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SUMMARY

Previous studies of scientific objectives and trajectory
requirements for missions to comets (cf. Appendix 2) have
suggested the possibility of missions to long-period, firgct-
apparition comets. In general first-apparition®* comets are
more active, potentially more primordial, and three magnitudes
brighter than short-period comets. Further, the relatively
frequent sighting of these new comets, about three per year,
implies that the waiting time between attainable missions may
not be prohibitive.

The essential question can be stated as follows: Are
there enough launch opportunities over a given interval of time
to seriously consider a mission to a firct-apparition comet?

Fifty-four long-period, first-apparition comets sighted
between 1945 and 1960 were chosen as a sample. This sample was
checked by means of the)g2 (chi-square) comparison with 378
similar comets sighted prior to 1945 in order to determine if
the 54 were sufficiently representative. The results indicated
significant differences between the two samples. These differ-

ences appear to be attributable to the improvement in

* The first-apparition comets considered in this report all
have periods ) 1000 years.
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observational techniques and instruments in recent years.

this bias is likely to continue, it was concluded that the

1945-1960 comets were representative for predictive purposes.

Calculation of ballistic trajectories to each of the

54 comets resulted in the ideal velocity and associated flight

parameters for a range of launch dates.

windows from the trajectory data the following criteria were

irposed.

4.

The comets were assumed to be discovered at three levels

After discovery, two-month allowance for orbit

determination before launch could occur.

During this two-month period, a two-hour period
for photographing the comet each night.

Ideal velocity less than 55,000 ft/sec for the
30-day launch window.

Time of flight less than 400 days.

of brightness:

1.

Discovery at magnitude 20 provided an upper bound
on the number of opportunities, since it approxi-
mately represents the limiting magnitude for the
largest telescopes. Two launch opportunities per
year could be expected. However, a program to
search the entire sky at this magnitude would be
extremely difficult.

Assuming launch could occur two months after the
comet was discovered under present observing
conditions provided a lower bound. On the
average, this means discovery at magnitude 10.

IIT RESEARCH INSTITUTE
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At this magnitude two opportunities per decade
could be expected. This is probably too infre-
quent for mission consideration, since random
clustering could easily reduce the frequency to
one opportunity per decade.

3. Discovery at magnitude 15 provided a realistic
estimate of what could be accomplished if a moderate
search program were undertaken using existing
facilities such as Baker-Nunn cameras or similar
equipment. About one opportunity per year could
be expected.

It was concluded that this third approach, i.e., dis~-
covery at magnitude 15, offered enough opportunities so that a
mission could be reasonably planned if a moderate search pro-

gram were initiated.
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Report No. T-13

TRAJECTORY AND SIGHTING ANALYSIS
FOR FIRST-APPARITION COMETS

1. INTRODUCTION

? Previous Astro Sciences Center reports have considered
the scientific objectives and trajectory requirements for
missions to short-period comets (cf. Appendix 2). This report
discusses the?fgasibility, from a trajectory and sighting stand-
point, of sending a probe to a long-period first=-apparition
comet as a complement to the short-period comet missions.

The first-apparition®* comets are considerably more
active than short-period comets. Three major differences are:

1. The bulk of accumulated data about cometary
phenomena (i.e., envelopes, jets, streamers, tails,
etc.) is derived from observations of first-
apparition comets. These phenomena are found to
a lesser degree, if at all, in short-period comets.

2. The average absolute magnitude of first-apparition
comets (ﬁ6= 7.8) is brighter by three magnitudes
than the average short-period comets (ﬁ6= 10.8).

* The first-apparition comets considered in this report all
have periods » 1000 years.
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The brightness of first-apparition comets would
enable better and more detailed ground observations
to be made.

3. The average first-apparition comet makes 103 to lO4
fewer perihelion passages than the average short-
period comet over a given interval of time. It
seems that the first-apparition comets would
represent a relatively primordial state, and there-=
fore investigations concerned with cometary origins
might have a better chance of success if performed
on first-apparition comets.

While of notable scientific interest, first-apparition
comets present a more difficult target than short-period comets
from trajectory and sighting considerations. First of all, no
prior knowledge of the comet's orbit or discovery date can be
assumed. This constraint necessitates some sort of continuous
search procedure. Secondly, after the comet has been discovered,
a launch vehicle and spacecraft would have to be readied con-
current with an intense tracking effort to determine the comet's
orbit. To minimize this constraint a quick response launch
facility would be needed.

The study was conducted by delineating the opportunities
that would have occurred for flights to a sample of 54 comets
that first appeared between 1945 and 1960. A statistical
analysis indicated the sample used was representative of first-
apparition comets. Trajectory and sighting computations on

the sample determined the frequency of launch opportunities.
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2, STATISTICAL ANALYSIS AND SAMPLES

The sample used to determine the frequency of launch
opportunities consisted of 54 comets that had their first
apparition between 1945 and 1960. Actually, 71 comets made
their first appearance between 1945 and 1960, but of these 71,
14 were short-period comets (period { 1000 years). These 14
were deleted because they did not exhibit the characteristics
that are typical of the long-period, first-apparition comets
mentioned in Section 1.

In attempting to verify the use of the 54 as representa-
tive, a statistical analysis was performed comparing them with
378 comets whose first appearance occurred between the years
=465 and 1945. These 378 also did not include any short=-period
first-apparition comets. The orbital elements used for the
comets were taken from The Catalogue of Cometary Orbits (Porter
1960), which contains orbital data for all comets observed
prior to 1960. The absolute magnitude and physical data were
taken from Physical Characteristics of Comets (Vsekhsvyatskii
1958), which contains the pertinent information and references
on each comet observed until comet 1957 VI. Data for comets
subsequent to these were found in the Publications of the
Astronomical Society of the Pacific, the Harvard Announcement
Cards, or the Astronomical Journal. The elements of the 1945-

1960 comets and their absolute magnitudes are given in Appendix 1.
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To ascertain whether the samples of 54 and 378 comets
were from the same population, thejzg test was used. This

test determines the probability that any differences noted

between two samples are due to purely random or chance variations.

The‘;c2 test was performed on the radius of perihelion, the
orbital inclination, and the absolute magnitude of the two
samples. The other orbital elements were unsuitable for com-
parison because either there were not enough comets to yield a
meaningful statistic or the test became trivial, i.e., the
eccentricity is unity and the period infinite for practically
all first-apparition comets.

The)‘2 test yielded negative results for each of the
orbital elements that were compared which indicates a dissimi-
larity in the samples. Figures 1 to 3 show the frequency distri-
bution for the three elements. The hatched area in Figures 1
and 3 indicates the interval that gave rise to a very highjcz
result. On the basis of this testing and a consideration of
the figures, it seemed reasonable to conclude that there was a
fundamental difference between the two samples.

Both the radius of perihelion and the absolute magnitude
showed their greatest change in the area where improved obser-
vational methods and equipment would have their effect, i.e.,
the ability to observe fainter objects further out. This same
trend has been noted by others doing similar work on slightly
different samples (Vsekhsvyatskii 1958, Richter 1963). Elizabeth

Roemer of the U. S. Naval Observatory, Flagstaff Station,
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attributes this to the fact that '""Most new comets reported in
recent years have been found by professional astronomers on
photographic plates exposed with wide-field instruments for
other purposes.' (Roemer 1963a).

In summary then the statistical analysis checked whether
the present first-apparition comets are similar to those which
have been observed over the previous centuries. It appears as
if the comets recently discovered are different and this differ-
ence can be attributed to improved observational techniques.

It was concluded that the 54 first-apparition comets from 1945
to 1960 were representative of the present comets being dis-
covered and gave a reasonable indication of those that will be
discovered in the next few decades. Any significant change in
observational techniques, such as an all-sky comet search,

could only serve to increase the number of launch opportunities.

3. TRAJECTORY AND SIGHTING ANALYSIS v

3.1 Trajectories

Since the 1945-1960 sample was verified to be statisti-
cally representative, the next step was to determine which of
the 54 new comets were attainable with moderate energy and
flight time requirements. A reasonable energy was defined as
an ideal velocity (AV) less than 55,000 ft/sec. This velocity
can be achieved by an Atlas-Centaur + a hydrogen fluorine kick
stage carrying a 800 1lb. spacecraft or by a Saturn 1B-Centaur
carrying a 1500 1b. spacecraft. 1In general, only times of

flight less than 400 days were considered. Calculations
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with flight times greater than 400 days revealed no new
opportunities because the low-energy shots arrive relatively
close to 1 AU and therefore require shorter trip times.

A trajectory survey to each comet was then run using
the ASC/IITRI Conic Section Trajectory System (Pierce and
Narin 1964), which calculates ballistic trajectories between
two points for a given launch date and time of flight. From
these results plots were made of launch date versus each-of
the following parameters: minimum AV for that date and the
corresponding time of flight (TF), hyperbolic approach velocity
(VHP), communication distance at intercept (RC), magnitude of
the comet at intercept, and intercept date relative to perihelion.
Consideration of these plots and the sighting restrictions
yielded the launch windows and their associated range of
parameters.

The minimum energy launch windows for the first-
apparition comets corresponded to an essentially fixed arrival
date, with the time of flight varying daily to achieve this
condition. The constant arrival date is a result of the high
inclinations of the new comets in contrast to other Solar
System objects, which all tend to lie within a few degrees of
the ecliptic plane. Thirty-six of the 54 new comets have
inclinations between 40° and 140° and only six are within 10°
of the ecliptic. The intercept date for minimum energy flights
usually occurred when the comet was passing through the

ecliptic plane.
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A second and more important result of this high in-
clination was the large approach velocities (VHP) encountered.
The mean VHP of the comets with launch windows was 43 km/sec,
with a standard deviation of + 20 km/sec. With 30 of the 54
comets having retrograde orbits and the majority having inclin-
ations greater than 45°, the resultant difference between the
velocity vectors of the spacecraft and comet tended to be
additive.

For most missions of a noncometary nature this high
VHP might be prohibitive because the brevity of encounter could
place excessive restrictions on the spacecraft. With a first-
apparition comet, however, the high VHP does not seem to negate
the feasibility of a fly-by mission because of the large dimen-
sions of the comet's coma and tail. A one-hour period of en-
counter would result if it is assumed that the spacecraft has
the mean VHP of 43 km/sec and intercepts halfway between the
center and the outer edge of a typical coma of diameter 105 km.
This long stay time, however, does not benefit experiments con-
cerned with the nucleus (about 10 km in diameter).

On the other hand, a rendezvous mission is severely
restricted by the high VHP. In this case a large amount of
propellant must be expended in order to decelerate the vehicle.
Calculations assuming specific impulse (ISP) of 225 sec (solid,
storable propellant) revealed that a maximum of 4 km/sec could
be trimmed from the VHP. This calculation used a 15 percent

weight factor for the structure and tankage. Increasing the
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I., to 350 sec increased the maximum to only 6.5 km/sec, which

SP
is still only 15 percent of the velocity change required for a
rendezvous mission.
3.2 Sighting

The general problem of optically recovering and track-
ing a comet is referred to as the '"sighting' problem. Sighting
is an essential step in the determination of launch windows
because launches should be considered only after the comet's
orbit has been verified by numerous observations. Sighting
restrictions are characteristic of all comet missions (Narin
and Pierce 1964), and in particular for first-apparition comet
missions, since their orbits are unknown prior to discovery.
Sighting a comet from an Earth-based observatory is

primarily a function of three factors:

1. Visible Hours

At any given latitude how many night hours (exclu-
sive of daylight and twilight) will an object be visible above
the horizon. A minimum number of two visible hours per observa-
tion was required, dictated by the fact that accurate observations
within 15° or one hour of the horizon would be hampered by
atmospheric distortion and that adequate time must be allowed
for exposing the photographic plate to the very faint object.

2. Brightness

The comet must be bright enough to be optically seen

from Earth. Brightness was estimated quantitatively by using
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the relation

R g
A r
where
Io = intrinsic brightness,
A = Earth to comet distance,
r = Sun to comet distance.

Because comets are in part self-luminescent, their brightness
curve does not follow the inverse r2 relation with respect to
the Sun. For most comets n ranges between 2 and 8; for new
comets n is close to 4 (Roemer 1963a). Given the absolute
magnitude Mo at A and r = 1 AU, equation (1) reduces to the

standard magnitude equation

M

Mo + 2.5 n log r + 5 log A . (2)

By using n = 4 a comparison was made between the pub-
lished sightings and magnitudes (Vsekhsvyatskii 1958) and
those calculated from equation (2) for ten of the comet sample.
The equation provided estimates correct to within two magnitudes,
which was considered accurate enough for purposes of gross
prediction.

3. Observing Conditions

Poor climatic conditions or the presence of a near-
full moon can make sighting difficult. Bad weather problems
can presiuirly be solved by having a worldwide tracking system.

The moon can obscure faint objects for as many as two weeks
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per month. The two weeks can be considerably reduced, though,
if the comet happens to rise or set a couple of hours before
or after the moon, thus making observation possible. The weight
of both these factors was not estimated except indirectly, by
being pessimistic on the time interval needed for sighting.

Assuming that at each observation the comet satisfied
the three sighting criterion mentioned above, a period of two
months of tracking after discovery was considered necessary in
order to establish a preliminary orbit of sufficient accuracy
to attempt a launch. During these two months the decision of
whether this comet was of sufficient interest to warrant a probe
would be made; meanwhile, simultaneous launch vehicle preparation
would be taking place at Cape Kennedy. Presently a mission of
this kind is not feasible because of the long lead times required
for the numerous phases of launch preparation. In the future,
however, it is felt that systems might be designed such that
this lead time could be greatly diminished.

To perform the sighting computations automatically, a
FORTRAN 1V program, SIGHT, was written for the IBM 7094 com-
puter. The program determines the number of visible hours and
the magnitude of a comet given a calendar date, a latitude, and
the comet's absolute magnitude. SIGHT was run for each comet
from 1.5 years before perihelion until 4 months after for

latitudes -50° to +50° every 25°.
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3.3 Method of Trajectory and Sighting Analysis

To determine the frequency of launch opportunities and
to quantitatively assess the feasibility of a mission to a
first-apparition comet, three approaches were taken:

1. To establish an upper bound, the trajectory data
for the 54 comets were analyzed according to the
requirement that launch occur at least two months
after the comet reached magnitude 20, which is
approximately the limiting magnitude for the
largest telescopes. This approach corresponded
to the most sophisticated search possible.

2. To establish a lower bound, the data were artalyzed
according to the assumption that launch could
occur at least two months after the comet was dis-
covered under observation conditions as they are
today with no search program specifically concerned
with discovery of first-apparition comets.

3. To establish a workable alternative by asking what
tracking systems would achieve a significant ad-
vance over the present observation methods and
what is the frequency of opportunities associated
with each system. A survey of the current optical
tracking systems revealed that a system is already
operational (Baker-Nunn cameras), and that magnitude
15 represented a reasonable limit for expected
discovery if this system were used for comet search.
A brief discussion of this system and its appli-
cability to comets is contained in Section 3.4.

An example of the type of analysis performed and the
effects of sighting on the trajectories are illustrated in

Figure 4. The plots show the minimum AV for a launch date as
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well as the time of flight, approach velocity, and communica-
tions distance corresponding to that AV for comet 1945 III.*

SIGHT then generated the following data.

Magnitude Date Visible Hours Latitude
20 8/20/44 2.5 +50°
15 12/28/44 11.0 +50°

The actual discovery of the comet occurred on 6/11/46 at mag-
nitude 10.

The comet reached magnitude 20 on 8/20/44. Thus,
according to the first approach taken, launches could occur
after 10/20/44. TFigure 4 shows that the minimum 30-day launch
window has an overall AV of 42,500 ft/sec and begins 12/26/44,
in this case the launch would be held until then and the extra
time would be utilized for more extensive tracking. The launch
window then determines the ranges for the other variables, as
indicated on the curves. Delaying the launch until two months
after comet 1945 III reaches magnitude 15, which corresponds to
the third approach, raises the launch window AV to 45,000 ft/sec
because by this time the minimum has passed and the AV curve is
ascending. 1In the second approach the AV curve is well over
60,000 ft/sec by 8/11/45, two months after the historical dis-
covery. By this time no launches would be energetically possible.
This analysis was typical of that which resulted with the other

comets.

* The official comet numbering system was used rather than
their names to preserve uniqueness. Often an observer has
discovered more than one comet.
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3.4 Comet Watch

In 1957 the Smithsonian Astrophysical Observatory
received a NASA contract to set up a worldwide system of 12
Baker-Nunn cameras to track artificial satellites. It is
suggested that the Baker-Nunn camera system could be used to
discover and track first-apparition comets. The suitability
of the cameras to carry out this task has been demonstrated by
the recording of numerous new comets on their patrol films
(Roemer 1963b, 1964, 1965).

The limiting magnitude of the camera, 17, is restricted
by sky fogging of the photographic strip film used. Allowing
two magnitudes as a safety factor would virtually assure dis-
covery of any object of magnitude 15 or brighter; this was the
number used in the third approach. Each strip of film covers
5 x 30 sq deg of sky and requires a three-minute exposure plus
a two-minute allowance for reset of the camera, i.e., a total
of five minutes per exposure (Henize 1957, 1960). An entire
search of the night sky or 2 x 104 sq deg would take 11 hours
for one camera or 55 minutes for the twelve cameras.

This figure of one hour per camera demonstrates that
the Baker-Nunn cameras could conceivably carry out an all-sky
comet search. No time was allotted for the overlapping of sky
survey regions or for failure due to overexposure, etc., but
it is believed that these factors would not alter the validity

of the approach.

1iT RESEARCH INSTITUTE

15



This process might be repeated twice per month or more.
The set of 133 exposures could be compared by day to a stagdard
set of sky photographs by means of a microscopic blink process,
which can detect any differences in the two films. The detec-
tion of any bright new comet would then be relayed to various
observatories so that numerous positions over the two-month
span of time could be used to determine the orbit. By waiting
until the comet reaches magnitude 15, better position estimates
will be obtained because comparison will be possible with brighter
stars, whose positions are generally better known.

These cameras are located roughly within + 30° latitude.
This setup gives a wide range of coverage. Some gain in observa-
tion time would result if two or more stations were set nearer
to the poles, since new comets generally approach from high
declinations.

The additional scientific output of a program of this
scope is considerable. Undoubtedly a continuous and systematic
search of the entire sky would yield a wealth of new data on
comets, asteroids, and meteors besides providing a constant
monitor for novae and other sky phenomena.

3.5 Results and Conclusions

A summary of the results of the trajectory and sighting
analysis is contained in Table 1. This table lists the means,
standard deviations, and the frequency of favorable apparitions

for each approach corresponding to the three brightness levels
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assumed for discovery. Table 2 lists the results for each of
the 54 comets.

Approach 1

If discovery occurred at 20th magnitude, 35 of the 54
comets would be accessible over the fifteen-year period. This
corresponds to two per year. It was concluded that while ample
opportunities exist and the ranges of mission parameters are
reasonable, the discovery system needed to cover the entire
night sky at this magnitude would be prohibitive. Only the
largest telescopes have the light-gathering power to achieve
magnitude 20, and the fields of view of these instruments are
relatively small.

Approach 2

Launches restricted to two months after actual discovery
eliminated all but 3 of the 54 comets. This corresponds to two
per decade. This figure is probably so low because no large-
scale coordinated detection programs exist for early discovery
of first-apparition comets. It was concluded that no effective
mission planning could be done on the basis of such infrequent
opportunities. At present new comets are discovered either by
accident with a large telescope searching for something else
or by amateurs, who detect them months later and usually too
late for launch pu%poses.

Approach 3

If discovery occurred at 15th magnitude, 13 of the 54

would be accessible. This corresponds to 1 opportunity every

11T RESEARCH INSTITUTE

17



14 months, or roughly one per year. This group assumes dis-
covery by the Baker=-Nunn camera system, which is well suited
for this purpose and is currently operational. It was concluded
that this third approach offered sufficient opportunities for
the effective plénning of a mission and that discovery require-
ments are within reasonable limits.

A question remains as to the likelihood of having a
long interval during which no launch opportunities would occur.
In other words, assuming some interval of time, what is the
probability that at least one favorable opportunity will appear?
The Poisson distribution is a valid representation of the
favorable opportunities occurring randomly with a mean rate of
1l every 14 months. Calculations showed that there would be
better than a 507 chance of a favorable opportunity in less
than 1 year. 1In 2.75 years the probability is 907 that at least
one good opportunity would appear. This possible waiting
period will be a constraint on any first-apparition comet
mission but not one that appears insurmountable.

A comparison of the mean values of Approaches 1 and 3
in Table 1 show them to be roughly the same. As seen from
Table 1 these values are within the attainable limits of
currently planned vehicles and serve to define a range within
which a new comet mission could be planned. The approach
velocity is rather high with a large deviation, but, as noted

before, this appears to be the case with all comets.
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An interesting aspect of the new comets is that their
mean magnitude at intercept is 10. Thus, for the average new
and accessible comet, relatively good spectroscopic measurements
will be possible. With this brightness it would be possible to
correlate the telemetered data from the spacecraft with the
optical observations from Earth at the time of intercept.

The main conclusion of this report is that if a moder-
ate comet search is undertaken, there will be sufficient oppor-
tunities for a mission to a new comet. A more detailed mission
study to define a payload and to further examine the guidance
and midcourse problems appears to be a useful successor to
this preliminary analysis.

Interest in this type of mission seems justified from
the fact that firste-apparition comets are in general more
active and may represent a more primordial state than short-
period comets. The real and reasonable concern over the lack
of a definite launch date and the requirement for a ready launch
vehicle and spacecraft should be viewed against the background
of the future. 1In a decade the launching of present-generation
vehicles should be more routine, and a standardized spacecraft
"bus'' for a comet mission might be possible. With the experience
gained in the successful completion of missions to short-period
comets, a mission to a first-apparition comet would be a logical

follow on.
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Table 1

SUMMARY OF TRAJECTORY AND SIGHTING RESULTS

Number of 30 day launch windows with AV {55,000 ft/sec

and TF {400 days at least two months after
brightness.

1. Magnitude 20 - mean parameters and
AV 46100 +
Time of flight 250 +
Approach velocity 40 +
Communications distance 1.9 +
Magnitude at intercept 11.0 +
Intercept date relative 30 +

to perihelion

Opportunities per year 2
2. Actual Discovery

1948 I

1949 IV

1959 K

Opportunities per decade 2
3. Magnitude 15 - mean parameters and

AV 46800 +

Time of flight 190 +

Approach velocity 43 +

Communications distance 1.6 +

Magnitude at intercept 9.9 +

Intercept date relative 58 +

to perihelion
Opportunities per year 1

IIT RESEARCH INSTITUTE
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reaching the given

standard deviation

4600 ft/sec
90 days

18 km/sec
1.2 AU

3.6 mag.
100 days

standard deviation

4400 ft/sec
80 days

20 km/sec
1.5 AU

4.0 mag.
100 days
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COMET REPORTS

Narin, F., and Pierce, P. M. "Perturbation,
Sighting and Trajectory Analysis for Periodic
Comets: 1965-1975", ASC/IITRI Report No. T-5,
1964 .

Narin, F., and Rejzer, B. 'Sighting and Trajectory
Analysis for Periodic Comets: 1975-1986", ASC/
IITRI Report No. T-11, 1965.

Pierce, P. M. '"Trajectory and Sighting Analysis
for First Apparition Comets', ASC/IITRI Report
No. T-13, 1965.

Roberts, D. L. '"The Scientific Objectives of Deep
Space Investigations - Comets', ASC/IITRI Report
No. P-3, 1964,

Roberts, D. L. "A Compendium of Data on Some
Periodic Comets', ASC/IITRI Report No. P-9, 1964.

Roberts, D. L. "A Survey of Comet Missions', ASC/
IITRI Report No. M-7, 1965.

Summary document comprised of outputs from 1-6
with recommendations (to be written).
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