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Preface

Most of us, outdoors on a warm summer night, have taken passing
notice of the shooting stars which streak across the sky at random inter-
vals. Perhaps once a year or so, in a given locality, a brilliant fireball
may light up the countryside and thereby unleash a flood of telephone
calls to newspaper offices. Rarer still are the spectacular displays of
celestial fireworks associated with the really great meteor showers, which
in the past have aroused emotions ranging from delighted awe to sheer
superstitious terror. We know, of course, that these are the visibie mani-
festations of the continual bombardment of our planet by objects from
outer space, objects which vary in size from gigantic boulders with the
latent energy of an atomic bomb-—fortunately these do not occur more
frequently than once or twice a century—down to particles the size of
pinheads, which create a hundred thousand fleeting sparks a minute all
over our globe. Beyond the limits of our telescopically aided vision, we
have evidence that large numbers of still finer particles are streaming into
the atmosphere; saved from fiery destruction by their very smallness,
they drift leisurely down to earth. It may be that, as condensation
nuclei, this microscopic meteoric material literally precipitates the gentle
rain from heaven.

Although the historical records of meteoric appearances go back for
three or four thousand years, it was only around the beginning of the
nineteenth century that the first glimmerings of scientific interest showed.
Even then, few took up the study with lasting determination, and until
comparatively recently, research in meteor science was left to a small but
select group of devoted specialists. In the last two decades, though, an
increasing awareness of the influence that meteors have on man’s activi-
ties has blossomed among scientists and engineers and, to a more diffuse
extent, among the literate public. More powerful optical tools have been
complemented by the new radio observing methods, with the result that
rapid progress is being made, both in our fundamental understanding of
meteoric phenomena and in our practical utilization of the effects.

In this book we have attempted to summarize the major observational
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and theoretical developments in meteor science. As defined here, meteor
science embraces the spatial history of the particles and the effects they
create in the upper atmosphere. Field and laboratory studies of meteor-
ites are among the areas not covered. One of the alternative titles sug-
gested for this book was ‘“Meteor Science for Engineers”; in some
respects, it would not have been inappropriate. In broad terms, our aim
on the one hand has been to explain meteor science to the man who has
not specialized in meteor research but who would like to learn something
of the background—perhaps because he is engaged in scientific or engi-
neering work in which meteors may play some part or perhaps just
because he has an inquiring mind. On the other hand, the outline of the
engineering side of the meteor story has been written not primarily for
the communications engineer but rather for the scientific layman or even
the meteor research specialist who may not be acquainted with this aspect.

Only a moderate grounding in mathematics at the undergraduate level
is asked of the reader, and for much of the discussion even this is not
essential. Where necessary, though, mathematical developments have
been introduced without excuses either for the difficulties they might
present to some readers or for the lack of rigor and completeness that
might be apparent to others. A somewhat tutorial tone may be detected
at times, although there are no neat problems for the student to solve
with tidy answers at the back of the book. One of the themes through-
out, in fact, is that we lack satisfactory solutions to a great many ques-
tions in meteor science. Some of these solutions will undoubtedly be
found through the interlocking efforts of scientists in many disciplines,
because the study of meteors, once the prerogative of a select group of
astronomers, has spread across the borders of several sciences.

I wish to express my gratitude and appreciation to my colleagues all
over the world on whose work, both published and unpublished, I have
drawn freely. Personal acknowledgments are due to P. M. Millman,
J. 8. Greenhow, R. E. McCrosky, L. C. Parode, G. W. L. Davis, J. G.
Davies, and G. S. Hawkins for the use of material in advance of publica-
tion. F. L. Whipple, A. F. Cook, J. H. Crysdale, and C. O. Hines have
responded with very helpful comments on certain sections. My greatest
debt is to Larry Manning, Allen McNamara, Peter Millman, and my wife
Barbara, who each waded through the entire manuscript and offered
highly valued, though sometimes widely divergent, advice on what should
have been changed, added, or thrown out. The reader must, of course,
assess me with any shortcomings that may be apparent.

D. W. R. McKinley
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CHAPTER |

Historical Survey

1-1. What is a meteor? Naturally the Greeks had a word for it—
perewpoy, or more commonly the plural uperewpo—meaning literally
“raised beyond” or ‘“things up in the air.”” Asrecently as the eighteenth
century the term was applied to the aurora as well, and also to many
phenomena in the lower atmosphere, such as lightning, rain, snow and
hail, cloud formations, and rainbows, which in these days are encompassed
by the science of weather known as meteorology. Contemporary
meteorologists often use the word as a prefix or suffix (for example, a
raindrop is a hydrometeor) but rarely if ever by itself in the archaic
general sense. The word meteor now refers to the streak of light or
““shooting star” that is seen in the night sky when a small object, known
as a meteoroid, enters the earth’s atmosphere at high speed and dissipates
its energy and substance in a brief blaze. If the event is spectacularly
brilliant the term fireball may be used, and if the object appears to
explode it is called a detonating fireball or bolide. Over the entire earth
it is estimated that from one to two hundred million visible meteors burn
themselves out daily in our upper air.

Very rarely, a residual fragment of a large meteoroid may survive the
fiery plunge and drop to the ground as a meteorite, often breaking up into
many small pieces. Perhaps 30 meteorites may descend each day over
land and sea, but few are recovered. The actuarial statistics on the prob-
ability of being killed by one of these chunks of celestial minerals are most
reassuring. In recorded history there is no truly authenticated instance
of a human death from this cause, and only one case of injury has been
proved in recent times, when in 1954 an Alabama housewife received a
glancing blow from a meteorite which fell through the roof of her home.*
No radio record of a meteorite-dropping fireball seems to have been con-
firmed yet, although this should not be surprising in view of the relatively

* In a comprehensive and well-documented article on the effects of meteorites upon
the earth LaPaz (1958) discusses the past history and the future probabilities of hits
on human targets, and in this particular case he adds the colorful comment * . . .
in fact, even the Sylacauga [Alabama] meteorite did not score a direct hit on Mrs.
Hodges, but rather clobbered her on the first bounce!”’

1
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insignificant fraction of the earth’s area which has been monitored during
the short history of radio observing methods. Recently, Czechoslovakian
meteor observers were fortunate enough to photograph the luminous path
of a bolide, from which several fragments were recovered (Ceplecha,
Rajckl, and Sehnal, 1959).* Much valuable information can be gleaned
from laboratory examinations of meteorites, though these studies lie out-
side the scope of this book.

At the other end of the scale there are the minute particles which
Whipple has aptly termed micrometeorites. A micrometeorite has a
large surface area relative to its mass. Therefore its kinetic energy,
when converted to heat by collisions with air particles, is radiated away
at low temperatures and the meteoroid does not vaporize. The larger
micrometeorites may melt into small globules without much loss of mass,
while the smaller ones may not reach the point of incandescence. Micro-
meteorites cannot be detected by optical or radio methods but their
presence is made known through suitable instrumentation borne aloft, by
rockets and satellites. Some days or weeks after they enter the atmos-
phere they drift down to earth and may be trapped by exposed sticky
surfaces. The more general term meteoric dust embraces the range of
micrometeorites and includes motes and finer debris which may be
ascribed to a meteoric origin.

Most of the visible radiation from a meteor comes from the immediate
vicinity of the vaporizing meteoroid, known as the head of the meteor,
and the object therefore appears as a moving point of light to an observer.
Sudden and brief enhancements of the light during the meteor’s passage
are termed flares or bursts. A brighter meteor sometimes leaves a faintly
glowing train along its path behind the head, which may be described as a
wake if the glow lasts for less than a second, or as a persistent train if the
duration is longer. The meteor path is defined as the geometrical line of
motion of the meteoroid; it is usually applied to the straight-line segment
that is visible, or detectable by instruments, but it may be extended to
any part of the orbit in space. The projection of the visible path on the
observer’s celestial sphere has been called the meteor trail in certain reduc-
tion procedures in visual and photographic work. In this sense the trail
length is an angular measurement. More recently, many radio observers
have adopted the word ¢rail when they refer to the train of ionization left
in or near the path of the meteor. We shall accept both interpretations,
since the context will generally resolve any lingering ambiguity. The
phrases “visual meteors,” “photographic meteors,” “telescopic meteors,”

* The bibliography, pp. 284-296, is arranged in alphabetical order by the name of
the first author, followed by the year of publication. A listed reference is identified in
the main text or in the figure captions by the name of the author (either in or cut of
parentheses) followed by the date (always in parentheses).
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and “radio meteors’’ are convenient shorthand expressions which are
often used to indicate the association with the particular observing
technique.

The radiant of a meteor is the point where the meteor path intersects
the celestial sphere, or, if you prefer, the point at infinity on the meteor
path, assuming a linear extension backward of the visible line segment.
In more down-to-earth terms the radiant is the spot in the sky from
which the meteor appears to have come. This is clearly brought out
when a shower radiant is active. In this case numbers of shower meteors
from the same radiant are seen crossing the sky in all directions: their
paths, extrapolated backward, all appear to originate in a common point.
The effect is one of perspective, of course, for all of the shower meteors
are actually moving in parallel paths. A sporadic or nonshower meteor is
one which is not a member of a recognized shower. The term sporadic
should not be taken to mean that these meteors occur infrequently.
Over a period of a year it is found that the number of sporadics greatly
outweighs the total number of meteors belonging to the well-known
showers, particularly if the counts are extended to the very faint meteors.
For this reason some preference may be expressed for the alternative
designation, nonshower meteor, keeping in mind that, as techniques
improve, an appreciable number of such meteors may be shown to belong
to minor showers which are at present difficult to delineate.

The reader will be quick to notice that the word ‘““meteor,”” as used both
in this book and in much of the contemporary literature, is not confined
solely to the visible streak of light in the sky. Quite frequently it is
applied to other associated aspects of the phenomenon, such as the
meteoroid itself. Furthermore, the word is often employed as an adjec-
tive in place of the pedantically correct “meteoric.” Consciously or
otherwise, scientific writers may tend to avoid the longer form of the
adjective because of its popular association with any sudden or spectac-
ular achievement. A ‘‘meteoric rise”’ in a man’s career may well merit
congratulations, but the approval should be tempered by thoughts of
some other connotations of the simile. Even a moderately bright meteor
can generate energy at a rate of thousands of horsepower, but its life is
inevitably brief and fleeting and its trajectory is always down to earth,
never upward. In discussing meteor observations and techniques we
shall use the shorter form more often than not, but there will be occasions
in analysing meteoric phenomena when the longer form will fall more
naturally into context.

1-2. Ancient records. The chronicler of the flight of the children of
Israel from Egypt may have been inspired by his own or contemporary
observations of brilliant fireballs when he created the very striking
metaphor “by day in a pillar of a cloud . . . and by night in a pillar of
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fire” (Exodus 13:20)—words which aptly describe the daylight dust
clouds or nighttime glowing trains left by extremely large meteors. The
Book of Joshua (10:11) relates that ‘“the Lord cast down great stones
from heaven,” and while these are later described as hailstones it seems
quite possible that the stones may actually have been meteorites in this
case (Olivier, 1925). If so, one would be compeiled to revise the rather
sweeping actuarial statistics mentioned in the previous section, since the
account goes on to say ‘“they were more which died with hailstones than
they whom the children of Israel slew with the sword,” but it is admit-
tedly difficult to obtain independent corroboration at this late date.

Evidence of ancient meteor occurrences is available in Chinese and
Japanese records (Imoto and Hasegawa, 1958) and in Biot’s (1846)
catalog of étoiles filantes. The earliest account, dated 1809 B.c., mentions
that ““many stars flew, crossing each other.” In 687 B.c., during the era
of Chou Chuang Wang, the stars were said to fall like a shower, which
appears to be the first known record of the annual Lyrid shower. Grecian
writings tell of a meteorite, large as a cart, which fell in Thrace in 467 B.c.
The awe and veneration accorded in many countries to these mysterious
invaders are revealed by their adoption as symbols of worship by both
savage and civilized peoples. In Greece and Rome temples are believed
to have been erected to house them, and there is evidence to support a
meteorical origin for the sacred black stone in the shrine at Mececa,
toward which Mohammedans face when praying. In the Western
Hemisphere meteorites have been found in the burial mounds of North
American Indians and in an Aztec temple (Olivier, 1925). From the
fall of Rome down through the Middle Ages, the classical literature
abounds in references to very bright meteors, meteorites, and striking
showers. While the language used was often allegorical and the dates
and other features of the occurrences are difficult to pin down with pre-
cision, it is nevertheless possible to trace back for centuries several of the
prominent meteor showers of modern times. For example, the annual
Perseid shower made its imprint on history at least a dozen times between
A.D. 36 and a.p. 1451, and the Delta Aquarids may claim a verified lineage
extending back to A.p. 401.

Many of the Greek and Roman writers, unhampered by scientific
knowledge, were quite convinced that stones did fall from outer space,
and that meteor showers were displays of truly celestial fireworks. In
contrast, toward the end of the eighteenth century we find the Academy
of Science in France declaring unequivocally that a meteorite, which
had actually been seen to fall by numerous eyewitnesses, was merely an
earthly stone that had been struck by lightning. Similar disbelief and
ridicule were expressed by the learned authorities in several other cases.
Not until Biot carried out a careful and detailed examination of one fall
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of stones, and proved beyond doubt that they were indeed of extra-
terrestrial origin, were the doubting scientists convinced of what the
ancients had intuitively known.

1-3. Nineteenth-century observations. The astronomer Chladni put
forward in 1794 the theory that space is filled with flying particles which
are ignited by friction when they encounter the earth’s upper atmosphere.
Inspired by this suggestion, Brandes and Benzenberg, students at the
University of Gottingen, carried out in 1798 simultaneous observations
of meteors from two locations separated by several miles. They were
able to demonstrate that the streaks of light were located about sixty
miles above the earth’s surface, and that the speeds of the particles were
of the order of planetary velocities; hence the particles must have arrived
from well outside the earth. Despite the crudeness of their triangulation
methods it may safely be said that these two German students were the
founders of modern observing techniques in this field. It turned out,
though, that they were years ahead of their time, because enthusiasm for
meteor astronomy lagged and stumbled for more than three decades after
their pioneering achievements. It needed an amazing spectacle in the
heavens to cause a resurgence of scientific investigation, as well as to
arouse a widespread public interest.

This inspiring spectacle was the famous Leonid shower of 1833. On
the night of Nov. 12-13 a tempest of falling stars broke loose all over
North America. From Halifax to the Gulf of Mexico thousands of
entranced observers watched as myriads of shooting stars laced across
the sky and majestic fireballs lit up the ground below. The ignorant and
superstitious thought the Day of Judgment had come, but the more
enlightened regarded it rightly as a natural, though uncommeon, event
and one of most unusual splendor. Among the observers were several
of scientific training who noted a remarkable feature common to all the
streaks of light, namely, that they all appeared to come from the same
part of the sky, in the constellation Leo. This radiant point moved in
company with the stars as the night wore on, and hence it was independ-
ent of the earth and its rotation. One of the eyewitnesses, Professor
Olmstead of Yale University, concluded that the meteors must therefore
be traveling in parallel paths, hence the apparent divergence in the sky
was simply a perspective effect. Furthermore, he was able to state that
the point of origin must be at least several thousand miles above the
earth. Some of Olmstead’s other conclusions, such as that the velocity
of the meteors was about four miles per second and that they came from
a nebulous body which revolved around the sun with a period of six
months, failed to stand up under more accurate observations made much
later, but his bold and imaginative analysis of the phenomena firmly
established meteor science as an integral part of astronomy.
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In the years immediately after 1833 the activity of the November
Leonids fell off markedly, but scientific attention, now aroused, was
drawn to other evidences of recurrent meteor showers. From medieval
times notice had been taken of the appreciable, although not startling,
increase in the numbers of shooting stars seen during a few days each
August. These were known as the “tears of St. Lawrence,” after the
saint whose festival was celebrated on the 10th of August. It was shown
by Quételet of Brussels and confirmed by American observers that these
meteors had their radiant point in the constellation Perseus, whence their

Fig. 1-1. A drawing by Albert Tissandier, entitled ““Shooting Stars Seen from a Bal-
loon, 1870,” which originally appeared in the book “Travels in the Air,”’ edited by
James Glaisher, 1871. (Reproduction courtesy of King Penguin Books, Lid.)

present name, Perseids. Other annual showers came under scrutiny in
this period, for example, the Quadrantids in January, the Lyrids in April,
and the Delta Aquarids of late July.

The main emphasis in the early work was on meteor counts and radiant
positions. Rough values for the meteor velocities could be deduced, but
these were quite inadequate for orbital calculations, for which the para-
bolic heliocentric velocity of 42 km/sec usually had to be assumed. At
the earth’s distance from the sun, particles moving with less than the
parabolic velocity will follow closed elliptical orbits while higher velocities
will be associated with objects in open or hyperbolic orbits. The latter
therefore make only one pass around the sun and then disappear into
interstellar space. Accurate measurement of meteor velocities is neces-
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sary for the computation of orbits of individual meteors. Velocity
information is also required to determine the orbits of those annual
showers which show little or no evidence of an orbital period. The long-
standing controversy about nonshower meteors, which some have asserted
to come largely from interstellar space and others have considered to
belong almost entirely to the solar system, can be unequivocally settled
only when precise orbital information is available for a statistically suffi-
cient sample of the meteor population.

The great Leonid shower of 1833 revived memories of a similar display
which occurred in November of 1799. Three men, H. A. Newton (1865),
a professor of mathematics at Yale, A. C. Twining of West Point, N.Y.,
and the Italian astronomer Schiaparelli (1866) in his monumental work
on meteors, known simply as Sternschnuppen (meaning literally *“snuffed-
out stars’), each independently noted that the two events might be
related and, if so, the next return of the Leonids would be scheduled for
1866. This prediction was most gratifyingly confirmed by a magnificent
celestial show on the night of Nov. 13, 1866. The shower came back in
fair strength in 1867 and 1868 and then tapered off in succeeding years.
Its anticipated return as a major spectacle in 1899 was widely heralded
in the popular press, and there was bitter disappointment when the
shower failed to produce more than a scattering of meteors. What had
happened was not difficult to explain—in fact, computations made many
years earlier by Adams of Cambridge University should have warned
that the Leonids were likely to be off course in 1899—but the explanation
did little to restore the layman’s lost faith in scientific predictions. The
orbit had been calculated with fair precision (from known data on the
radiant position and the period of revolution, which was taken as 33.25
years), and it was shown that the stream would make close approaches
to Saturn in 1870 and to Jupiter in 1898. The resultant perturbations by
these great planets shifted the main orbit well over a million miles inside
the earth’s orbit on the 1899 date, and may also have scattered the
individual members of the stream rather widely. Since that time a few
Leonids have been seen each year, and in the years 1932 to 1935 an
appreciable increase in the rates was recorded, but the intensity was
insignificant in comparison with the phenomenal displays of 1799, 1833,
and 1866. It is highly improbable that we shall ever again witness the
full fury of the Leonid storm.

About the middle of the century several eminent scientists pointed out
that the orbital elements of certain comets coincided remarkably closely
with those of some meteor showers. The orbit of the Leonid meteors
was identified with that of Comet 1866 I (Tempel’s comet). Schia-
parelli brilliantly demonstrated the agreement between the paths of
Comet 1862 III and the August Perseid meteors, despite the fact that
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neither a good velocity measurement nor a reliable indication of the
periodicity was available for this shower. The Lyrids in April were
shown by Professor E. Weiss of Vienna to follow the path of Comet
1861 I. Perhaps the most conclusive evidence for cometary associations
was deduced from the remarkable behavior of Biela’s comet, discovered
in 1826. This rather faint and unspectacular object was proved to have
been seen on at least two earlier occasions, in 1772 and 1805. It reap-
peared in 1832, but in 1846 it was observed to have split into two parts.
The pair, separated considerably, were seen again in 1852 for the last
time. However, in 1872, a magnificient meteor shower occurred just as
the earth passed through the comet’s orbit, and this observation strongly
confirmed Kirkwood’s suggestion that meteor showers are the debris of
ancient comets. It should be noted, though, that before the comet
divided, the Bielid shower had made several appearances as far back as
1741. 'Therefore it should not be assumed that a comet must necessarily
disintegrate before a meteor shower is produced. The comets connected
with the Leonids, Lyrids, and Perseids are still moving in their courses
each as a relatively compact aggregation, and these comets were dis-
covered only in the nineteenth century, long after the showers themselves
were first observed. In the case of a very old shower like the Perseids,
the particles have become distributed fairly uniformly around the orbit
of the parent comet so that little or no trace of the comet’s own periodicity
is left, and each year we encounter a shower of roughly similar strength.
Younger showers, for example, the Giacobinids, show strong concentra-
tions near the point on the orbit where the comet is, or was, located.

In the latter half of the century hundreds of lesser showers were
recorded. Denning (1899) lists over 4,000 radiants in his Catalogue.
While still serving as a qualitative guide to the general distribution of
meteor showers, Denning’s Catalogue is now mainly of historical interest,
because many of his radiant positions depended upon too few data and
have hence been discarded as spurious, while the value of much of the
remainder of his material has been made obsolete by modern techniques.

In 1848, a German physician named Mayer proposed a ‘‘meteoric
hypothesis” to account for the conservation of the sun’s energy—this
was long before the rise of nuclear physics. He claimed that the infall of
meteors into the sun would transfer enough kinetic energy to balance the
sun’s radiation loss, and the suggestion even received serious considera-
tion for a time from Lord Kelvin himself. This mechanism we now know
to be hopelessly inadequate, but in those days, when the riddle of the
sun’s energy was sorely perplexing, any theory with even a smattering of
plausibility was accorded some attention. The ‘“meteoric hypothesis”
was not confined to the sun but was extended to the creation of the
planets. Sir Norman Lockyer (1890) widened the field to the entire
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universe by proposing that “all self-luminous bodies in the celestial space
are composed either of swarms of meteorites or of masses of meteoric
vapour produced by heat. New stars . . . are produced by the clash
of meteor-swarms”’! The ‘“meteoric hypothesis” has long since dropped
into limbo, but an occasional revival of its memory may serve to
remind us that modern theories can also overreach themselves if extended
too far from a firm base of observation and experiment.

1-4. Modern visual and photographic observations. It has been
rather sweepingly remarked that the observational science of meteors is
one in which the amateur and professional are on equal footing. This
has been true for the past hundred years in visual observing, since the
only basic equipment needed is a star chart and pencil, together with a
reasonably accurate clock. More than any other man, Charles P. Olivier
(1960) has been responsible for the activities of the American Meteor
Society, which was founded in 1911 as an organization dedicated to the
collection of visual data on meteors and fireballs. Small groups of
amateur observers all over the country report on their meteor counts and
magnitudes, which are usually taken during well-known shower periods,
and in some cases they furnish plots of the meteor trails done on a simpli-
fied mimeographed star chart. A similar clearing house for Canadian
observations has been conducted by Peter M. Millman at Ottawa.
Figure 1-2 shows a group of visual observers under Millman’s supervision.

Fic. 1-2. Eight visual observers, with a recorder in the center, plot meteors during the
combined visual-radio program conducted by the Dominion Observatory and the
National Research Council, Ottawa. (Courtesy of P. M. Millman.)
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Rather than use a star chart during their observations, the British
observers, under the influence of Prentice, have evolved a technique
whereby they write down or call off to a recorder the position of the trail in
relation to the star background, and the information is plotted later.
Greater accuracy is obtained in this way, but one must possess a very
intimate knowledge of the names and positions of all stars down to at
least the third magnitude,* which can be acquired only with years of
practice. Variations in the methods have also been used; for example,
wire graticules have been placed in front of the observer’s field of view to
provide a frame of reference.

For many years, only visual data were available for computations of
radiant positions, hourly rates, and magnitude distributions. Observa-
tions with binoculars and telescopes extended the limit of detectability
from the fifth magnitude, which is about the faintest that can be scen by
the unaided eye, to the twelfth or thirteenth magnitude. A great deal of
patience is required in telescopic work since a long time may pass without
seeing any meteors because of the small field of view. Only rough
estimates of velocity could be obtained in these visual methods, owing to
the large timing errors involved. Opik (1934) designed an ingenious
rocking-mirror device to improve the accuracy of visual velocity measure-
ments. The observer watched the sky as reflected in the moving mirror,
and when a meteor occurred, the trail appeared to have a number of kinks
or whorls in it, because of the mirror’s motion, from which the velocity
could be deduced.

For most purposes the modern photographic and radio techniques
provide data that are far more accurate than can be obtained from any
of the visual methods. This should not imply that there is no longer a
place for visual work. In magnitude relations, in particular, the visual
records continue to be highly important, and both the photographic and
the radio magnitude scales are referred to the visual one. The eye can
detect meteors three or four magnitudes fainter than those which can be
photographed by typical small cameras employed in direct and spectro-
scopic photography. The Super-Schmidt meteor cameras have reduced
this differential to about one magnitude, but there are few such instru-
ments available. The sensitivity of radio gear used in meteor work is
usually well in excess of that of the naked eye—in fact, radio equipments
can be designed to compete very favorably with powerful optical tele-
scopes in this regard—but radio gives information about the trail ioniza-
tion only, and it is often desirable to have simultaneous evidence about the
visible aspects of individual meteors. Even where the visual observations
serve no other purpose, they are essential in photographic work to establish
the instant at which a meteor occurs during a lengthy time exposure.

* See Sec. 2-2 for a definition of magnitude.
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Since the 1890s a great deal of information about meteors has been
garnered from photographic plates which were exposed for other reasons.
For example, the Harvard photographic patrol program was originally
set up to take routine time exposures of the night sky, thus providing a
long-term record which could be scanned for particular purposes, such
as the orbital studies of comets and asteroids and the detection of variable
stars. From as far back as 1896, meteors have appeared on the Harvard
patrol plates. So useful were the data obtained that two modifications
of the regular patrol program were introduced in the thirties by Whipple
(1938) which enhanced the value of the records in meteor work. One
was to place a rotating shutter in front of the lens; this chopped up the
trail image into segments from which the angular velocity could be
measured. The second was to mount two cameras 38 km apart, each
directed to the same sky area; this enabled the path parameters to be
completely determined, using the star images as reference data. The
pioneering experiments with this technique were actually carried out
many years before by Elkin of Yale. Between 1893 and 1909 he recorded
about 130 meteor trails, using a bicycle-wheel shutter in front of his
cameras. Unfortunately, Elkin’s baselines were only 3.3 and 5.0 km
long, which were much too short for accurate height measurements.
Dr. W. J. Fisher of Harvard further improved the design of rotating-
shutter cameras, though the fruits of his work were harvested by others.
Several independent groups in England, Czechoslovakia, Canada, and
Russia used the rotating-shutter method prior to 1939 with varying
degrees of success. None of these groups appear to have embarked on
sustained or major systematic programs. Harvard has maintained its
preeminence in this area up to the present, followed by the Canadian
work (Millman, 1959a) and the Russian researches (Katasev, 1957).
Jodrell Bank is a comparatively recent entrant in the field (Davis,
Greenhow, and Hall, 1959a).

While he was at Harvard in the thirties, Peter M. Millman initiated a
comprehensive program on meteor spectrography, the first to be under-
taken anywhere (Millman, 1932, 1935). Up to that time the historical
records showed a total of only eight spectra, dating back as far as 1897.
Visual spectroscopy had been attempted earlier, and, in fact, the astron-
omer Herschel is reputed to have observed a meteor spectrum in 1864
while looking at the spectrum of Capella. However, the direct visual
method is both frustrating and unrewarding and has been discarded in
favor of the photographic plate. Glass prisms were used in front of the
camera lens in the early days, but the trend is now toward replica grat-
ings. Millman, who is the acknowledged world authority on meteor
spectra, has continued his researches up to the present time. His list of
all meteor spectra available up to the end of 1958 (Millman, 1959¢) com-
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prises 318 specimens, including a significant representation from Czecho-
slovakia and the U.S.S.R. Of this number Millman himself has obtained
over one hundred spectra on programs under his direction, and the over-
all Canadian contribution to this list is nearly half of the total.

Shortly after World War II, James G. Baker of Harvard undertook the
design of the Super-Schmidt meteor camera specifically for meteor
photography. Six of these cameras have been produced by the Perkin-
Elmer Corporation; four are employed on various Harvard programs
both in Massachusetts and New Mexico, and two were obtained by the
Dominion Observatory in Canada and installed at stations in northern

F16. 1-3. The Super-Schmidt meteor camera in its equatorial yoke. The drive mecha-
nism is housed in the base at the right-hand side. The camera is shown opened for a
film change. (Dominion Observatory photograph.)

Alberta. Figure 1-3 shows the instrument, which stands 8 ft high when
mounted on its pedestal. The ratio of the focal length to aperture of
this camera is 0.65, and the field of view is about 55°; hence very sig-
nificant improvements in both sensitivity and coverage have been
obtained over the more conventional types. A Schmidt camera of some-
what similar design has been built in England and is being used at the
Jodrell Bank Experimental Station.

Photoelectric instruments designed for purposes such as the measure-
ment of auroral activity, the light of the night sky, or the light curves of
variable stars, have often recorded the passage of meteors, but only
incidentally to their main functions. In 1949, photoelectric equipment
was designed and built at Ottawa specifically for the detection of meteors
(McKinley and McKinley, 1951).  Although this instrument was moder-
ately successful, it has not beén used extensively, mainly because in its

B
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original form it was not sensitive to meteors fainter than the second
magnitude. As far as we are aware, Astavin-Razumin (1958), in Russia,
has developed the only other photoelectric equipment designed exclu-
sively for meteor work, though remarks in the literature suggest that the
possibilities have certainly been considered elsewhere.

1-6. Radio observations prior to 1939. In contrast to the visual,
photographie, spectrographic, and photoelectric observations, which
may be described as passive techniques because the detected energy is
solely that which is radiated by the meteor, the radio methods are entirely
active; that is, the primary energy is produced on the ground by means of
a radio-frequency generator or transmitter, and a small fraction of this
energy is scattered from the electrons created in the meteor trail back to
a radio receiver on the ground. It should be made clear from the outset
that the radio equipment does not pick up an echo from the meteoroid
itself. Some energy is scattered back from the small moving particle,
but it is usually too weak by several orders of magnitude to be detected.
True, a very powerful radar system should be able to “see’” a large
meteoroid a hundred or more miles away, but the body would have to be
of the order of a meter in diameter—a very rare object and one which
would probably fall to earth as a meteorite. On the other hand, even a
very small meteoric particle, less than the size of a pinhead, can create
a long trail of ionization behind it when it strikes the atmosphere about
100 km above us. The total sum of the radio waves scattered back from
all parts of this column of ionization, which may be tens of kilometers
long at a given moment, will add up to a substantial echo even if very
moderate transmitter powers are employed. A relatively small meteoroid
thus leaves a radar target in its wake which not only is very much larger
than that offered by the cross-sectional area of the particle alone but
which may remain suspended in space for several seconds or even minutes
after the particle has disappeared into dust and atoms. Figure 1-4 is a
photographic record of the cathode-ray display of a meteor radar set and
shows a range-time presentation of three meteor echoes.

Although the above introductory remarks anticipate the developments
in later chapters, they have been inserted here to afford the reader an
advantage over the radio pioneers and to permit him to appreciate more
fully their early efforts to comprehend the effects of meteors on radio-
wave propagation. Radio science was itself just beginning to be estab-
lished as a valuable field of fundamental research when Appleton and
Barnett (1925), in England, and Breit and Tuve (1926), in the United
States, published their studies of reflections of radio waves from ionized
layers in the upper atmosphere. The pulse technique of Breit and Tuve
is the basis of modern radar, which, in a variety of forms, has provided us
with much of our present knowledge of meteors.
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Around 1929-1930, a number of investigators of ionospheric phenomena
remarked on some unusual nighttime radio echoes from the E region,
which is located approximately 100 km above the earth’s surface. The
observations suggested that the density of ionization was suddenly
enhanced for a short period of time. Solar radiation had previously been
shown to account for the normal increase in E-region ionization by day,
but it seemed unlikely that the sun could cause these anomalous effects
during the night. Appleton (1930), in England, concluded that some
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Fic. 1-4. Radar echoes from meteors. Range, or distance from the radar station,
is the ordinate, and time is the abscissa. The lower right-hand echo is due to a meteor
which has been detected as it approached the station; the other two echoes were
detected as those meteors receded from the station. The diamond-shaped markers at
the bottom were actuated by visual observers who saw the meteors in the sky.

unidentified ionizing agency must be acting on the dark side of the earth
also, and Heising (1928) said that the effects seemed to be caused by
great masses of electrons tossed suddenly into the atmosphere.

Perhaps the first man to go on record as attributing the phenomenon to
meteors was Nagaoka (1929) of Japan, although his proposed mechanism
was quite the opposite of that which we now believe to be the case. He
thought that the ionization created by the meteor would be negligible in
comparison with the ionization already existing in the E region, and
that the effect of the meteoric particle would be to sweep away the elec-
trons in its path, thus reducing the electron density and causing a local
discontinuity in the refractive index of the ionosphere. However,
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Skellett (1931, 1935), in the United States, is credited with the realization
that the meteor adds rather than subtracts ionization. He and his col-
leagues at the Bell Telephone Laboratories, Schafer and Goodall (1932),
were able to demonstrate that meteors were directly associated with some
of the anomalous ionospheric echoes. Their work during the 1931 and
1932 returns of the Leonid shower, weak as these displays were by com-
parison with the famous spectacles of the nineteenth century, showed
beyond any doubt that the transient echoes in the E region were cor-
related with the passage of bright meteors.

In the early thirties these discoveries were followed up all over the
world: by Mitra, Syam, and Ghose (1934) in India; by Minohara and
Ito (1933) in Japan; and by Appleton, Naismith, and Ingram (1937)
during their observations on the 1932-1933 Polar Year Expedition.
Eckersley (1932, 1937), in England, was able to measure the heights at
which the echoes occurred and to determine their durations and daily
variations in numbers, but he does not appear to have enlarged on the
probable association of the echoes with meteors. It remained for
Skellett (1938) to reassert his earlier stand. This was supported by
contemporary measurements made by Appleton and Piddington (1938)
on the size and density of the ionized clouds causing the echoes. Their
results implied that the clouds had relatively small linear dimensions, less
than 30 m, and that they occurred between the heights of 80 and 160 km
with a maximum concentration at 115 km. It was noted by many
observers that occasional radio contacts between two ground stations
could be obtained over longer distances and on considerably higher radio
frequencies than one would expect the normal ionosphere to be capable of
supporting. These effects were attributed to the creation of local clouds
of ionization in the lower ionosphere, known as E-sporadic clouds, and
Pierce (1938) of Harvard pointed out that meteoric ionization could
account for some types of these clouds.

By the end of 1939, it had been established that meteors were certainly
a factor to be considered in some aspects of radio propagation. However,
the majority of the observations had been carried out from the viewpoint
of the radio scientist, whose primary aim was the study of ionization in
the upper atmosphere and its influence on the propagation of radio waves.
There were few, if any, indications that radio had yet been recognized as a
powerful tool with which new knowledge about the century-old science of
meteors might be wrested from nature. In particular there does not
appear to have been much active collaboration between radio men and
meteor astronomers working in the well-established visual and photo-
graphic fields. An exception to this statement might be made in the
case of Harvard, where Pierce and Whipple, while following independent
researches, were in a position to compare notes closely.
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1-6. Radio observations since 1939. Although the outbreak of World
War II naturally postponed plans for fundamental radio researches,
meteors certainly made their presence felt in wartime radar operations,
The equipment used in England at the beginning of the war to provide
long-range warning of the approach of aircraft operated on relatively
long radio wavelengths, in the range A = 7 to 15 m. During the early
days of radar, the operators of these aircraft-warning sets were occasion-
ally misled by false targets produced by bright meteors. With experi-
ence, though, the echoes could usually be recognized as meteoric targets
and discounted for military purposes. Later on, from January, 1945, to
July, 1946, it was possible to use the early-warning radars in a systematic
meteor-observing program (Eastwood and Mercer, 1948). British Army
gun-laying radars, working on wavelengths in the neighborhood of 4 or
5 m, also detected the trails left by the celestial invaders; this was par-
ticularly noticeable during the V-2 rocket raids on London in 1944. The
Army chain was kept in operation for a few months after the close of
hostilities, particularly to investigate the meteor echoes in more detail.
Hey and Stewart (1947) carried out a very comprehensive analysis of
the Army radar data in a paper which may properly be regarded as the
most significant advance up to that time in our understanding of radio
echoes from meteors.

In the United States, during 1943-1944, continuous records were made
by engineers of the Federal Communications Commission of the signals
received from several high-power frequency-modulated transmitting sta-
tions which were operating on carrier frequencies in the neighborhood of
45 Me/sec. Allen (1948) reports that short bursts of signal strength
were observed, enduring a few tenths of a second to several seconds, which
in some instances were directly correlated with visual observations of
bright meteors. The daily variation of these burst rates was found to
show a maximum about 0600 hours local time and a minimum around
1800 hours. The annual distribution of the burst rates given by Allen
covers an entire year, and it is strikingly similar to meteor distributions
obtained ten years later on surveys employing more sophisticated
methods. This work might be regarded as the pioneering research in the
field of forward-scatter transmissions via meteors. Short passages of
speech or music were heard with clarity during the bursts, even though
the distance between transmitter and receiver was as great as 1,370 miles
in some of the tests. However, the forward-scatter technique lay
dormant until the 1950s, when the practical possibilities of meteor com-
munications were recognized. In the meantime, most of our information
about radio meteors has come from backscatter observations, wherein the
transmitter and receiver are located at or near the same site.

The first organized program of combined visual and radar observations

Sgc. 1-6] HISTORICAL SURVEY 17

was carried out in Japan in 1944. Huruhata (1949) and his associates at
the University of Tokyo used a 25-Mec/sec radar during the Perseid,
Orionid, and Geminid showers and were able to demonstrate a positive
correlation between some of the echoes and simultaneously observed
visual meteors. The observational data for their published relation
between radar echo duration and visual meteor magnitude antedate
similar measurements made in Europe and North America.

A novel aspect of the meteoric reflections was described by two Indian
radio engineers, Chamanlal and Venkatareman (1941). They found
that, when listening to a radio receiver tuned to an unmodulated short-
wave transmitter, audible whistles could be heard which were short-lived
and usually descending in pitch. This “radio Doppler effect” was cor-
rectly interpreted as a heterodyne beat between the transmitted wave and
the wave reflected from a moving target. However, they assumed that
the descending pitch of the beat note was due entirely to rapid retardation
of the meteor whereas, as Appleton and Naismith (1947) have pointed
out, the effect should properly be construed as due to the change in appar-
ent radial velocity that is observed when the meteor is moving with a
relatively constant linear velocity across the observer’s line of sight.
The current radio methods of measuring meteor velocities are based on
this Doppler effect.

Even as the great Leonid spectacle of 1833 first generated intense scien-
tific interest in meteors, a similar twentieth-century event spurred on the
radio scientists. This event, for which the stage had been set by the
great technological advances of World War II, was the Giacobinid
shower on the night of Oct. 9-10, 1946. The Giacobinid meteors are
associated with the Giacobini-Zinner comet (Comet 1900 III), which has
a period of about 6.5 years. It was first discovered by Giacobini in 1900
and found again by Zinner in 1913. In 1933 the earth crossed the
cometary orbit about eighty days after the comet, and a meteor shower
was seen which, if not as spectacular as the 1833 or 1866 Leonids, was
certainly the most brilliant of this century, with visual rates running as
high as 5,000 hr~! during the few minutes of peak activity. In 1939 the
earth was 136 days ahead of the comet and no shower was seen. In 1946,
though, the earth was only 15 days behind the comet, and the predicted
shower lived fully up to expectations. The comet’s orbit was perturbed
slightly by Jupiter before the 1959 return and very few Giacobinids were
seen in that year.

The 1946 event was covered in Europe and North America by groups
of scientists employing conventional visual and photographic methods,
augmented by independent radio programs organized by several teams
using mainly wartime radars adapted for the purpose. In the United
States, the Army operated 21 radars on frequencies of 100, 600, 1,200,
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3,000, and 10,000 Mc/sec (Stewart, Ference, Slattery, and Zahl, 1947),
and it was found that meteor echoes were seen with the 100-Mc/sec
equipments only, which were modified SCR-270 radars—a type familiar
to many World War II servicemen. The National Bureau of Standards
also used an SCR-270 set (Bateman, McNish, and Pineo, 1946). In both
experiments a very substantial maximum in the echo rates was noted
between 2200 and 2300 hours local time on Oct. 9. A record obtained by
Pierce (1947) with a 3.5-Mc/sec pulsed ionospheric sounder showed that
the meteors were coming into the atmosphere in such great numbers that
a temporary ionosphere, with a minimum height of 90 km, was formed
for a few hours. This was confirmed by observers at Stanford (Manning,
Helliwell, Villard, and Evans, 1946), who reported that the meteor-echo
bursts from an unmodulated 29-Mc/sec transmitter were so numerous
that they overlapped, producing a nearly continuous signal several times
stronger than the direct ground wave between transmitter and receiver.

At the Radio Research Station near London, England, Appleton and
Naismith (1947) used pulsed equipment working on 27 Mc/sec to examine
in detail the activity of the 1946 Giacobinids, which reached a very sharp
peak between 0300 and 0400 hours local time on Oct. 10, coincidentally
with the time of maximum in North America. Hey and Stewart (1947)
observed a similar peak with a 64-Mc/sec radar. It is worthy of note
that Hey and Stewart detected a few Giacobinid echoes with a second
radar operating on 212 Mc/sec. This was the highest radio frequency at
which meteor echoes had been obtained up to that time, and indeed for
several years thereafter the literature makes no mention of other success-
ful meteor work at frequencies of 200 Mc/sec or higher. Perhaps the
most significant feature of the observations made by Hey and his col-
leagues on the Giacobinids was their records of some of the brighter
meteor echoes in which the change of range of the echo with time was
clearly delineated. From 22 such moving ‘“head-echo” records they
were able to deduce a mean velocity of 22.9 km/sec for the Giacobinids
(Hey, Parsons, and Stewart, 1947). These velocity measurements were
the first ever made by radio methods. Hey and Stewart had a number of
other “firsts’ to their credit, including the original discovery of two day-
time radiants active during June 6 to 13, 1945. Meteor science suffered
a loss when Hey left his brilliant pioneering work on meteors to follow
other avenues of radio astronomy.

Shortly after the war A. C. B. Lovell established the Jodrell Bank
Experimental Station of the University of Manchester, located not far
from the city of Manchester, in order to pursue radio astronomy studies.
In those early days meteor research was the mainstay of the program,
and the contributions of Lovell and his many coworkers in this field have
been eminent. In later years they have expanded into galactic and
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extragalactic researches—the Jodrell Bank 250-ft telescope is world-
famous, of course—but they have never abandoned their first love. The
Jodrell Bank meteor team was already well organized by the time of the
1946 Giacobinid shower (see Prentice, Lovell, and Banwell, 1947). Their
observations of the shower showed a peak rate of 168 echoes per minute,
obtained with a 4.2-m radar for which the normal rate was five or six
meteors per hour under nonshower conditions (Lovell, Banwell, and
Clegg, 1947). Lovell (1954) has compared the activity of the 1946
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Fra. 1-5. The activity of the Giacobinid meteor shower of Oct. 9-10, 1946, as observed
by three different methods. (Lovell, 1954.)

Giacobinid shower as observed by the visual method (Wylie, 1947), the
photographic method (Jacchia, Kopal, and Millman, 1950), and the radio
method using the Jodrell Bank data (see Fig. 1-5). At the maximum the
visual meteors were appearing at the rate of 4,000 hr—!, and the radar rate
was nearly 10,000 hr—!; but this great activity was sustained for only a
few minutes, indicating that the individual meteor orbits had not yet
spread very far from the cometary orbit.

Fedynski (1955) has reported that radio studies of meteors were first
begun in the U.S.S.R. under Levin at the time of the 1946 Giacobinid
shower. Not much information is readily available here on the Russian
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radio work (but see, for example, Fielko, 1957), though it appears evident
that they are endeavoring to complement in this field the long history of
valuable contributions to meteor science established by Russian astron-
omers using visual and photographic methods (Astapovich, 1958).

In Canada, radio observations of meteors were started at the National
Research Council, Ottawa, during the summer of 1947. From the begin-
ning a very close cooperation has been maintained with the Dominion
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Fia. 1-6. Aerial view of Springhill Meteor Observatory of the National Research
Council, located near Ottawa. The main building, with photographic apparatus on
the roof, is right of center. The visual-observer’s platform is at the upper right.
Ground reflector mats for the radar antennas are visible at the bottom and upper left.

Observatory at Ottawa, which was already well known for its work in
visual, photographic, and spectroscopic studies of meteors. From time
to time other groups of optical and radio workers have joined forces to
correlate radio with visual observations but not with the sustained pur-
pose and effort of the combined research program at Ottawa. In 1957
the Springhill Meteor Observatory (Fig. 1-6) was established by the
NRC about twenty miles south of Ottawa for scientific meteor research.
Radio, visual, photographic, ahd spectroscopic methods are all employed
(Park, 1958). Two striking examples of meteor echoes are shown in
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F16. 1-7. Two unusual meteor echoes obtained with the low-power radar at Springhill
Meteor Observatory. The head echo in the upper record (the thin slanting line at the
beginning of the echo) indicates that the meteor was approaching the station. In the
lower record the meteor was receding from the station. In both cases enduring echoes
appeared after the head echoes, with delays up to several seconds.
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Fig. 1-7. These were recorded by the meteor-patrol radar of the Spring-
hill Meteor Observatory.

In 1952 another Ottawa team, headed by Forsyth of the Defence
Research Board, began the study of forward-scatter transmissions via
meteor trails. Because of the possible military implications a veil of
security was drawn about some aspects of this work for several years, but
this was removed in 1957 (Forsyth, Vogan, Hansen, and Hines, 1957).
The idea of separating the transmitter and receiver by distances up to
several hundred miles was not new, of course. The experiments of
Allen (1948) have already been mentioned; the Stanford workers in the
early 1950s had carried out many valuable investigations on forward-
scatter (Villard, Peterson, Manning, and Eshleman, 1953; Eshleman and
Manning, 1954); and from 1953 on, the National Bureau of Standards
has been engaged in this particular area. Pineo of the Bureau of Stand-
ards is credited by Montgomery and Sugar (1957) with suggesting in 1951
that meteor signals might be used for intermittent high-speed communi-
cation. The idea of meteoric communication certainly occurred to
several persons during 1950-1951, including the author, who in 1950 dis-
cussed the intriguing potentialities with several Canadian scientists after
an examination of some of the Ottawa forward-scatter radar records
obtained in 1949. Security restrictions precluded any public communica-
tion at that time, and even in 1954 a published paper showing photo-
graphic records and results of the 1949 tests had to be couched in rather
guarded terms (McKinley, 1954b). No one seems to have done any-
thing practical about implementing these proposals until Forsyth and
his coworkers at Ottawa demonstrated in 1954 (still under the security
cloak) a practical closed-loop communications system that utilized to the
full the transient bursts of meteoric ionization. The principles of his
method will be discussed in detail in later chapters. In essence, this
system transmits intelligence when, and only when, a suitable meteoric
reflector is available, and refrains from wasting words during the rather
longer intervals when no acceptable reflectors exist. Besides this prac-
tical embodiment, the team at the Defence Research Board have made
many valuable contributions to the pure science of meteors.

Australia entered the field of meteor astronomy for the first time in
1952, when a group at the University of Adelaide set up radio gear to
measure the wind drifts of ionized meteor trails (Robertson, Libby, and
Elford, 1953). This work has been followed by systematic radio surveys
of meteor activity, conducted chiefly by Weiss (1955a, 1957b) at Adelaide.
Radio research got under way in New Zealand in 1953 when Ellyett
(1955), himself a graduate of the Jodrell Bank school, established a
number of projects on radio observation of meteors and closely allied
phenomena, at Canterbury University College, Christchurch. Before
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this time few sustained meteor programs of any kind had been carried out
in the Southern Hemisphere, one notable exception being the lengthy
series of careful visual observations conducted by MecIntosh (1938) in
New Zealand.

Since the middle fifties, interest in meteors has become even more
widespread, particularly in radio research and applications, and many
new groups have been formed. A part of this interest has been engen-
dered by the potential military significance of meteors in connection
with the detection and tracking of intercontinental ballistic missiles, but
it is reassuring to note that the basic scientific results are usually made
freely available. More powerful radio systems are pushing back the
limits of detectability, and more precise measuring techniques are
improving the observational data. Radio researches are being more
closely integrated both with the older visual and photographic methods
and with the newer opportunities afforded by rockets and satellites.
Laboratory experiments, somewhat neglected in the past, will be essential
in providing quantitative answers to some of the knotty questions posed
by our observational studies of meteors. The new science of astro-
ballistics is concerned with the motion of a solid through a gas at such
speeds that melting and vaporizing of the surface of the solid takes place.
Meteors and spaceships alike come under this science, which will neces-
sarily combine many aspects of astronomy, aerodynamics, physical
chemistry, and ballistics in ways that have not been attempted before
(Whipple, 1959). :



CHAPTER 2

Some Elements of Astronomy and Radio

2-1. Modern meteor science is polytechnical. In most branches of
radio astronomy it has happened that radio scientists and engineers have
taken the initiative, in the pioneering stages at least, and this has been
particularly evident in radio studies of meteors. Apart from a few very
notable exceptions, astronomers with an established background of visual
or photographic experience in meteors have seemed hesitant to add the
radio observing techniques to their repertoires, possibly because the
gadgetry involved may have appeared intimidatingly complex and
unfamiliar. On the other hand, it has not been uncommon that radio
engineers have moved into the meteor field with confident assurance but
without the essential initial grounding in classical meteor astronomy
which would have enabled them to view their own work in the proper
perspective—a background which, it is fair to say, most of them have
eventually acquired. Several excellent review articles have been written
specifically about the radio aspects of meteors by distinguished radio
scientists (e.g., Kaiser, 1953; Van Bladel, 1955; Manning and Eshleman,
1959). It is natural that these particular reviews, by definition, have
focused on the new radio techniques, but the uninitiated reader, who may
not have had the opportunity to learn about the past history and current
progress in the optical methods, could quite easily be left with the impres-
sion that the radio methods have taken over entirely—an impression
which those authors would be the first to disclaim and deplore.

The progress of the past decade demonstrates that the optical methods
(which as a class embrace the visual, photographic, and spectrographic
techniques) and the radio methods are fully complementary to each
other and that both are equally essential to future advances. Further-
more, the true meteor scientist can no longer afford to be typed as a
narrow specialist : in addition to his training in both astronomy and radio
he must have a working knowledge of the physics of the upper atmos-
phere, the chemistry of atomic and molecular reactions in rarified gases,
and the ballistics of supersonic projectiles.

This book will have achieved one of the author’s aims if it succeeds in
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impressing this viewpoint on the scientific layman and the radio engineer.
It may be helpful to such readers to have a few basic elements of meteor
astronomy outlined briefly. The professional astronomer could not be
expected to view this elementary treatment with anything better than an
amused tolerance, but, on the other hand, he may appreciate the con-
densed summary, in the latter sections of this chapter, of some principles
of radio which the radio engineer in his turn will take for granted. Since
most of this material is available in many excellent classical textbooks on
radio and on astronomy, the emphasis here will be on statement and
summary rather than on development and proof. It should be made
clear that we are not attempting to write a general introduction to either
radio or astronomy. A selection has been made of a limited number
only of subjects which appear to warrant special attention. The reader
will find fuller discussions of some of the astronomical points in Olivier
(1925), Porter (1952), and Lovell (1954). Lovell also includes some ele-
mentary radio theory. A good background in the principles of radar
may be obtained from the Radiation Laboratory Series (MIT), particu-
larly Vol. 1 of the series, edited by Ridenour (1947).

The mks system of units is used generally but not slavishly throughout
this book. There are times when it is more convenient or more conven-
tional to express a quantity in metric units other than the basic mks ones. .
Familiar symbols are retained for many, though not all, physical quan-
tities. This inevitably results in some duplication, which the context
should resolve without difficulty.

2-2. Meteor magnitude. The visual observer compares the brilliance
of the meteor with that of stars in its vicinity. The comparison is largely
subjective and depends on many factors, such as the speed and color of
the meteor, but trained observers can usually agree remarkably well on
their assessments of visual meteor luminosities. The comparison steliar
magnitude scale, which was established over a hundred years ago, may be
expressed by the relation

My — M, = 2.5(logio Ls — logio L1) (2-1)

where M, and M, are the magnitudes associated with stars, or meteors,
having luminosities given by L, and L,, respectively. An arbitrary zero
magnitude has been selected which corresponds reasonably closely to
the magnitude of the well-known star Vega in the constellation Lyra.
Fainter stars have larger positive magnitudes while the brighter ones
have negative magnitudes. The limit of detectability for the average
human eye is around the sixth magnitude. Table 2-1 lists the magni-
tudes of some well-known celestial objects.

One standard candle at a distance of 1 m will appear as — 14.2 magni-
tude on this scale, or 1 ft-c = —16.8 magnitude. From Eq. (2-1) it
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Table 2-1. Some Representative Magnitudes

Magnitude at maz-
wmum brilliance

Object of object
Sun..... e —26.7
Full moon. ..... ....... —12.6
Venus................. —4.4
Mars...... ........... —-2.8
Jupiter. .. ........... .. —-2.5
Sirius. . ... ... ~1.6
Vega... . ............. +0.14
Polaris, . ... ... .. .. —+2.1

follows that the illumination from a zero-magnitude meteor will be
2 X 1077 ft-c.

Opik (1955a) has derived a useful relation between the absolute visual
magnitude M,, defined in the following paragraph, and 7, the luminous
power in watts radiated by the meteor,

M, =68 — 2.5logio [ (2-2)

Here, the radiated power [ refers to that portion of the total radiation
which can be detected by the human eye. The sensitivity curve of the
eye extends roughly from 4,000 to 7,000 A (A = angstrom = 1078 cm).
The maximum occurs at about 5,600 A. A zero-magnitude meteor, for
example, radiates visible energy at the rate of 500 watts, which, however,
is but a small fraction of the kinetic power generated.

The absolute visual magnitude M, of a meteor is defined as the magni-
tude it would have if it were placed in the zenith at a standard height of
100 km. It is convenient here to adopt 100 km as the unit of length;
similarly, we shall have occasion to use 10* km? as the unit of area. Two
corrections to the apparent visual magnitude of a meteor are necessary to
convert it to absolute magnitude. The first is the usual inverse square
law of attenuation of luminosity with the distance R to the meteor. The
second correction is due to atmospheric absorption of the light. Since
this absorption occurs almost entirely in the lower troposphere, it is inde-
pendent of the meteor’s height and is a function only of the meteor’s
zenith distance Z, which is the angle between the observer’s vertical and
his line of sight to the meteor. In Fig. 2-1 the distance correction is
found by using R and curve A, soléd line, and the absorption correction
from sec Z and curve B, dashed line. The equation of curve A is simply
M = 5logio R, which follows from Eq. (2-1) and the inverse square law.
The absorption correction has been taken from the Handbuch der
Astrophysik. The use of the same abscissa scale for both R and sec Z
is merely a convenience. In general, the abscissa values will not coincide
exactly for a given meteor unless one assumes a flat earth and a meteor
height H = 100 km, whence R (in 100-km units) = sec Z. To a first

r
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approximation, though, the ordinates of the two curves may be added to
yield the total correction, if either R or Z alone is known. For example,
a meteor which appears to be third magnitude when observed at a dis-
tance of 400 km would be about four magnitudes brighter if it were in the
zenith; hence its absolute magnitude is —1. One word of caution: the
atmospheric correction should be applied if, for example, a meteor far
from the zenith is compared either directly with a star of known mag-
nitude near the zenith or indirectly by comparison with a nearby star
whose apparent brilliance is in turn referred to a known star overhead.
The atmospheric correction should not be made if the meteor is compared
only with a nearby star of known magnitude at the same zenith distance,
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Fic. 2-1. Magnitude corrections to be added to observed magnitude to yield absolute
magnitude.

as the absorption will affect both equally. In either case, of course, the
distance correction should be applied. In practice, experienced observers
seem to develop an absolute sense of magnitude; that is, they tend to
express all meteor magnitudes in terms of known zenithal magnitudes.
Hence both corrections are usually applicable.

The photographic intensity of a meteor may be compared with the
intensities of star images on the same photographic plate, and a photo-
graphic meteor magnitude 3, may be derived directly, without reference
to the visual magnitude 3, of the same meteor. These magnitudes are
not identical, and the difference M, — M, is defined as the color index of
the meteor. For bright meteors photographed on blue-sensitive plates
the color index is about —1.8 (Millman and Hoflleit, 1937). Recent
Super-Schmidt studies (Jacchia, 1957) have suggested that the color
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index may be about —1 for fainter meteors, possibly because the peak
sensitivity of the eye moves toward the blue for fainter light sources
(Purkinje effect). Since the photographic magnitude is a more reliable
and consistent measurement, it is used as the basic standard.

A radio magnitude relation can be defined in terms of ionization pro-
duced per unit length of the meteor path, without any reference to visual
luminosity. However, it is more useful to correlate the visual and radio
magnitude scales directly, which can be done by means of simultaneous
radio and visual observations (Lindblad, 1956; Millman and McKinley,
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F1a. 2-2. Correction to be added to logio 7, where T is the observed echo duration in
seconds, to yield logo (absolute echo duration).

1956). In reducing the observations, the apparent visual magnitude of
each meteor is converted to an absolute magnitude (Fig. 2-1), and the
observed echo duration is corrected to an absolute duration, that is, to
the duration the echo would have had if the range had been reduced to
100 km. The absolute echo duration can be specified thus only as the
average of a large number of observations, because the duration depends
on the shape of the echo curve as well as on the peak echo amplitude, and
there are wide variations in the individual curves. Any correction for
atmospheric absorption is small in the radio case and may usually be
neglected. The duration-correction curves of Fig. 2-2 were based on
observations made with a radar of 200-kw peak power, operating on 9.2 m
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and using as an antenna a single horizontal dipole mounted a quarter-
wave above a reflecting ground screen (McKinley, 1953a). The attenua-
tion with range was assumed to vary as R—?, and a mean antenna pattern
was adopted from conventional antenna theory (see Sec. 2-9). The curves
are relatively independent of the transmitter power or the radio wave-
length, but they would have to be recalculated if a different type of
antenna were used. The simple dipole antenna is widely employed as it
offers a reasonably satisfactory approximation to the all-round coverage
required in this and in many other investigations. As an example of the
use of Fig. 2-2, a typical echo with an observed duration T = 10 sec at
R = 350 km will have an absolute duration of antilog (1.4) = 25 sec, on
the average.

The observational data yield an approximately straight line between
the absolute magnitude and the logarithm of absolute echo duration. It
will be shown in Sec. 8-10 that, to a first approximation, there is a
theoretically linear relation between echo duration and the ionization ¢
produced per meter of the meteor path for meteors brighter than magni-
tude 5 and fainter than magnitude —2. In Sec.8-13the following approx-
imate radio magnitude relation is deduced, which is reasonably valid for
meteors in this magnitude range moving at 40 km/sec,

M, =40 — 2.5log g (2-3)

For faster or slower meteors a small magnitude correction may be
necessary (cf. Sec. 8-13). Equation (2-3) should apply fairly well over
the range —2 < M, < 5. For M, < —2, the observational evidence
indicates that the linear relation between duration and ionization may
not hold.

From Eq. (2-1) it will be noted that a 100:1 ratio in luminosity corre-
sponds to a differential of exactly 5 magnitudes. On the decibel scale
the radio engineer would express this same luminosity (or power) ratio
as 10 logyo 100 = 20 db; hence one magnitude might be said to be equiva-
lent to 4 db. This correlation of the astronomical and the electrical
power scales is of academic interest only. Confusion could easily arise
if it were applied literally because, for example, a 4-db increase in echo-
signal strength by no means implies an increase in brightness of precisely
1 magnitude.

2-3. Right ascension and declination. The earth’s axis may be
extended to intersect an imaginary sphere of infinite radius—the celestial
sphere—in two points known as the north and south celestial poles (see
Fig. 2-3). The plane of the earth’s equator will cut the celestial sphere
along the celestialequator. Thedistantstars have fixed coordinateson the
celestial sphere. The declination (Dec.) of a point on the celestial sphere
is measured along the great circle (hour circle) through the point and the
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poles, in degrees away from the equator, the sign being plus if the point is
north of the equator and minus if it is south. The right ascension (R.A.)
of the point is measured in either hours or degrees (1 hr = 15°) eastward
along the celestial equator, from a reference point termed the vernal
equinoz to the hour circle passing through the point in question.

The ecliptic is defined as the sun’s apparent annual path on the celestial
sphere. The vernal equinox, 7, is the sun’s position on Mar. 21, when it
crosses the celestial equator going north (see Fig. 2-3); or, to be more
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Fra. 2-3. Right ascension and declination.
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exact, it is the point of intersection of the celestial equator and the
ecliptic. ~Alternatively, one can shift from a geocentric viewpoint to a
heliocentric one.  On Mar. 21 the radius vector of the earth’s orbit, when
extended, meets the celestial sphere at the autumnal equinox, a point
diametrically opposite to the vernal equinox.

The longitude of the sun, A®, is measured in degrees eastward along
the ecliptic from the vernal equinox (A\® = 0°) to the sun’s position. It
will be apparent that the plane of the ecliptic is identical with the plane of
the earth’s orbit.

The right ascension and declination coordinate system described above
is the most widely used because it is independent of the observer’s position
on the earth. Two other systems are occasionally employed: (1) howr
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angle and declination—this differs from right ascension and declination in
one respect; the hour angle of the point is found by subtracting its right
ascension (in hours) from the sidereal or star time; (2) azemuth and altitude
—azimuth is measured in the observer’s horizontal plane in the clockwise
direction as viewed from above, either the north or the south points being
taken as the zero reference, and altitude is measured perpendicularly
from the horizon to the zenith.

Universal Time (UT) is mean solar time of the meridian of Greenwich,
otherwise known as Greenwich Civil or Greenwich Standard Time
(GCT), and is reckoned on a 24-hr basis commencing at midnight. Local
standard time is often used in observing programs; for example, Eastern
Standard Time (EST) is 75th-meridian time and is five hours later than
CT.

//’/anef or meteor

a/1-62

b=

a ,~Aphelion

g'=a(l+e)

Fi1a. 2-4. The geometry of the ellipse.

2-4. Orbital elements and meteor velocities. Kepler’s first law states
that a body moving under the influence of the sun’s attraction will trace
out a plane curve known as a conic section, with the sun at one focus.
The curve will be an ellipse, parabola, or hyperbola, depending on whether
the velocity V at a given distance from the sun is less than, equal to, or in
excess of, a certain critical value known as the parabolic velocity for that
distance. Figure 2-4 shows some of the geometrical elements of an
ellipse; a is the semimajor axis, b the semiminor axis, and p the semilatus
rectum. The perihelion distance is ¢ = a(l — ¢), and the aphelion dis-
tanceis g’ = a(l + e), where eis the eccentricity. Fora circle,e = 0and
the two foci coincide. As ¢ approaches unity the ellipse becomes more
and more elongated, since b = a(1 — e2)**. We have a parabola when
e = 1: the aphelion point recedes to infinity, and ¢ = p/2. For hyper-
bolic orbits, e > 1 and a becomes negative.

The earth’s orbit is very nearly circular (e = 0.016727), with a mean
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orbital or heliocentric velocity of 29.77 km/sec. The astronomieal unit
(au) is defined as the mean distance of the earth from the sun, approxi-
mately 149,500,000 km. The semimajor axes of orbits of other bodies
moving about the sun are usually expressed in terms of astronomical units
since the ratios of the axes can usually be measured much more accurately
than the astronomieal unit itself can be determined.

Our chief interest will naturally be in meteors whose orbits intersect
the earth’s orbit, since we cannot observe them otherwise. In Fig. 2-5
the plane of the meteor orbit is tilted at an inelination i to the plane of the
ecliptic. If ¢ < 90° the motion of the meteor is said to be direct, that is,
in the same direction as the planets; and if ¢ > 90°, the motion is termed
retrograde. The descending node, 3, is the point on the ecliptic plane
where the meteor passes from north to south; in this diagram it happens

L oo
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F16. 2-5. The elements of a meteor orbit.

to be the point of intersection with the earth’s orbit. The ascending node,
Q,_ is. the point at which the meteor passes from south to north of the
ecliptic; it could equally well be the point of intersection of the meteor
orbit. The symbol for the ascending node, &, also represents the longi-
fcude of this node, that is, the angle from the vernal equinox to the ascend-
ing node measured along the ecliptic in the counterclockwise direction as
viewed from the north. The angle « is known as the argument of peri-
helion and is the angle from the ascending node to the perihelion, measured
in the orbital plane and in the direction of motion of the body. If
w = 90° the meteor orbit will cut the earth’s orbit at both nodes, regard-
less of the value of i. On the other hand, if 7 is small and the meteor
stream quite broad, some meteors may intersect the earth’s orbit both
while approaching and while receding from the sun, independently of w.
Somerawriters use the symbol = for the longitude of perihelion, defined by
T =8 + w

[
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The five quantities a, e, 7, §, and « will define the meteor orbit com-
pletely, but we must have a time specified as well if we are to locate the
meteor in its orbit at any instant: the time usually given is that of peri-
helion passage. A useful, though not independent, parameter is P, the
period of revolution of the meteor. Another of Kepler’s laws states that
P? (in years) = a® (in au). The direction of the velocity vector at any
given instant is known as the aper (see Fig. 2-4). In particular, the apex
of the earth’s way is the point on the celestial sphere toward which the
earth is moving at any moment.

Newton’s law of gravitation states that the attractive force between two
bodies is proportional to the product of their masses divided by the square
of the distance between them. In the case of a meteor, comet, or asteroid,
where the mass of the smaller body is entirely negligible in comparison
with the larger or central body, the following equation may be derived
from energy considerations:

Vi = GM (g - 1) 2-4)
r a
where V is the orbital velocity of the smaller body when the two bodies
are a distance 7 apart, M is the mass of the larger body, and the gravita-
tional constant is G = 6.67 X 10~!! (newton) (m?)/kg? If the distances
are expressed in astronomical units and the velocity in km/sec, and if, for
the solar system, we put M = 1.987 X 10 kg, Eq. (2-4) reduces to

2 2_1 .
V2 = 886 (ﬁ a> (2-5)

r

For a circular orbit, a = r and V? ~ 1/r, while for a parabola a is infinite
and V2~ 2/r. Thus, at the same distance from the central body, the
parabolic velocity is 4/2 times the circular velocity.

The earth’s orbit about the sun is nearly but not quite circular.
Assuming an eccentricity of ¢ = 0.016727, one can calculate from Eq.
(2-5) that the annual variation in the earth’s orbital velocity is +0.5
km/sec. Depending on the time of year, the parabolic heliocentric
velocity at the earth’s distance from the sun will therefore vary from about
41.4 km/sec to 42.8 km/sec.

The geocentric velocity Ve of the meteor at the earth’s distance from
the sun will be the vector sum of the meteor’s heliocentric velocity Vg
and the earth’s orbital velocity V. There are three corrections to be
applied to V¢ in order to arrive at V,, the velocity observed in the earth’s
atmosphere, and these corrections will be considered in turn.

First, the gravitational attraction of the earth will increase the velocity
of the approaching particle. Suppose the particle to have started from
infinity with zero velocity relative to the earth. On reaching the earth’s
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surface, and in the absence of any other influence, it will attain the para-
bolic geocentric velocity given by v? = 2GMp/rz = 125 km?/sec?, where
Mz = 598 X 10* kg and rz = 6.37 X 10° m. This veloeity, » = 11.2
km/sec, is the minimum velocity for an object reaching the earth’s sur-
face from a great distance. Tt is identical to the “escape velocity,” that
is, the least velocity that a body must reach in order to break free from
the earth’s gravitational field. In general the meteor will already have
an appreciable velocity relative to the earth, so that its orbit in the imme-
diate vicinity of the earth will be a hyperbola about the earth’s center.
Irom Eq. (2-4), now applied to the earth-metcor system, we obtain the
apparent velocity V,, in the absence of any atmospheric deceleration,

2 ;
Ve = 2GM + GM: _ vt 4 Vet
e ag
or Vet = 125 + Vgt (2-6)

The effect of this correction is greatest as Vg approaches zero, for example,
in the case of a meteor just catching up with the earth. I'urthermore,
the apparent radiant will appear to be somewhat closer to the observer’s
zenith than will the true radiant. It may be shown that the inclination
of the path to the observer’s vertical will be reduced by an amount
AZ (Olivier, 1925), where

————— tan 2 (2-7)
G

For larger values of V¢ this correction to the radiant position amounts Lo
only a degrec or two, but for small values of Vg it can be quite appreci-
able. The name zenith attraction is applied both to the velocity correc-
tion [Eq. (2-6)] and to the direction correction [Eq. (2-7)].

The second correction is due to the rotation of the earth on its axis and
is known as the diurnal aberration correction. The linear velocity at the
earth’s equator is 0.464 km/sec, and at latitude L the velocity will be
0.464 cos L km/sec. This velocity is to be added vectorially to the
meteor velocity. The increase in apparent velocity will be greatest for
meteors with radiants low in the east. The correction is small—at lati-
tude 45° it cannot exceed +0.32 km/sec, for example—and it may often
be neglected. A small angular correction to the radiant position may
also be computed from the same vector relationship.

The third correction is due to deceleration of the meteor in the upper
atmosphere, and, unlike the previous two corrections, it depends on some
physical measurements and assumptions that are not as accurate or as
well based as one could desire. Whipple uses the symbol V. for the
velocity that the observer would measure if there were no atmosphere
present to slow up the meteor, When V, is corrected for diurnal aberra-
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tion, we obtain V. The quantity V., — V, is a measure of the effect of
deceleration; it may range from 0.5 km/sec for the faster meteors to
1.0 km/sec for the slower ones, these values being representative means.

In practice, of course, we start with the observed velocity V., the
apparent radiant position, and the observed decelerat.ion, and then we
apply the various corrections in the reverse order to arrive at Vy and the
true radiant position, from which data the meteor orbit may be com-
puted. It may take several hours to determine an individual orbit by
hand, using log tables and a desk calculator; hence the current practice is
to program the data for a high-speed electronic computer whenever
possible. ‘

2-6. Elementary radio principles. In the broad sense, the word radio
covers the generation, detection, and utilization of electromagnetic radia-
tion over a spectrum of many octaves, ranging in frequency from a few
cycles per second to about 100 kMe/sec (10! cps), close to the infmrgd.
Radar, coined from the phrase “radio detection and ranging,” is a special
form of radio technique which can provide us with information about
remote objects which may themselves be passive or noncooperative.
The object is illuminated with radio-frequency energy, usually (but not
necessarily) supplied by a man-made radio transmitter. A small fraction
of the energy which falls on the distant target is reflected or scattered.
A sensitive radio receiver and cathode-ray-tube display can be used to
detect and analyze the scattered radiation in order to deduce certain
characteristics of the target, such as its size, position, motion, and
possibly its shape and composition. If the receiver is located in the
immediate vicinity of the transmitter, the system is described as a back-
scatter, or monostatic, radar, whereas if the receiver is separated from the
transmitter by a distance comparable to or greater than the distance of
the target from either station, the system is known as a forward-scatter, or
bistatic, radar.

In the simplest radar the transmitter emits an unmodulated continuous
wave (cw), often called the carrier wave. This wave may be defined
analytically by the amplitude relation

A = Agsin 2nft + ¢) (2-8)

Since the amplitude Ao, the frequency f, and the phase ¢ are all fixed,
each wave looks exactly like all the others, and at first glance it would
appear that little information could be garnered by a cw system. Cer-
tainly the range of the target cannot, in general, be measured, because of
the lack of identifying or timing marks on the emitted waves. Never-
theless, the pure cw system has been used very effectively in meteor work
because the target itself can “modulate’ the scattered wave. The mag-
nitude of the echo signal will naturally vary both with the range and with
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the effective scattering cross section of the target at any moment. Even
more important, the phase of the returning wave relative to the outgoing
wave will change with range, and if the target is moving, there will be a
difference in frequency between the two waves which will provide a sensi-
tive and accurate means of measuring the target velocity—the so-called
“radio Doppler technique.”

2-6. Amplitude modulation. The transmitted wave may be modu-
lated in one or more of several ways in order to obtain more information.
In amplitude modulation the amplitude factor is varied with time at a
lower frequency than that of the carrier wave.

A = Aw() sin 2rft + ¢) (2-9)

For the wave emitted by an ordinary broadeasting station, the modulat-
ing function has the form ¢(¢) = 1 + Z m; sin 2rpit, where m; sin 2wp.t
T

represents one Fourier component of the speech or music waveform. In
broadcast practice the instantaneous total amplitude of the components is
kept well below unity to avoid overmodulation and consequent distortion
of the speech waveform.

In radar systems the modulating function is usually a rectangular
wave of duration d sec (also commonly expressed in microseconds), which
turns on the carrier suddenly to its maximum amplitude and retains this
level for a short interval (this interval must contain at least a few cycles
of the carrier frequency, and in practice it will probably encompass many
cycles). The amplitude then drops rapidly to zero where it remains for
a much longer interval. The time D between the start of one pulse and
the start of the next is known as the pulse-recurrence period. The time
of flight of these short-duration pulse packets to the target and back is a
direct measure of the target range. A Fourier analysis of the rectangular
modulating function shows that it may be expressed analytically as

g(t) = = + E < )cos (27r D > (2-10)

amplitude frequency

The values of the amplitude coefficients of the first few terms in this
summation are indicated in Fig. 2-6 for the particular case d/D = 4.
The frequency of the nth component is n/D cps, and the amplitude of
this nth component will be equal to zero when n = D/d (the amplitude
will then be a minimum but not zero if D/d is not an exact integer).
When the rectangular function is applied to a carrier wave of fre-
quency f, a series of sidebands will be produced with frequencies f 4, n/D,
and the envelope of the sideband amplitudes will be the same curve as in
Fig. 2-6, symmetrically disposed on either side of f. Theoretically, an

SEc. 2-0] SOME ELEMENTS OF ASTRONOMY AND RADIO 37

infinite receiver bandwidth is needed to pass all these frequency com-
ponents in order that the original pulse may be reproduced without dis-
tortion. However, the energy tapers off rapidly in the higher order
components, so that a finite bandwidth can be selected which will not
distort the pulse excessively. The choice of bandwidth depends on the
system requirements. One may require either great accuracy in the
measurement of range or maximum sensitivity for the detection of weak
echoes. In the latter case the echo is competing with thermal noise,
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F1a. 2-7. Rectangular pulses before (dashed line) and after {(solid line) passing through
filters of various bandwidths. (a) Af = 1/d; () Af < 1/d; (¢) Af > 1/d.

natural terrestrial static, and noise from extraterrestrial sources which we
shall consider in more detail in Sec. 2-8.

If the receiver bandwidth is made equal to the reciprocal of the pulse
width, a rectangular pulse at the receiver input will emerge as a sloping
pulse at the output, which approaches but does not quite reach its peak
amplitude before decaying again (see Fig. 2-7a). If the bandwidth is
narrower than 1/d, the pulse falls well short of attaining its maximum
amplitude (Fig. 2-7b), whereas a broader band allows the pulse to rise
more quickly and to level off (Fig. 2-7¢c). The rise time of the detected
pulse, not the pulse width, is important in precision range measurements
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because, from Fig. 2-7, it is apparent that the maximum timing error can
be as great as this rise time, depending on whether the echo was very
strong or was barely visible above the noise level.

In backscatter radar a timing error of ¢ usec is equivalent to a range
error of 0.15¢ km. Where the emphasis is on accurate ranging the band-
width should be greater than the reciprocal of the rise time of the trans-
mitted pulse. The weakest echoes will be lost under these circumstances
because of the increased noise power admitted by the broader receiver
band. Some of this loss may be recovered in practice, since the broader
the bandwidth, the more finely grained will be the appearance of the
noise background on the cathode-ray-tube display, and a weak echo may
often be detected by virtue of its contrasting size or shape even though
its peak amplitude may be below the average level of the noise impulses.
It should be noted that range resolution—the ability to distinguish
between two targets close together in range—depends on the width of the
transmitted pulse as well as on the rise and decay times.

Strictly speaking, this analysis of pulse-amplitude modulation applies
to a coherent-pulse radar system. Such a system may be achieved in
practice by allowing a master oscillator to run continuously at a constant
frequency f. A power amplifier is coupled to the oscillator and keyed by
the rectangular-wave modulator, with the result that the relative r-f
phase [¢ in Eq. (2-9)] will remain constant from pulse to pulse. In the
ordinary or incoherent-pulse radar the modulation is applied to the oscil-
lator, which feeds the antenna directly. The r-f phase will tend to vary
randomly from pulse to pulse because the oscillator is turned off com-
pletely between pulses and no continuously running stable oscillations
are available to maintain the reference phase. The Fourier analysis of
the incoherent case will differ somewhat from the coherent case, although
a conventional radar receiver cannot distinguish between the two. This
is because the r-f phase is lost in the simple detector used in the ordinary
receiver and the video output reproduces only the modulating function.
In a coherent-pulse system the reference phase can be introduced appro-
priately into the detector in order to yield both the r-f phase and the
amplitude of the returning echo signal. The coherent-pulse radar thus
combines some features of the ordinary-pulse radar, which gives range
information only, and of the cw system, which provides the instantaneous
r-f phase of the echo.

2-7. Frequency and phase modulation. Instead of varying the ampli-
tude parameter in Eq. (2-8) one may vary the frequency f or the phase
angle ¢. For frequency modulation (FM) by a sinusoidal wave of fre-
quency p we may write

A = Agsin (27rf-’~+ ’%fsin (2rpt) + ¢> (2-11)
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This yields a series of sidebands at frequencies f + np. The amplitude
of the nth sideband is given by the Bessel function J,.(mf/p). Phase
modulation (PM) may be represented by the expression

A = Agsin (2nf + m sin 2npt) (2-12)

which may also be expanded as a series of sidebands with Bessel ampli-
tude coefficients, as in the FM case. The main difference in the two
types of modulation is that the coefficient of the low-frequency modula-
tion is inversely proportional to the modulating frequency in Eq. (2-11)
and independent of it in Eq. (2-12).

Range information may be readily obtained from an FM radar if the
modulating function is a triangular wave. There will be a constant
difference in frequency between the outgoing wave and the wave return-
ing from the target, and this frequency differential will vary directly
with the distance to the target. A rectangular modulating function may
also be used in either I'M or PM. In theory at least, any one of the three
methods, AM, FM, or PM, should be equal to any other for the trans-
mission of intelligence. However, the state of the engineering art at a
given period may favor one of the methods over the others for specific
purposes. It has happened that most of the radio research on meteors
has been carried out with ordinary incoherent-pulse radar, with pure cw
next in popularity, followed by coherent-pulse methods. FM and PM
appear to have been used rather rarely.

2-8. Cosmic and receiver noise. The faint echo returning from the
meteoric target must compete with thermal noise generated in the receiver
itself and with radio noise from the sun and the galactic system. In
addition, every observer can testify to the occasions when the desired
signals were drowned out by static from nearby terrestrial thunderstorms
or by man-made electrical interference. The latter types of noise will
not be considered further in this section, since it will be assumed that
such emanations are temporary in character if they are neither con-
trollable nor avoidable.

A resistor at a temperature T will deliver to an ideal noiseless receiver a
thermal noise power P = KT Af watts, if the impedances are correctly
matched. Here K = Boltzmann’s constant = 1.38 X 10~ joule/°C,
and Af is the over-all receiver bandwidth measured between the half-
power points on the receiver response curve. By convention the room-
temperature value is taken to be Ty = 290°A (on the absolute or Kelvin
scale), which makes KT¢ = 4 X 1072! joule. No receiver is perfect, and
the receiver-noise power P,, which is generated chiefly at the input stage,
may be expressed in terms of an equivalent temperature T, or alterna-
tively in terms of a receiver-noise figure F, as follows:

P, = KT, Af = KTo(F — 1) of  watts (2-13)
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For years the noise figure F has been employed to specify the perform-
ance of a receiver. The closer # approaches unity, or 0 db, the better
the receiver. Recent developments in Masers and parametric ampli-
fiers have produced receivers with noise figures so close to unity that
the noise temperature is coming into use as a more significant indication
of receiver performance. A noise figure of ¥ = 3, or 4.8 db, is equivalent,
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Fra. 2-8. Total noise temperature T; of conventional receivers, as a function of radio
freque_ncy. T4 = cosmic noise temperature. The hatched area indicates the daily
variation (after Herbstreit, 1948). T. = noise temperature of well-designed conven-
tional receivers (after McCoy, 1958).

to T, = 580°A, which is representative of the best conventional receiver
design at about 1000 Mec/sec. At 10 Mec/sec, T, may be as low as
30°A (F = 1.10 or 0.4 db) with good engineering design (McCoy, 1958)
(see the dashed curve of Fig. 2-8). The Masers and parametric ampli-
fiers may approach noise temperatures of only a few degrees at 1,000 Mc/
sec and above: their area of application is indicated in the lower right-
hand corner of Fig. 2-8.

The noise power P4 picked up by the antenna from extraterrestrial
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sources may be written similarly as P, = KT 4 Af watts, where T4 is the
equivalent noise temperature of a resistor replacing the antenna. At
radio frequencies the cosmic radiation is not thermal in character; in fact,
the noise power appears to vary as f~23 over much of the frequency
range. Equivalent noise temperatures may exceed a million degrees,
but this should not be confused with the actual thermal temperature of
the source, which may be much lower. The total noise power is

P.= TKAf = (T4 + TOK Af  watts (2-14)

Surveys of cosmic-noise temperatures in the h-f and vhf bands have
been made, using a X\/2 dipole elevated a quarter-wave above ground
(Herbstreit, 1948; Cottony and Johler, 1952). This is a popular arrange-
ment in meteor work, except that a good reflector is usually placed on the
ground under the antenna, which has the effect not only of increasing the
upward antenna gain but also of shielding the antenna from thermal
radiation from the earth. The dashed lines on Fig. 2-8 are based on
Herbstreit’s measurements, the hatched area indicating the diurnal
variation in noise due to the uneven distribution of the main noise sources
over the celestial sphere. The solid line of Fig. 2-8, obtained by adding
the cosmic-noise temperature to the receiver temperature, shows the
best performance one can expect with present conventional receivers, in
the environment of extraterrestrial noise. Below 250 Me/sec, and par-
ticularly in the band 20 to 100 Mc¢/sec where much meteor research has
been done, it is clear that the cosmic noise predominates, and little if
anything is to be gained by further receiver improvement. Above
250 Mec/sec, the low noise temperatures of Masers and parametric ampli-
fiers can be utilized to advantage.

It follows from Eq. (2-14) that the over-all noise power is directly pro-
portional to the bandwidth—this will be true also of contributions from
thunderstorm static and some forms of broad-band man-made noise.
On the other hand, in a pulsed radar system, the signal power of the
sidebands falls off rapidly on either side of the carrier frequency, the
envelope following a curve of the form y = [(sin z)/2]? (cf. Fig. 2-6). If
the receiver bandwidth is very wide, it is obvious that the noise power
will override weak signals; on the other hand, the signal amplitude will
be reduced if the bandwidth is very narrow (see Fig. 2-7b). It may be
shown that the optimum signal-to-noise ratio is reached when Af ~ 1/4d.
This criterion is fairly broad, and as was indicated in Sec. 2-7, there are
some practical advantages in using bandwidths that are wider than 1/d.

2-9. Antenna gain. An isotropic antenna is one which radiates power
uniformly in all directions, as in Fig. 2-9. The truly isctropic radiator
does not exist, but it nevertheless provides the reference with which actual
antennas may be compared. Any practical antenna is directive to some
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extent, and one often seeks to obtain a substantial gain in power in a
given direction with an accompanying decrease in power radiated in
other directions. The power density measured at a distance R from the
isotropic radiator will be P/4xR? watts/m?, if P is the power available

s
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/ radiator

Frc. 2-9. Power radiation patterns of the isotropic radiator, the Hertzian dipole, and
the practical half-wave dipole.

at the source. Any other antenna will have a power gain G, such that
the power density in the direction of maximum radiation is GoP/4rR2.
In polar coordinates we may represent the power gain in any direction by
G = Go(8,4), and since the total power radiated by either the isotropic
or the actual antenna is to be the same, it follows that

/2 2x
[ [ Gu0.9) cosbdods = 4x 2-15)
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The radiation pattern of the infinitesimally short Hertzian dipole is
given by G = Gy cos? §; hence, from Eq. (2-15), we obtain G4 = 1.5 for
the maximum power gain of the Hertzian doublet over the isotropic
radiator (see Fig. 2-9). A practical dipole will usually be a half-wave
in length, and for this case the gain function is

G = g, c0stL(n/2) sin o]
cos? f
When this expression is inserted in Eq. (2-15), the gain of the half-wave
dipole over the isotropic radiator is found to be Gy = 1.64 (see Fig. 2-9).

Suppose the dipole is placed parallel to an infinite plane reflector at a
distance d. The dipole power pattern will now be modified by a factor
sin? [(2rd/\) cos 8]. A particular case often encountered in meteor work

#-plane

pottern )

8-plane
| patrern

\

/ s P2
F16. 2-10. Power patterns in the 8 and ¢ planes of the horizontal half-wave dipole at a

height of A/4 above an infinite plane reflector.

is the horizontal half-wave dipole, raised a quarter-wave above a plane
reflector. The reflector increases the gain in the zenith direction by a
factor of 3.4, whence Gq = 1.64 X 3.4 = 5.6 relative to the isotropic
radiator (see Fig. 2-10). In the # plane the gain is

Ly 2 / a1
Gy = Ggsin? <7—2r cos (9) —(—Ois—f[(_—r/g—) sin 6]

and in the ¢ plane the gain is

Gy = Gy sin? <—2ﬂ: cos ¢>

From the zenith down to about 45° the power gains in the two planes
differ by less than 3 db, and the antenna may be considered to be prac-
tically omnidirectional for many purposes. However, at low elevations
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(large 8 or ¢) the differences can be quite significant. A pair of crossed
dipoles, fed 90° apart in phase, will yield a much more uniform pattern
at low elevations. Furthermore, if the crossed dipoles are raised some-
what more than A\/4 above the ground plane, the gain will be reduced in
the zenith and increased at lower angles. A broad pattern of reasonably
constant gain for all zenith angles between 0 and 60° can be obtained
with a spacing of 0.4X. This is of advantage in some meteor researches.

High-gain antennas can be built by using a number of half-wave
dipoles. In the “billboard” array the dipoles are arranged in rows and
columns with half-wave spacing, and all are excited in phase. A plane
reflector is located a quarter-wave behind the dipoles. The Yagi antenna
has only one directly driven dipole and uses several parasitically excited
directors and reflectors to concentrate the radiation in one direction.
Several Yagis may be combined for greater gains. If very large gains
are required, some form of parabolical reflector is often employed with a
single dipole at the focus. The paraboloid has the advantage, too, that
only the dipole need be changed to accommodate a wide range of wave-
lengths. The gain of these antennas increases, and the beamwidth
decreases, as the effective area of the antenna is increased. In terms of
wavelength, Go = 4rA/A* where the effective area A may be equal to or
somewhat less than the actual area, depending on the power distribution
over the area. A convenient rule-of-thumb formula for gain in terms of
beamwidth is G = 40,000/(ab), where a and b are the beamwidths in
degrees of the antenna pattern measured to the half-power points in
orthogonal planes through the main axis of the beam. For example, a
beam 20 by 40° has a gain @ = 50, or approximately 17 db over isotropic.

The antenna pattern will be the same whether the antenna is matched
to a transmitter and radiating power or to a receiver and intercepting
power. In the latter case the effective cross-sectional area is A = GA\2/4r.
The same antenna may be time-shared between the transmitter and
receiver by means of a transmit-receive switch. This is often done in
pulse radars employing fixed or steerable arrays.

2-10. Equivalent echoing area. When the wavelength is small in
comparison with the target dimensions, we may use elementary geomet-
rical optics to deduce, in a rather heuristic fashion, the equivalent echoing
areas of some simple targets. Let the target be at a distance R from a
source radiating 1 watt. The power flux per square meter at the target
is 1/4rR% By definition the echo power flux per square meter received
back at the source is (1/4rR?)(o/47wR?). Here o is the equivalent echoing
area, defined as the area of a hypothetical body which, when it scatters
the incident wave isofropically, will return the same echo flux as the real
target—the scatter from the real target is nonisotropic, in general.

If the target is an infinite plane reflector, the received flux is 1/47(2R)?,
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since the effect of the plane mirror reflector is merely to double the one-
way distance. Thus
o 1 »
6r°R: ~ 16rR2 0T e = 7R (2-16)
is the equivalent echoing area of a plane. Note that the actual area on
the plane, which is utilized in illuminating an area 1 m square back at the
source, is just 24 m X 14 m = 14 m?

For a cylinder of radius r the utilized target area has a linear dimension
along the axis of 14 m, the same as for the plane. In the transverse
direction the linear dimension is approximately r§, where 6 ~ 1/2R is
one-half of the angle subtended at the center of the cylinder by a perpen-
dicular length of 1 m back at the receiving area. The effective area is
7/4R, which is 7/R of the effective area in the case of the plane. The
equivalent echoing area of the cylinder is therefore (r/R)oue, or

Oeylinder — mRr (2"17)

A sphere of radius r has an effective area of (r8)* = r?/4R?, which is
7?/R* of the plane area. Thus, the equivalent echoing area of a sphere is

Gophere = T2 (2-18)

For an irregularly shaped body with two principal radii of curvature,
71 and 7y, at the point where the line of sight is normal to the surface, we
have o = wrir..  This case is intermediate between Egs. (2-17) and
(2-18).



CHAPTER 3

Visual and Photographic Techniques

The purpose of this chapter is twofold. First, it is intended to point
out to the radio worker some ways in which the nonradio techniques can
be of considerable assistance to his major program of radio observations,
without demanding of him a highly specialized background or imposing
on him an undue burden of expense. Second, whether or not he ever
employs these tools himself, the radio scientist should have at least a
nodding acquaintance with a representative sample of these methods, if
for no other reason than to provide some background for an understand-
ing of the visual and photographic results. These optical data form the
solid core of observational evidence underlying modern meteor theory,
and they will be discussed in some detail in later chapters. Without
this explanation, the visual and photographic experts could rightly com-
plain of the seemingly secondary roles here assigned to their fields.

In meteor studies, as in other areas of research where the old, sharp
boundaries between classical fields of science are fast becoming blurred,
the most rapid advances are likely to be made by an organization which
can boast of many experts with diverse specialities, all working together
on a comprehensive and interlocking program—always provided that the
teamwork doctrine is never allowed to crush out the spark of individual
genius. Almost inevitably the average working group will fall short of
this ideal in some respects, but any specialist—in our case the radio
scientist or engineer—cannot fail to profit from contacts with allied
fields, particularly when it may be shown how easily and effectively he
himself can learn and use some of the other man’s techniques.

Another beneficial effect of this cross-pollination is that the electronic
specialist may be stimulated into applying his new technology to the
optical fields. Recent advances in photosensitive devices, such as the
improved photomultiplier tube, the television image tube, and the infra-
red detector, should be exploited with a view to broadening and strength-
ening the optical researches. Some first steps have been taken in that
direction (see, for example, Sec. 3-7 on photoelectric devices), but this
potentially fruitful area has never been explored fully.
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3-1. Naked-eye observations. For many years visual observation
was the chief, if not the sole, means of gathering information about
meteors, much of it accumulated through the efforts of amateurs. Even
now, in the hands of experts, the visual technique can be made to yield
data of considerable value in an area that is not thoroughly covered by
the powerful instrumental attacks. Generally speaking, though, present-
day visual observations are regarded in the professional ranks as ancillary
to photographic and radio methods rather than competitive with them.
In lieu of recapitulating the history of visual observing, which the reader
will find well summarized by Olivier (1925) and Lovell (1954), we shall
content ourselves with outlining briefly some particular ways in which
the naked-eye observations can be of aid to radio and photographic work.

Time exposures are the rule in meteor photography because no one
can predict when a meteor will occur. This means that, without other
information, the error in timing the appearance of a meteor will be half
the exposure time, which will create a proportional error in at least one
element of the computed position or path of the meteor. A visual
observer watching the sky in the field of view of the camera can therefore
furnish an essential service if he does nothing more than time accurately
the occurrences of the brighter meteors. He can easily supply other
useful information, such as magnitude, train duration, and the general
direction of motion, which will help in reducing the photographs.

In contrast to the photographic work, visual timing alone is not of the
same intrinsic value to radar observations, since the times of the radio
meteors can be read with great precision from the continuous film record
of the cathode-ray-tube range display. However, other features of
individual meteors are of interest to the radio worker, such as the magni-
tude, path position, and shower or nonshower identification. The neces-
sary first step in establishing a one-to-one correspondence between visual
and radio meteors is to compare the visual time with the radio record.
The visual observer, on seeing a meteor, presses a button to illuminate a
marker within the field of view of the display camera (see Fig. 3-1). The
average timing error of a typical observer may lie between 0.5 and 1.0 sec:
the radar record can usually be read to 0.1 sec without difficulty. A
bright meteor is often associated with a long-duration echo, and con-
versely; but this connection is by no means inevitable. Furthermore,
there is sometimes a real delay of several seconds in the appearance of
the radar echo. Additional information is highly desirable and some
of this can be provided if the visual observer plots the meteor path
against the star background.

The plotting is done on a map on which a few of the brighter stars and
well-known constellations have been marked. Various projections have
been used to transfer the celestial sphere to a plane; the most useful from
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the viewpoint of meteor mapping appears to be the stereographic projec-
tion. The map shown in Fig. 3-2 is one of a set of four prepared by
Millman for use near latitude 45°N. One of the set may be selected to
suit any hour of any day of the year. As soon as the observer sees a
meteor he presses his button, which flashes the film marker and also
sounds a buzzer, and then he proceeds to plot the path of the meteor on
his map. At the same time he calls out other pertinent information to
the recorder, such as the magnitude of the meteor, whether it was
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Fic. 3-1. Radar range-time record of a Perseid meteor, which was also seen by two
visual observers—note diamond-shaped markers.

“shower” or “nonshower,” the train duration if any, ete. The recorder
notes the time as well, for comparison with the radar record, and he
assigns a number to the meteor which the observer writes near the
meteor path on his map. During a strong shower most of the observer’s
trails may appear to have originated in a common radiant point.

The coordinates of the plotted meteor paths may be readily converted
to elevation angle h and azimuth angle by graphical reduction since an
accuracy of a degree or two is adequate. A small mounted globe on
which the paths can be drawn is an aid in this procedure. Range informa-
tion only may be available from the radar; so the second stage in the
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correlation of the visual and radar meteors consists in computing one or
more values of H = R sin h for each tentative radar-visual pair. If the
H value lies within a reasonable height spread, say 80 < H < 110 km,
one may regard the association as fairly probable. A height-finding
radar or a three-station range-triangulation system will yield the position
of the meteor in space and sometimes the path orientation as well. From
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Frc. 3-2. Star map with mcteor paths plotted. (Courtesy of P. M. Millman.)

these more extensive data the identity of the visual meteor with the
radar meteor can usually be firmly established.

The mean errors of typical amateur observers working under profes-
sional supervision are listed in Table 3-1, based on Millman’s reductions
of the Ottawa data. Porter has estimated the errors shown in the
second row of Table 3-1 to be representative of the more experienced
British teams using a different and more difficult plotting method. The
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Table 3-1. Mean Errors of Visual Meteor Observations

i i
Position of ends | Angular ! Aneular
of trail— direction o geed Magnitude
! combined error | of trail spee
[ e I
Ottawa observers ! +7° +14°  No estimate i +0 .42
British observers. ... ... .. +3°%1 +3°1 219, : +0.56

positional errors of the Ottawa observers, although greater than those of
the British workers, are quite acceptable for the purpose of visual-radio
correlation. For the past few years one of the first considerations at
Ottawa has been precision in the estimation of meteor magnitudes, a fact
that accounts in part for the smaller error shown under this heading.
An important visual-radio correlation, which has been investigated in
the past but which could well bear further examination, is the relation
between visual magnitude and radio echo duration. The conncction
between magnitude and echo amplitude is regarded as being less sig-

Fic. 3-3. Modern visual meteor observing at Springhill Meteor Obscrvatory near
Ottawa. Warm air is supplied to the individual compartments.
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nificant, but nevertheless it should receive some attention. In either
case, it is apparent that accurate estimation of magnitude and reasonably
certain identification of the visual-radio pair are essential to reliable
results.

If the visual observations are to be carried out consistently and exten-
sively, or under winter conditions, it is recommended that some attention
be paid to protecting the observers from the weather. The visual-
observer’s compound shown in Fig. 1-2 has seen many years of service at
Ottawa. The canvas wall around the perimeter shields the eye from
direct ground illumination and also wards off the chill wind. For sus-
tained effort in subzero weather we recommend an arrangement of
enclosed individual compartments similar to that depicted in Fig. 3-3,
which is in current use at Ottawa. An oil furnace in the hut below the
observers pumps warm air into each box.

3-2. The rocking-mirror method. Developed by Opik (1934) and
used fairly extensively on some of his visual programs, this method does
not seem to have been adopted by others to any great extent. Neverthe-
less, it will be described here briefly both because it is simple and ingenious
and because Opik drew extensively on his rocking-mirror observations in
formulating his conclusions on the orbital distribution of meteors. In
one arrangement the observer looked down on a plane mirror which
rested face up on three ball supports.
One of the supports was fixed and
the other two, by means of a motor
drive, were raised and lowered in
simple harmonic motions, differing
90° in phase. The resultant conical Leeﬁ
motion at 10 rps caused the stars to .eeee
appear as circles or ellipses of about
0°5 in major diameter. Boothroyd
devised a variation of the method in
which the mirror rested on a single M
support and was given a conical (
motion of 30 rps by means of an
eccentric shaft.

With either instrument, a meteor
moving across the field of view would ~ F16. 3-4. Sketch of metcor trails viewed
appear to the eye to trace out a curve '™ the rocking mirror.
resembling a cycloid (see Fig. 3-4).

The angular speed of the meteor may be deduced from the observed
number of loops and the apparent length of trail. The observations may
have some subjective limitations although Opik believes that the observ-
ing conditions may be more favorable than direct viewing because of the
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two-dimensional appearance of the trail. The conversion to linear
velocity demands a knowledge of the path position and orientation. The
rocking mirror has also been used in conjunction with a small telescope to
extend the visual range to fainter meteors.

Opik (1953) has adapted the conical-motion principle to small-camera
photography. Since a permanent record is available on the photo-
graphic plate for later analysis, any possibility of subjective error is
eliminated. The intensity of the cycloidlike image on the photographic
plate will vary according to its apparent speed, and at the nodes it will be
greater than the average intensity which would be recorded by the same
camera if it were stationary. Opik states that this effect should double
the number of recorded meteors.

3-3. Binoculars and telescopes. The limiting magnitude of stars
which the average eye can detect when aided by a telescope of aperture a
is given by the well-known formula M = 9 4 5logia, where a is in
inches. The practical limit for the detection of telescopic meteors is
about two magnitudes brighter than for stars; so we may write the limit-
ing meteor magnitude as

M=25 lOgm a (3'1)

where a is now expressed in millimeters. Thus the popular 50-mm
binoculars should enable one to see eighth- or ninth-magnitude meteors,
compared to the limit of fifth- to sixth-magnitude for the unaided eye.
Fifteen-inch (380-mm) telescopes are not likely to be readily available to
the radio worker, but if he had one he would be able to see twelfth to
thirteenth-magnitude meteors—provided that he were blessed with the
quality of patience in abundance! Owing to the very small field of view
of most telescopes of this size, the actual yield is usually measured in
terms of hours per meteor rather than meteors per hour. The smaller-
diameter telescope of the ‘“comet-seeker” type, which embraces a com-
paratively broad field of view, is better adapted to meteor work: typical
rates with such a telescope, or with 50-mm binoculars, are about three or
four meteors per hour.

3-4. Small-camera photography. During clear nights the radio
worker will find that direct photography can provide a permanent and
accurate record of the luminous effects of the brighter meteors, which
should be of great assistance in interpreting the radio echoes. The cost
is not inordinate—good-quality 35-mm cameras yield quite acceptable
photos—and the technique is not difficult to learn. The limitation, of
course, is that the average conventional camera will not record meteors
fainter than zero or first magnitude. Photography is therefore not a
complete substitute for visual observations, which should be carried on
simultaneously in any case to enable the meteors to be timed accurately.
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A good photograph is of particular value whenever a very bright meteor
or fireball crosses the field of view and leaves behind a complex radio
record of its passage.

The camera may be left in a fixed position so that the star images will
be drawn out as short ares on the plate during the time exposure, or it
may be guided on a polar-axis mounting in order that the stars will form
point images. In either case, the image of a meteor trail will record as a
narrow line with little or no apparent curvature. From the stationary
camera one may determine the position of the meteor trail in azimuth,
elevation, declination, and also in right ascension if the exact time of the
meteor is available. The guided polar axis camera will yield the right

Fia. 23-5._1\1il]mgrl’s rotating-shutter mount in action. Several small cameras are
mounted in position. (Courtesy of 8. A. Mott.)

ascension and declination immediately, but the azimuth and elevation
will remain ambiguous if no time is given. The stationary arrangement
requires less equipment, of course, and furthermore is to be preferred to
the guided one for several purposes, including that of photo-radio cor-
relations. When good photographs are carefully measured and reduced
by analytical methods, the positional errors of an individual trail can be
quoted in minutes of arc, compared to a degree or two for the best radio
method or ten degrees or more for a single visual plot. Rapid graphical
methods (McCrosky, 1957) of deriving the information from the photo-
graphic plate are therefore quite satisfactory for comparison with the
radio data.

A rotating shutter should be mounted in such a manner as to interrupt
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the light at some accurately determined rate in the range 10 to 60 times
per second (see Fig. 3-5). The angular velocity of the meteor may thus
be determined from the spacing of the breaks in the trail image (see Fig.
3-6), and if the position and orientation of the path can be determined,
the linear velocity may be computed, in favorable cases to an accuracy of
0.1 per cent. Some train luminosity behind the meteor head may show

F1a. 3-6. A bright Perseid meteor photographed with the equipment shown in Fig. 3-5.
Near maximum brightness, the shutter breaks (10 per second) are filled in with train
Iuminosity. A second fainter meteor appears at the lower right. The star images
have moved about the pole during the exposure. The Little Dipper appears just above
the meteor trail. (Courtesy of P. M. Millman.)

in the shutter breaks, which would otherwise be obscured by the preced-
ing and much brighter meteor head. A subsidiary advantage of the
shutter is that the exposure time may be increased before skylight
fogging becomes excessive. Off-to-on ratios of the shutter opening as
high as 2:1 or 3:1 are sometimes used. An occulting shutter may be
used to cut off the light for a few seconds once during each time exposure.
This produces in the slowly trailing images of the stars a timed break
which is a more accurate reference point for reduction purposes than are
the end points of the star images. Low-wattage electric heaters located
near the cameras will help to keep the lenses clear of mist and dew. A
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mounting for three aerial-reconnaissance cameras, with occulting and
rotating shutters, is shown in Fig. 3-7.

If it is reasonable to assume that the meteor is a member of a shower
for which the velocity and radiant are known, the height may be deduced
from a single-station rotating-shutter photograph of the meteor trail
against the star background. Otherwise, photographs of the same
meteor must be obtained from two points on the earth’s surface spaced
from 20 to 50 km apart. Only two separate stations are needed for an

Fia. 3-7. Rotating-shutter mount for three Williamson F-24 aerial cameras. The
three-bladed occulting shutter is closed once during each exposure to create a fiducial
time break in the trailing star images. The two-bladed rotating shutter, which
rotates at 6 rps, is next to the camera lenses. (Webb, 1950.)

unambiguous determination of the path in space because the distances
may be found from the apparent displacement of the two meteor images
with respect to the star background at infinity. The usual height error
is about 0.1 km. The orientations of the camera axes need not be known
accurately as long as one ensures that there is a reasonable overlap in the
camera fields at the 95-km height level. A complete and fairly accurate
determination of the spatial coordinates of any meteor may be made by
combining the data from a single-station rotating-shutter photograph
with the radar range. The ranges should be measured to one or more
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correlated points on the photographic and radio paths, e.g., to the point
of nearest approach at the range R, or to two or more clearly defined
bursts and flares. The main and auxiliary roles can be reversed, of
course: information from a simple and inexpensive “range-only” radar
set will greatly enhance the value of a single-station camera program.

The efficiency of the camera will vary with the lens aperture a, the
focal length f, and the area A, covered in the sky by the camera field.
The quality of the image and the light loss in the optical system also
affect the performance—as in many other applications the better the
lens, the better the results. Time lost in changing plates should be con-
sidered in the over-all efficiency. This loss is negligible for a conventional
film-roll camera since the exposures may be changed in a few seconds, an
extremely brief period compared to the total exposure time, which may
be from five minutes to one hour depending on the ambient light and sky
conditions. On the other hand, the closed-open ratio z for a Super-
Schmidt camera may be as high as 0.5, both because the exposures are
necessarily short, due to the great light-gathering power of this instru-
ment, and because the plate-changing process is somewhat complicated
and time-consuming. An empirical formula for the efficiency E of a
meteor camera may be written
a’4,
F=kator
where the proportionality factor k includes the effects of lens quality and
light loss, and the exponent n is probably near unity but may be as high
as 2. The number of meteors photographed per hour is roughly propor-
tional to E.

One may conveniently divide meteor cameras into three groups as
follows:

A. Conventional small cameras with f/a between 4.0 and 8.0 and f
between 100 and 500 mm. Ezample: studio cameras; their long focal
lengths facilitate accurate measurement of the plates, although their
efficiency is low.

B. Conventional cameras with f/a between 1.0 and 3.5 and f between
50 and 200 mm. Ezamples: miniature (35-mm) cameras and aerial-
reconnaissance cameras.

C. Schmidt cameras with f/a between 0.5 and 1.0 and f between 100
and 300 mm. The most famous member of this group is the Perkin-
Elmer Super-Schmidt designed by Baker (see Sec. 3-5), with f/a = 0.65
and f = 200 mm.

In very general terms the relative efficiencies of these three types,
taking the Super-Schmidt as the representative of group C, are

A:B:C =1:5:200

(3-2)
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The sensitivity of any camera will tend to vary inversely with the velocity
of the meteor; by contrast, the sensitivity of the eye is remarkably con-
stant for a wide range of velocities. On the average, though, one may
say that group A cameras can record meteors down to 0 or — 1 magnitude;
group B down to 0 or +1 magnitude; and group € to 43 or +4 magni-
tudes. Under good conditions the actual numbers of meteors recorded
per 100 hr of exposure will be roughly 2, 10, and 400 for the respective
groups. One meteor photograph per night per miniature camera of good
quality is a reasonable expectation,* and that photograph could be just
the one needed to round out the analysis of a striking meteor echo. The
Perkin-Elmer Super-Schmidt meteor camera would be a powerful aid to
radio research programs, but it is costly and not likely to be available for
a purely ancillary role where its striking characteristics would not be
fully utilized. Figure 3-8 shows a meteor photographed with one of the
Super-Schmidt cameras in Alberta (Halliday, 1957).

High speed is naturally the most important characteristic needed in
films or plates used for meteor photography. A blue-sensitive emulsion
will be of advantage for some work because of the color-index effect (see
Sec. 2-2). Spectrophotography may be done with emulsions sensitive to
selected wavelength regions or with panchromatic plates. The latter are
particularly useful in meteor-train photography.

3-6. Cameras with Schmidt optics. The Super-Schmidt camera,
designed by Dr. Baker of Harvard expressly for meteor photography, has
no peer in this field. Six were built by the Perkin-Elmer Corporation of
Norwalk, Conn., in the early fifties, of which four have seen service in
programs under the supervision of the Harvard College Observatory and
two were acquired by the Dominion Observatory and installed at the
Meanook-Newbrook Observatories in northern Alberta, Canada. A
cross-sectional sketch of the camera is shown in Fig. 3-9. Figure 1-3 is a
photograph of the complete instrument, comprising camera, equatorial
mounting yoke, and drive system—the whole standing 8 ft high when
mounted and weighing nearly three tons! The aperture is 310 mm and
the focal length is 203 mm. Nominally, f/a = 0.65, though the effective
f/a ratio is closer to 0.85. The circular field of view is 55° in diameter.
Suction is used to hold the molded film against the spherical plate holder
to a precision of 0.01 mm. A two-vane shutter, with an off-to-on ratio of
3:1, is rotated just above the film surface at 30 rps.

Three Super-Schmidt cameras were built at the University of Bristol
under the auspices of the Paul Instrument Fund of the Royal Society.
The British camera is similar in design to the Harvard instrument. The

." Prof. L. A. Manning photographed 17 meteor trails during a one-minute exposure
.w1th fmj-' 1.5 35-mm camera, at the peak of the 1946 Giacobinid shower. This once-
in-a-lifetime luck may not be matched for some time to come!
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focal length is 206 mm, the effective f/a ratio is about 0.78, and the
circular field diameter is 56°. One of the cameras was constructed on
two-thirds the scale of the others, but its sensitivity was only a half-
magnitude less than the full-size models which have successfully photo-

F1c. 3-8. Super-Schmidt photograph of a zero-magnitude meteor taken at Newbrook
Meteor Observatory, Alberta. The meteor moved from left to right, just below the
dark spot caused by the shutter shaft, and ended in a brilliant terminal burst. The
Great Nebula in Andromeda is visible at the lower right. (Courtesy of I. Halliday,
Dominion Observatory.)

graphed fourth magnitude meteors. Figure 3-10 shows one of the
British cameras, known as the Main Model, which is stationed in North
Wales and operated by the Jodrell Bank Experimental Station. A
bright meteor photographed with this camera may be seen in Fig. 3-11.

In addition to their role in direct photography of the moving meteor,
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the Super-Schmidts have proved to be very effective in recording the
persistent, glowing train left by a bright meteor. The camera is normally
covered with a window-shade type of objective shutter. When a bright
meteor occurs, the shutter is opened in less than a tenth of a second,
either by a photoelectric detector or by an attendant observer (Liller
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Fi6. 3-9. Cross-sectional view of Super-Schmidt camera. (A4) Main mirror; (B) rear
glass shell; (C) correcting plate; (D) front glass shell; (E) shutter motor; (F) shutter
shaft; (G) rotating shutter; (H) focusing post; (I) film holder; (J) film holder hinge;
(K) vacuum line; (L) counter weight; () hinge for opening camera; (N) dew cap.
(Domanion Observatory.)

and Whipple, 1954). Successive exposures of the train may then be
made in rapid succession at intervals of about two seconds. The camera
axis is shifted by 0°3 after each exposure to separate the train images.
Two Super-Schmidt cameras have been employed in this way by the
Harvard Meteor Expedition in New Mexico. These train photographs
give us detailed information about winds and turbulence in the upper
atmosphere (see Sec. 5-8 and Fig. 5-19).
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3-6. Meteor spectrophotography. Most of the conventional cameras
may be converted to spectrographs by placing in front of the lens either a
glass prism with an angle of about 30° or a transmission grating ruled with
80 to 400 lines/mm and designed to concentrate most of the light into
the first-order spectrum. The grating has the advantage that the zero-
order image will serve as a reference for the measurement of line wave-
lengths in the higher orders. This reference is not available with a
prism. No slit is used in either ecase. The meteor-trail image has no

Fia. 3-10. The Main Model meniscus Super-Schmidt camera, installed in North Wales
as part of the Jodrell Bank meteor program. (Courtesy of A. C. B. Lovell.)

appreciable thickness and the quality of the spectrum is excellent if the
direction of the trail does not coincide too closely with that of the dis-
persion. The average sensitivity of a spectrographic camera will be
about two magnitudes brighter than that of the same camera without the
dispersive device, partly because of additional losses in the dispersive
medium but mainly because the light is divided among several mono-
chromatic lines. Figure 3-12 shows the spectrum of a Perseid meteor.
Attempts have been made to operate the Super-Schmidts as spectro-
graphs, using Fresnel-type prisms or mosaic transmission gratings,
but they have not been very successful, owing to difficulties associated
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Fra. 3-11. A Geminid meteor, magnitude —2, photographed with the Main Model
Super-Schmidt on Dec. 14, 1947, The meteor traveled from left to right. The stellar
images were partially trailed during the exposure for purposes of photometric compari-
son. The Andromeda Nchula can be seen just to the left of center, above the trail.
(Courtesy of A. C. B. Lovell.)

CaI/I/ Mg/,lf;:e‘ﬁl\:l’g/I Na/I S'L//II/"HDc C!éI

1st order spectrum 2nd order

Fic. 3-12. Spectrqm of a Perseid meteor. Neutral and ionized lines of several clements
appear. The train spectrum is also visible in the dark spaces when the light from the
bright meteor head is cut off by the rotating shutter. (Courtesy of P. M. Millinan.)
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with the unconventional optics and the very wide field of these cameras.

The measurement and interpretation of meteor spectra is a science—
some say an art—which is understood and practised by only a few men in
the world to-day. Unless he is willing to devote the time and effort
necessary to acquire the requisite knowledge, the radio worker should
not consider meteor spectrography as an aid to his main radio program.
A direct photograph can furnish him with valuable and easily reducible
information, but a spectrographic photo that is not very carefully
analysed will add little to the radio story. A stronger case can be
made out for the converse practice: an elementary radar system should
be regarded as an important and useful handmaiden to the meteor
spectroscopist.

3-T. Photoelectric observations. Over a period of years the photocell
has become established as an indispensable aid in stellar photometry and
other astronomical and geophysical studies, and it may therefore be
somewhat surprising to note how little attention it has received from
meteor scientists. The high-speed response and the potential sensi-
tivity of photoelectric devices offer several attractive possibilities for the
trapping of the elusive and transient meteor. Only two photoelectric
equipments, the one Russian and the other Canadian, seem to have been
developed specifically for the observation of meteors. Astavin-Razumin
(1958), at Moscow, has described some preliminary results that he
obtained during 1955-1956 with a detector which consisted of three
parallel photomultiplier tubes followed by a common amplifier. The
recording device was a ballistic galvanometer, which provided some
filtering action to damp out noise fluctuations caused by variation of
light from the sky and by internal noise sources. A somewhat more
complex photoelectric system was developed at Ottawa (McKinley and
McKinley, 1951) in a form which permitted integration of its operation
with that of a companion radar set or with visual observations. Despite
some obvious shortcomings in the Canadian model, the basic technique
was demonstrated in 1949 to be quite practical, and it is a matter of
regret that several avenues of suggested improvements were not explored
more thoroughly to make it a more potent tool. The following brief
description of this equipment may provide a lead for future developments.

The individual photocell units of the Ottawa equipment consisted each
of a 931-A photomultiplier tube mounted inside a box in which was cut a
rectangular opening of the right size to admit light to the cell from a
30 by 36° sky field (using no lenses). To cover the entire sky, 19 of these
units were arranged as shown in Fig. 3-13. The output from each photo-
cell unit was sampled in time sequence by the electronic circuits sketched
in block form in Fig. 3-14. Identical range sweeps, each 260 km long,
were applied horizontally to two cathode-ray tubes located side by side.
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The tubes were photographed by a camera in which 35-mm film moved in
a vertical plane continuously past the open lens at 4 in./min (see Fig.
4-2). Seconds pulses and 20-km range markers were impressed on each
sweep. The video output of the companion radar was applied to the
radar cathode-ray tube as intensity modulation of the sweep, and the

Fic. 3-13. A photoelectric meteor detector. Nineteen photocells, covering the entire
sky, are arranged on the circular tables. The amplifiers and gating circuits are in the
cabinet below.

gated output of the photocells was similarly impressed on the photocell
cathode-ray tube. The output of each photocell was sampled for 67 usec
(equivalent to 10 km of range) at 118 cps, the recurrence frequency of the
radar pulses.

Figure 3-15 shows a typical record of a meteor detected by radar (top)
and by photocell Nos. 6 and 12 (bottom), with the visual observer’s
marker appearing between the two records.

A few meteors as faint as third magnitude were recorded by the photo-
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Fia. 3-14. Block diagram of the photoelectric meteor detector.
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Fic. 3-15. A Geminid meteor observed by three methods: (fop) radar-echo record;
(middle) visual-observer’s marker; (boitom) photoelectric record.
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cell system, though the practical working limit appeared to be about the
second magnitude. Most of the noise background in the photocell output
was due to star scintillations and other random light variations. The
sensitivity could therefore be improved by reducing the field of view until
the internal photocell noise equalled the skylight fluctuations. Photo-
multiplier tubes are now commercially available with better noise charac-
teristics than the 931-A; their introduction would permit still smaller
apertures or suitable lens systems to be used with advantage. The
19-unit system yielded the approximate position of the meteor, and if
more than one photocell was excited, the direction of motion was roughly
indicated. A qualitative estimate of light intensity was also available.

The salient feature of the system was the high precision with which the
photocell response to a meteor could be timed. When used as an aid to
the timing of direct or spectroscopic photographs the photocell, with a
timing error of 0.05 sec, greatly outperformed in this one respect the best
efforts of experienced visual observers. Further development along this
line seems to offer the most promising application of the photomultiplier
detector.

One could arrange a large number of photocell units, each with narrow
apertures, to cover a selected sky area with a sensitivity considerably
better than that of the eye, but the resolution attainable with any
practical number of cells would still be rather poor. An alternative
suggestion is to use the television image tube, which will meet the require-
ment of high resolution. Certain types of these tubes which have been
developed in recent years for very low light levels may well find a place
in meteor research.

There are so many variables to be evaluated that an accurate predic-
tion of the performance of television image tubes is difficult, but pre-
liminary calculations suggest that the best of modern image tubes should
exceed the sensitivity of the naked eye. For example, we may begin by
assuming that the illumination level of a fifth-magnitude meteor is
2 X 107° ft-c, and that of a tenth-magnitude meteor is 2 X 10-1! ft-¢ (see
Sec. 2-2). The photocathode surface of a typical image orthicon tube like
the RCA type 6849 may be considered to be made up of a large number of
individual elements. A lower limit for the size of an element will be set
by the permissible spacing of the scanning lines. Five hundred scanning
lines per 25 mm is a reasonable practice; hence the diameter of a “unit
cell” may be taken as rougbly 0.05 mm. If the objective lens has a
diameter of 50 mm, the increase in illumination on the unit cell of the
photocathode will be (50/0.05)2 = 10%. Thus the image of a fifth-mag-
nitude meteor will be of the order of 103 ft-c in intensity, and that of a
tenth-magnitude meteor will be 105 ft-c. The former value is well
within the operating range of sensitive image orthicons and the latter
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figure is just on the fringe. Of course, there will be losses in the optical
system, and the scanning losses, photocathode storage times, amplifier
bandwidths, etec., will all need to be considered. Slow meteors will be
favored over fast ones, perhaps by as much as two or three magnitudes.
It should, however, be feasible to build a meteor-observing system, using
commercially available components, which would be from one to three
magnitudes more sensitive than the unaided human eye.

If the predicted increase in sensitivity is achieved in practice, a new
and powerful technique will become available for observing both meteors
and earth satellites. (One may visualize a group of devoted observers
watching the picture tube in indoor comfort, with all the amenities
customarily associated with viewing the late, late television show!) The
value of the method will naturally be considerably enhanced if some kind
of permanent record can be made for use later: this would still be true
even if the anticipated sensitivity were not fully realized. The video
output of the system may be stored on wideband video tape, for instance,
and the tape played back at any desired speed. To avoid using miles of
tape in a night’s program, one could record on a closed loop of tape, say
of 1-min duration, which is continually being erased and reused. After
a meteor has been recorded, the tape could be stopped, either by an
attendant observer or automatically if the meteor signal were strong
enough, and that particular loop set aside while another went into service.
No rotating shutter is needed in front of the lens because the meteor
velocity can be determined from the frame rate. The frames of par-
ticular interest on the tape loop may be photographed frame by frame
with a movie camera for a detailed slow-motion examination of the
phenomenon.

At the 107th meeting of the American Astronomical Society, held in
New York, December 27-31, 1960, John Spalding and Curtis L. Hemen-
way described some preliminary results obtained with a television system
employing an f 1.1 lens and a GE-type Z5294 image orthicon tube.
Meteors of the sixth magnitude, or perhaps fainter, were easily detectable.
Meteor trains were observed as they were created after the meteor head.
A prism placed before the lens yielded low-resolution spectra of meteors
and trains. Further developments in this field will be awaited with
interest.

CHAPTER 4

Radio Techniques

The early radio observations of meteoric ionization were mainly
by-products of other research programs, such as ionospheric and propaga-
tion studies. Rough measurements of the ranges of the transient ioniza-
tion could be obtained from the records of pulsed ionospheric sounders,
and the Doppler whistles that were heard during reception of a distant
h-f station definitely indicated a rapid motion of some reflecting agency.
These observations suggested fairly strongly that meteors were the cause,
but conclusive and quantitative evidence was lacking up to the early
1940s.

On any list of the most important technological advances made under
forced draft during World War II one would certainly include the new
and powerful radar systems for the detection and tracking of aircraft
and ships. Very little effort was required to beat these swords of modern
warfare into ploughshares with which to break virgin ground in the field
of meteor research. Modified wartime radars were involved in many of
the postwar radio researches and a few were still being used fifteen years
later. In the main, though, current practice is to design and build
equipments specifically for meteor research.

We shall begin here with a summary of the primary information that
radio ean provide, followed by a general discussion of the techniques by
which these data may be obtained. Particular methods and representa-
tive equipments will then be described, some quite briefly and others
more extensively, as their utility appears to warrant. It is neither
feasible nor desirable in a book of this length and scope to attempt to go
into the construction of a particular equipment in such detail that the
reader could make himself a Chinese copy. Rather, it is felt that broad
suggestions should suffice, with a block diagram here and there to guide
the engineer in applying his stock in trade of radio knowledge and
experience. This chapter will be mainly devoted to methods and
apparatus employed in backscatter meteor researches. Techniques and
equipments used for forward-scatter work and for practical meteor com-
munications will be described in Chap. 9.
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figure is just on the fringe. Of course, there will be losses in the optical
system, and the scanning losses, photocathode storage times, amplifier
bandwidths, etc., will all need to be considered. Slow meteors will be
favored over fast ones, perhaps by as much as two or three magnitudes.
It should, however, be feasible to build a meteor-observing system, using
commercially available components, which would be from one to three
magnitudes more sensitive than the unaided human eye.

If the predicted increase in sensitivity is achieved in practice, a new
and powerful technique will become available for observing both meteors
and earth satellites. (One may visualize a group of devoted observers
watching the picture tube in indoor comfort, with all the amenities
customarily associated with viewing the late, late television show!) The
value of the method will naturally be considerably enhanced if some kind
of permanent record can be made for use later: this would still be true
even if the anticipated sensitivity were not fully realized. The video
output of the system may be stored on wideband video tape, for instance,
and the tape played back at any desired speed. To avoid using miles of
tape in a night’s program, one could record on a closed loop of tape, say
of 1-min duration, which is continually being erased and reused. After
a meteor has been recorded, the tape could be stopped, either by an
attendant observer or automatically if the meteor signal were strong
enough, and that particular loop set aside while another went into service.
No rotating shutter is needed in front of the lens because the meteor
velocity can be determined from the frame rate. The frames of par-
ticular interest on the tape loop may be photographed frame by frame
with a movie camera for a detailed slow-motion examination of the
phenomenon.

At the 107th meeting of the American Astronomical Society, held in
New York, December 27-31, 1960, John Spalding and Curtis L. Hemen-
way described some preliminary results obtained with a television system
employing an f 1.1 lens and a GE-type Z5294 image orthicon tube.
Meteors of the sixth magnitude, or perhaps fainter, were easily detectable.
Meteor trains were observed as they were created after the meteor head.
A prism placed before the lens yielded low-resolution spectra of meteors
and trains. Further developments in this field will be awaited with
interest.

CHAPTER 4

Radio Techniques

The early radio observations of meteoric ionization were mainly
by-products of other research programs, such as ionospheric and propaga-
tion studies. Rough measurements of the ranges of the transient ioniza-
tion could be obtained from the records of pulsed ionospheric sounders,
and the Doppler whistles that were heard during reception of a distant
h-f station definitely indicated a rapid motion of some reflecting agency.
These observations suggested fairly strongly that meteors were the cause,
but conclusive and quantitative evidence was lacking up to the early
1940s.

On any list of the most important technological advances made under
forced draft during World War II one would certainly include the new
and powerful radar systems for the detection and tracking of aircraft
and ships. Very little effort was required to beat these swords of modern
warfare into ploughshares with which to break virgin ground in the field
of meteor research. Modified wartime radars were involved in many of
the postwar radio researches and a few were still being used fifteen years
later. In the main, though, current practice is to design and build
equipments specifically for meteor research.

We shall begin here with a summary of the primary information that
radio can provide, followed by a general discussion of the techniques by
which these data may be obtained. Particular methods and representa-
tive equipments will then be described, some quite briefly and others
more extensively, as their utility appears to warrant. It is neither
feasible nor desirable in a book of this length and scope to attempt to go
into the construction of a particular equipment in such detail that the
reader could make himself a Chinese copy. Rather, it is felt that broad
suggestions should suffice, with a block diagram here and there to guide
the engineer in applying his stock in trade of radio knowledge and
experience. This chapter will be mainly devoted to methods and
apparatus employed in backscatter meteor researches. Techniques and
equipments used for forward-scatter work and for practical meteor com-
munications will be described in Chap. 9.
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4-1. Primary observational data. The energy which develops in
collisions between ablated atoms of the meteoroid and molecules or atoms
of the upper atmosphere is sufficient to free electrons from the atoms.
Positively charged ions are also produced, but these are too heavy and
too sluggish in the field of the incident radio wave to contribute signi-
ficantly to the scattered wave or echo signal. The electrons are the
important elements, and the scattering phenomena may conveniently be
divided into two major subdivisions, depending on whether the number
of electrons produced per meter of path length is smaller or greater than a
certain critical value. If smaller, the meteor trail is said to be under-
dense, the radio wave penetrates the column freely, and each electron acts
as an individual scattering source. If greater, the trail is overdense, and
the radio wave does not penetrate the column but is effectively reflected
from that boundary surface inside which the electrons are dense enough
to cause total reflection—a local miniature ionosphere, as it were. For
either underdense or overdense trails, radio systems may be devised to
provide the following primary observational data, although no single
equipment is known to exist which could extract all the listed information
with the optimum precision.

1. Echo range. The distance from the station to the meteoric target
is known as the echo range and is a fundamental measurement easily
made with pulse or FM backscatter radars. The total instrumental
error in a range measurement is the sum of several kinds of inaccuracies,
of which two are of major importance. The first is caused by a combina-
tion of pulse rise time and receiver bandwith (see Sec. 2-6); this error is
independent of range. The second inaccuracy is caused by timing errors
either in the speed of the range sweep or in the range-calibration markers;
this error is roughly proportional to range. Without difficulty, one can
build simple radar systems in which the over-all average range error is
about 1 km, a quite acceptable error for many purposes. When neces-
sary, a more precise ranging system may be incorporated which can
increase the instrumental accuracy of absolute range measurement to
better than 10 m if the transmitter-pulse rise time and the receiver
bandwidth are suitably engineered (see Sec. 2-6). Of more general
interest than extreme precision in the absolute measurement of range is
range resolution, or the ability to discriminate between targets at slightly
different ranges. A radar range resolution of 2 or 3 km is common, and
the best practice narrows this to 50 or 100 m. If the meteor has produced
a “head echo” over an appreciable path length, the rate of change of
range is a measure of meteor velocity. In a few cases the rate of change of
velocity, or the deceleration, can be found. The velocity errors may be as
small as 1 per cent for good specimens, but the deceleration errors will
seldom be less than 20 per cent.
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2. Echo phase. This term is used to describe the phase of the received
echo wave relative to the transmitter wave. A cw system can measure
phase smoothly and continuously, and a coherent-pulse radar will sample
the phase at frequent intervals. Looked at another way, the echo phase
may be regarded as a very precise measurement of relative range. The
error in phase angle may be only a few degrees, corresponding to a range
error of a few centimeters. Unfortunately, the absolute range of the
meteor cannot be determined by this Doppler, or diffraction, method.
(A similar but more complicated technique used in tracking rockets,
known as DOVAP,* does determine the absolute range by continuously
integrating the phase angle from a known starting point.) However, the
angular velocity of the meteor may be deduced from the phase variations
as the meteor moves across the line of sight. The coherent methods
(cw, or coherent-pulse radar) can fully utilize the echo-phase information
all along the detectable trail as it is forming, but even a noncoherent radar
can be used to measure velocity by virtue of the amplitude fluctuations
which occur just after the meteor passes the point on its path nearest the
station. In effect, the already-formed part of the meteor trail provides
the reference phase in the latter case. Typical meteor diffraction records,
reduced by simplified methods, will yield velocities with errors from 3 to
5 per cent. The best records, analysed by more painstaking methods, are
subject to errors of less than 1 per cent. Because the path length over
which the diffraction echo may be observed is usually short, deceleration
measurements are difficult to make at a single station by this method.

After the meteor has run its course and disappeared into dust and
atoms, the long trail of expanding ionization that is left behind will drift
with the wind, and may also be twisted and bent. Slow variations in the
echo phase will occur. Even without a reference phase at the ground
station, interference effects may be observed between waves from different
parts of the trail because these parts are moving at slightly different speeds
relative to the observer. These slow variations, termed ‘“body Doppler”’
by the Stanford group, have no connection with the high-speed fluctua-
tions of the diffraction echo observed while the trail is being created.

3. Echo amplitude, or echo power. Either instantaneous or averaged
measurements of the received signal strength may be expressed as field
strengths in microvolts per meter. More usually they are given as power
in watts. Amplitude-time records made with a calibrated linear receiver
can be read with accuracies of a few per cent, provided that the echo has
not saturated the receiver. Logarithmic receivers are occasionally used
to extend the dynamic range over which signal strengths can be recorded ;
these receivers can be conveniently calibrated in decibels, with 1 db as a
typical reading error. In other types of recording, such as the popular

* DOppler Velocity And Position.
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range-time method wherein the signal modulates the intensity of a
cathode-ray-tube range sweep, only a rough estimate of echo strength can
be obtained, with errors ranging from 6 db upward.

4. Echo decay time and echo duration. Of even greater interest than the
precise value of the absolute echo strength is the behavior of the echo
amplitude with time. Underdense trail echoes rise rapidly to a peak after
the meteor passes o and then decay exponentially. This echo decay time
Tun is measured from the time of maximum amplitude to the time when
the amplitude (or the square root of the power) has fallen to a given
arbitrary fraction of the peak, often specified as 1/¢ where ¢ is the base of
natural logarithms. The echo decay time might more logically be called
the echo time constant.

The rise of the echo is more gradual in the case of overdense trail echoes,
and here the useful parameter is the echo duration T,,. This is the dura-
tion of the echo above a given absolute reference level which may be
chosen to be the receiver noise level. To avoid confusion it should be
pointed out that these variations in echo amplitude are on a longer time
scale than the phase and amplitude fluctuations associated with the mov-
ing meteor. The diffraction fluctuations have periods of the order of a
few milliseconds, and these fluctuations are assumed to have been com-
pressed together and smoothed out in the type of record used to determine
echo decay time or echo duration. Typical echo decay times are of the
order of 0.1 sec, while echo durations may extend from 0.1 sec to several
minutes. Because of the highly individualistic behavior of meteor echoes,
great precision is probably not warranted in measuring the decay times
and durations. For example, a particular echo duration of 100 sec may
easily be measured to an accuracy of 0.5 sec or less, but the true statistical
spread of observed durations is many times this reading error.

5. Echo polarization. During the first few tenths of a second in the
lifetime of an underdense trail, the echo amplitude may be found to vary
with the orientation of the electric vector of the incident wave relative to
the trail axis. When the electric vector is normal to the trail, the
amplitude may be as much as twice that obtained when the vector is
parallel to the path. The effect is due to resonance occurring between the
incident wave and the natural frequency of plasma oscillations across the
ionized column. The ratio of echo amplitude quickly falls to unity as the
column expands. The phenomenon is of some importance in the evolu-
tion of the physical theory of meteoric ionization, but it has little practical
effect on most types of meteor observing programs.

4-2. Secondary observational data. From the above primary observa-
tional data we may deduce a number of useful secondary data. Some of
these derived characteristics have become so intimately associated with
the meteor as to be regarded as primary parameters, but one should keep

T
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in mind that various interpretative processes have had to be employed,
some of them properly subject to critical scrutiny and review. For
example, the number of electrons ¢ produced per meter of path length is
certainly a basic characteristic of any meteor trail, but it may be deduced
only by applying some idealized theoretical considerations. For under-
dense trails the theory indicates that ¢ varies as the square root of the
observed echo power P,. For the basic model of the overdense trail, q
is linearly dependent on the echo duration T, or alternatively, q varies as
P.%. An individual specimen in the overdense category may yield quite
different values of ¢ depending on which theoretical relation is used.
Three different answers for ¢ may result for a meteor on the border line
between underdense and overdense trails. This does not necessarily
imply that the theory is wrong (although that possibility should never be
overlooked—mistakes have appeared and have been corrected in the early
theoretical developments). Rather, it means that the theory is intended
to describe a simplified model of a well-behaved trail, created in a homo-
geneous atmosphere of known characteristics. This ideal trail model,
even as an approximation, can only represent the average, and in meteor
studies a selected specimen seems to deviate more widely from the group
average than happens in many other areas of physical measurements.
However, the theory can be both powerful and indispensable in analyzing
many kinds of observational data if the results and predictions are cor-
rectly regarded as statistical averages and one recognizes and accepts the
risk of error involved in attempting to apply the theory to an individual
specimen.

Our knowledge of the atmospheric environment, too, is sketchy and
deficient—so much so in some aspects that we may achieve fair success in
combining meteor observations and theory to deduce certain properties of
the upper air (Whipple, 1943; Evans, 1954). One example of this pro-
cedure is the calculation of the electron-diffusion coefficient D from the
observed decay time T.. for meteors at known heights (Greenhow and
Neufeld, 1955a). The rate of diffusion depends on the atmospheric
pressure and therefore on the height; so once the diffusion-height scale
is established, the decay time may be used conversely to find the height
of the meteor. Another example appears in Whipple’s (1938) early work
on photographic meteors, where he was able to determine the relative
atmospheric pressure throughout the range of meteor heights from the
decelerations measured along the paths.

The velocity and deceleration of the meteor are derived data which have
already been mentioned in the previous section. Other secondary data,
largely geometrical in character, may be computed from the primary
measurements: the position in space of the ionized cloud left by the brighter
meteors may be triangulated from range measurements made at three
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spaced ground stations, or from a single-station range measurement
combined with elevation and azimuth information obtainable with special
direction-finding techniques. The position errors naturally depend on
the instrumental accuracies: typical examples of either method commonly
measure height and plan position with errors of the order of +1 km for
meteors occurring within a range of 150 km and degenerating to errors of
+5 km for meteors 300 km distant. Three-station observations of the
head echo, or of the diffraction echo, can yield the orientation of the
individual meteor path and hence the position of the radiant, with mean
errors of 2 to 3°. The radiant of a strong shower may be determined
statistically from the variation of echo rates with range and time, again
with errors of the order of 2 to 3°.

It may be remarked that the observational errors quoted above for the
various meteor parameters are, in general, an order of magnitude greater
than the corresponding errors associated with the photographic methods
discussed in Chap. 3. There are, however, several potent arguments to
be advanced in support of the radio methods. First, they have been
applied already to meteors as faint as tenth to fifteenth magnitude, and an
extension to fainter meteors should be instrumentally feasible. Even the
best photographic method is at present limited to third- or fourth-
magnitude meteors, and any further extension is likely to be difficult and
expensive. Second, radio works in all weather and by day or by night.
Third, radio is a very sensitive detector of ionization, and quantitative
measurements of ¢ may be made on very faint meteors. Direct photog-
raphy reveals little or nothing about the ionization, and although spectros-
copy can tell us what elements are ionized in the bright meteors, it can
assign a lower limit only to the total ionization produced because visible
light does not necessarily accompany the ionization processes.

4-3. Pulse radar techniques. The echo power varies as A3 for the
average meteor, the echo duration varies roughly as A%, and the hourly
rates of radio meteors tend to increase as N*.  All this would suggest that
the longer the radio wavelength, the better for meteor research work. For
many purposes this is indeed true, although several factors enter to set a
practical upper limit to the wavelength. At wavelengths greater than
about 10 m, interference from distant stations via ionospheric reflections
is often troublesome, particularly in the daylight hours and during periods
of sunspot maxima. Daytime absorption effects occurring below the
normal E region can seriously affect wavelengths of 20 m or more. The
increased duration of echoes on the longer wavelengths may result in an
appreciable overlapping of the echoes on the range-time record. This is
not necessarily a handicap, but in any case it may be alleviated by improv-
ing the range resolution of the radar system.

Some special applications, such as the delineation of radiants, demand
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narrow antenna beams that are steerable. Both the constructional
difficulties and the costs of the required wide-aperture antennas will
increase about as A%, so a compromise must be reached. Large steerable
antennas are usually designed for wavelengths shorter than 5 m, while
large fixed arrays can be built economically for wavelengths as long as
15 m. Meteor researches, using either single dipoles or more complex
arrays, have been carried out on a variety of wavelengths extending from
100 to less than 1 m, but most of the important work has been done in the
band 3 to 12 m.

Transmitting ! Separate
{or common) receiving

antenng antenna
I
|
. |
. Tronsmit | Tuned Detector
Modulator Transmitter f—»— receive p——-——o R receiver [ and video
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PR.F Range
generator [ calibration
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si'::p To intensity control
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F1G. 4-1. Block diagram of a basie meteor radar system.

A block diagram of the basic elements of an elementary meteor radar
system is shown in Fig. 4-1. The transmitter may be a self-excited
oscillator employing a pair of conventional power triodes. The peak
power output will be in the range 10 to 100 kw, with pulse widths from 3
to 100 psec at prf’s of 30 to 2,000 cps. The average plate power require-
ments are modest, of the order of a few watts up to a few hundred watts.
A simple and effective modulator is the distributed-line type, made up of
several sections of lumped inductance and capacitance to form the pulse
together with a rotating spark wheel or a hydrogen thyratron to discharge
the line. A synchronizing pulse from the modulator, or from its control-




74 METEOR SCIENCE AND ENGINEERING [CHap. 4

ling prf generator, initiates the saw-tooth range sweep that is applied to
the horizontal deflection plates of a cathode-ray tube.

Separate transmitting and receiving antennas are often used. How-
ever, if the antenna system is large and complicated, the additional
complexity of a transmit-receive switch will be warranted to avoid
duplication of the antenna structure and also to eliminate tracking prob-
lems if the antenna system is to be steerable. Meteor echoes picked up by
the receiving antenna are amplified by a tuned receiver which is designed
to have a bandpass appropriate to the pulse width and other operating
conditions. The amplified radio-frequency output, or intermediate-
frequency output if a superheterodyne receiver is used, is rectified by a
diode (so-called “linear detector’’), further amplified as a unipolar video
signal, and then applied to the vertical deflection plates of the cathode-ray
tube. Current-sweep waveforms and electromagnetic deflection coils are
frequently used in place of voltage-sweep waveforms and electrostatic
deflection plates. This amplitude-range presentation is known as an
A-scope display. It is an essential part of every meteor radar for visual
monitoring purposes. The A scope may be photographed with a high-
speed movie camera if one is interested in recording the rapid fluctuations
of echo amplitude with time. Alternatively, the receiver output may be
recorded on magnetic tape for playback and analysis of selected portions.

The widely used range-time display is created by impressing the video
output on one of the grids or the cathode of the cathode-ray tube in order
to modulate the intensity of the cathode-ray-tube trace (see Fig. 4-1).
The trace may be photographed by a camera in which film is drawn in the
vertical plane continuously past the open lens. Figure 4-2 shows one
camera that was designed especially for this purpose. Hundred-foot rolls
of fine-grain 35-mm movie film are used, and film speeds of 1, 2, or 4 in./
min are available. Several range-time meteor records made with this
camera appear throughout this book.

Another type of cathode-ray-tube display, known as an RT (range-
time) scope, is particularly useful for visual monitoring because of its short-
term memory. The intensity-modulated range sweep is applied vertically
to a cathode-ray tube which has a long-delay screen, e.g., the double-
phosphor P7 type. At the same time a saw-tooth sweep with a period of
the order of 1 min is applied to translate the range sweep slowly in the
horizontal direction across the tube, with a rapid return.  This slow-speed
sweep may be generated by a motor-driven potentiometer. The viewer
thus obtains continuously a range-time picture that extends 1 min back
into the past at any moment.

Range-calibration markers are needed for accurate distance measure-
ment. These may conveniently be spaced 20 km apart, say, if the over-
all sweep length is from 300 to 400 km. A simple calibrator unit consists
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of an oscillator of appropriate frequency which may be started with each
synchronizing pulse and stopped at the end of the range sweep. The
oscillator sine waves are squared and differentiated to produce narrow
pulses which may be applied either to the vertical plates of the A scope or
to the intensity control of the range-time cathode-ray tube. If very pre-
cise range measurements are desired, a continuously running quartz-
crystal oscillator may be used, in which case the synchronizing pulse is
usually derived from the crystal oscillator and employed to trigger both
the modulator pulse and the range sweep.

Fig. 4-2. Two views of a camera designed to photograph an intensity-modulated
cathode-ray tube. The time axis on the record is provided by the continuous motion
of the film past the open lens.

Time markers may be added to the range sweep as well. Electric sec-
onds pulses are first obtained from a clock, each pulse lasting for about
0.5 sec. These impulses are used to gate two very short pulses which are
synchronized with the start of the sweep but delayed by, say, 30 and 230
km, respectively. When the gated pulses are applied to the intensity
control of the cathode-ray tube the photographic record will show two
rows of seconds markers. Two rows of dots are to be preferred to one row
because the film transport speed is not entirely negligible compared to the
sweep speed, with the result that the range axis slants slightly on the
record.
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As a rule, the higher the pulse-recurrence frequency, the better, because
the information rate is directly geared to the prf. In order to obtain an
unambiguous measurement of range, the reciprocal of the prf cannot
exceed 2R ,.../c, where R, 1s the maximum range to be measured and c is
the velocity of propagation. The recovery time of the sweep and deflec-
tion circuits will further limit the maximum prf. Occasionally it is
desirable to use much higher prf’s than this criterion permits. The result-
ing range ambiguity may be removed if the prf is modulated at a subfre-
quency which is itself low enough to satisfy this requirement, e.g., either
by double-pulsing every nth pulse or by deleting the nth pulse altogether.
As a practical consideration, one should try to avoid the use of prf’s which
are commensurable with the power-line frequency. Electric impulse
noises produced in short bursts by motors, leaky insulators, and other
sources connected to the mains are usually synchronized with the line
frequency. If the radar prf is generated by a multivibrator that is not
locked to the line frequency, any false echoes which may be caused by this
type of interference will drift along the range sweep. Thus the inter-
ference will be spread more or less uniformly over the entire range-time
record instead of appearing as a confusing and spurious echo at a fixed
range. If the recurrence frequency is relatively high, very long range
echoes may occasionally appear on the second or third sweeps at appar-
ently short ranges. Such echoes may be easily recognized if the prf is
deliberately ‘‘jittered,” e.g., if it is generated by an unstable multi-
vibrator or a rotating spark wheel.

Almost infinite variety seems possible in the design of meteor radars.
Perhaps the lowest output power that has been employed for meteor
research is the 100-watt-peak (0.2-watt-average) power used at Ottawa as
part of a high-low power test (McKinley, 1951¢). This transmitter was a
type 12AU7 receiving tube coupled to a single dipole. Despite the very
low power, the meteor echo rates ran as high as 25 hr=1. At the other
extreme one may cite the radar developed by the Bureau of Standards
(Bowles, 1958) with a peak power of 5 megawatts (5 X 10® watts) and an
average power of 40 kw, on a frequency of 41 Me/sec. This superpower
equipment, when used with a single dipole antenna, should be capable of
detecting 3,000 to 4,000 meteor echoes per hour, assuming the echo rate to
vary as P¥\%,

4-4. A low-power meteor-patrol radar. This radar system was
designed by M. J. Neale of the NRC, Ottawa, especially to provide a
continuous record of meteor activity throughout the International Geo-
physical Year (see Fig. 4-3). Conservative constructional principles,
together with some monitoring and calibrating devices not usually built
into a meteor radar, are largely responsible for its reliable performance.
Installed at Springhill Meteor Observatory in July, 1957, the system

T
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operated so satisfactorily that it has been maintained as a meteor-patrol
radar ever since the end of the IGY. The continuous 24-hr record is a
valuable complement to the activities of specialized or high-power radars
which are used only intermittently.

Fre. 4-3. NRC meteor-patrol radar installation. From left to right the five cabinets
contain: test and monitoring equipment, range-time recording unit, monitor scope
and timing apparatus, modulator and power supplies, transmitting oscillator.

The operating characteristics may be summarized briefly as follows:

Carrier frequency 32.7 Me/sec

R-f power output 20-kw peak, 30 watts average

Pulse width 12 psec

Pulse-recurrence frequency 117 eps

Radiation pattern Substantially omnidirectional in azimuth:
extending from the zenith to Z = 70°

Recording Range-time type, on 35-mm film

The block diagram of the system is shown in Fig. 4-4. Separate but
identical receiving and transmitting antennas are used, both to avoid
potential trouble with a transmit-receive switch and to simplify the check-
ing of performance. Each antenna consists of a pair of crossed horizontal
dipoles fed 90° apart in phase to give a circularly polarized wave. The
dipoles are supported 0.4\ above a coarse-wire-mesh ground mat (Fig. 4-5).
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Signals from the receiving antenna (see Fig. 4-4) are amplified and
detected by the receiver, which has an over-all bandpass of 500 ke/sec.
Because of the wide bandwidth it is convenient and practical to use several
tuned r-f stages with a linear detector and video amplifier: this eliminateg
any problems of image frequency signals and local oscillator drifts which

F16. 4-6. Two samples of the records made by the meteor-patrol radar.  7Top shows the
automatic calibrating sequence. The stepped test signal appears 10 sec after the hour
at 50 km range and disappears into the noise. In order, the meter images show trans-
mitter output, test-signal reference level, transmitter frequency, and test generator
frequency (the fifth image is an unused spare). Botlom shows some meteor echoes,
together with the triangular visual marker. 20-km range markers appear as black
lines and 100-km markers as white lines.

could arise with a superheterodyne receiver. The range-time cathode-ray
tube is photographed simultaneously with the illuminated day and hour
indicators, the visual-observer’s marker, and a monitoring meter (see
I'ig. 4-6). The range sweep is normally triggered at a prf of about
117 cps from an internal oscillator, but it may also be triggered from an
external source, e.g., from a high-power radar which is used occasionally.
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To avoid mutual interference in the latter case, the firing of the patrol
radar is delayed by a time equivalent to 700-km range relative to the high-
power pulse. The pulse modulator is a type 5C22 hydrogen thyratron
switch used to discharge a pulse-forming line. The positive pulse from
the modulator is applied directly to the plates of a pair of 5868 triodes
working in push-pull as a self-excited oscillator.

A 400-cps tuning-fork oscillator provides a timing accuracy of +1 sec/
day. Suitably amplified, the power from this source drives the camera
and the 24-hr time indicator. In the event of failure of the 110-volt a-c
mains, the fork and timing system are maintained by a battery-operated
standby supply in order to maintain continuity of timing, although no
attempt is made to operate the transmitter or other parts of the system
during the relatively infrequent line breakdowns. The timing system
incorporates a series of cams and switches to furnish impulses at intervals
of 1sec, 10 sec, 1 min, 1 hr, and 1 day. Cams are also provided to blank
out the 29th, 58th, and 59th second impulses and to actuate light flashes
for photographing the indicators and the monitoring meter.

Every hour a completely automatic monitoring sequence is carried out.
During this period, a low-level pulsed signal is fed to the receiver through
attenuators and a directional coupler: this test signal is delayed to appear
at a range of 50 km on the record. At 10-sec intervals the signal level is
decreased from 2 to 0.4 uv in 2-db steps. At the same time the monitoring
meter is switched to indicate successively the transmitter power output,
the unattenuated test-signal level, and any deviations in the frequencies of
both the test-signal generator and the transmitter (see Fig. 4-6, top, for a
typical calibration record).

Additional monitoring may be done manually. The output of a slide-
back diode voltmeter, viewed on the monitor A scope, may be measured
to check peak r-f level at the transmitter output and at variousother points
in the system. Checks may be made on the degree of mismatch of either
antenna. Another feature is that either a 50-ohm matched load or a
50-ohm stabilized noise source may be switched in place of the receiving
antenna when an absolute calibration of receiver-noise temperature is
required.

4-5. Continuous-wave and other coherent-phase techniques. The
Stanford scientists (Manning, Villard, and Peterson, 1949) were the first
to record cw echoes from meteors. They used erystal-controlled trans-
mitters which emitted pure, unmodulated carriers on either 23 or 31 Mc/
sec. The output power in each case was of the order of 1 kw, radiated by
a A/2 dipole spaced A/4 above a reflecting ground plane. A similar
antenna was used at the receiving site, which was located in a small valley
6.5 km distant from the transmitter. It is essential in the cw technique
that the magnitude of the direct ground wave at the receiving position
































































































































































































































































































































































