. The upper limit on the radar cross section 
is therefore approximately iOB'/km, where B is the (un-
known) bandwidth of the echo in Hertz. For B 100 Hz, 
it follows that (1) the nucleus, if a perfect spherical re-
flector, must be less than 250 km in diameter, and (2) the 
density of any millimeter-sized particles must be less than 
1 m-' for a coma of diameter 104 km. 

On January 12, 1974, we attempted to observe radar echoes from Comet Ko-

houtek. We used the Haystack Observatory radar system to transmit a signal 

at a radio frequency of 7840 MHz (A 3.8 cm). About two minutes before 

the echo was expected, the system was reconfigured for reception. The rele-

vant parameters of the radar system are given in table I. 
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Table J.-1.a1a, Characteristic! for Com€t KobouteA Observations on Januarj 12, 1974 

Radar Frequency: f = 7840 MHz 
Radar Wavelength: 3.8 cm 
Effective Antenna Area: A	 470 m2 
Transmitted Power: p	 200 kw 
System Temperature: T	 so K 
Integration Time for Echo: r	 5 X IW S 
Earth-Comet Distance: R	 1.24 X 1011 to 
Ephemeris Round-Trip Time-of-Flight for Echo Received at 

16:00 UT: r	 812.246 s 
Ephemeris Doppler Shift for Echo Received at 16.00 UT: Ef	 498938 Hz

The transmit/receive cycle, or "run," was repeated several times during the 

period of visibility of the comet. The results from these runs were "stacked" 

in accord with the ephemeris we produced from the initial conditions then 

available for Kohoutek's orbit (B. Marsden, private communication, 1973). 

Comparison "noise-only" runs were subtracted before further processing to at-

tempt to remove any slope and 'ripple" in the power spectrum that might be 

caused by the instrumentation. Since neither the bandwidth nor the center fre-

quency of the radar echo was known precisely, we searched, at various resolu-

tions, the spectral region within ± 33 kHz of the expected frequency of the 

echo. For the frequency interval within ± 925 Hz, the spectral analysis was 

performed with 2-Hz resolution and utilized a multi-bit Fourier technique 

normally used for planetary radar experiments. For the extended frequency in-

terval, bandwidths of 12 kHz and 66 kHz were searched with resolutions of 

0.2 kHz and 1 kHz, respectively. For this latter analysis, we used the one-bit 

digital autocorrelator normally employed at Haystack for observation of spec-

tral-line emissions from the interstellar medium. The procedures used in both 

analyses were tested thoroughly by observing strong echoes from the planet 
Venus. 

No echo was apparent in any of the spectra obtained from the observations 

of the comet. We can infer from this result an upper limit on the radar cross 

section, u, of the comet by means of the radar equation: 

41rX2R4kT(S/N)B112
(1) 

PA2t"2 

where SIN denotes the signal-to-noise ratio, B the echo bandwidth and k 

Boltzmann's constant. The other quantities on the right side of Equation (1) 

are defined in table I. If we take (SIN) = 5, a conservative value, the upper 
limit on the cross section is 5 X 103 km 2 Hz 1/2 for the frequency interval 
of ± 925 Hz; however, for the extended frequency interval, this limit must 
be increased by approximately a factor of 2 to 104 km2 Hz1!2 to account for 
the clipping correction inherent in the one-bit autocorrelation spectral analysis. 
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We recognized from the start that the sensitivity of the Haystack radar sys-

tem was insufficient to have detected an echo from the comet nucleus (hard 

target) were it no larger than the usually accepted estimate of a few tens of 

kilometers. However, we reasoned that a high-frequency echo might be ob-

served from Rayleigh scattering in the considerably larger comet coma (soft 

target). Under the assumption that the particles in the coma are much smaller 

than the wavelength, A, of the radio signals, the radar cross section is given 

approximately by N(27r)4(d6/A4) 
I 

fmZ _j)/ [m2 + 21 1 2 where a is 

the radius, N the number, and m the complex index of refraction of the par-

ticles. 

In the absence of a definitive echo, its spectral width and shape are of 

course unknown. However, as an illustrative example, if we assume a flat 

spectrum of 100-Hz width, then we can conclude that (1) the density of mil-

limeter-sized particles in a coma of diameter 104 km must be less than 1 m3 

(we ignore the small effects of "shadowing" and the possibility of an anoma-

lously small index of refraction); and (2) the diameter of the nucleus of the 

comet, if considered to be a perfectly reflecting solid-body target, must be less 

than about 250 km. 
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AN ANALYSIS OF THE VISUAL MAGNITUDE OF 
COMET KOHOUTEK 

W. A. DEUTSCHMAN 
Center for Astrophysics 

An analysis of 212 pre-perihelion and 230 post-perihelion 
visual magnitude observations of Comet Kohoutek shows 
that the magnitude is best represented by Levin's formula.' 
M* = A + B V Rand not the usual power law M* = M0 

+ 2.5n log (R). Furthermore, the absolute magnitude of 
the comet at unit distance from both the Earth and Sun is 
1.3 magnitudes fainter after perihelion than before peri-
helion. The paper also discussed the procedures necessary 
to intercom pare magnitudes derived by different observers 
using different techniques. 

DISCUSSION 

KELLER: Did you investigate the connection with lunar phase and low 

horizon in respect to the scattering of data? 

DEUTSCHMAN: In regard to lunar phase, I tossed all that data out. No, 

I did not toss out the data that was near the horizon because that was about 

all we had in early January (2, 3, and 4). It was low in the sky and it is 

there. 

MARAN: What magnitude did they give at perihelion? Have you looked 

at the recent, far-out 18-magnitude estimate from Dr. Roemer and what index 

that should give you? 

DEUTSCHMAN: No, I have not looked at the 18-magnitude observation. 
At perihelion the magnitude is somewhere between +1 or 2. At that particu-

lar period the Skylab astronauts were talking about —0.5 to -1. There is a 

discrepancy there between the extrapolations. 

You have to be a little bit careful in terms of using data that is taken 

strictly for position and is exposed only for that central condensation, since 

they are approximately two magnitudes too faint. 
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HENIZE: I wish to show my own slide of a curve. It is from visual esti-

mates using defocused binoculars. I made one set of estimates and the other 

was made completely independently by Diggs. Our slopes were so comparable 

that it looked as if we had a lot of good data. It does require an 0.6 magni-

tude adjustment between us. The main thing I mean to point out is that we 

had a nice slope down to the 16th of January. If you put this on the magni-

tude-log r curve it gives you a slope of about 3.8 and it extrapolates to —0.8 

at perihelion with a very smooth decline from perihelion down to the 16th of 

January. On the 16th of January it is suggested there is a standstill for ap-

proximately 3 nights.



PHYSICAL INTERPRETATION OF THE BRIGHT-
NESS VARIATION OF COMET KOHOUTEK 

A. H. DELSEMME 

Department of Physics and Astronomy 
The University of Toledo 

The brightness variation of Comet Kohoutek before peri-
helion is used in connection with the theory of vaporization 
of the cometary nucleus, to establish that the vaporization 
was probably not controlled by water, but possibly by a mix-
ture of water with a more volatile major constituent like 
CO2 . A large fraction of very volatile molecules like CH, 
or CO is very unlikely, if the magnitudes published at dis-
covery are meaningful. At the time of this writing it is too 
early to understand the meaning of the brightness law after 
perihelion. 

Use of the Brightness Law 

Use of the law of cometary brightness (i.e., the dependence of the total 
brightness of a comet on its heliocentric distance) is one of the simplest ways 
to get some idea about the production law (i.e., the dependence of the pro-
duction rate of gas and dust on distance). 

More information on this production law may be deduced from a study of 
the dependence on distance of either the nongravitational force (Delsemme, 
1972, Marsden et al., 1973) or better, the monochromatic brightness of the 
different neutral radicals observed in the coma (Mayer and O'Dell, 1968). 

The meaning of these two latter approaches can be more easily clarified than 
that of the total brightness law, which unfortunately mixes the light reflected 
by the dust with the light emitted by fluorescence of the different radicals. 
However, the brightness law is much easier to establish and therefore is still 
widely used for all comets, whereas the law of monochromatic brightness has 
been scantily used so far, with incomplete results for only one or two comets. 
In the same way, the law of dependence on distance of the nongravitational 
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force can be approximately established only for short-period comets, when 

several returns have been observed. 

When the brightness law is used to approximate the production law, three 

assumptions are made. First, it is assumed that the gas production is in pro-

portion to the light emitted by the fluorescence of the observed radicals. This 

is basically true, because if the fluorescent intensity varies with r2 (r = heli-

ocentric distance), this factor cancels out, since the observed molecule decays 

by photodissociation or ionization with a lifetime T proportional to r2 . How-

ever, as the molecule leaves the nuclear region with a velocity v, it decays in 

the coma with an exponential scale length Vr. But the instrumental field of 

view may be limited by a diaphragm or more simply—in particular, for visual 

observations—by the sky brightness. The cancellation of the factors r2 and r2 
takes place only if we see all the emitting molecules, that is, if the field of 

view is in practice six or seven times larger than the scale length (Delsemme, 

1973b). For visual observations, C. is likely to prevail. At 1 AU, the scale 

length for C2 decay is 9 X 104 km; therefore, the light coming from dis-

tances up to 5 X 10 5 km from the nucleus must be taken into account; other-

wise, a correcting term must be added (Delsemme, 1973b). 

The second assumption is that the radicals observed in visible light are in 

proportion to the major constituents, in particular to OH and H. So far, we 

have all reasons to believe that it is about true (Delsemme and Miller, 1970). 

The third assumption is that the fraction of the total light coming from the 

dust (continuum) does not vary widely. This is rather likely, because we be-

lieve that the dust is dragged away by the vaporizing gases in approximate 

proportion to them. The major assumption is, therefore, that the grain size 

distribution does not vary much, at least for the smallest sizes which are the 

major constituents of the reflected light. 

Despite all these difficulties, my thesis here is that the total brightness law 

can lead to results which are significant enough to gain some physical insight 

on the release of gas and dust. This is true in particular when we can neglect 

(or smooth out) the activity outbursts, and if we can establish, during the ap-

proach of the comet, at what distance from the Sun the radiative steady state 

of the nucleus is progressively superseded by the vaporization steady state. 

The Vaporization Theory 

For this purpose, we must rely on a model; and before going further, we 

must clarify a misunderstanding which comes from the fact that several au-

thors publishing cometary light curves, still use Levin's formula (1943) to fit 

in a theoretical curve with the observations. Its appeal obviously lies in its 

simplicity; but it has an accurate physical meaning that cannot be dissociated 

from it. That formula implies that the nuclear temperature is set by a purely 

radiative equilibrium, that is, that the latent heat of vaporization of the gas re-
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leased is negligible compared with the heat radiated away in the infrared by 

the nucleus. 

This was quite acceptable in the 1940's, when the total amount of gas lib-
erated by a comet was unknown. Bobrovnikoff (1951) showed, however, that 
the 4477 observations he discusses are not better represented by Levin's for-

mula than by the empirical formula that uses a constant n for the exponent 
of r, the heliocentric distance. But the large gas production stemming from 
Whipple's (1950) icy conglomerate model of the cometary nucleus, is the best 

reason to reject Levin's formula on theoretical grounds. Numerical models for 

the vaporization of large amounts of gases from the nucleus were computed 
independently by Huebner (1965) for water; and by the author (Delsemme, 
1965) for water as well as for the solid hydrates of gases (clathrates and 

ionic hydrates). These models made clear that the temperature of the nucleus 

depends on two different types of steady states. 

For water and for the solid hydrates of gases, the radiative equilibrium 

takes over at a distance larger than 3 or 4 AU, and Levin's law can be for-

mally used as a limit at much larger distances; however, we do not have many 

comets whose brightness curve is known at distances much larger than 3 or 4 

AU. For the shortest heliocentric distances, that is, for less than 1 AU, the 

vaporization steady state is overwhelming; the temperature is set by it, and 

not at all by the radiative term that becomes negligible; and the production 

law becomes an inverse-square law of the heliocentric distance. For intermedi-

ate distances, that is, from 1 to 3 AU, if the production law is described by a 
log-log diagram (fig. 1) the slope of the curve for water plunges from —2 
(inverse-square law) to values larger than —20, around 2 or 3 AU, its accu-

rate position depending on the albedos of the cometary nucleus in visible light 

and in the infrared (Delsemme and Miller, 1971). If the vaporization were 

controlled by snows of gases more volatile than water (see fig. 1 for exam-

pie), the heliocentric distance where the vaporization takes over would be at 
some 7 AU for NH3, 10 AU for CO,, 70 AU for CH,, and 140 AU for CO 
or for N2 . However, in the presence of water snows, up to 15 percent of 

these gases could be absorbed in the water snows, the limit leading to ionic 

hydrates or clathrates; and consequently water would still control the vaporiza-

tion up to this limit. It is therefore likely that those comets that show a large 

production rate of CO at rather large heliocentric distances, like Morehouse 
(1908111) or Humason (1962V111), have an amount of gas more volatile 
than water, in excess of this limit of 15 percent and therefore not bound in 

clathrates. The nature of these volatile snows is suggested by the vaporization 

behavior of CO (appearance at 10 AU) rather than that of CO (appearance 

of 70 AU?). 

For most of the ordinary comets, however, the vaporization model seems to 

predict the correct distance for the appearance of the coma, if water controls 

the vaporization; that is, if no more than 15 percent of more volatile gases
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are present. In order to accept the vaporization model, large gas productions 

had to be observed. These large gas productions were definitely established 

only when a huge hydrogen coma was discovered by the OAO in the three 

bright comets of 1970. Since 1970, it has therefore become very difficult to 

believe in the desorption of small amounts of gases at short heliocentric dis-

tances, and therefore Levin's formula can no longer be used. This has been 

emphasized by Levin himself (Levin, 1972). 

The Case of Comet Kohoutek 

We can now use the vaporization theory to understand the meaning of the 

brightness curve of Comet Kohoutek. For this purpose, all the observed m1 

magnitudes collected from the IAU circulars have been reduced for a geocen-

tric distance of 1 astronomical unit (AU) and plotted in figure 2. The upper 

curve goes from right to left before perihelion, whereas the lower curve goes
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FIGURE 2.—The brightness curve of Comet Kohoutek, before and after perihelion, com- 
pared with that of Comet Encke. The two solid lines both represent the HO curve 
of figure 1, shifted by two opposite variations of the aibedos. No sensible albedo 
could shift the CO2 curve enough to explain the light carve of Comet Kohoulek, but 
a slight excess of free CO2 (above the 15 percent stabilized by the solid hydrates) 
could be used to explain the behavior of Comet Kohoutek before perihelion. 
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from left to right after perihelion. For comparison, the light curves of Comet 

Encke, from Beyer (1950a, b; 1955; 1962) have also been plotted on the 

same diagram. For Encke, the two passages of 1947 and 1951 superpose 

rather well, with a slight vertical shift, on that of 1961. 

It is clear from the onset the Comet Encke's results are homogeneous 

mainly because they come from a single observer, whereas each point of the 

light curve of Comet Kohoutek should be discussed for three possible correc-

tions: the entrance pupil correction (Bobrovnikoff, 1941; Meisel, 1970; Mor-

ris, 1973); the field diaphragm correction (Delsemme, 1973b) (as mentioned 

before, in the absence of any field diaphragm, this correction comes from the 

sky brightness); and the correction from the variable personal equation of 

each individual observer. As it is impossible to assess what correction each 

observer has used, it is not worth trying to "improve" on figure 2. 

At any rate, we are not interested here in small variations in the activity of 

the comet, but rather in the general trend, namely, in establishing the heli-

ocentric distance for the onset of vaporization. In this respect, the most im-

portant information is the fact that the brightness at discovery (beyond 4 

AU) was more than 4 magnitudes fainter than that extrapolated from the in-

verse-square law (slope-2 on fig. 2). A careful discussion of these results is 

needed here, because the brightnesses just after discovery have an influence on 

the final conclusions. 

It could be argued that all the points at the extreme right of figure 2 (for 

log r > 0.6) are biased: because they were obtained by long-focus instru-

ments, they would represent the brightness of the central condensation (IAU 

circulars m2 ) and not the total brightness of the coma (IAU circulars m1). 

But the magnitudes m have all been rejected from figure 1 and the magni-
tudes m1 only have been used. In particular, the discovery plates were ob-

tained by Dr. Kohoutek with the 32-inch Schmidt telescope at Hamburg Ob-

servatory, which could hardly be called a long-focus instrument. As a matter of 

fact, the two fuzzy spots representing the comet had a diameter of 7 

arc-seconds (Sky and Telescope 46, 91, August 1973) corresponding to a 

coma diameter of some 20 000 km, which could hardly be called the "central 

condensation." The first m2 magnitudes were reported for the end of April 

by T. Seki (IAU Circular No. 2537) and were indeed one magnitude fainter 

than m1 at that time. It must, however, be admitted that the separation of m1 

and m2 is often difficult to establish with large instruments for faraway com-

ets. Short exposure times include some coma light into the central condensa-

tion, because of the small scale on the plate. Long exposure times miss part of 

the outer coma, because of the intrinsic faintness of the comet. 

On figure 2, the actual magnitudes just after discovery could therefore be 

somewhat brighter than shown, whereas they could certainly not be fainter. 

On the other hand, there is already an indication near log r = 0.2 to 0.3, 

that the —2 slope is not yet reached.
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If we first accept that the m1 magnitudes can be taken at their face value, 

we can fit a model to the data. In figure 2, the vaporization of water (solid 

continuous curve) has been fitted to Comets Encke and Kohoutek, by chang-

ing the albedos of the vaporizing nucleus. 

There are difficulties, however. The large drop in the slope takes place 

around 1.4 AU for Encke, and only near 4.0 AU for Kohoutek. The fitting 

of the curve for water vaporization implies that, for an infrared albedo A 1 = 
0.10, the visible albedo must be A 0 = 0.74 for Encke, whereas A 1 > A0 for 

Kohoutek; for instance, A 1 = 0.64 and A. = 0.10 is a possible solution. 

The anomalous albedo A 0 for Encke does not make sense, as white snow 

reaches A 0 = 0.7 only. This strengthens the conclusions of Delsemme and 

Rud (1973) that Encke cannot be explained by a homogeneous nucleus stead-

ily covered with water snows. The present results would be explained by 

water-ice glaciers covering some 10 percent of the surface area, whereas the rest 

of the area would be much darker. This is rather consistent with the history 

of Encke's decay for the last two centuries. 

As far as Comet Kohoutek is concerned, it seems more likely that A 1 = 0.64 

is much too high to be acceptable. Besides, if the actual magnitudes just after 

discovery were somewhat brighter than reported, A 1 would become even larger 

for the water model. 

The only alternate explanation is the presence of another major constituent 

more volatile than water, like CO,, that changes the vaporization pattern, but 

could be fitted to the drop of the light-curve near 4.0 AU. However, the fact 

that the brightnesses just after discovery were much lower than those extrapo-

lated from the inverse-square law seems to imply the absence of a large frac-. 

tion of a very volatile component, like CH4, CO, or N2 . In this context, a 

"large fraction" means much larger than the amount that could be trapped in 

the cavities of the solid hydrates, that is, approximately 15 percent. 

An even more volatile constituent like CO could control the vaporizations, 

only if the m 1 magnitudes were in error by more than four magnitudes, which 

seems to be rather unlikely. 

The present conclusion has the interesting consequence of suggesting larger 

"parent" molecules like CO,, and NH 4 for the tail ions CO and N2. 

At the time of this writing, Comet Kohoutek is still being observed, and 

the complete light curve after perihelion cannot yet be compared with models. 

A discussion of the fact that its total brightness faded by more than one mag-

nitude after perihelion (see fig. 2) is therefore to be reserved for the future. 
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DISCUSSION 

DUBIN: In the case of the general formulas, they do show asymmetry 

with respect to radial distance. In the case of Comet Kohoutek, there is a clear 

asymmetry of maybe one to two magnitudes between pre- and post-perihelion. 

How do you take that into account without having a lot of dust? 

DELSEMME: We don't know the detailed materials but there are several 

possible explanations. The one I favor is to imagine that we have any icy 

grain halo during the pre-perihelion approach and this icy grain halo has dis-

appeared when it goes away. So the cross-sectional area for vaporization has 

diminished drastically. It is true that the vaporization curve does not rule out 

large quantities of materials which are roughly at the same order of magnitude 

as water for the vaporizations. This is typically true for HCN and CH3CN. 

However, I have other arguments and I believe that so far CH 8CN has been 

underestimated. And I preliminarily calculate 1 to 2 percent water only. 

I believe that amorphous ice is an excellent suggestion that certainly might 

work at rather large solar distances. However, because of its transition temper-

ature I doubt if it really does exist at distances that are less than half an as-

tronomical unit, 

VOICE: Its transition temperature is about 140 K, which corresponds to 2.5
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DELSEMME: Then we agree, it is a very good suggestion. I quite agree 
on that point. 

DONN: As I recall, then Comet Halley was recovered in 1909 it appeared 
about 3 AU with a rather diffuse structure and was not stellar at all. At this 
distance there was sufficient gas emission to cause a dust cloud. So we have 
evidence, even in a comet that has made as many returns to the Sun as Halley 
has, that it can have several gas ejections at very large distances. In order to 
get water to control vaporizations of the release from the nucleus it need not 
necessarily be clathrate but just a large excess of water would again have the 
same effect. A laboratory example of this thing is that using water and nonvo-
latile materials is to trap and pump by putting an excess and freezing them 
out. Nonvolatile material will condense and trap the volatile material. 

DELSEMME: Certainly. The clathrate suggestion is there, not to explain a 
different vaporization rate of ice. On the contrary, it is there to suggest that 

UP to 15 percent of other elements could be vaporized in proportion with ice. 
Of course, if you reach thermal equilibrium and if you start from a mixture 
of many gases and water ice you finish by having the clathrates, or at least 
you have the gases absorbed in the ices, which is formally the same as the 
clathrate model. If you don't have enough gas, you make absorptions.



ON PREDICTING THE BRIGHTNESS OF COMETS 

E. J. OPIK 

Department of Physics and Astronomy 
University of Maryland 

Comet Kohoutek actually presented a typical example of normal variation of 

cometary brightness as it depends on the distances from the Sun and the ob-

server. Some nonfulfilled expectations in this respect were entirely due to an 

early prediction which was made without regard to known facts of cometary 

physics and observation (Opik, 1972 and 1973). In a minor degree, misunder-

standings of a similar kind are still obsessing current photometric predictions 

in cometary ephemerides. 

Namely, regarding the effect of geocentric distance ( s ), the inverse-square 

law is still traditionally in use with the published ephemerides despite the in-

correctness of this procedure having been pointed out more than a decade ago 

(Opik, 1963). It is true that the total apparent brightness of a comet, from 

nucleus to the outer boundary of coma and tail (which goes, so to speak, out 

to infinity), should vary inversely as the square of the geocentric distance. 

However, in making his estimate of stellar magnitude, the observer reckons 

only with a central condensation around the nucleus which appears to be star-

like enough to be compared with stellar images, and disregards the washed-

Out extended nebular envelope. The diameter of the effective starlike image 

corresponds to his photometric resolving power. The smaller the geocentric 

distance—or the larger the magnifying power of the telescope which serves as 

an interchangeable equivalent for reducing the distance—the smaller the lin-

ear radius of the sphere around the cometary nucleus which contributes to the 

photometric estimate; and the estimated subjective brightness will contain an 

additional factor increasing with the distance (or decreasing with the magni-

fying power of the telescope). At a uniform velocity of expansion of the 

cometary gases, or an inverse-square law of gas density around the nucleus, 

the additional factor is proportional to the first power of the distance i, so 

that the subjective photometric law becomes 

1- 
2	 L' 

or essentially an inverse first-power law. 
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The same refers to photographically estimated cometary stellar magnitudes, 

unless the total brightness to a fixed linear distance from the nucleus is found 

by integrating surface brightness measurements of the coma. This, however, is 

never done. 

Strangely enough, an equivalent of this effect has been investigated with re-

spect to the resolving power of telescopes as depending on aperture (Bobrov-

nikoff, 1941 and 1942), but never has been applied in the traditional treat-

ment of the effect of geocentric distance. 

Although for most comets observed in the inner solar system, the range in 

geocentric distance is usually not very large and its erroneous treatment not of 

too much consequence, for one like Comet Kohoutek discovered early at a 

large distance from the Sun, say at 4-6 astronomical units (AU), the error 

from this cause alone could amount to an overestimate of the perihelion 

brightness by a factor of from 3 to 5. 

As to the effect of heliocentric distance (r), the theoretically expected in-

verse power is somewhere around n = 4 (a power of 2 for the rate of evapo-

ration and another equal power for the intensity of illumination). Statistical 

analyses (Oort and Schmidt, 1951; Vanysek, 1952) have indeed confirmed 

this expectation; when reduced to the correct law of geocentric distance 

(Opik, 1973, p. 387), which but slightly affects the results, the statistics lead 

to an inverse power of n = 4.1 or 4.2 for all cometary apparition, and to n 
= 3.9 or 3.7 for the 'new" first apparitions with their nearly parabolic or-

bits. 

Through use of an exaggerated value of n = 6 for the inverse power of 

heliocentric distance, and because of the large range in distance, the perihelion 

brightness of Comet Kohoutek was overestimated by a factor of 900 and, with 

the traditional incorrect allowance for geocentric distance, the overestimate 

amounted to a total brightness ratio of 2800 (Opik, 1972 and 1973) or 8.6 

magnitudes. 

Of course, the composition of cometary gases may vary with heliocentric 

distance, and this may have an effect on the brightness variation. Thus, water 

ice, responsible for a considerable fraction (perhaps about 40 percent of gases 

or 20 percent of the total mass loss) of the evaporate in solar vicinity, would 

not yield vapors at large distances—somewhere near Jupiter or farther out. 

One may ask whether this could increase the average heliocentric exponent 

when starting the prediction from a large distance. Actually, from obvious 

physical considerations, the absence of the water vapor component at low tem-

peratures would act in the opposite direction, tending to depress the exponent 

below the standard values of 4. This also appears to be reflected in the lower 

empirical value of n for the "new" comets. 

Indeed, when water ice is not evaporated, a larger fraction of solar heat is 

spent on the evaporation of those constituents of Whipple's icy conglomerate 

—the cometary "clathrate '—which yield the "photogenic" molecules, C 2, CN,
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and CO. Also, the latent heat of vaporization of their parent materials is less 

than that of HO, which again favors release of more luminescent material at 

large heliocentric distances, in proportion to the received solar heat. Moreover, 

the solid water ice, while losing its enclosed more volatile gases, would sepa-

rate as snowflakes or "ice dust," similar to the meteoric dustballs but of 

higher reflectivity. The separation as snowflakes would thus increase the total 

brightness yield at large heliocentric distances, while evaporation of 1-120 

would depress it at smaller distances from the Sun. With the numerical data 

as assumed by Opik (1963), it can be shown that released snow-dust, if 

amounting to 40 percent of the total mass of the ices, could lead to a twofold 

increase in the brightness of the cometary coma, if consisting of compact par-

tides of about 0.04 cm in diameter, or of snowflakes with a mass load of 

0.027 gram per cm2 of cross section. The reflecting area, or the increase in 

brightness, is of course inversely proportional to the mass load. Thus, if any-

thing, when extrapolating the brightness of a comet discovered at a large heli-

ocentric distance, one should use an exponent of n < 4, and not one larger 

than the "classical" value of 4. There is urgent need now to change the rou-

tine of photometric predictions in cometary ephemerides and to apply a revised 

formula for apparent magnitude, 

m=m0-2.5 log \-10 log r 

with 2.5 instead of the traditional coefficient 5 in the second term. 

At the same time we could say that the misjudged prediction for Comet 

Kohoutek has turned out as a bonus, resulting in an unparalleled harvest of 

observations which no other comet could match. 
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DYNAMICAL AND COLORIMETRIC STUDY OF THE
DUST TAIL OF COMET KOHOUTEK 

B. J. JAMBOR 
Martin Marietta Corporation 
Denver, Colorado

The yellow color starting away from the coma and the 
orange seen by the astronauts in the tail of Comet Koboutek 
1.3 and 2 days, respectively, after perihelion can be ex-
plained as scattering on dust particles of size 0.5 micron 
and of basaltic nature. The sodium enhancement can pro-
duce yellow if the atoms are released by small metal or 
graphite particles, but it does not explain the absence of 
color near the coma, nor the change to orange. The dust 
scattering explanation would put limits to the applicability 
of the Finson-Probstein dynamical calculations in the case 
of small particles. 

The Skylab astronauts observed Comet Kohoutek during extravehicular activity 

(EVA) 1.3 days after perihelion, reporting a well-developed anti-tail, a broad 

fanned-out tail with a yellow color starting at a distance away from the coma, 

not in it. The next day, + 2 days after perihelion, they observed it again and 

reported a similar general appearance, but the color was then orange. From 

the reported length of the tail proper, about 30, it is seen that the color ex-

tended to regions about 6 X 106 km. These observations are described in the 
voice transcripts

'
of the Skylab mission, the sketches made by the astronauts, 

and the colored drawings made under the supervision of the astronauts. The 

use of visual observations, although rare today, is nevertheless the basis of all 

astronomy—and, in particular, of early cometary astronomy. The astronauts 

are well-trained observers and scientists in their own right. The normal human 

eye is by far the most sensitive and precise discriminator of color over an 

enormous range of brightness and its response is carefully calibrated and docu-

mented. It is not inaccurate and purelyof a subjective nature to base theoretical; 

calculations on visual observations confirmed by two well-trained scientists 
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observing at the same time. Therefore, we use-their report of color as true and 
unbiased in the following analysis. 

Sodium Enhancement 

The intensity of sodium lines is strongly distance-dependent, and sodium 
emission is expected and indeed was reported for Kohoutek. However, all ob-
servers agree that the lines are strongest near the coma and the farthest exten-
sion in the tail reported was 5 x 10 km (Wehinger, 1974). A release of 
the Na! by dust grains far away from the coma is required to bring it to 6 x 
106 km. As will be shown later, the only particles which could be present in 
the normal tail on that day (+ 1.3) are very small ones: 0.1 micron or 
smaller. The lifetime of such particles can be calculated (Huebner, 1970). 
The only particles of that size that could survive long enough to reach those 
distances under the assumption of motion in a gravitational field weakened by 
radiation pressure are, of necessity, iron or graphite. The sodium assumption 
can explain the yellow color but not the appearance of color away from the 
nucleus, nor the change to orange the next day. 

Scattering by Dust 

The fact that grains are necessarily involved in the production of the color, 
even if only in the role of Na! producers, raises the question of their true 
contribution. Can the grains by themselves be responsible? To investigate this, 
we can calculate the color of the light scattered by particles of different sizes 
at any angles. The nature of the particles is described by their complex index 
of refraction. The technique used is described by Kerker (1969). Three stand-
ard primaries X, Y, Z, adopted by the Commission Internationale de 
I'Eclairage (CIE), are used. Any color is a mixture of these. We obtain the 
chromaticity, which describes the hue and purity by calculating 

x= X/(X+Y+ Z) 

y=Y/(X+Y+Z) 

and then using a chromaticity diagram which gives us both the hue and the 
purity. 

For the case of scattering spheres for example: 

X= (1/4v 2r2)fXxPxi(m, a, X) dX 

where r is the distance, XA is one of the tristimulus color-matching values 
given by CIE, PAdA is the fraction of incident energy contained in the spectral 
band between A and A + dA, and i(m, a, A) is the dimensionless parameter 
describing the scattering. Similar expressions are obtained for Y and Z. In our
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special case, the color-matching functions xx, yx, zx were chosen to be those 
given for colors of large angular areas (4 degrees and up) by the 1964 CIE 

Supplementary Standard Observer for Colorimetry. The Pdx fraction of solar 

energy was taken from tables given by Thekaekara (1970). The chromaticity 

was read off a chromaticity diagram to obtain the dominant wavelength of the 

pure spectral color and the purity of ratio of pure spectral color to achromatic 

white. The purity of hues adopted was as follows: pale () for 0. to 0.249; 
medium (m) for 0.250 to 0.499; bright (b) for 0.500 to 0.749; and brilliant 

(br) for 0.750 to 1. (Kerker, 1969). 
An attempt was made to match the color of the dust tail on days + 1.3 and 

+2 when the solar scattering angles from the nucleus were 1350 and 1240, 
respectively. The color was yellow on the first day and started about 20 in the 

tail. The next day, the color was orange. The anti-tail looked whitish on both 

days. Tristimulus values X,Y,Z were calculated by using the solar spectrum 

from 0.38 to 0.76 ttm and scattering by spheres of various sizes. The tail was 

assumed to be optically thin so that single scattering only was involved. Scat-

tering on both single sizes and distributions of sizes, chosen to be Zeroth 

Order Logarithmic (Z.O.L.D.) (Kerker, 1969), were investigated. The fact 

that any color at all was observed indicates that a rather narrow distribution 

of sizes was present in the tail. For increasing polydispersity, described by the 

scatter parameter ao in a Z.O.L.D. distribution, the color is washed out by the 

mixture of different colors due to different sizes. Narrow size distributions of 

00 0.01 to 00 = 0.07 are required toconserve the colors which blend to 

achromatic white for 00 = 0.15 to o, = 0.2. Before such modeling can be 

done, it is well to calculate what size of dust can be present in the region of 

the tail observed. 

Synchronic Method 

The synchronic method of Finson and Probstein (1968) was chosen to map 

the two tails. The parameter 1-tt expressed as 

1.19X 10QT.
(g cm-1) 

pd 

in terms of the efficiency of radiation pressure Qrp, the density p of the 

grain, and its diameter d, is the ratio of repulsive solar pressure to solar grav-

itational attraction. 

Figures 1 and 2 show, as seen from the Earth, the position of the particles 

emitted at various times before the date of observation (synchrones). A few 

values of 1 - are indicated on the synchrones. The dates of observation are 

December 29.7 (1.3 days) and December 30.4 (+ 2 days). The synchrones 

show a tendency to rotate counterclockwise. The figure shows that for all par-

ticles with 1 - a < 1, this tail is mostly in the solar direction. All particles 

emitted 4 days or more before perihelion are in the "anti-tail." Dust emission
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FIGURE 1.—Comet rKoboutek, .cynchrones +1.3 days. Unit scale: 10 6km. The M axis is 
radially away from the San. The date of the syncbrones is indicated at the end of each 
one. The end point of the synchrones, the carve with the small circles, is the 1-j 
0.99 syndyne. The portion of the tail drawn in dotted line is made up of particles 
expected to be under a net repulsive force (1-j.i > 1) and showed a. yellow color 
starting away from the coma; Some values of 1-It are indicated along syncbrones.
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FIGURE 2.—Comet Koboutek, synchrones, +2 days. Notice the rotation of .cyn-
chrones as compared to figure 1. The 1- = 0.99 syndyne extends further in 
the +M direction. The tail in the dotted line region was observed to be 
orange.
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as recent as one or two days is within 1 or 2 X 1018 km of the nucleus for 1 

- < 1. The normal tail is, therefore, made up of particles emitted recently 

and with 1 - z larger than one. For iron or graphite the sizes involved are 

all smaller than 0.1 pm. 

Results of Colorimetry 

The simple fact that we see any color indicates a very narrow-size distribution, 

as discussed above. In the anti-tail and near the coma region, the mixture of 

different sizes washes out the color and white is a result. The reason we can 

give credit to the determination of size and the nature of particles by using 

colorimetry is precisely because of the wide separation of synchrones in the 

tail region, resulting also in a separation of sizes; i.e., a very narrow-size dis-

tribution. The results are shown in tables I and II which correspond to the 

two days of observation. The angles of scattering start at the nucleus and ex-

tend four degrees in the tail. It is seen that particles 0.3 m are, in general, 

too small and give bluish or pale whitish colors. Particles 0.1 P m or smaller 

(not shown) tend toward blue colors. Even smaller particles approximate Ray-

leigh scattering and would give a uniform blue at all angles. Ice would not 

survive for long but was tried in any case. Neither ice, nor strongly absorbing 

particles like carbon (graphite) and iron, can match the colors. The best fit is 

given, on both days, by basaltic glass m = 1.57 - 0.0005i. Next best is pure 

SiO2 m = 1.55, followed by Si02 with slight absorption. The color changes 

from yellow on 1.3 days to orange on day + 2 if we take 0.4 ttm for the size 

in the first case and 0.4 /Lm and 0.6 m in the second. These sizes correspond 

to 1 - - 0.8. We have, therefore, an apparent contradiction between the 

good match obtained from colorimetry, and the dynamical calculations which 

would put these particles much closer to the nucleus. 'Which one is correct? 

For particles below 1 ttm the shape of the scatterer (cube, cylinder, etc.) has 

little to do with the end result, and the Mie theory using spheres is accurate 

(Carabine et al., 1971). The Finson-Probstein theory (1968) applied to 

Arend-Roland, to Bennett (Sekanina and Miller, 1973) and to Seki-Lines 

(Jambor, 1973) did not need particles of a size corresponding to 1 - p. larger 

than 0.6 in great number; although these were present in some cases, the peak 

of distribution corresponded to larger sizes. Comet Kohoutek is different, with 

the spreading of synchrones resulting in a narrow-size distribution of small 

particles. Using only small particles here is a necessity. An independent check 

on the calculations using colorimetry, a proven technique, shows a discrepancy. 

Another comet which showed similar spreading out of synchrones is Ikeya-

Seki, the Sun-grazing comet, 9 days after perihelion. The dust tail showed 

enormous length (30°) and fine structure in the form of whorls. 

The yellow color can, therefore, be due to atomic sodium released by metallic 

or graphite dust grains that are under a repulsive force. But neither the fact 

that the color started away from the coma, nor that it changed to orange the
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next day, is thus explained. Both of these observations are easily and naturally 
explained by assuming grains like basalt of size 0.5 pm, and the change in 
angle of scattering. This assumption, however, apparently goes against a pure 
Finson-Probstein interpretation of this part of the dust tail. Some other force, 
perhaps due to electrostatic charging of the grains, must be acting to bring 
these particles to the large distances in a relatively short period of time. 
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NOTE: In session V of the workshop, four summary talks 

were presented. Each of the four speakers had the freedom 

to say whatever interested him about Comet Kohoutek, plus 

his own work and the proceedings of the workshop. The 

discussion following these speeches is presented on page 241. 

Shown in the photograph (left to right) are A. H. Del-

semme, F. L. Whipple, C. R. O'Dell, J . C. Brandt, and 
G. H. Herbig.



MOLECULAR PROCESSES IN THE COMETARY 
COMA AND TAIL 

A. H. DELSEMME 

Department of Physics and Astronomy 
The University of Toledo 

A missing link for understanding the molecular processes 
in the cometary coma and tail, was the nature of the parent 
molecules vaporizing from the nucleus. A major step for-
ward has been brought about by the first identification of 
three neutral parent molecules: hydrocyanic acid and methyl 
cyanide in Comet Kohoutek, water in Comet Bradfield. The 
discovery of the atomic resonance lines of C and 0 in 
Comet Kohoutek will also play a fundamental role in our 
understanding of the v-cometary phenomena, in particular 
when the meaning of their production rates will have be-
come well understood. 

The major feature that seems to emerge from the new 
results is the large depletion of hydrogen of the volatile 
fraction, as compared with a mixture of cosmic abundances. 
In particular, the H10 ratio points to an oxidation-reduc-
tion equilibrium very much like that of carbonaceous chon-
drites. 

Most of the molecular processes taking place in the cometary coma are not yet 

quantitatively understood. Our present knowledge mainly stems from the spec-

troscopy of the coma. The monochromatic emissions of light that are observed 

in the, coma tell the story of one single step (namely, the resonance-fluores-

cence) in a very long chain of unobserved processes that we must reconstruct 

without enough clues. 

Let us try to describe at least qualitatively this sequence of processes that 

we do not see. First, the production rate of gas and dust is set by the vapori-

zation rate of the nucleus (Delsemme and Miller, 1971a) that we can visual-

219
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ize as an icy conglomerate (Whipple, 1950). The brightness law of the comet 

versus its heliocentric distance confirms the existence of a vaporization equilib-

rium (Delseinme, 1965; Huebner, 1965); the production rates of the major 

constituents (like H and OH) set the size of the nucleus as well as its albedo 
(Delsemme and Rud, 1973). 

The dust is dragged away by the vaporizing gases. The gas drag provides 

the terminal velocity of -the dust (Finson and Probstein, 1968) and the ob-

served distribution in the dust tail sets the size of the dust (Bessel, 1836; 

Bredichin, 1903). The hydrodynamics of the gas drag provides a confirmation 

of the production rate of gas (Finson and Probstein, 1968). Volatile grains 

like hail grains or snowflakes are also probably dragged away by the vaporiz-

ing gases, and form a transient icy halo (Delsemme and Wenger, 1970; Del-
semme and Miller, 1971b). 

So far, so good: the gas vaporizes from the nucleus and is steadily lost in 

space. Outside a small region surrounding the nucleus, no molecular collisions 

take place (Malaise, 1970). Outside this region, the molecules interact only 

with the flux of solar light and solar wind, which is going either to excite 

them or to dissociate or ionize them, according to their individual behavior (it 

depends on their cross sections for collisions with ions or with photons). As 

far as photons are concerned, the dissociation, for wavelengths shorter than a 

threshold set, takes place by the binding energy of the bond to be broken; 

most of them are in the ultraviolet. For the same reason, most of the ioniza-

tion energies correspond to the extreme ultraviolet. 

The ultraviolet end of the solar spectrum is now rather well known, and is 

rather constant, and its flux (with due consideration to the variation of Ly-

man-a) can be used to predict the lifetimes of the possible molecules for pho-

todissociation and/or photoionization. However, none of these parent mole-

cules were known until recently—only their dissociation or ionization 

products. But comparison of the predicted and the observed lifetimes (Potter 

and Del Duca, 1964) has not been very successful so far. I have recently re-

discussed all observed photometric profiles in the monochromatic light of each 

radical (Delsemme, 1973a). They are compared in table I with some of the 
possible parent molecules. 

The fact that identifications remain difficult in most cases suggests that we 

have neglected a possible source of dissociation. The primary agent that we 

have neglected so far is the solar wind. However, dissociations by charge-

exchange collisions with protons or electrons, leading finally to neutral mole-

cules, are less likely than straightforward ionizations, but some are possible 

through a chain of several steps. Many of them are poorly known, but some 

have been studied (Cherednichenko, 1965). The probable existence of a shock 

wave in the flow of the solar wind, ahead of the comet (Alfvén, 1957, Bier-

mann et al., 1967), changes the energy of those protons and electrons that are 

going to reach the vicinity of the nucleus, and may therefore affect their
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Table I.—COmparLcon of Observed Photometric Profiles in the Monochromatic Light of Each Radical 

LOG OBSERVED SCALE LENGTHS	 PROPOSED IDENTIFICATION 
(IN KM) REDUCED FOR 1 A.U.

Scale Length 
Light Emitter	 Its Parent	 Parent	 (predicted from 

photodissociation) 

CN	 5.17±0.04	 4.1±0.1	 CH3—CN	 6.4±0.1 
H—CN	 na. 
CH= C—CN	 4.6±0.1 

C2	 4.82±0.06	 4.0±0.2	 C2H4	 4.0±0.1 
C 2H 2	 5.0±0.1 

C3	 4.6 ±0.3	 3.3±0.3	 CH5—C=CH	 n.a. 

CH	 4.5 ±0.3	 3.2±0.3	 CH4	 4.8±0.1 

OH	 3.4 ±1.0	 4.7± 1.0	 H20	 4.7±0.1 
H 202	 3.6±0.1 

H	 7.3 ±0.2	 na.	 H2O	 4.7±0.1 
(optical 
depth) 

charge-exchange process with the parent molecules. These phenomena are less 

quantitatively understood than the flux of solar photons because they are more 

complex. Explaining quantitatively the production rates of the ions observed 

in the tail meets the same difficulty for the same reasons. 

Whatever the dissociation or ionization mechanism, when a radical has been 

produced that can be excited by the solar light, we observe its bands in emis-

sion in the cometary spectra. We usually can explain their intensities by a fluo-

rescence mechanism, by taking into account the accurate flux of photons 

available in the solar spectrum at all those wavelengths that are needed foy 

the excitation, properly corrected for the radial velocity of the comet. 

have even enough high-dispersion spectra to try to explain minute differences 

in terms of collisional effects in the vicinity of the nucleus (Malaise, 1970) or 

radial velocity differences from different parts of the coma (Greenstein, 1958). 

The-only known exception is the 6300 A red line of forbidden oxygen, that 

had to be explained by another mechanism (Biermann and Trefftz, 1964), its 

excitation stemming from the dissociation of its parent molecules, and not di-

rectly from the solar light. 

The decays of the observed radicals can be assessed from their photometric 

profiles. We have not yet succeeded in explaining all of them quantitatively, 

but at least we believe that we understand them qualitatively, as being further 

dissociated or ionized by the solar light and/or by the solar wind. 

The major problem that we were facing, before Comet Kohoutek, was 

therefore identification of the parent molecules, to bridge the gap between the
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vaporization of the nucleus and the presence of neutral and ionized radicals in 

the coma and tail. 

Circumstantial evidence suggested that water was controlling the vaporiza-

tions (Delsemme, 1973b) but no neutral parent molecule has ever been posi-

tively identified. After Comets Kohoutek and Bradfield, three of them have 

been found, namely H20 (Jackson, Clark, and Donn, 1974, in Bradfield), 

HCN and CH 3CN (Ulich and Conklin, 1973; Snyder, Buhl, and Huebner, 

1974, in Kohoutek), without mentioning the spectacular identification of the 

H2O ion in Comet Kohoutek (Herzberg and Lew, 1974). 

The list of the atoms or molecules that have now been observed in comets 

is given in table II. 

There is not much doubt left that H.20 is the parent molecule which ex-

plains the bulk of H and OH (although minor contributions to H and OH 

are still possible from the photodissociation of minor constituents); whereas 

the molecular bands of II2O do not show the bulk of water. 

From the photoionization and photoionization thresholds of water, which 

are 12.62 and 5.114 eV, respectively (Herzberg, 1966), some 99.9 percent of 

H20 should dissociate, whereas some 0.1 percent should photoionize into 

H2O, although ionization by the solar wind could multiply the share of 

by more than one order of magnitude. 

However, the most significant discovery, whose importance has not yet been 

properly assessed, is probably the identification of the resonance lines of car-

bon and oxygen, in the far ultraviolet spectrum, by two Aerobee rockets 

(Feldman, Tanacs, Fastie, and Donn, 1974) (Opal and Carruthers, 1974). 

The C line at 1657 A is approximately four times stronger than the 0 line at 

1304 A. The number of solar photons available is approximately 10 times as 

large at 1657 A as at 1304 A. Taking transition probabilities and lifetimes into 

account, Feldman and his associates think that the production rate of carbon 

could be of the order of 0.4 that of oxygen, suggesting a production rate of 

CO or CO2 of the same order of magnitude as that of water. But CO is ex-

cluded and the presence of CO, is suggested by the light curve of Kohoutek 

(Delsemme, 1974). 

In order to determine the production rate of OH, its scale length must be 

Table 11.—List of Atoms or Molecules Observed in Comets 

Stable Molecules
Radicals or Atoms 

Neutral	 Ionized 

H20	 H2O H, 0, OH, OH 
HCN	 C0 CN 
CHSCN	 CO2 C, C 5, C5, CH, CH 

N2 NH, NH2 
Metals



Molecular Processes: Coma and Tail 	 223 

measured to obtain its lifetime for dissociation. Blamont and Festou (1974), 

using the monochromatic photograph of OH at 3090 A, find a surprisingly 

short scale length of (6 ± 1.5) X 104 km for OH, when Kohoutek was at a 

heliocentric distance of 0.62 AU. (The photograph was obtained at high alti-

tude from the Convair 900 airplane used by Ames Research Center.) Such a 

scale length brings up the production rate of OH in the vicinity of that of the 

hydrogen cloud detected in Lyman-a. 

The picture that seems to emerge for the chemical constitution of the vola-

tile fraction of the nucleus is therefore a mixture of water and carbon diox-

ide, as major constituents, with one or two percent of HCN and CH3CN, and 

of those parent molecules (CA, C 3H4, etc.) still needed to explain the other 

spectral features like C2 and C3. 

The major departure of these findings from the early model of the nucleus, 

qualitatively proposed by Whipple (1951) and quantitatively discussed by 

Delsemme (1965), is the disappearance of those molecules, like CH, or NH3, 

containing large amounts of hydrogen, and their substitution by molecules 

with less or no hydrogen. This trend is suggested by the reactions of table III. 

The present table III evidence (table II) points to the presence of those mol-

ecules that are rather on the right-hand side of the reactions of table III, that 

is, that have lost some hydrogen. Standing in contrast, a search for CH, in 

Kohoutek was unsuccessful (Roche et al., 1974). One of the major conclu-

sions that can be drawn from the preliminary results seems to be that the 

redox potential of the chemical mixture found in a 'new" cometary nucleus, 

is far away from that of the primeval cosmic mixture because of the absence, 

not only of the free hydrogen excess, but also of a large fraction of the hy-

drogen that would be bound in molecules, if the primeval cosmic mixture had 

cooled down to a low-temperature thermodynamic equilibrium, as exemplified 

by the right-hand part of figure 1. As figure 1 was drawn before the discovery 

of HCN and CH3CN, these two molecules had not been considered in the 

equilibrium; however, the trend remains clear that at equilibrium the ratio 

H/O should probably be larger than 2 but not much larger than 3 in the vola-

Table 111.—Trend Toward Disappearance of Hydrogen in Molecules of Comet Nucleus 

CH4 + NH3 	 -' HCN + 3H2 (1) 

34C2H4 + NH3 	 -* HCN + 2H 2 (2) 

C2H2+ NH3 	 - CH3CN+H2 (3)

CH4 + H20	 -	 CO + 3H 2	 (4) 

CH4+2H20	 -	 CO2+4112	 (5)  

2NH3	 -'	 N2+3H2	 (6) 
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FIGURE 1.—Thermodynamic equilibrium at 300 K and 10- 4 bars of a cosmic mixture 
depleted in hydrogen only. Log N(H) represents the total amount of hydrogen avail-
able, with Log N(H) = 12 representing its cosmic abundance. Log N represents the 
abundance of the respective molecular species. The equilibria leading to HCN and 
CHSCN have not been included. 

tile fraction, to simultaneously observe water and CO 2 . This suggests a chemi-

cal fractionation in the early solar system. 

Of course, thermodynamic equilibrium is unlikely to be reached and must 

be considered as a trend only, that can be modified by different factors influ-

encing the reaction kinetics, as exemplified by the FTT reactions proposed by 

Anders to explain the hydrocarbons observed in the carbonaceous chondrites; 

the same type of reaction would probably be needed to explain the parent 

molecules of C2 and C3 . If the cometary stuff was made in deep space, where 

triple molecular collisions are notoriously absent, and where the radiation field 

is a diluted mixture of two Planckian distributions, roughly at 100 and 

10 000 K, it is clear that the thermodynamic equilibrium has no meaning, and 

that the depletion in hydrogen may simply translate the fact that hydrogen 

cannot easily stick for aeons on interstellar grains. 
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However, if Herbig's ideas (1970) make sense, comets as well as interstel-
lar molecules could have been formed in the primeval solar nebula (and other 
primeval "stellar" nebulae) and the clues we have just found about the pres-
ent redox potential of the cometary nuclei may simply mean that comets were 
made at the confines of the solar nebula, at a time when the T Tauri wind 
had already not only blown away all hydrogen excess, but also dissociated a 
fraction of the most abundant hydrogen-bearing molecules like CH, and NH3. 
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IMPLICATIONS FOR MODELS AND ORIGIN OF 
THE NUCLEUS 

FRED L. WHIPPLE 
Center for Astrophysics 

The new discoveries resulting from the massive observational program sup-

ported by NASA for Comet Kohoutek are both highly impressive and highly 

important. Schematic listings of these new discoveries appear in table I for the 

radio, and in table II for the ultraviolet (UV), optical, and infrared (IR) re-

gions of the spectra. I wish to congratulate the observers for their ingenuity 

and tenacity. 
Of vital significance is the extreme coverage of the spectrum from the far 

UV well into the radio regions, both before and after perihelion passage. 

When the reductions and theoretical analyses are complete, we will have by 

far-the best measures ever obtained for the composition of a comet. It is too 

early to assume these results and attempt to evaluate them. 

Critical to the understanding of the cometary nucleus is the amazing abund-

ance of carbon, especially in the newly discovered compounds CHaCN and 

HCN. Of comparable importance is the increased understanding of the "dust" 

content and evidence for sublimation of dust particles. 

Comet Kohoutek appears to be a truly "new" comet, in the Oort-Schmidt 

sense. Thus I attribute its luminosity fall-off, post-perihelion versus pre-perihe-

lion, primarily to an extremely loose consolidation of the outmost layers, com-

pared with somewhat increased consolidation at deeper layers, several meters 

below the original surface. Only in an extremely porous, loose material could 

the highly volatile elements blow out icy grains significantly at five astronomi-

cal units' distance from the Sun. Here the material loss rate and, therefore, 

the luminosity must have far exceeded any theoretical expectations based on 

sublimation energy calculations. After perihelion, the loss rates may have more 

closely approximated those expected from pure gas sublimation and resultant 

dust grain ejection. Any calculation of the nucleus dimensions based on lumi-

nosity and mass loss are thus highly suspect, either before or after perihelion. 

The following basic facts and deductions about the nature of cometary nu-

clei may be confidently accepted:
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I. Comets are members of the solar system. No evidence exists for orbits 
of interstellar origin (Marsden and Sekanina, 1973). 

-2. Comets have been stored for an unknown length of time in very large 
orbits in the Opik-Oort cloud out to solar distances of tens of thousands of 
astronomical units (Opik, 1932; Oort, 1950). Perhaps 1011 comets with a 
total mass comparable to that of the Earth still remain, as Oort suggested. 

3. The basic cometary entity is a discrete nucleus (rarely, if ever, double) 
of kilometer dimensions consisting of ices and clathrates, including specifically 
H2 0, CH8CN, HCN,CO2 and probably CO. Other parent molecules of the 
abundant H, C, N, and 0 atoms mixed in an unknown fashion with a compa-

rable amount of heavier elements as meteoric solids must occur in comets be-

cause of the observed radicals, molecules, and ions, C, C 2, C3, CH, CN, NH, 
NH, N, COP, and CH (Whipple, 1950, 1951; Delsemme and Swings, 
1952; Swings, 1965). 

4. Cometary meteoroids are fragile and of low density (McCrosky, 1955, 
1958; Jacchia, 1955). 

5. The comet -nuclei as a whole must have never been heated much above a 
temperature of about 100 K for a long period of time; otherwise new comets 
could not show so much activity at large solar distances (Kohoutek (1973f.), 

for example). Possible internal heating by radioactivity, and temporary exter-

nal heating by supernovae, -for example, are not excluded. 

6. Comets were formed in regions of low temperature, probably much 
below 100 K. 

7. Comet nuclei are generally rotating, but in no apparent systematic fash-
ion and with unknown periods in the range from about 3 h to a few weeks. 

Table I.—New Radio Results 

Methyl Cyanide	 CHCN 
Hydrogen Cyanide	 HCN 
Continuum at X = 3.7 and 2.8 cm 
OH absorption, then emission 
CH emission 
Possible: Silicon Monoxide, SiO 
Negative Observation: NH,, CH4 

-Table II.—New Ultraviolet (UV) Optical, and Infrared (IR) Results 

Water Ion (Red) H2O 
OH Half-Life = 8.'5 at 0.62 AU 
Carbon Atom (UV) C and CO 
Strong JR (many obs.) 

Anti-tail Prediction and Skylab Discovery, then JR 
Negative Observation: He (Far UV)
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Periods of rotation are based on nongravitational motions and the delayed jet 

action of the icy nucleus. 

8. The nuclei, at least of three tidally split comets, show evidence of a 
weak internal compressive strength on the order of 101 to 106 dyne cm-3 
(Opik, 1966) and evidence of little internal cohesive strength. 

9. The surface material of active comets must be extremely friable and po-
rous to permit the ejection by vapor pressure of solids and ices at great solar 

distances. The evidence for clathrats by Delsemme and Swings (1952), cou-
pled with the probable ejection of ice grains at great solar distances (Huebner 

and Weigert, 1966), supports this deduction. 

The following probable limits of cometary knowledge or negative conclu-

sions appear valid: 

1. Roughly a solar abundance of elements may reasonably be assumed for 
the original material from which comets evolved. Note Millman's evidence 

(1972) regarding the relative abundances of Na, Mg, Ca, and Fe in cometary 

meteor spectra and the solar value of the 2C/13C ratio. 

2. The material in the region of comet formation (with roughly solar 
abundances of elements) could not have cooled slowly in quasi-equilibrium 
conditions from high temperatures. The significant abundances of CO, CO2 

C,, C3 , and now CH3CN and HCN in comets, along with the low density and 

friability of the cometary meteoroids, indicate non-equilibrium cooling in 

which the carbon did not combine almost entirely into CH, and the meteor-

oids generally did not have time to aggregate into more coherent high-density 

solids before they agglomerated with ices. 

3. The existence of an original plane of formation of comets beyond some 
3000 to 5000 AU appears to be unknowable. The perturbations by passing 

stars would have so disturbed the orbits that the lack of evidence for a com-

mon plane in the motions of new comets tells nothing about the place or 

Plane of origin (Oort, 1950) (note exception in 4 below). 

4. That the comets formed concurrently with the solar system some 4.6 X 

109 years ago is an assumption based on the lack of a tenable theory for more 

recent or current formation. The lack of evidence for a common plane of mo-

tion implies an origin remote in time or, if recent, no common plane of ori-

gin.

5. The highly variable ratio of dust to gas observed from comet to comet 
proves a large variation in particle-size-distribution but has not yet been 

shown to measure a true variation in the dust/gas mass ratio. P/Encke, for ex-

ample, shows a low dust/gas ratio in its spectrum but has contributed enor-

mously to the interplanetary meteoroid population. 

The above evidence points conclusively to the origin of comets by the 

growth and agglomeration of small particles from gas (and dust?) at very 

low temperatures. But where? If concurrently with the origin of the solar sys-
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tern (and necessarily associated with it gravitationally) two locations in space 

are, a priori, possible: 

1. In the other regions of the forming planetary system beyond proto-

Saturn (Kuiper, 1951; Whipple, 1951). 

2. In interstellar clouds gravitationally associated with the forming solar 

system but at proto-solar distances out to a moderate fraction of a parsec, that 

is to say, in orbits like those in the Opik-Oort cloud of present day comets 

(Whipple, 1951; McCrea, 1960; Cameron, 1961). 

There can be little doubt that comets were the building blocks for the great 

outer planets, Uranus and Neptune. The mean densities of these planets are 

consistent with their origin largely from the accretion of comets, assumed to 

consist of the compounds possible, excluding H2, in a solar mix of elements. 

This process of building Uranus and Neptune is precisely analogous to build-

ing the terrestrial planets from planetesimals. Temperature was the controlling 

factor, being too high within the orbit of proto-Jupiter for water to freeze. 

For this reason Oort's (1950) suggestion that the comets formed within the 

Jupiter region appears unlikely because asteroids dearly formed there. Simi-

larly, Opik's requirement for solid H. in the proto-Jupiter region appears un-

tenable. Nevertheless, Oort's idea that comets were thrown out from the inner 

regions of the solar system by planetary perturbations is highly significant. 

Thus the possible origin of the presently observed comets in the Uranus-

Neptune region rests solely on the premise that the major planets (or 

proto-planets) could indeed throw the comets into stable orbits with aphelia 

out to some 50 000 AU or more. Approximately an Earth mass of comets in 

large orbits appears to be required as an end product but a hundred Earth 

masses may originally have been involved. Opik (1965, 1973) is doubtful 

about the process unless the comets formed near Jupiter; Everhart (1973) 

finds it highly unlikely, while Levin (1972) provides the angular momentum 

from proto-Uranus and proto-Neptune by forming these planets at very great 

solar distances (up to 200 AU) from a very large nebular mass and drawing 

them into their present orbits by the ejection of comets (mostly to infinity). 

Alternative 2, of forming the comets directly in the orbits of the Opik-Oort 

cloud is highly attractive except for the difficulty of agglomerating kilometer-

sized bodies in the low-density fragmented interstellar clouds. Such a possibil-

ity must be demonstrated before one can accept this tempting solution to the 

problem. Opik (1973) finds the process quite impossible. 

Let us now look to the comets themselves to see whether their structure can 

help us distinguish between the two possible regions of origin. Most conspicu-

ous are the numerous carbon radicals, molecules, and ions, not in low-temper-

ature equilibrium with excess hydrogen. The gas, if once hot, could not have 

cooled slowly. Note too the friability and low density (0.5 to < 0.01 g/cm3) 

for meteoric "solids." We must conclude that the ices, earthy material, and 

clathrates are all accumulated simultaneously at very low temperatures. 

More specifically, the ices, clathrates, and "solids" collected together inti-
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mately in such a fashion that earthy molecules were somewhat bonded 

together in order to provide some degree of physical strength after the ices 

sublimated. Note that any sintering process to make the earthy grains coherent 

physically would remove the highly volatile substances necessary to provide 

the activity of Comet Kohoutek and other comets at great solar distances 

where the vapor pressure of H20 is negligible. Thus the process of grain 

growth must have involved the "whisker" type of growth, commonly observed 

in laboratory crystals. We can confidently visualize a comet as a complex lacy 
structure of 'whiskers" and "snowflakes" that grew atom-by-atom and mole-
cule-by-molecule while highly volatile molecules were trapped as clathrates. 

The temperature could have been sufficiently low for such cometary growth 

anywhere in space beyond perhaps 30 to 50 AU from the center of the proto-

solar-system. Levin's concept (1972) of comet growth up to 200 AU is en-

tirely consistent with such growth, as is alternative 2, fragmented interstellar 

clouds at far greater distances. The requirement of Safronov (1972) and 

Levin (1972) of excessive material (perhaps 30 to 100 times the present-day 

mass of Uranus and Neptune) to provide a reasonably rapid growth rate for 

Uranus and Nepture confirms Opik's vehement denial that fragmented inter-

stellar clouds may be capable of producing comets. Careful analysis of grain 

growth rates under imaginative sets of assumptions as to the nature and stabil-

ity of such clouds is clearly needed. Note that a comet does not appear to be 

an aggregate of interstellar grains if, indeed, these grains are solids covered 

with icy mantles. Such grains might not cohere when exposed to solar radia-

tion sublimating the ices, and thus would not provide the much larger meteor-

oids or the large dust particles in Comet Kohoutek. 

At present then, we have no criterion to identify the unique region in space 

where comets formed—if, indeed, they all formed in the same general region. 

We need more precise knowledge concerning the identity and abundances of 

the more volatile parent molecules. Did CH, CO, Ar, or Ne, for example ac-

tually freeze out in comets? As Lewis (1972) shows, the mass percentages of 

such volatiles can be used as thermometers. Even the dimensions of comet nu-

clei are uncertain, while we have no knowledge whatsoever of their detailed 

structure. Are they layered? Do they contain "pockets" of ices or "pockets" of 

dust? How fast do they rotate? What produces comet bursts in luminosity? 

Furthermore, we do not know whether comets generally or indeed any com-

ets contain cores of asteroidal nature. It is tempting to identify many of the 

Apollo or Earth-orbit-crossing asteroids, as "burned out" comets. Proof of a 

truly asteroidal core for an old comet would require a further knowledge of 

the chemistry and structure of the core to ascertain whether meteoric material 

collected first or whether radioactive heating drove out the volatiles. Such 

knowledge would, of course, be invaluable in ascertaining the physical and 

chemical circumstances of the origin. No definitive answer is likely without 

such data. 

It is clear that far more ground-based and space-based research on comets is
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necessary. From Comet Kohoutek we see that a massive attack on one comet 

can produce extraordinary results. There are too many comets to permit an 

overall observational attack on each one; nevertheless we need to accumulate 

data on all observable comets. A reasonable program is to institute massive 

observing programs from time to time for especially selected comets, while ac-
cumulating basic data for all comets. 

Only space missions to comets can give us the quantum jump" in knowl-
edge necessary to solve the most fundamental problems of comets. Equally, we 
need to study a few asteroids at their surfaces to understand their nature and 

to identify the sources of meteorites. Because meteorites have given us extraor-

dinary insight regarding early conditions in the developing solar system, we 

can expect asteroid space missions to answer some basic direct questions, while 

"calibrating" our laboratory data on meteorites. Furthermore, the extraordi-

nary successes in exploring the Moon and Mars have given us only limited 

data concerning the early phases of solar system formation because these bod-

ies have been severely altered since they were originally agglomerated. 

Space missions to comets and to asteroids are the essential next steps toward 

understanding how the solar system came into being. Such missions are en-

tirely feasible in the present state of our space technology. 
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SPECTROSCOPY OF THE COMA AND TAIL 

GEORGE HERBIG 
Lick Observatory 

Rather than attempt to summarize all the important spectroscopic results pre-

sented here, I prefer to list several items in which I saw either observational 

confirmation of what cometary experts had assured me was true, or some puz-

zling observational information. 

1. Direct demonstration that HO is ionized very near the nucleus, and that. 

little volatile water remains in the dust that is swept back into the dust tail. I 

draw this conclusion from the spectrograms shown in the accompanying 

figure, which show a spectroscopic cut across the tails of Comet Kohoutek 

(19731) and of Comet Bradfield (1974b). The line staggering (described in 

detail in the caption) shows that the dust continuum is accompanied by the 

cometary lines of NH, and C2, while H, 0+ is carried with the plasma. If any 

volatile H2O remained in the dust, we should not expect such a clear separa-

tion of neutral molecules and the water ion. 

2. Motions of about 5-10 km/s are seen in the nuclear regions, but far out 

in the plasma tail we have heard of structures that move, at more than 200 

km/s. If this represents material motion of the ions,- one would like to know 

how rapidly they are accelerated to those velocities by the solar wind. On 

spectrograms like those shown in figure 1 of Comets Kohoutek and Bradfield, 

but admittedly only 1 to 3 minutes from the nucleus, there are no measurable 

Doppler shifts of the HO lines with respect to the head. It is technically 

possible in the case of future comets to obtain spectrograms like these much 

farther out in the tail, so my question is "How far out must one observe in 

order for Doppler-shift measurements to constitute a critical test of the theory?" 

3. It is  presumed that HO is the molecular predecessor of H 2O, OH, 

OH+, and H I. Presumably the NH, that was so prominent in the spectrum of 

Kohoutek (and of Bradfield) is the predecessor of NH. Now, CH and CH+ 

also are present, but what is their parent molecule? If the photodissociation 

chain begins with CH,, then CH, is an intermediate product. But the red 

bands of CH, have been well analyzed in the laboratory by- Herzberg and 

Johns, so one knows precisely where to look -for CH., but the bands are not 
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Nal	 NH2	 C2	 C2 

FiGulta 1.—Above, the tail of Come: Kohoutek (1973f) about 1 minute from the head, 
on January 14, 1974; below, the tail of Comet Bradfield (1974b), also about 1 min-
ute from the head, on March 20, 1974. In Comet Kohoutek, the dust and plasma tails 
crossed the slit at somewhat different heights, and the resulting offset of the neutral 
molecular lines (Cat, NHt) and the dust continuum from the lines of HtO + is 
apparent. The Na I lines may be stronger in the dust tail, but they extend across the 
plasma tail as well. In Comet Bradfield, the N112 features (and Ct as well, although 
it is very weak) are strongest at the edge of the strong dust continuum, while H20+ 
and Na I together extend into the plasma tail. The Ne 1 line at 6143 A extends across 
the entire spectrum of Comet Bradfield; it is due to scattered artificial lighting. The 
original dispersion was 34 A/mm. These plates were obtained with the coudé spectro-
graph of the 120-inch reflector, but fed by the 24-inch auxiliary telescope. 

found in Comet Kohoutek. Unless there is some photochemical explanation 
for a low abundance of CI-L2 (for instance, a particularly short lifetime under 
cometary conditions), then one is inclined to think that CH and CW may not 
come from methane. 

4. Reference has often been made to the analogy between cometary and in-
terstellar spectra. It is a rather good one—all the expected atoms, ions, and 
molecules that have been observed in interstellar absorption in the optical re-
gion occur also in cometary fluorescence (except Ti II). However, there is one 
large and possibly significant exception: the diffuse interstellar absorption 
bands were not found in Comet Kohoutek, either in emission or absorption. 
This may tell us something significant about the nature of cometary material. 

5. Someone has suggested half-seriously that if one wanted to do experi-
mental cometary chemistry, what a pity that apparently no spectroscopic obser-



Spectroscopy of Coma and Tail 	 235 

vations were made of the urine dumps on the Apollo missions. With the 

dumps exposed to ultraviolet sunlight one would expect to have seen NH2 

and NH from urea, and possibly some of the products of HO.



PHYSICS OF THE TAIL 

JOHN C. BRANDT 
Laboratory for Solar Physics and Astrophysics 
Goddard Space Flight Center 

There are several unique things about the tail observations of Comet Kohou-

tek that deserve some mention, and then I will try to get into the physics of 

comet tails. 
First of all, it is quite clear that the Skylab observations (see Gibson, this 

volume) through perihelion are unique and very valuable. They are particu-

larly important in interpreting the so-called sunward" component or the 

anti-tail. I am apprehensive of any attempt to use a series of observations that 

start out to be visual, and then suddenly become photographic. Luckily, the 

Skylab observations (both with the coronograph and the Nikon camera—see 

MacQueen and Lundquist, respectively, this volume) will enable us to bridge 

the gap and guard against 'discovering" something that is an artifact of the 

observing method. The interpretation of the anti-tail, I am sure, will be rather 

well in hand after a few months of iteration. The basic Finson-Probstein 

model for dust tail formation which frees you from the old constraints of syn-

dynames (one kind of particles emitted continuously) or synchrones (all kinds 

of particles emitted at one time) but allows the physics of different combina-

tions of these, can surely account for it. The observations require particles 

with typical. dimensions of 0.1 to 1 millimeter, a size roughly two orders of 

magnitude larger than the size of particles normally attributed to the dust tails 

(type 2) of comets. There appears to be good evidence that, for the larger 

particles, you must include the gravitational attraction of the nucleus (see 

Gary and O'Dell, this volume) and that perhaps some of the particles in-

volved are volatile (see Sekinina, this volume). For example, sodium was ob-

served well away from the head, at distances of about 5 million kilometers, 

and this may be evidence for vaporization of the volatile dust. Comet Kohou-

tek contained more large dust than "normal." Certainly after perihelion, and 

possibly before perihelion, there was less micron-size dust than normal. There 

was a healthy ion tail, which (personally) left nothing to be desired. There 

may be Skylab tail photographs (Page, this volume) that could be used to de-

termine solar wind properties closer to the Sun than have been considered be-
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fore. It will be helpful when we know the composition of the tails observed 

near perihelion. George Carruthers has suggested that there is a C tail; this is 
a beautiful potential source of information. 

It is too early to look for specific events in the ion tail that might be caused 

by features in the solar wind. Simply, the spacecraft data on solar wind veloc-

ities and densities are not fully available and when they are, we may have 

some exciting things to consider. On the other hand, I don't think that there 

is the one-to-one correlation between solar wind events and comet events that 

some people would like to find. Our "Swan" feature, for example, didn't 

have any obvious solar correlation or solar-wind correlation (see Brandt, this 
volume). I specifically do not mean the comet is not influenced by the solar 

wind! We have made some estimates of the magnetic field in the tail and find 
100	 (Brandt, this volume). If this value stands up, it will be an inter-

esting input for the design of magnetometers for direct missions to comets. 

I can give George Herbig (this volume) a tentative answer as to the spec-

troscopic observations needed to detect the Doppler shifts of knots, etc., in 
comet tails. Speeds of the order of 20-25 km/s are measured in tail features 
roughly 1/2 ° from the nucleus, and these speeds generally increase outward. 
Our results (Brandt, this volume) at about 7° give speeds between 200 and 
250 km/s. However, mid-January would have been unprofitable because the 

tail axis of the cornet was very dose to face-on. The foreshortening factor was 

1.00 during the time of our major sequence of observations. There is also an 

obvious tradeoff to consider, namely, that you will get better intensity but 

lower velocity near the head; and far from the head, you will get larger veloc-

ities, but the intensity will be down. This picture assumes that the inferred ve-

locities of knots are real motions—and, personally, I have my doubts. The 

problem of the reality of the observed speeds in comet tail features is serious, 

and its direct resolution by spectroscopy would be a milestone. 

The general question of magnetic fields in comets is confused. We go back 
to the suggestions by Alfvén in 1957. On his picture, the ionized particles in 
the cometary atmosphere load the solar wind or interplanetary magnetic field 

lines, which are being convected along at the solar wind speed. This process 

captures magnetic field from the solar wind. Whatever the origin of the come-

tary magnetic field, it is probably responsible for the fine structure in the rays 

that we see in CO-. However, there are observations that are incompatible 

with this simple picture. For example, Wurm has maintained for years (and it 

certainly is true in Comet Morehouse) that the CO is produced rather close 

to the nucleus, at a distance of about 500 kin, and on the Sunward side. But 
what mechanism produces the ionization? And what force propels the CO 

ions into and along the tail? Bessel, in his observations of Halley's Comet in 
1835, describes a luminous cone which oscillated back and forth and which 

curled backward at the tip. It may have been a jet connected to the tail, be-

cause the tail appeared at the same time as the Sunward activity. There is a
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possibility of having a magnetic field embedded in the nucleus, or recent sug-

gestions have been made that any "seed" field (either from a small residual 

field or from the "captured" field) could be amplified because of turbulent, 

asymmetrical motions in the coma (Mendis and Alfvén, 1974). Perhaps this 

process builds up the structures that we know exist near the nucleus. Six 

months ago I thought that we understood basically how the magnetic field 

worked in comets. I am now convinced that we are not dose to the truth, and 

that we have a great deal of work ahead of us. 

It is fortunate that the discussion of comet tails was last in the reviews be-

cause there is no conceivable way that the physics of the tails can be effec-

tively de-coupled from the physics of the coma and the physics of the nucleus. 

Surely, the CO has its origin in the nucleus; and it is ionized and it passes 

through the coma. The cometary plasma is formed into rays which turn like a 

folding umbrella into the tail axis. The plasma travels down the tail and is 

eventually accelerated to the solar wind speed. How all this happens is simply 

not known at the present time.



DISCUSSIONS OF SESSION 

CARRUTHERS: In your slide showing a thermodynamic equilibrium of a 

cosmic mixture depleted-in hydrogen; CO 2 is always more abundant than CO. 

Is this not surprising? 

DELSEMME: No, because I picked up an equilibrium temperature of 300 

K. I believe that this temperature is rather representative of comet formation. 

Cosmothermometers indicate that accretion took place below- 400 K for type I 

carbonaceous chondrites (Anders, 1971) *; this sets an upper limit for comets. 

CO, typically is a low-temperature product, whereas CO appears at higher 

temperatures (1000K). 

DONN: The equilibrium at that low temperature of 300 K is rather slow 

to establish. You probably freeze some non-equilibrium composition. The helio-

centric distance of appearance of C3 is very large; this seems to point out a 

very volatile parent molecule, which is probably related- to this' non-equilib-

rium composition. 

DELSEMME,You are quite right. If I use the thermodynamic equilibrium' 

picture, it is not because I believe, in it; it is because,, in the. absence of 

enough information, it is the only possible mixture that is uniquely defined by 

the temperature, the pressure, and the redox ratio. I believe it is a useful 

standard,.which can indicate trends, and a- careful comparison with the actual 

cometary snows wilh eventually tell, us more about the deviations fromequilib-

rium. This is what Anders has done for -meteorites, and he has shown in par-

ticular that the complex hydrocarbons detected have probably been synthesized 

by catalytic reactions, probably due to the presence of silicate and/or iron dust. 

He' has. compared them, to the. Fischer-Tropsch synthesis, that uses a catalytic 

$ Anders, E.: 1971, Ann. Rev. Astron. Astrophys. 9, 1. 
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condensation of carbon monoxide and hydrogen to produce high molecular 

weight hydrocarbons and water: 

nCO + 2nH2 -* (CH.) + nH.,O 

Here n may vary from 2 to 20, with typically the major fraction near n = 8 
in the industrial conditions leading to gasoline. Fischer-Tropsch-type reactions 

are exactly what we need to produce the hydrocarbons needed to explain C2 

and C3 in comets. Hence, we must assume that an equilibrium near some 

800-900 K has been determined quickly by the catalysis introduced by dust, 

and then quickly quenched to a cooler temperature. When we know the par-

ent molecules of C2 and C3, and their abundances, we will try to reconstruct 

the whole picture. 

PAGE: What is the depletion ratio for hydrogen that you require to ex-

plain the ccmetary observations? 

DELSEMME: The cosmic abundance of hydrogen being log n = 12, I 
must come down in the range of log n = 9, which is a depletion of 1000 to 
1. More accurately, I must come in the range of H/O larger than 2 but possibly 

smaller than 3. 

LANE: With respect to specific data on the urine dump of Apollo—in a 

slightly similar vein, although it didn't dump urine, we had a hydrozene 

motor burn on Mariner 6 and 7 in interplanetary space. We very carefully ex-

amined these exhaust products and everything else. We found that the hydro-

gen was converted into ammonia, and the catalyst band was ejected. What we 

saw spectroscopically on the ultraviolet spectrometer were NH singlets, some 

NH triplets, N2 , and other things we could not identify; we did not have 

adequate spectral resolution. So, some of these experiments have been done 

and more are planned. 

VOICE: We have a spectrum of a urine dump. It was attained between 

1200 and 1700 A on Apollo, with the ultraviolet spectrometer. It shows 

Lyman-alpha, and we had 10-A resolution. There is some structure at longer 

wavelengths but I have not really been too interested until now. As far as 10-A 

resolutions are concerned, it makes it very difficult to interpret; it was more 

like a continuum. I should add to what Lane said, that during the same 

period of Apollo 17, we observed fluorescence of hydrogen which was ejected 

during a hydrogen purge of fuel cells. That spectrum can be beautifully fit by 

the theory assuming that Lyman-p and Lyman1 from the Sun produced the 

fluorescence; so it is a very powerful way to study what happens in this type 

of medium. The final comment I would have is that you cannot actually see a 

spectrum of urine in the vapor phase. It will probably freeze out in the vac-

uum of space; it's not clear what would happen.
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When ammonia was released, interestingly enough, absolutely nothing was 
seen. That may still be significant. I don't remember the details of that opera-

tion. 

DUBIN: Is water a dominant or well-known molecule in interstellar obser-

vations? 

HER.BIG: In dense clouds, yes. Not in interstellar space at large. 

DIJBIN: The question arises concerning the missing hydrogen: In the ar-
gument that Fred Whipple gave of the cooled condensation of comets, is it 
not possible that the hydroxyl or the oxygen atoms are captured at first, and 
then and then only can the hydrogen be captured chemically, thereby giving 
you the ratio you want? In other words, hydrogen by itself is not capturable 
unless you drop the temperatures of the comet to the Dpik value of 5 K. Any 
comments on that? 

WHIPPLE: If I understand it correctly, in the dense clouds of interstellar 
space you have water but you also have all this carbon around (CO and many 
other forms). I think it is simply that you cannot avoid the hydrogen. You 
know that the H 2 is there in those clouds, even though the atom is often miss-
ing. I don't believe we can ever go to Delsemme's three hydrogen atoms. I 
don't think there is any place in interstellar space where so little hydrogen ex-
ists. For some reason, carbon likes carbon better than it likes hydrogen out 
there. Possibly it is the ultraviolet dissociation of the molecules from the high 
temperatures regime that causes the effect, but I should think there would be 
a lack of high-energy radiation. So there is something missing in our theory. I 
cannot answer your question, but we have evidence that refractory materials 
are tied up in the dust in these dense clouds. The calcium and lithium and so 
forth are missing from the gas, but there is still carbon around. And so it is a 
place to make comets. I can't see much difference between the outer fringes of 
the solar system, where there is no good reason to think that the temperature 
ever got very high, and interstellar clouds, except for the difference in density 
and the fall of material to a plane. I am quite happy with comets' being made 
in fragmented interstellar clouds near the solar nebula, if someone can figure 
out a method to form them large enough. 

CARRUTHERS: Hydrogen and CO are the most abundant molecules in 
interstellar space, and it is well known there is a great deal of formaldehyde 
(H2CO) in interstellar space in its combinations. In view of the fact that for-
maldehyde is not volatile and therefore is more likely to be present in comets, 
I am wondering if the upper limits on formaldehyde are sufficiently good to 
rule it out as the parent molecules of CO and possibly other molecules.
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WHIPPLE: I wish I knew the answer. 

DELSEMME: I think not, but I am not sure. 

DONN: Whipple has emphasized the presence of carbon in comets, I 

think I would like to repeat a statement that Urey made4everal times when 

we worked together—that in comets you find carbon simultaneously in the ox-

idized (CO, CO,). and reduced (CH) form. To him, this is very puzzling. 

WHIPPLE: I remember that only too well, in the early days when I was 

talking about methane and ammonia. He said you just can't have the9 at the 

same time. And it is beginning to look as if he were absolutely righC-(didn't 

deny it then; I just didn't know what the answer was, and still don't. 

DELSEMME: The presence of CO2 and N2 in the ion tails (if they 
come from the ionization of the neutral molecules) simultaneously with water, 

implies a redox state in the nuclear snows set by log N(H) = 9 in my equi-

librium diagram. This can be changed only if we. are very far away from ther-

mal equilibrium, which is certainly not to be excluded. 

DONN: How much CH would you get in your equilibrium? 

DELSEMME: CH itself is a radical that is not present in a thermodynamic 

equilibrium at 300 K. We should know its parent molecule. If it were CH,, 

we would have at log N(H) = 9, approximately 60 percent CO., 30 percent 
H20, and 10 percent CH 4. This amount of CH, is small but not negligible, 

and it could explain CH; if higher hydrocarbons have been synthesized by a 

Fischer-Tropsch-type reaction, their total amount would remain in the same 

approximate abundance, producing the same amount of CH. My diagram fails 

to predict the amount of HCN only because it was computed before the dis-

covery of HCN, and the reactions leading to HCN were (wrongly) neglected 

in the diagram. The HCN curve should approximately come in between N2 
and NH3 ; HN typically is a high-temperature product acting like CO, and 

not very important in a cool equilibrium. 

HUEBNER: A few days ago, we computed a chemical equilibrium, with 

10 percent more oxygen than carbon, otherwise a rather standard cosmic mix-
ture. At 10-4 atmosphere but at a higher temperature of 800 0, the result was 
acetylene and HCN. 

DELSEMME This is a classical way of making acetylene in the industry. 

You heat methane or any other paraffin or olefin up to the 1000 K to 1500 K 

range and you make acetylene with a high yield. But you have to quench the
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high-temperature equilibrium very fast because you also make higher acetylenes 

(like methylacetylene, ethylacetylene, diacetylene, allene, etc.) more slowly, and 

also many higher aromatics and much soot. 

It happened that I developed such a technology in an industrial research 

laboratory in the late 1940's and early 1950's, and I still remember that 

90 percent of the equilibrium yield was reached in 2 to 3 milliseconds at 

1500 K for acetylene, whereas the higher hydrocarbons and soot took 10 to 

100 times as long to appear in sizable yields. This was done at atmospheric 

pressure, without catalyst, the heat being brought by partial combustion of 

the hydrocarbons in oxygen. I suggested in 1952 (Colloque International 

d'Astrophysique, Liege, September 19-21, 1952, page 196 of the proceed-

ings) that the quenching of such an equilibrium would give the molecules 

needed to explain the C2 and C3 observed in comets. In the same way, the fast 

quenching of a hot mixture containing nitrogen would yield a large amount 

of HCN. The production rate of HCN compared with that of water will tell 

presently whether the abundance of HCN requires non-equilibrium conditions. 

KELLER: How certain are we that those species like CN, CH really do 

have or must have a parent molecule? Nobody doubts it. Are we completely 

certain about that, or can they be particles embedded in ice also? 

WHIPPLE: My only comment on that is that some 20 years ago Urey and 

Donn suggested that radicals were indeed present in comets and produced ac-

tivity like cometary bursts. When the radicals were heated up a little by sun-

light, they produced exothermic chemical reactions. Is that a dead theory? 

DONN: I think you might be able to get in a matrix at low temperature 

about 1 percent. Now at 1 percent the radicals are sufficient to account for 

this thing, if it is possible that some of these 

Is

 may exist in radicals. If 

you need any more than that, except in a new comet, you have trouble seeing 

anything. 

WHIPPLE: I was very impressed with George Herbig's spectra. We can 

only turn to observations for the final answers. But the interpretation is al-

ways a. problem. I was not quite sure but I thought quite a few of those ions 

started right in the middle of the dust layer and then went into the tail. I hope 

he will do some photometry on that spectrum to find out for sure whether they 

might not originate in the dust.



APPENDIX I. LIST OF PARTICIPANTS 

T. F. Adams, Yerkes Observatory 
B. Andrew, National Research Council of Canada 
H. L. Atkins, NASA, Marshall Space Flight Center 
L. Avery, National Research Council of Canada 

R. J . Barry, Bendix Corporation, Denver 

L. F. Belew, NASA, Marshall Space Flight Center 

M. J . Belton, Kitt Peak National Observatory 

J . E. Blamont, Centre National de la Recherche Scientifique d'tudes Spatiales 

J . J. Brainerd, University of Alabama, Huntsville, 

J . C. Brandt, NASA, Goddard Space Flight Center 

F. M. Cameron, NASA, Marshall Space Flight Center 

G. R. Carruthers, Naval Research Laboratory 

E. J . Chaisson, Center for Astrophysics 

J . I. Clark, USA, Redstone Arsenal 

J . W. Clark, NASA, Marshall Space Flight Center 
K. S. Clifton, NASA, Marshall Space Flight Center 

H. J . Coons, NASA, Marshall Space Flight Center 
P. D. Craven, NASA, Marshall Space Flight Center 

J. Crovisier, Observatoire de Meudon 
A. C. Danks, University of Texas 
G. E. Daniels, NASA, Marshall Space Flight Center 
W. A. Darbro, NASA, Marshall Space Flight Center 
A. Deepak, NASA, Marshall Space Flight Center 
A. C. deLoach, NASA, Marshall Space Flight Center 

A. H. Delsemme, University of Toledo 
W. A. Deutschman, Center for Astrophysics 

B. Donn, NASA, Goddard Space Flight Center 

J . Drake, Princeton University Observatory 
M. Dryer, NOAA—ERL Space Environment Laboratory 
M. Dubin, NASA Headquarters 

B. J . Duncan, NASA, Marshall Space Flight Center 
W. H. Ealy, NASA, Marshall Space Flight Center 
T. D. Fay, NASA, Marshall Space Flight Center 
P. D. Feldman, Johns Hopkins University 
S. F. Fields, NASA, Marshall Space Flight Center 
H. B. Floyd, NASA, Marshall Space Flight Center 

J . A. Fountain, NASA, Marshall Space Flight Center 
W. F. Fountain, NASA, Marshall Space Flight Center 

247



248	 COMET KOHOUTEK WORKSHOP 

L. D. Frederick, NASA, Marshall Space Flight Center 
G. A. Gary, NASA, Marshall Space Flight Center 
E. G. Gibson, NASA, Johnson Space Center 
F. J. Giovane, Dudley Observatory 
F. M. Graham, NASA, Marshall Space Flight Center 
T. E. Hanes, NASA Headquarters 
G. A. Harvey, NASA, Langley Research Center 
A. Heiser, Dyer Observatory 
R. V. Hembree, NASA, Marshall Space Flight Center 
K. G. Henize, NASA, Johnson Space Center 
G. Herbig, Lick Observatory 
R. Hermann, University of Alabama—Huntsville 
R. W. Hobbs, NASA, Goddard Space Flight Center 
W. F. Huebner, Los Alamos Scientific Laboratory 
D. A. Huppler, University of Wisconsin 
R. Ise, NASA, Marshall Space Flight Center 
B. J. Jambor, Martin Marietta Corporation, Denver 
J. Jensen, Martin Marietta Corporation, Denver 
H. U. Keller, University of Colorado 
C. T. Kowal, 'California Institute of Technology 
S. Kumar, Kitt Peak National Observatory 
A. L. Lane, Jet Propulsion Laboratory 
H. H. Lane, National Science Foundation 
D. L. Lind, NASA, Johnson Space Center 
W. R. Lucas, NASA, Marshall Space Flight Center 
C. A. Lundquist, NASA, Marshall Space Flight Center 
R. J. Mackin, Jr., Jet Propulsion 'Laboratory 
S. P. Maran, 'NASA, Marshall Space Flight Center 
M. J . Mayo, Altair Scientifics, Inc. 
R. H. McElligott, Martin Marietta 'Aerospace, 'Huntsville 
R. R. Meier, Naval Research Laboratory 
D. D. Meisel, State University of New York—Geneseo 
D. A. Mendis, University of California, San Diego 
J. E. Michlovic, NASA, Marshall Space Flight Center 
F. D. Miller, University of Michigan 
R. W. Murphy, NASA, Marshall Space Flight Center 
L. Newman, University of Alabama, Huntsville 
R. J. Naumann, NASA, Marshall Space Flight Center 
E. P. Ney, University of Minnesota 
K. T. Nock, Jet Propulsion Laboratory 
C. R. O'Dell, NASA, Marshall Space Flight Center 
C. B. Opal, Naval Research Laboratory 
E. J. Opik, University of Maryland 
R. P. Page, NASA, Marshall Space Flight Center 
T. L. Page, NASA, Johnson Space Center 
H.. Pataschnick, Dudley Observatory 
R. P. Rice, NASA, Marshall Space Flight Center 
G. H. Rieke, University of Arizona 
G. R. Riegler, Bendix Aerospace Systems, Ann Arbor 
J. B. Plaster, USA, Redstone Arsenal 
A. E. Roche, Lockheed Palo Alto Research Laboratory 
G. Rupprecht, Bendix Corporation, Denver



Appendix 1	 249 

.S. W. Sauer, Martin Marietta, Huntsville 
G. F. Schmitz, USA, Redstone Arsenal 
E. S. Schorsten, NASA, Marshall Space Flight Center 
S. R. Schrock, Martin MariettaAerospace, Denver 
Z. Sekenina, Center for Astrophysics 
W. H. Sieber,. NASA, Marshall Space Flight Center 
W. C. Snoddy, NASA, Marshall Space Flight Center 
L. E. Snyder, University of Colorado 
K. J . Staas, Martin Marietta—Huntsville 
E. S. Stuhlinger, NASA, Marshall Space Flight Center 
G. E. Thomas, University of Colorado 
N. H. Tolk, Bell Laboratories 
B. L. Ulich, National Radio Astronomy Observatory 

J . F. Valek, NASA, Kennedy Space Center 

J . H. Waite, NASA, Marshall Space Flight Center 
R. M. Wilson, NASA, Marshall Space Flight Center 
W. Wamsteker, NASA, Marshall Space Flight Center 
H. E. R. Watson, Northrop Services 

J . R. Watkins, NASA, Marshall Space Flight Center 
T. J . Wdowiak, NASA, Marshall Space Flight Center 
D. W. Weedman, Dyer Observatory 
P. A. Wehinger, Center for Astrophysics 
G. S. West, NASA, Marshall Space Flight Center 
W. C. Wells, Lockheed Palo Alto Research Laboratory 
F. L. Whipple, Center for Astrophysics 
C. E. Winkler, NASA, Marshall Space Flight Center 
B. P. Woods, Bendix Corporation,, Huntsville 
S. T. Wu, University of Alabama, Huntsville 
C. M. Yeates, JetPropulsion Laboratory



APPENDIX 2. AUTHOR INDEX 

C. Arpigny-137 R. V. Hembree-183 
H. L. Atkins-161 G. Herbig-233 

J . A. Ball-135 E. Hildner-19 

M. J . S. Belton-35 R. W. Hobbs-185 
G. F. Benedict-129 W. F. Huebner-123, 145 

R. A. Berg-153 D. H. Huppler-77 

J. H. Black-135 R. P. Ingalls-189 

J . Blamont-81 B. J . Jambor-209 

F. Biraud-97 E. B. Jenkins-95 

J. D. Bohlin-113 I. Kazes-97 
J. C. Brandt-15, 185, 237 H. U. Keller-19, 113 
A. L. Broadfoot-35 C. Kowal-3 1 
G. Bourgois-97 S. Kumar-35 

D. Buhl-123 M. Laget-161 

G. R. Carruthers-107 D. L. Lambert-137 

E. J . Chaisson-135, 189 A. L. Lane-87, 129 
E. K. Conklin-119 T. A. Lee-175 
C. B. Cosmovici-155 A. E. Lilley-135 

G. Courtes-161 F. J . Low-175 

P. D. Craven-183 C. A. Lundquist-183 

J. Crovisier-97 S. P. Maran-185 

A. C. Danks-137 R. M. MacQueen-19 

A. H. De!semme-195, 219 M. B. McElroy-35 

W. A. Deutschman-193 R. R. Meier-107 

B. Donn-109 D. D. Meisel-153 

J . F. Drake-95 F. H. Mies-87, 101 

S. Drapatz-155 K. W. Michel-155 

W. G. Fastie-109 R. H. Munro-19 

P. D. Feldman-109 E. P. Ney-167 

M. Festou-81 C. R. O'Dell-27 

R. Fillit-97 C. B. Opal-107 

G. P. Garmire-159 E. J. Opik-205 

G. A. Gary-27 T. L. Page-37 

E. G4rard-97 S. B. Parsons-129 

E. G. Gibson-3 H. Penfield-135 

J . T. Gosling-19 A. I. Poland-19 

G. A. Harvey-83 D. K. Prinz-107 

K. G. Henize-129 G. R. Riegler-159

251 



252	 COMET KOHOUTEK WORKSHOP 

G. H. Rieke-175 P. Z. Takacs-109 
F. L. Roesler-77 R. Tousey-113 
A. E. Roche-155 J. T. Trauger-77 
A. E. E. Rogers-189 B. L. Ulich-1 19 
C. L. Ross-19 A. Vuilleanin-161 
F. Scherb-77 W. J. Webster, Jr.-185 
H. U. Schmidt-19 P. A. Wehinger-103 
I. I. Shapiro-189 W. C. Wells-155 
Z. Sekanina-21 F. L. Whipple-227 
A. N. Stockton-87 W. Wisniewskj-175 
L. E. Snyder-123 J. D. Wray-129 
K. S. K. Swamy-185 S. Wyckoff-103

Comet Kohoutek Workshop Participants, Marshall Space Flight Center, June 13-14, 1974. 

1THE T[HrTL1PiLI 



APPENDIX 3. COMET KOHOUTEK WORKSHOP 
PARTICIPANTS 
PHOTOGRAPH IDENTIFICATION 

1. B. Andrew 36. J. E. Blamont 

2. P. D. Feldman 37. J . F. Valek 

3. C. B. Opal 38. D. A. Mendis 

4. G. R. Carruthers 39. W. A. Deutschman 

5. M. J . S. Belton 40. B. Donn 

6. 41. R. Hermann 

7. J . Jensen 42 N. H. Tolk 

S. G. Thomas 43. P. A. Wehinger 

9. W. Wamsteker 44. C. A. Lundquist 

10. J . A. Fountain 45. D. D. Meisel 

11. Z. Sekanina 46. B. J . Jambor 

12. J. E. Michlovic 47. W. C. Snoddy 

13. E. P. Ney 48. F. J. Giovane 

14. H. L. Atkins 49. R. W. Hobbs 

15. H. Patashnick 50. A. H. Delsemme 

16. G. Rupprecht 51. E. S. Stuhlinger 

17. W. F. Fountain 52. S. P. Maran 

18. T. J. Wdowiak 53. T. E. Hanes 

19. W. F. Huebner 54. F. L. Whipple 

20. L. Avery 55. G. Schmidt 

21. L. E. Snyder 56. G. R. Riegler 

22. A. E. Roche 57. A. C. deLoach 

23. F. D. Miller 58. R. J. Barry 

24. G. Herbig 59. S. Fields 

25. G. Schmitz 60. A. C. Danks 

26. A. Deepak 61. E. Chaisson 

27. 62. T. L. Page 

28. J. Crcsvisier 63. M. Dryer 

29. C. R. O'Dell 64. M. Dubin 

30. P. D. Craven 65. B. L. Ulich 

31. J. C. Brandt 66. E. G. Gibson 

32. R. J. Mackin, Jr. 67. H. H. Lane 

33. A. Lane 68. C. T. Kowa 

34. H. U. Keller 69. G. A. Gary 

35. J. Drake

253 



APPENDIX 4. COMPREHENSIVE EPHEMERIS OF COMET 

KOHOUTEK (1973f) 

This ephemeris is based on the orbital calculations by Brian Marsden (Smith-

sonian Astrophysical Observatory) as published in International Astronomical 

Union Circular No. 2684. The observations included were over the interval 

from January 28, 1973, to March 16, 1974. The ephemeris computation was 

made by D. K. Yeomans (Computer Sciences Corporation) and was based on 

a two-body determination. It is included here as a cross-reference. For con-

venience, the ephemeris is tabulated for the interval from January 29, 1974, 

to July 31, 1974. 
The ephemeris is based on the following ecliptic (1950.0) orbital elements. 

T = 1973 Dec 28/10.3 Hr (JD 2442044.93067) 

= 14.2969° 

= 257.76560° 

oi = 37.82380 

e = 1.0000078 

q = 0.1424249 AU 

Definitions: 

J . D. Julian Day 

R. A. Right Ascension* 

Dec. Declination* 

Delta Distance from Earth in Astronomical Units 

R	 Distance from Sun in Astronomical Units 

Theta Angular distance of comet from the Sun, as seen from Earth 

Beta Angular distance of Sun from the Earth, as seen from the comet 

Lat	 Ecliptic Latitude (1950) 

Long Ecliptic Longitude (1950) 

R. A. and Dec. (1950) indicates equator and equinox of 1950. 
R. A. and Dec. (date) indicates equator and equinox of date. 
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