
of glazed sherds. No dates were ob- 
tained from the El Abra rock-shelters 
indicative of the introduction of maize 
and ceramics. Possibly the introduction 
occurred about A.D. 300 if the charred 
maize grains associated with Chibcha 
types of pottery at the Los Solares, 
Sogamosa, site by E. Silva Celis are 
representative of the initial entrance 
into the sabana of these traits. His 
maize sample (sample GrN-4729) is 
dated 1640 ? 50 B.P. (A.D. 310). 

The pollen profile of unit E reveals 
a decrease in the areas of forests ac- 
companied by an increase in the vegeta- 
tion of open areas. This fact may be 
the result of increasing deforestation of 
the sabana by man for agricultural pur- 
poses. The caves were still used by 
small groups of men at uneven intervals 
even though there was a slight increase 
in the estimated annual deposition of 
chert (2.6 pieces in contrast to 0.36 
piece in the underlying subunit D2). 

Because so few other preceramic sites 
in Colombia have been excavated, it is 
not possible to make detailed compari- 
sons. Those tools that we have examined 
and additional ones briefly noted by 
Reichel-Dolmatoff (4) differ from the 
ones from El Abra in that they ex- 
hibit more elaborate methods of manu- 
facture and a greater variety of types, 
such as large choppers, bifaced tools, or 
stone projectile points. 

The Chibcha cultures continued to 
make crude chert tool types, but a great 
variety of new artifacts and methods of 
manufacture were added. Thus, in the 
uppermost levels of the El Abra rock- 
shelters are sherds, ground stone celts, 
ground slate knives, stone mortars, and 
bronze poncho pins. 
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Frequencies of Occultations of Stars by 

Planets, Satellites, and Asteroids 

Abstract. Calculations show that several occultations of stars by the large satel- 
lites of the outer planets, Pluto, and the large asteroids could be observed each 
decade with existing equipment at Earth-based telescopes. A systematic program 
of occultation predictions and observations is urged in order to improve our 
knowledge about the atmospheres, sizes, shapes, topography, and positions of 
these poorly understood bodies, in support of forthcoming spacecraft missions to 
the outer solar system. 
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decade with existing equipment at Earth-based telescopes. A systematic program 
of occultation predictions and observations is urged in order to improve our 
knowledge about the atmospheres, sizes, shapes, topography, and positions of 
these poorly understood bodies, in support of forthcoming spacecraft missions to 
the outer solar system. 

Every once in a while a planet pass- 
es in front of a star of comparable 
brightness. These occultation phe- 
nomena, though infrequent, arouse a 
great deal of interest among astrono- 
mers. From photoelectric light curves 
it is possible, in principle, to probe a 
planet's upper atmosphere in detail to 
obtain significant clues as to its tem- 
perature and composition (1); to de- 
tect the presence or lack of a very 
thin atmosphere; and to determine the 
diameter, shape, topography, and po- 
sition of the planet with great ac- 
curacy. The recent occultation of Beta 
Scorpii C by Jupiter's satellite lo is a 
case in point. The upper limit to the 
pressure of lo's atmosphere has been 
lowered by several orders of magni- 
tude to albout 10-4 mb, and the pre- 
cision in measuring Io's diameter, now 
known to within a few kilometers, has 
been improved by nearly two orders of 
magnitude (2). 

The occultations that have been pre- 
dicted -and successfully observed in 
modern times are listed in Table 1 (2- 
5). From the shortness of the list we 
see that, for a given planet, these events 
are rare indeed. The question is, just 
how rare are they? Meeus (6) con- 
sidered planetary occultations of the 
five brightest stars in the zodiac. His 
outlook was bleak: one occultation of 
Regulus by Venus and Mercury every 
500 to 600 years, one occultation of 
Spica by Venus every 2000 years, and 
essentially no others. 

No study has yet been made for 
fainter stars. In this report a recipe is 
provided for predicting the frequency 
of observable occultations of stars by 
all bodies of appreciable size in the 
solar system, other than the sun and 
the moon. This census includes those 
objects whose mean .angular diameters 
exceed about 0.1 arc second, that is, 
the eight other planets, fourteen satel- 
lites of the outer planets, and the four 
asteroids for which accurate ephemer- 
ides are known. 

These calculations are subject to a 
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These calculations are subject to a 

number of assumptions, and the final 
answers are not rigorously accurate. 
Nevertheless, they indicate the objects 
that are most susceptible to occulta- 
tions and, therefore, the direction that 
prediction and experimentation ought 
to take. The frequencies are computed, 
first, by determining the area of the 
sky swept out by each object each 
year. Two general cases are considered: 
occultations observable in the night sky 
above a given site on the earth and 
occultations observable from some- 
where on the earth. As seen from a 
given site, the area swept out is the 
product of the occulting object's mean 
angular motion and its mean angular 
diameter; as seen from some region on 
the earth-and it is just as likely to be 
New Guinea as Mt. Palomar-the area 
is the product of the object's mean 
angular motion and the sum of its 
angular diameter and twice its geocen- 
tric parallax. The mean motion and 
mean parallax for each planet are 
listed in Table 2. Once the area has 
been determined, one simply multiplies 
this by the mean number of eligible 
stars per unit area that are brighter 
than the appropriate magnitude (7) 
to obtain the frequency of occultations. 

The calculations are subject to the 
following assumptions. 

1) The near ultraviolet (about 3600 
A) is the best region for observing oc- 
cultations. This is because most bodies 
in the solar system resemble late-type 
stars in having very red color indices. 
Thus, in most cases, observing in the 
ultraviolet minimizes the brightness of 
the planet with respect to that of the 
occulted star. 

2) Counts of stars in a given mag- 
nitude range per square degree of sky 
are taken for photographic (blue) mag- 
nitude (7). Transforming these counts 
to the ultraviolet requires an adjustment 
in the ultraviolet - blue (U - B) color 
index which is negligible for most stars, 
that is, those bluer than spectral type 
K0 and redder than AO (7). This 
transformation has been neglected. 
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3) Star counts correspond to those 
at intermediate galactic latitudes, that 
is, the "mean" values compiled by 
Allen (7). Table 2 includes a list of 
the galactic latitudes of the outer plan- 
ets on 1 January 1972 (the other plan- 
ets move fast enough to yield a "mean" 
result during the course of a year or 
two). With the exception of Jupiter 
and Pluto, the outer planets are situated 
at intermediate galactic latitudes. Aver- 
aged over the next several decades, 
these star counts should be well within 
a factor of 2 of the mean values. 

4) The mean angular motion of a 
planet in the sky is obtained from its 
movement in right ascension and dec- 
lination, given in the American 
Ephemeris and Nautical Almanac (8), 
over a representative time span of 1 
or 2 years (Table 2). Each satellite 
has an added motion that is sometimes 
an appreciable fraction of that of its 

parent planet-in the case of lo, al- 
most 50 percent. On the other hand, 
the satellite moves fastest while it is in 

conjunction with the planet, and these 
are the times when it is poorly visible 
or not visible at all. We assume that 
these effects roughly cancel out and 
that each satellite's motion in the sky 
during periods of- observation is the 
same as that of its planet. 

5) Mean apparent diameters and 
mean geocentric parallaxes are as- 
sumed; time-variant deviations are 
greatest for the closest planets and are 
negligible for distant objects. 

6) It is assumed that one out of five 
occultations in line with a given site 
will be observable in the night sky over 
that site. This takes into consideration 
a factor of 2 because only one hemi- 
sphere can be seen, another factor of 
2 because observations can only be 
made at night, and another 20 percent 
for poor observing conditions, that is, 
twilight and low altitude. The last ef- 
fect is considerably greater for Mer- 
cury and Venus, for which observa- 
tions are almost always made in a 
bright sky. On the other hand, very 
bright stars can be observed in the 
daytime, as in the case of the occulta- 
tion of Regulus by Venus. The factor 
of 5 is still adopted for Mercury and 
Venus. 

The results are shown in Table 3. 
In comparing observations from a giv- 
en site on the earth with observations 
from somewhere on the earth, we see 
that occultations can be seen much 

more frequently when one is willing 
to mount an expedition to perform the 

10 MARCH 1972 

Table 1. Recent occultations of stars by planets and satellites. 

Visual Visual 
magni- magni- 

Date (U.T.) Planet and star tude tude Reference 
of of 

planet star 

20 November 1952 Jupiter and Sigma Arietis -2.4 5.5 (3) 
7 July 1959 Venus and Regulus -4.2 1.3 (4) 
7 April 1968 Neptune and BD - 17? 4388 7.7 7.8 (5) 

13 May 1971 Jupiter and Beta Scorpii A and B -2.3 2.6 (2) 
13 May 1971 Jupiter and Beta Scorpii C -2.3 4.9 (2) 
14 May 1971 lo and Beta Scorpii C 5.0 4.9 (2) 

observations. This gain is especially 
dramatic for objects smaller than the 

earth; then the baseline provided by 
geocentric parallax "buys" the observer 
more space to move into the object's 
cylindrical shadow of the star. 

Two subcases are considered: 
"good" occultations, in which the in- 

tensity change in the ultraviolet light 
curve is 50 percent or greater (that is, 
the star is at least as bright as the 

planet in U magnitude), and "pass- 
able" occultations, in which the inten- 

sity drop is 10 percent or greater (that 
is, the star is, at most, 2.5 magnitudes 
fainter than the planet in U). 

Any drop of less than 10 percent in 

intensity is assumed to be a marginal 
observation because of signal-to-noise 
problems in the photometry; it is espe- 
cially difficult to interpret in the case 
of a planet with an atmosphere, for 
which the intensity changes gradually 

during immersion and emersion. There 
are possible ways around the signal-to- 
noise problem for brighter objects seen 

through telescopes with large apertures. 
In observing the occultation of Sigma 
Arietis by Jupiter, Baum and Code (3) 
used a spectral band-pass of 10 A cen- 
tered in the K line of ionized calcium. 
Because the star totally lacked this ab- 

sorption, which cuts out most of the 
reflected sunlight from Jupiter, it was 

possible to gain a factor of about 4 in 
the intensity ratio of star to planet. 
Moreover, Venus, Mars, Jupiter, and 
Saturn at most times have large 
enough angular diameters to isolate 

only the region of occultation at the 

planet's limb, so that a greater contri- 
bution by the star is gained. Bearing in 
mind these considerations, I have esti- 

mated the photographic magnitudes of 

the faintest stars for which reasonable 
occultation measurements can be per- 
formed (Table 3, column 9). For the 

four brightest planets, a candidate star 

can be eligible for occultation measure- 

ments even if it is considerably less 

than one-tenth as bright as the planet. 
In the last column of Table 3 I have 

listed the telescope apertures necessary 
to produce 100 counts per second for 

observations made through a wide- 

band U filter with a photomultiplier 
with high quanttim efficiency. This ar- 

rangement corresponds to 10 percent 
r.m.s. fluctuations in the photon sta- 
tistics for the planet for 1-second inte- 

gration times, a time resolution that 

normally translates into resolutions on 
the planet of about 10 km (or one scale 

height). These figures are conservatively 
estimated from theoretical considera- 
tions and from the direct experience 
of observing Pluto at the Mt. Palomar 
200-inch telescope (1 inch =2.54 cm). 
In effect, these apertures are consid- 

ered the minimum values necessary for 

getting meaningful results from oc- 

cultations; they can serve as a rough 

guide in deciding whether a given oc- 
cultation should be observed with a 

given apparatus, at home or in the 

field. A practical lower limit of 3 
inches in aperture was set because at 
smaller apertures there are serious 

problems with scintillation noise. We 

Table 2. Preliminary data for calculation of 
stellar occultation frequencies for each planet. 
The mean geocentric parallax is expressed in 
earth diameters. The galactic latitude is for 1 
January 1972. 

Mean Galac- Mean geocen- tic 
motion tric Planet 
motion tric 

lati- 
(deg/ parallax tude 
year) (arc (deg) 

seconds) 

Mercury 450 18 . 
Venus 250 18 
Mars 200 15 
Asteroids 130 6 

Jupiter 50 3.5 12 
Saturn 28 2.0 29 
Uranus 12.5 1.1 55 

Neptune 8.2 0.6 25 

Pluto 7.8 0.6 68 
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see that small-aperture telescopes 
(about 20 inches) are adequate for 
observations of all objects except Pluto 
and the satellites of Uranus and Nep- 
tune. 

The occultation frequencies in col- 
umns 4, 5, 7, and 8 of Table 3 are 
given per decade, which is a conven- 
ient time scale for a systematic research 
program. With the possible exception 
of the frequencies for the brightest 
planets, Pluto, and the faintest satellites, 
these figures should be correct within 
a factor of 2 when integrated over sev- 
eral decades. In order to minimize con- 
fusion in the interpretation of Table 3, 

we pay particular attention to the 
"passable" occultations, those that in- 
volve an intensity drop of greater than 
10 percent, and allow ourselves the 
freedom of pursuing a given occulta- 
tion at a suitable field station (column 
8). The results are quite interesting and 
are discussed in the following para- 
graphs. 

Observable occultations are very in- 
frequent for the planets but generally 
increase the farther out one goes in 
the solar system. The estimates given 
in Table 3 for Venus, Mars, Jupiter, 
and Saturn are quite unrealistic, since 
it is possible to decrease the magnitude 

gap between star and planet with K- 
line photometry and with areal resolu- 
tion on the disk. More reasonable val- 
ues, given in parentheses, are based on 
the number of candidate stars that are 
brighter than the faintest estimated 
magnitude listed in column 9 of Table 
3. Pluto is by far the best candidate; 
at least one "passable" event per year 
can be observed from somewhere on 
the earth. In recent years there have 
been two near misses of occultations 
of Pluto with stars of comparable mag- 
nitude, as seen from the southwestern 
United States (9). The first event could 
almost certainly have been seen from 

Table 3. Frequencies of occultations of stars by planets, satellites, and asteroids. In columns 4, 5, 7, and 8, N is the number of stars occulted 
in 10 years. The factor of 5 takes into account that one out of every four occultations will be visible in the night sky above a given site 
and that an additional 20 percent of occultations will be invisible because of poor conditions, that is, low altitude and twilight. "Good" occul- 
tations involve at least a 50 percent drop of intensity in U magnitude; "passable" ones involve at least a 10 percent intensity drop. In column 6, 
the larger area swept out is due to the geocentric parallax of the object (see Table 1). The minimum telescope aperture is the approximate 
aperture, based on the mean U magnitude of the planet, that will produce 100 photon counts per second for observations through a wide-band 
U filter with a phototube of high quantum efficiency. The aperture is given in inches (1 inch = 2.54 cm). 

9 
Observable from a given site Observable from somewhere on the earth Faint 10 

est Min- I 2 
Mean 5 6 8 photo- imum 

mani- di er Area 4 "Pass- Area "Pass- graphic tele- 

(mean) seconds) sky tations tations (deg2/ tations tations of oc- ture 
(deg2/ N/5 NS year) N culted (inches) 
year) star 

Planet 
Mercury + 1.9 7 0.9 0.0009 0.02 3.1 0.015 0.25 5 3 
Venus -2.3 15 1.0 0 0.0001 2.3 0 0.001 5 3 

(0.005) (0.05) t 
Mars + 1.9 9 0.5 0.0005 0.01 1.3 0.006 0.14 7 3 

(0.02) (0.3) t 
Jupiter* -0.8 37 0.47 0.00003 0.001 0.51 0.00015 0.005 7 3 

(0.02)t (0.1) 
Saturn +2.6 17 0.13 0.0003 0.005 0.15 0.0015 0.03 8 3 

(0.01)1 (0.08) 
Uranus +6.5 3.8 0.013 0.003 0.04 0.017 0.02 0.3 9 3 
Neptune +8.5 2.4 0.0055 0.010 0.10 0.0068 0.06 0.6 11 3 
Plutot +16.0 -0.15 -0.0003 -0.6 ---5 0.002 -20 -150 18 70 

Satellite 
Ganymede* +6.3 1.4 0.019 0.004 0.04 0.065 0.06 0.7 9 3 
Europa* +7.0 0.8 0.011 0.004 0.05 0.057 0.10 1.4 10 3 
Callisto* +7.3 1.2 0.016 0.009 0.10 0.063 0.18 1.9 10 3 
Io* +7.7 0.9 0.012 0.01 0.13 0.059 0.24 3.0 10 3 
Titan +10.8 0.75 0.0058 0.10 1.2 0.021 2.0 22 13 7 
Rhea +11.2 0.20 0.0015 0.04 0.4 0.017 2.4 24 14 9 
Tethys +11.7 0.15 0.0012 0.05 0.4 0.017 3.9 29 14 11 
Dione +11.8 0.13 0.001 0.05 0.4 0.017 4.2 31 14 11 
Iapetus +12.4 -0.1 -0.0008 -0.07 -0.6 -0.016 -7 ~50 15 15 
Enceladus + 13 -0.1 -0.0008 -0.1 -0.9 -0.016 -.12 -90 15 20 
Mimas +13 -0.1 ~0.0008 -0.1 -0.9 -0.016 -12 -90 15 20 
Titania +15 -0.1 ~0.0003 -0.2 -2 -0.004 -12 -130 17 50 
Oberon +15 1 -0.1 -0.0003 -0.2 -2 -0.004 ~12 -130 17 50 
Triton +15 -0.15 ~0.0003 -0.3 -3 -0.0025 -8 -80 17 50 

Asteroid 
Ceres +8.5 0.3 0.011 0.02 0.2 0.2 2 20 11 3 
Pallas +9.7 0.2 0.007 0.04 0.6 0.2 6 80 12 5 
Vesta +8.1 0.2 0.007 0.008 0.1 0.2 1 14 11 3 
Juno? +10.8 0.1 0.004 0.07 0.8 0.2 17 200 13 7 
* These frequencies should be doubled for the next 2 years, because of Jupiter's location near the galactic center. t These frequencies are over- 
estimates by a factor of 3 for the next several decades because of Pluto's location at high galactic latitudes. $ Estimated number of observable 
occultations in which the region of occultation can be isolated from the rest of the planet. These frequencies are more realistic and are based on the 
mean number of stars brighter than the magnitudes listed in column 9. ? And several others. 
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South America, had observers there 
been informed about it in time. 

Next in frequency are Neptune and 
Uranus; on the average, there should 
be one observable event each decade. 
Neptune's present location at low 
galactic latitudes should help increase 
the probability somewhat. Even so, an 
event like the 1968 occultation of a 
star brighter than eighth magnitude 
(5) would occur only once in a cen- 
tury (Table 3, column 7). Finally, the 
five bright planets should present ob- 
servable occultations only about once 
in a century. Events such as the oc- 
cultation of Regulus by Venus and the 
occultations of Sigma Arietis and Beta 
Scorpii by Jupiter should be even less 
frequent. Although these samples are 
too few for reliable statistics, it is ap- 
parent that in the last two decades a 
fortuitously high number of occulta- 
tions occurred between bright stars and 
bright planets (6). 

For the satellites it is a much differ- 
ent story, and this is where most of 
the potential excitement lies. Although 
the occultation of Beta Scorpii by lo 
was a fortuitous one (lo should occult 
a star this bright once every 1000 
years), observable encounters with 
fainter stars are relatively frequent. It 
is possible that by the end of the dec- 
ade occultations involving all four of 
Jupiter's Galilean satellites will be ob- 
served. With proper planning, we 
should have answers to questions about 
thin atmospheres on the Galilean satel- 
lites as well as detailed information 
about their diameters, shapes, and posi- 
tions (see note added in proof). 

The situation with Saturn's satellites 
is even more promising. Two or more 
events occur each year for each of the 
seven largest satellites, but a moderate- 
aperture telescope is required to ob- 
serve most of these events, which in- 
volve thirteenth to fifteenth magnitude 
stars. From a given observatory, on the 
average, one "passable" event could be 
observed each decade for each satellite 
(Table 3, column 5). Since we know 
that Titan has an atmosphere, it is 
obviously of interest to probe it by oc- 
cultation techniques, and the statistics 
predict frequent enough events for this 
satellite. 

The two largest satellites of Uranus 
and Neptune's satellite Triton are even 
better candidates; their predicted oc- 
cultation frequencies are similar to 
those of Pluto. (Unfortunately, Triton 
is difficult to observe because its sepa- 
ration from Neptune never exceeds 20 
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arc seconds.) High occultation fre- 
quencies also apply to the larger as- 
teroids. Thus, we see that the large 
satellites of the outer planets, Pluto, 
and the large asteroids-objects whose 
sizes range from a few hundred to a 
few thousand kilometers-are prime 
candidates for observations of stellar 
occultations. In principle, a systematic 
attack on the problem should yield 
information about the physical proper- 
ties and positions of these poorly un- 
derstood objects, prior to and concur- 
rent with spacecraft missions to the 
outer solar system. 

The problem remains of the mecha- 
nism and accuracy of prediction. Oc- 
cultations of stars brighter than ninth 
magnitude by the seven brightest 
planets and the four largest asteroids 
are predicted by G. E. Taylor. These 
predictions are based on a combination 
of planetary ephemerides with a mag- 
netic-tape version of the Smithsonian 
Astrophysical Observatory Star Cata- 
logue (10). The program is now being 
extended to include the Galilean satel- 
lites. On the other hand, column 8 of 
Table 3 tells us that the most frequent 
events occur with far fainter objects, 
Pluto and the satellites of Saturn, 
Uranus, and Neptune. Predictions for 
these must be performed by photo- 
graphing the sky ahead of the planet 
in question and measuring the plates 
immediately; this method has already 
been applied to Saturn's rings with 
stars down to twelfth magnitude and 
to Pluto with stars down to seven- 
teenth magnitude (11). The need for 
continuous monitoring of the sky 
ahead of Saturn, Uranus, Neptune, and 
Pluto, in relation to stars brighter than 
the photographic magnitudes listed in 
column 9 of Table 3, is apparent. 

A major source of inaccuracy in the 
predictions are errors in star positions 
and in the ephemerides of the planets 
or satellites. These errors are typically 
a few tenths of an arc second in the 
direction perpendicular to motion, and 
in certain instances, as in the 1968 oc- 
cultation by Neptune, they can exceed 
I arc second (5). Satellites whose-an- 
gular diameters are of the order of 0.1 
arc second would seem hardly worth 
mounting an expedition for. However, 
there are ways to refine the predictions, 
but it is not within the scope of this 
report to discuss them (12). The 
Galilean satellites and Titan, with an- 
gular diameters of the order of 1 
arc second, are relatively immune from 
this problem. 

Taylor (9) predicts about 23 occul- 
tations by Mars, 16 by Jupiter, 2 by 
Saturn, 1 by Uranus, and 2 by Nep- 
tune of stars brighter than ninth visual 
magnitude between 1972 and 1980. If 
these predictions are converted in terms 
of the photographic magnitudes listed 
in column 9 of Table 3, Taylor's fre- 
quencies correspond closely to those 
calculated in this report. It is interest- 
ing to note that Jupiter will be at very 
low galactic latitudes over the next 2 
years and will actually pass within a 
few degrees of the galactic center, so 
that the occultation frequencies given 
in Table 3 for Jupiter and the Galilean 
satellites should be doubled for 1972 
and 1973. 

In conclusion, I urge that a system- 
atic and expanded system of occulta- 
tion predictions be initiated to include 
stars as faint as those listed in column 
9 of Table 3 for each of the planets, 
satellites, and asteroids considered. In 
view of the short lead times (of the 
order of a few weeks) for the fainter 
and more frequent events, there should 
be a system of cooperation among ob- 
servatories, whose staffs should be on 
the lookout for predictions in Interna- 
tional Astronomical Union circulars 
and equipped to observe each event. 
The more observations there are of an 
event, the better is the probability of 
success. Moreover, an object's diameter 
can be obtained only if there exist two 
or more chords across the disk, as ob- 
served from different sites on earth 
in timing the event. The full potential 
of this undertaking can be realized 
only through cooperation and not 
through competition (13). 

Note added in proof: G. E. Taylor, 
of the Royal Greenwich Observatory, 
has recently sent me some preliminary 
predictions of three occulations of 
eighth magnitude G and K stars by 
Ganymede, two of which might be 
observed from points in South Africa 
in June 1972. Efforts are under way to 
observe these events. Of the Galilean 
satellites of Jupiter, Ganymede has the 
largest escape velocity and thus the 
highest probability of retaining an at- 
mosphere. Although the predicted in- 
tensity drops for these events are some- 
what less than 10 percent, they should 
be sufficient to answer the main ques- 
tions, given careful preparation. 

BRIAN O'LEARY* 

Division of Geological and Planetary 
Sciences and Jet Propulsion 
Laboratory, California Institute of 
Technology, Pasadena 91109 
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citation temperatures. 

We report here observations of vi- 
brational Raman scattering from flame 
gases. One motivation for these obser- 
vations is that Raman scattering can 
provide spatially resolved measurements 
of the concentration and the vibration- 
al 'and rotational excitation tempera- 
tures of flame constituents. This capa- 
bility should prove to be of substantial 
use in the diagnostics of nonequilib- 
rium as well as equilibrium phenomena. 

The work presented here is focused 
upon the observation of temperature- 
dependent effects in the spectral distri- 
bution of the Stokes Q-branch vibra- 
tional scattering. These effects arise 
predominantly from the vibration-ro- 
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Katalog (Engelmann, Bonn, Germany), vol. 
3] is also on magnetic tape and could 
be used to predict occultations of stars 
north of -2? declination, down to magnitude 
10.5. Such a program would be useful as a 
check to the existing program based on the 
star catalog of the Smithsonian Astrophysical 
Observatory and would allow a much larger 
popuation of stars to be applied to predic- 
tion of occultations by the Galilean satellites, 
Titan, Neptune, and the asteroids. 

11. This work is being carried out by G. E. 
Taylor upon special request by individual 
scientists. 

12. Studies are under way to find methods of 
sharpening predictions once the initial an- 
nouncement is made. For example, star 
positions can be remeasured on plates, and 
residuals from the ephemerides for the 
planet or satellite, or both, can be studied. 
With 2 weeks notice, it was possible to im- 
prove the accuracy of observation of the 
occultation of Beta Scorpii C by lo to 
about 0.2 arc second in the direction per- 
pendicular to the motion of the satellite. 

13. I quote a reviewer of this paper about the 
need for cooperation: "If predictions are 
to be extended in some cases to objects as 
faint as magnitude 17 or 18, this cooperation 
will have to extend to those astronomers 
with suitable astrometric instruments and 
skills. It is certainly true that predictions in 
the past have been hampered by inadequate 
astrometry, coupled with the use of ephemer- 
ides that are not as good as they should 
be (e.g. the Pluto miss in March 1971). 
Satisfactory ephemerides for all the major 
and large minor planets can and should be 
supplied; the satellites are more of a prob- 
lem, but given time this can be solved too 
(and fortunately, as the author points out, 
in some cases one has the advantage of 
size)." 

14. I thank Drs. T. Van Flandern, G. E. Taylor, 
and R. Brinkmann for helpful discussions 
and correspondences. 

* Presently at the Department of Interdis- 
ciplinary Sciences, San Francisco State 
College, California, and National Aeronautics 
and Space Administration, Ames Research 
Center, Moffett Field, California. 
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tation interaction and from significant 
populations of excited vibrational lev- 
els. From these excited levels originate 
upper-state bands (1) which are us- 
ually shifted toward the blue region 
of the spectrum. 

In Fig. 1 we show the types of fun- 
damental vibrational Raman scattering 
events that may be observed in flames. 
Earlier Raman scattering experiments 
at elevated temperatures have dealt 
with laser heating of a vapor (2), 
with studies of species in ovens at 
temperatures up to 1000?C (3), and 
with a low-pressure electric discharge 
(4). We have been unable to find any 
earlier publications concerning Raman 
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scattering in flames or in any systems 
at temperatures in excess of 1000?C. 

Our initial observations were con- 
fined to Stokes bands arising from 
4880-A incident radiation from an ar- 
gon ion laser (Coherent Radiation 
model 52B) operated for most data at 
1.5 watts. The scattered light was ana- 
lyzed by a double monochromator (Spex 
1400-II) with 5000-A blazed gratings. 
The detector was a cooled photomulti- 
plier (RCA C31000E Quantacon) op- 
erated in the pulse-counting mode with 
dark current levels of about 18 counts 
per second for this work. 

The overall experimental arrange- 
ment was designed to have the laser 
beam traveling along the direction of 
the entrance slits (that is, vertically) 
and focused at a position about 0.3 m 
from the entrance slits. The Raman- 
scattered radiation was collected by a 
multielement lens with a focal length 
of 75 mm. The width of the laser beam 
in the scattering zone was about 100 
,tm, and the height from which the 
scattered radiation was accepted (as de- 
termined by the 1-cm slit height and the 
image magnification factor of 2) was 
about 5 mm. The monochromator en- 
trance and exit slits were set to 300 
/tm, for which the spectral slit width 
was measured to be in very close agree- 
ment with the value calculated from 
the instrument dispersion curve. The 
(Rayleigh and Mie scattering) image 
of the laser beam at the entrance slits 
(as viewed by a periscope attachment 
behind the slits) showed no change 
when the flame was ignited. 

The flames studied were produced 
on a water-cooled porous plug burner 
(diameter, 2.5 cm) (5) operated hori- 
zontally and burned into another water- 
cooled porous plug (of larger diameter) 
placed about 1.5 cm away which was, 
in turn, connected to a rough vacuum 
line. In this fashion, a stable horizontal 
iflame at atmospheric pressure was 
produced which possessed the advan- 
tage of offering a scattering test zone 
of uniform conditions (that is, at a 
constant distance from the flat flame 
front) for a laser beam passing in the 
vertical direction. Scattering data for 
H2O and 02 were obtained from lean 
H2-O2 flames, whereas data for N2 
was obtained from a lean H2-air flame. 
Because of the low luminosity of these 
flames in the spectral regions of in- 
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Raman Scattering from Flames 

Abstract. Laser Raman scattering data for nitrogen, oxygen, and water vapor 
have been obtained from hydrogen-air and hydrogen-oxygen flames. The resulting 
ground-state and upper-state vibrational bands exhibit strong asymmetrical broad- 
ening. Experimental spectral profiles have been fitted theoretically to give a new 
measurement technique for the determination of rotational and vibrational ex- 
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