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A

‘AIJSTRACT 3

[

The diffraction patterns 2¥.radio meteor echoes propagated over ’

)

a 91 km path at frequencies between 20 and 30 MHz have been spatially

3
sampled and recorded using a 1.18 km linear antenna array. The

L]

temporal and spatial variations of the recorded amplitudes and phases
¢

«

of three such echoes were examined, and the spatial Fourier transforms

-

of the data were computed to yleld angular spectra, or information on

echo ampjitude as a function of angle of arrival. Detailed énalysis
of the angular spectra, which showed evidence of resolved secondéry
echoesy indicated that, in two of the three cases‘examineé; the-

secondary echoes could have been due to trails caused by fragments from

. ? y
the meteoroid which generated the main echo trail. For all three

. Al
cases, the observed motions of the deduced main and secondary ‘echo re-
flection points could be explained on the basis of trail rotations
caused by vertical shears in the neutral winds.

M .

Descriptions of the experimental equipment and development of

the necessary theory are also included.

1ii

v
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CHAPTER 1

¢ ‘ :
HISTORICAL REVIEW AND BASIC DEFINITIONS

1.0 Introduct&on

Historically meteors have\been subjects of awe and myster&:
'shooting stars' or "falling stars" associated in superstitious minds
‘with births, deaths amd chta&lysmic~events in the affairs of mankind.
,Briliiant meteors'capable of arousing such emotions are in fact re-
latively rare. The overwhelming majority are of small size and,
causreg no brilliant streak of light; they pess unseen by the human

Y

eye.

All but the tiny micro-meteors, however, leave a wake consisting

of an elongated cloud or trail of ionized metedbric and atmospheric con-

stituents. Often these trails contain suffieient'numbers of free
Q

electrons to be capable of scattering radio waves. 'The_study of the

2 . . ) -
chargcteristics of radio waves scattered by these trails, or radio

L

meteor echoes, has yielded much information not only about the rates

onOccurrence of otherwise iévisible meteors, but also about the
physics and chemistry of the upper atmosphere at heights of 80 to 120

<

km‘where the trails are formed. “ ) ‘ .

¢ [N " Q - &

© 0

The extra terrestrial particles which, heaxed to.the point of

S o

6
J
‘disiﬁtegration by the frictional effect of passing‘thnough the eérth [

-

atmosphere, ablate and giVe rise ta méteorcphenomenafare callgd Lo

0 a n 9 e

meteoroids, and arge encountered by the earth ,as it orbits around the

- o ¢ . s
© ° ‘e @ (J N G s

(sun. Meteoroids which manage to penetrate toqthe earthﬁs snrface aré

o 0

".alled meteorites. Along some parts’ of its orbit the earth encountérs

s : e . Cos o L®

a . B . . G

N

ne

Y t-l

B

o



~

regions of enhanced meteoroid density, which give fiseva meteor showers.

Meteoroids..of a partfcular shower share a common orbit around the sun,
: -

- _"I . . . .
‘and thus the paths of shower meteors when extrapolated back appear to

origin;te from a common point in the sky, called the r;diant.' When-
the radiant is low in the sky, the earth's gravity deflects the péths.‘
of the metéoroids downwards S0 that the radiant seems higher'than it
should;.this effect is called zenith atﬁgaction. The majority of 411
meteors which are not associated with any shower, are referred to as -

-

being sporaaic.

- P Iy
©

1.1 Early Radio Observations ol Meteors

According to McKinley (1961) in his excellent book."Metegr

Science and Engineering", Skellett (1931, 1932) of the Bell Telephone .

<

Q

. 9
Laboratories was the first person to suggest that the unéxpected ob-

- . . Pl
.

servations of suddenly occurring short-lived radio echoes at night, as ,
seen for example by Appleton (1930) while observing the reflection of >

radio waves from ‘the ionosphere, might be due to meteor ionization.

©

An experiment to verify this hypothesis, by attempting to correlate the
visual observations of meteors with the occurrence of transient radio

echoes, was first tried during a meteor shower in the autumn of 1931
by Schafer and Goodall (19329. Unfortunately the sky over. the radio

9

apparatus was obscured by clouds, but the following year (1932) the

experiment was repeated successfully by Skellﬂft (1935) h1mself

-

As, reported by McKinley (1961), observational work using fadio

techniques that whs carried out during the 1930's was done at frequen- o o
) 3 Save

[23% pal

ciés in the range 1-10 MHz as an adjunct t& ionospheric reseéarch, and
B G . . : .

usually the transmitter and feceiver were located close to each other N ;
- 4 ;
p




-

in® the backscatter configuration. As well, unexplained sporadic re-
. - . N . ¥ .
ception of forward scattered signals over long distances at unusually

high frequencies were occasionally noted in.the literatdre (e.g., L.F.

Jones (1933) detected 44 MHz signals at a distance of 238 miles from
¢

, the transmitter), and Pierce {(1938) suggestéd that the propagation of

these signals also might Es—due to meteor trail effects. e

E]

1.2° Basic Parameters of Radio Meteor Echoes

The occurrence of a pagticularly intense Glacobinid meteor

_shower in October 1946 coupled with thé availability of superior elect-

ronic equipment, particularly radar, developed during the Second World

War provided the impetus for the post-war surge of interest in the

radio study of meteors. Twé‘of the firyt:igport5~cod%aining measure~
ments of some of the basic parameters of.éaéio meteor echoes made.using
these radars were published by Hey and Stewart (1947) and Eastwood_and
Mercer (1948). . y ‘

These basic parameters are: echo range, or the distange from
- .4 ’
the (backscatter) radio apparatus to tHe meteor trail; the rapidly

fluctuating echo phase ob%erved during the formation of a meteor trail
Fd

due to tha finftekbelocity of the meteoroid; echo amplitude or echo

14
~

Eowef, which are related to, among other fagtors, thg quantity ofr

‘

ionizatiorn per unit of trail length, which in turn is related to the

<

initial mass of the meteoroid, the meteoroid velocity; and the local

T

atmospheric density; echoﬁdeééy time and echo duration which are re~
. z -

v

.lat@gbto the processes which act to disperse the trail, such as diffus-

ion, winds and electron attachment and recombination; echd’pg}arizatio%,

,

or the angle of the radio-wave electric-field vector to the trail axis;




¢

@
> L4
) - =

- e . ‘
and echo body-Doppler, which is the relatively small Doppler frequency

shift of the echo signal observed for“some echoes, due to the motion

of the neutral atmosphere containing the trail.
- P .

1.3 Relevant Radio Meteor Research Since 1960

o The vast amount of research undertaken in the field of radio-

-

observations of meteors since the Second World War defies being summari-

r

-

zed in a work, such as this; the reader is again referred to the book by
McKinley (1961) for a comprehensivVe review and summdry of the work

carried out in theoperiod 1945—1966% .

There are, however, two general comments whjch can be made
about most work done to date. The first is thatAalﬁqst all é%peri—
mental studies have been statistical in nature: that is, lérge quanti-
ties of data were accumulated f{om dbse;vation; of hundreds or even
thousands of radio meteor echoes, and these data were then averaged in
some reasonable manner to estimate the parameters desired. The second

is that in no case’ were the spatial diffraction patterns formed by the

scattered radio signals observed and studied in detail. At best,

- -

interferometric techniﬁues were used to estimate angles of arrival of
the ;cattéréd signal with respect to the receiving system (Revah,

1969; Brown, 1922) and where multiple element antenna systems were em-.
ployeq\(Brown, 1972), the signals received by various sets of elements
were summed electronically before Ehey were det?cted,ﬂsimply im order

to' reduce the beamwidth of the antenna system and hence to eliminate

ambiguities which could arise in the analysis of the data.

o



N

. Nevertheless there are several studies of sufficient relevance
to the present experiment to warrant mention., Rice and Forsyth (1963,
1964).and Rice (1964) found anomolous variations in the echo decay

times for the same trail as observed at three different radio frequen-

cies. They showed by performing some numerical integrations that varia-

3

tions in the line density, or number of electrons per unit length of

trail, of order 50% of the mean line density, and of linear extent one-
tenth to one pz}ncipal Fresnel zone diametef (Sécti;n 3.3) could account
fof these énomolies. These variations were hypothesized to be due to
some unspecified mechanism which resulted in the irregular deposition.
of electrons along the trail as it was being formed. Rice therefore

devised an experimental technique toc measure the line density of the

trail as it was being fb;med, and found evidence for the existence of

—

the hypothesized fluctuations.

N

A paper by Jones (1969) called. this result into question and
suggested that the observed digspersion in decay times might instead
be due to t;e diétorting effects of second-order vertical éradients in
the horizontal neutral winds on the’trails after thein formation. Jones
and Read (1972) éhowéd on the basis of a general theoréﬁ;cal’calculation

that such wind-shear-gradient effects could in fact explain the observed

dispersion in decay times for forward-scatter measurements, such as

were performed by Rice,’but that backscatter decay-time dispersion

measurements wére probably tompletely contaminated by extra-terrestrial

»

radio noise.
[+]

Brown and Elford (1971) also performed numerical calculations

based on a meteor trail model which combined a random irregular line

density profile and the effect of a linear vertical shear of the hori-

.




7 . . . ; . N .
. - . 3 .
° - - . . . B . ‘\
- ~ » L4 . [
- ¥

zontal winds. They showed .that this model too could account for large

i

variatiﬁg;\in observed echokaecay times, for reasonable estimates of

9. * *
. ‘fluptuation magnitude and scale size, and wind shkgar, Their finding
that the effect of limear wind_shears alone acting on a trail without

’ . ot . d
any {Fregularities were insufficient to account for the observed sﬁgz;d
‘ . . ; G
in echo decay_timeé had also been deduced analytically by McIntosh

.

@ (1969). " . 3

> B Other experimental studies of the effects of wind shears on

*
o 3

meteor trails.havé been of a more direct nature. Revah 11969) used a
sophisticated megéor radar system to obtain copious data which were
-analyzed statistically to yield a continuous description‘of the wind
profilgs as- a fuyétion of altitude and time, The‘ﬁajor regult derived .
<ol was'the.demonstratipn oé the exiétgnce of propa;dping internal gravity
waves with periods’of a few hours: Phillips (1?69), in contrast; used

a much simpler single antenna backscatter apparatus to observe the
amplitude‘fluctuations in persistent}meteor echoes; These data also

-

were analyzed statistically to deduce that the observed fluctuations

.

were consistent with the existence of a-horizontal wfﬁd\zelbgity ﬁrefile

“which is a sinudbigél funé¢tion of altitude, with the amplitude of the
sinusoid incfeasing exponentially w?th altitude. The results of Revah
and Pﬁillipslare‘Fhué not jnconsistent, and provide solid evidence for

the existence of significant wind shears and wind-shear gradients at
meteor heights. - K//;\::) '

B ’ Finally, £t would ge remiss not to mention the extensive MeteSr
Research Program of the Sm;th;onian Astkophysical Observatory, which
has' been summarized in an extensive figal report by Cook et al. (1972).

© This program included among its many experiments the simultaneous opti-

+
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- cal' and radio abservations of metedrs. The conclusison of that particular

@ - 2

: - \ >
. "’,w. "
study was that meteoroids fragment as- they ablate, consistent with the

conclusions both of'other works ‘c#*ted above, and of the present thesis.
» - ) "_\(“_
- N

) P
. b

1.4 ‘Oytliqg_of’the Thesis ) .t B

L}

.~ -

In Chapé@f 1 the basic radio meteor terminélogy‘and both the .early

history and }he}gurrent state #f radio meteor research are reviewed. In
. . { - -

particular"t is brought out that there are two possible'mechanismquor

a
°

. o I -
explaining anomolous meteor echo behavior; distortion of the meteor trails

»
t

due to gradients in the vertical shears of the horizontal winds, and

— o o

irregularities in the line density of the trails. )
Chapter 2 describes in dome detail’ the equipment used in the current
\
experiment, and the constraints which 3Yed to the particular choice of

spatial coordinates chosen for the geometrical theory developed in

s '

Chapter 3. g - )
R {/ . :
Chapter 3 contains bther elementary theory necessary to undertake

the analysis of the experimental results. The theory for describing and

; . . e
interpreting the spatial diffraction patterns of meteor echoes recejved

L4 v

from straight and distorted meteor trails with uniform and irreg

dense, transitional and overdense reflection coefficients is reviewed.

The elementary theory developed there is expanded as required in

Chapter 5, where the experimental results are, described and analyzed in

N

. -

detail. ' j

0

Chapter 4 outlines the‘experimental detajls of recording the data
L -~ ,

and the methods used to reduce the raw data to a form amenable to physi-

cal interpretation. A least-squares techniques for estimating the angles
. \ :

)
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of arrival of the echoes as well as spatial aﬁd temporal filtering tech—

7
o

the anéles

niques and tie Rourier transform technique used to estimate
’ § 0 e, R

of ‘arrival of the .observed secondary echo components are described.

- 2

Chapter 5 contains the detailed aﬁalysis of the reduced data from

5

three different echoes. The data are shown to contain evidence of the

existence of small but significant spatially resolved secondary echoes.

.
It seems likely that these secondary echoes cannot be due solely to the *

- I

effects of vertical shears of horizontal winds acting on-single trails.

’ . . . 3
Therefore a hypothesis that the secondary echoes were dué to trails

\

.

caused by fragments bginé cast off the main meteoroid is considered. It

is shown that this fragmentation hypothesis is capable of ¢xplaining the

observations in two of the three cases analygzed, and in all thtee cases,

.
M »

the observed motion of the secondary ‘echo reflection points are explain-
- . . ¢
»

able on the basis of wind §hears consistent with those deduced from other

w

previous observations. However, there is an absence of independent corro-
. . . :

horative evidence indicating the occurrence of meteoroid fragmentation

at the deduced heights of more than 100 km and with the deduced. angular

[

divergences of the fragmerit. paths of more than 1°. Hence the fragmenta-

- .

tion hypothesis must as Qét be consideréed speculative.

Chapter 6 contains a qualitative summary of the results and the

-~

canclusions which can be drawn from them, and casts them in perspective

' : \ , . L] ’
with the results of previous radio experiments and some current theories

of meteoroid structure. The energetic and momentum coggtraints of meteor-
oid fragmentation are considered 'in an appendix and are shown not to pre-

clude the fragmentation hypothesis. Finally, suggestions for further

g{udies are made.

v




CHAPTER 2

INSTRUMENTATION

2.0 Introduction .

‘

The equipment of the gommunications Research Centre (CRC) High-

Frequency Direction-Finding (HFDF) research facility was used to perform

this experiment. This facility, located about 15 miles southwest of

Ottawa, was designed .tdo sample and record wavefront data received across
a 3875-foot (1181.1 m) aperture, at frequencies in the high-frequency

(HF) radio band (2-30 Mlz). Although the equipment %as intended prim-
. » o
arily for the observation of radio signals reflected by the ionosphere,

for this experiment signals scattered by meteor trail ionization were

1

sampled and recorded.

2.1 Outline of the System Design

.

The HfDF system consisted of an array of up Eo 90_antenna
elements, each connected by a éaiibiated cable to its own réceiver. The
receivers shared common local OScillthrs, so that the relative phases
of signals from the different éntenqa elements were preserved. The final

N N -
stage of each receiver included a phase-sensitive detector, and the two

output signals (differing in phase by 90”) from each receiveg were
quantiied by an analog-to-digital converter and recorded on digital
magnetic tape. The receivers and ancillar§ recording and control equip-
ment were housed in an underground laboratory near the centre of the

. -

antenna array.




2.2 Swept-Frequency Continuous-Wave Modulation

The designers of the CRC, HFDF system chose the sdmewhqt novel
technique of swept-frequency continuous-wave (SFCW) modulation rather -
. » i .
than the more common pulse-modulaffg; method of estimating signal- -
propagation delays.” This choice profoundly affected the design of the
system, and it therefore seems appropriate to describe the SFCWV-
modulation technique in some detail immediately.
™~

.

As the description SFCW implies, the transmitted signal is

\

continuous in nature, and has constant amplitude. Tts frehuency, how-
ever, is being increased or decreased linearly with time; i.e., the
frequency is being swept. Such a signal can be generated at HF-band
frequencies to a high degrée of precision (with undesired sidebands

40 dB or more below the desired signal level) by means of specially

.
L]

constructed digitally controlled freq&éncy synthesizers. In the CRC

HFDF system, synthesizers manufactured by the Barry Research Corporat- <0
. b
ion were used. Frequency sweep-rates ranging from 25 klz/sec to

10 MHz/sec were available; for the present experiment a sweep-rate of

100 kHz/sec was chosen (Section 4.1).

2.2.1 Bandwidth considerations

SFCW modulation allows the use of receivers with output band-
widths much narrower than those required for pulse-modulation receivers,- - -

because the instantaneous bandwidth of the desired’SFCW signal is much

narrower than the bandwidth required to pass the typical 20 psec to
100 usec pulse used in HF radio observations of the jonosphere.  The :

narrower bhandwidth also jimproves the signal-to-noise ratio (SNR) at the '

receiver ou;gpt; Of course, if the receiver bandwidths are made too




>

=

-

narrow, rapld fluctuations in the received signal due to rapid varia-

@

tions in the propagation path will be obscured: This presents a
severe restriction on the observation of radio meteor echoes while the

meteor trail is being formed, when the bandwidth of the fluctuations in

®
-

the. echo signal at HF can exceed 1 kHz.

-

2.2.2 Estimatfon of Propa ation—Deﬁay Times

»

., If it is assumed at Doppler shifts at the received signal
frequency are negligible, SFCW modulation offers the possibility of

determining the transit time of the signal over the probagation‘path.

A transmitted SFCW signal has instantaneous frequency fT {(in Hz) given

. -~

by
’r

f,=fo+st (0 <t <t (2.1)

’

"

where f0 initial frequency (in Hz) at the start of the signal

(t = 0)
t = time (;n sec) ) .
;l = duration qf signal (in sec). ‘
and s = ‘

frequency sweep rate (in Hz/sec).

At a point distant from the transmitter such that the signal transit
time is T (and it is assumed for simplicity that only one propagation
path, of constant length, exists), the instantaneous frequency of the

»

received signal, fR (in Hz), is given by

fp = Iyt strm) (T <t <ty +1) (2.2)

O

If the received signal is mixed with a replica of the transmitted

signal generated by a SFCW local oscillator and the difference frequency




k { v '
> Af (in Hz) 1is extracted, then Af is proportional to T:

¢ .
.

O
) (2.3

’ Af = fp - f. = -sT (T <t <ty
& ' : .

Negative diffetence frequencies are observable if a phase-sensitive

.

“detector is emploved. ’ ’ .
p Y % 0
fﬁ‘A“ The extension of this concept to include the detection of
3 ] ‘ -
o multiple propagation paths ‘and the estimatdon of their relative signal

-
r

strengths and transit times by some form of spectral analysis of the

* “

d

receiver output signal is obvious.,

v c

If the trgnsmitter and redeiver SFCW oscillators are perfectiy

o

¢ synchronized, the observed difference

o

uencies are typically in the .

)

- ' éudio,band; e.g., for't = 3.20 mséc (correspon g to a propagation
or

"

path of about 960-km) and s = 100’kHz/sec, then Af —320 Hz.  Because

1

it is easier to constrhct low-pasg filters than band-pass\{ilters, it

1) :
is usual to retard thé_btart of the sweep of the receiver local-eseiids—""=
. - . % ! !

P

e tor to reduce the magnitude of Af. »Thus if the local oscillator fre-
quency f% is given by i} . ’ o
. , :
s ] s ) .
¢ L . B - . . ,
fr = £, +7s(t TOK (T, £t <t + 1) . (2.4)

.

wheré T, is the time delay between the start of the transmitter and -

o~

‘receiver SFCW oscillators, then' the new difference frequency Af'''is
[ -

o

given by -
. . S

Af! = —'S(T - TO) (max,c("[”To) _<_ t i tl) ’ (2.5) s

el 2 e aed



A 2- 30 MHz bandpass filter preceded the first mixer, in order v

o -

to suppress interference from radio transmitters in the 0 2 MHz band
- and galactic noise at frequencies above 30 MHz where the system was not

designed to qperate; :The first mixer mixed a lqcally’genErated SFCW
. l .
signal exactly 40 MHz higher in freguency thaﬁ“the‘exﬁected‘recei&éd

- »

- _SFCW signal, and the ditference signal, centred at an inteéermediate
‘ . . oo R ) - = . - ' 3
frequency of 40 MHz, was extracté&d by filtering. - This signal was then

* ' successively amplified and mixed down, first to a 2 MHz and then to a . °

b 4

- 100 kHz interxped’ia'.te freq\mn}./iinally the signal was passed through
a phase-sensitive detector and,mixed down to D.C.. Two output signals

were thus generated,,labelled"l (for "in-phase'). and Q (for '"quadra-
»

ture") in Fi, 2 3, with I leading Q in phase by 90° The I and Q
8 g

.

signals were low—pass flltered as mentioned in Section 2.2.2 both to

improve the output signal-to-noise ratio and to reduce the bandwidth of v

e
4‘ .

- : ‘ : the signal to that which could be adequately sampled by the digital
recording §ystem. o . ' .
. . . .
An automatic gain control CAGC) circuit was included in each Y

-

. receiver, to allow the receivers to.cope with the large dynamic range
of signal amplitudes often encountered,in SFEW signals. propagated by

ionospheric reflection. The instantaneous AGC signal levels could Myve’ ¥

nf.«_d.» ‘

been recorded for subsequent calculation of the instantaneous receiver

.gaing, but for: this experiment the AGC-s,were disabled and the receivers:'

. . . -

-k
~ were calibrated and operated in a linear mode. AR,
The . equalization of the gross phase shifts impressed on the -

teceived signsls bg'the.different-receivers was not“a.design criterion,
T e W . , R IR

. ' but care was taken to ensure that the differential phase shift between. -
. any pair of'réceivers aela,functionvof frequency‘uas small. ‘Me;sure—

g L & . . .
G R ‘ ..




- 4

UTh
gt t

. . . ] e,
- [ . R oo o ‘ _— A ®"
. . - . RO “ e o . . R :
. . .- . :
» k .
- ) : ) .
o N TN o . 1“ n .
‘ +
. ) S
. ] “
- . H i . . -
. X K
~ 2
- .
"— .‘.
d ‘ i o < e .
R ; ) ‘ : . |
A -
a % ﬁ}& ~ '* . z '.; .
~ -
¢ ' o oo
N
- ! ] ‘
- . :
. R ? R i
" IR o RO T .o o
o : SEPT ILES, - I
. L A
* ® a L s
o\ S a ‘
. o . f
‘ | ° 0
' | ‘6 ) ' ! ° e
¢ O‘ ?’t‘
. o i . |
© \T_ o .
° o )
L - ‘ . .
LT . . .
o Ta ] ‘ ' ) . ) -
c‘”ADA - * ~, FA N
- L . |
4 . d . - B , s . lf\/ \\ R " )
: ’ ' ’ - ’ * ) 1 oo
.
..
Ed
°
L, ©
e
ot
o
-
A
o J - oo -
. .The path gepgraphy »
: . - b
. N ., ; R ; 3 } x
3 v L ° .~ \ o , . )
o l . .
P
- )
- , . . ‘
e K , . .. .
‘ ]
. ) - .
P, . R ‘ e - .
B . .



*

4 - -
. [sampLE TIME OF DAY
A/D TIMER [© ] CLOCK -
[PAPER TAPE E T
READER AND |
PUNCH
' y
. RECEIVER
TELETYPE DOP 516 FREQUENCY
- COMPUTER AoUENC
. 4 . .
MAGNETIC ; I STORAGE
MASNETIC! . |PRINTER/PLOTTER TORAG

&

Figure 2.4. Block diagram of the control ‘and recording system
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o5 & . - ' °
elements a;,a uniform inter- element separation of 125 feet gould be

(4 I3
A o , ¢ -
laid out. ; .
=, A ° .
o

The cross array was orthogonal to and jidentical to ‘the inner

s . - ~ k4 . B 6c
sub-array of the long array. : . o

g o ° ) . e 2 " '
=]

* For this experiment, only§64 receivérs were aVailablei. All 58

- -
® 3 . a -~

positions of the long array were mqpltored and the rémainiﬁg six re-
©

o L

ceivers were connected, to six elements 1n the Cross array‘ These

'v
.« ., -

elements were placed symmetrlcally at 125 foot 1ntervals inwards

o Y

starting frem the?outermosi p051tions of the’ cross‘array.
‘Y s . . ' o - - S ,
. T . o . N e
¢ © ° e ' ° © v

[ - ©
2.3.3 The Antenna Elements . e A S L8

. [ : < o
The® antenna elements:used for this experiment were a slightly

3
° c - o

N

. modified versipn of theé elevate&xfeed monogole antenna described by

Hatch et (19%69 Unfortqqa;ely,oto°date no eonp;ehen%ive meaanre—
ments of either thet&bsoiute gaiﬁ or ‘the naSiation pa{teﬁn°of ?heée
a?tennasbh%:e been made, bnt hasch.ét aZ. h:ve published theoretlcally
deri;e} ele;ahloﬂ angle gain patterns. These indicate that for antennas

Of. 78rfoot height as used here, usable sensitiv1ty over the ent1re

@ ©

©
&

2—30 MHz'frequegcy band is hlways maintained for eleVation'angles less
ot _4a & B © H

- o a-

o

, than gOOZ Further, galaeticuo; so—qaileﬁ "sky'" noise from near the
. L. ? e .

. directional, ’ ; ' . o

zenith, the usual direction of its greatest.intensity since ionos-
phezle‘absorption attenuafes it. more strongly for lgger eleeatiOn

:;gles, #s sharply discriminited against by ;he high angle null in the
ei;vatio;'g;;n pattern, This eEfegt improves theasigna;~to~noise

~

© < v - 2 e -
ﬁftio. The, expected azimuthal. gain® pattern is, of course, omni-~

>




An elevated feed positioni in addition to'eusuriug a 'slowly

varying elevation angle gain pattern as a function of frequency, also '

v ' produces an antenna with a smoothly varying 1mpedance versus frequency
.characteristic. For SFCW modulation this is.a very important'cqn#
.o . M o 5 'C ~ - .

& T 'sideration, because resonances’in the system could easiiy cdrrupt the

s o ' -~

L/

] o . daﬁa. ! ' ' e “' %

The antenna elements were coupled to 50 ohm coaﬁi?l cables by

o o

means of specially de51gned impedance matching transformers. These

»
transformets were- designed to load the antenna in' such a manner as to
(J\‘\\,,’-

- ‘ o %

further smooth the impedance versus frequency characterlstlc as
. ' measured‘at the transformer output terminals. Tests of t@g trans-

¢ ' o~
" ’ °formers showed that their amplitude and phase charaéterlstics were
. . , -]

identical to within RMS deviations of order +0.5 dB of/loss (#5% in
3

4‘“’~

amplitude) and +3° of phase over the 2-30 MHz frequencguhend; so' that

they were one of the major sources of systematic error j;/the-data.

D S . \ o o
o ° 2.3, 4 The Antenna Cables _ ‘ ”//'

ngh—prec1sion 50 ohm eoax1al cables (Al\helka 1250 Pi manu-
- ; \ . e
. \ - .
K factured by Canada Wire and Cable Ltd ) were used/;o connect'the

antennas ‘to the receivers These cables were H/iuch in diameter, with
: /

solid copper inmner conductor, foamed plastic dielectrich‘solid‘aluminum,

.

outer conductor, and e vinyl outer sheath. ThHey were buried to a
‘depth-of six feet to protect them from‘physieal:dahage and to provide

© d" . . a thermally_stébie ehyironment." .

o B

- ] . The cables can be considered as COmprieing two sets. One set

consisted °of cables'approximatelyv488 feet long, connecting the inner

. ‘e

"0 sub—array and the cross-array antenna positions to the underground

- ’s
- N &




/‘ i3
s laboratory. The outer set consisted of cables approximately 2085 feet
CLY . 8 .

- ‘long, connecting the two outer sub-array antenna positions to the

\ uqcerground laboratory.

-
o -

The cables in each set have been matched’ amongst themselves

-]

1
over the 2 30 MHz frequency band, to a tolerance of +2 ¢ of phase

C ot J length (1Q of phase at 30 MHz). This,was done by means of a complex
) ' s - - SFCW phase matching technique (E.L. Winacott; private communication).
- An empirical formula (Appendix A, eqn. (A.1)) relating to within iiol'

the absolute phase length difference between the inner apd outer sub- b o

array cables as a function of radio frequency and cable temperature has .
- ) I B - ) l : ’ g
been derived by Mr. Winacott,. and this formula was used to eliminate

the” systematie differences between pnase observations made using one or

the pther sets of cables. .

~ g ) The attenuation characteristics of the cables as a function of

; e
frequency were less well known, not having been extensively measured.

N A few tests have been made, however, which indicated that the manu- ’ .
+ El v ® o
O . R -

factdrer's specifications gave an estimate of the cable attenuation

- . ‘factor to within about 0.2 dB for the long cabies.

°

_Appendix A contains details of the cable amplitude and'phase

¢alibration formulae.

, 4 - 2.3.5 The Receivers . >

,*f.

Iy ! % - . ' .
The receivers, which were.Specially‘designed by D.W.'Rice,
consisted basically of three mixers and three amplifying stages follow-

r"éa ﬁy a phase sensitive detector. A block diagram of a receiver is

: .
. e presented in Fig. 2.3, and the receiver performance characteristics are

;-

/ . .
summarized in Table 2.1. ' : : ' : iy
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(- ° TABLE 2.1 =~ -
Summary of.Receivef Cﬁa;acteristics ) . Ca
J Al ! L
Input impedance 50 ohms a
' Noise figure ' 12 dB above kTB (T = 3009K)
! Output bandwidth (-3 dB) A +15 Hz _
Filter attenuation characteristic 24 dB/octave ’ - .
- Maxiﬁuﬁ‘output amplitude 10V -
Amplitude gain factor (for this ) 6 \
Lo L. experiment) ‘ * ~3.2 x 10
/ Expected RMS noise voltéég_at_ i ‘
‘each receiver output due to 2
. receiver noise (15 Hz BW) .* 22 mV
Measured standard deviation of .
. corrected receiver gains 3.5% (0.3 dB) * |
Measured standard deviation of 4

e corrected receiver phases 20
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A

A 2-30 MHz bandpass filter preceded the first mixer, in order -

to suppress interference from radio transmitters in the 0-2 MHz band

and galactic noise at frequencieg above 30 MHz where the system was not

designed to operate. ‘The first mixer mixed a lacally generated SFCW

'

signal exactly 40 MHz higher in freguency thaﬁ”the‘exégcted rgceiGéd
SFCW signal, and the difference signal, centred at an intermediate

. . ' - a . N 3
frequency of 40 MHz, was extractéd by filtering. . This signal was then

. )

?

successively amplified and mixed down, first to a 2.MHz"and then to a °*

L 4

100 kHz intermediate freqtiiiz;’_zinally the signal was passed through

a phase-sensitive detector and mixed down to D.C.. Two output sigqals

were thus generated, labelled-1 (for "in-phase').and Q (for 'quadra-
‘ ' . v )
ture™) in Fig. 2.3, with I leading Q in phase by 90°. The I and Q

signals were low-pass filtered as mentioned in Sectiom 2.2.2 both to

improve the output signal-to-noise ratio and to reduce the bandwidth 6§_ﬁ%‘

, B
-

the signal to that which coulg be adequately sampled by the digital

recording dystem. ' : . ' .
~ : .
An automatic gain qontrol (AGC) circuit was included in each .

. receiver, to allow the receivers to, cope with the large dynamic range
of signal amplitudes oftén encountered in SFEW signals propagated by -
ionospheric reflection. The instanﬁaneéu5vAGC signal levels could Mgve'’

B

been recorded for subsequent calculatfon’of the instantaneous receiver

-gaing, but for this experiment the AGC’SAQere'disabled and the receivers:

+ -

were calibrated and oﬁerated in a linear mbdeg .,
The equélization of the gross phase shifts impressed on the

received signals by the different receivers was not a design critefion,
‘ ‘ A ' [

but care was taken to ensure’that the differential phase shift between.

. any pair of receivers ab a function of frequency was small. ‘Measure~

Y
g

-4
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) .
ments of this characteristic for the receivers used in this experiment

showed that,.over the 20-30 MHz frequency band, the maximum differen-
tial phase deviation wgs about 129, and it was a smoothly varying
function of frequency.

The effect of both the'grdss and frequency dependent differen-
tial phase shifts and differences in the gains of the differént re-
ceivers, as well as the effects of géin~iﬁbalance and departures from
phase quadrature in the individGaI’receiver~phase sénsitive detectors,
could be compensated for by the procedures outlined in Appendix A.2.
The contribution to the uncertainties in the data due to ;ecefvgr
effects were thus reduced té standa;d deviations of 0.3 dB in gain or

3.5% in amplitude and 2° in phase.

* 2.3.6 The Computerized Control and Data Recording System

The qentral position occupied by th;vcomputer in the HFDF
‘system°is.shoyﬁ in Figh 2.4. Th; computer aeted in a dual role: it s
contfolled the -sampling, quantizin@ andlrecord;ng of thé data; and %t
éodld glso be used for prbcess?ng éome qalibrati§n data and performing
simple real-time d t;.analysis. The latter gépabilities‘were.used in

the present ex eriment only to confirm that the system was functioning

. .
.

-properiy'and o record, process and display ionograms, which were used
" to check the synchronization of the transmitter and recelver clocks.

A brief description of the dé£é‘rgcording,process follows.
.. . i L ' i
* When the time of day clock reached thé time selected for the start of

a SFCW gignal transmission, a time delay T (Section 2.2.2) was allowed .

3

to elapse; then a sweep of the local SFCW oscillator (denoted as the-

. frepeiber‘fréquency controller" in Fig; 2.4)was initiated and the

A
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Figure 2.4, Block diagram of the control 'and recording system




¢

sample timer was turned on. The sample timer was a pulse generator"ﬁ
4

. which was monitored by the computer, which in turn controlled the
¥ - ‘ G ' ,
multiplexer and analog-to-digital converter (denoted as "A/D" in Fig.

* o

2.4). Each time & coritrol pulse was emi’tted by the sample‘er, the

-

128 outputs.of the 64 receivers were sequentially scanned by the multd-
plexer and each output signal voltage in éurn was huantizeq into omne
of 4096 discrete levels'gy the analég—to—digital converter, at a con— g
verterrlimited rate of 43,000 conversions ﬁer second. Each quantizedf°
datum was immgdiately tgansferred,to the memory of the computer Via a

- direct memory access channel, and when sufficient hata had been accumu-

lated there, the computer transferred them to the digital magmetic tape
' o o .

w?

s
recorder via anothér direct memory access channel, at a recorder-—
. © . <. Qg . .

L o IS
¥ . limited maximum average rate of 24,000 data peY second.

The«choice of sequential,rather than simultaneous sampling of

@

AR

Y . the receiver outputs was based on the relative costs of the two techni-
0 qués. The bias introduced imto the data by sequential samplihg was

compensated for as described. in Appendix A.3.

&

2.4 Summary of Systematic Error Effects

Tabies 2.2 and 2.3 summarize the contributions to the'overall
3 !’ o A L
* standard deviations to be expected in amplitude and phase measurements

. : o . - Q@

due to systematic distortion effects. Receiver thermal noise has been
, o - C . . ’
‘ . ignored. The combined effect of systematic gain and phase errors was

to yield avsignal-to~distortion ratio of* 22 dB at the outputs of each

~

receliver. ’ ( - ' ©

o
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o : TABLE 2.2 , a . .

Summary of Systematic Gain Errors & ;7ﬁ”':¥*

- v .

Antenna transformer gain variations 5%

Error in attenuation variation Be-
tween long and short antenna
cqbles (after correctipns) - 27

Receiver-to-receiver gain varia- . .
tion (Efteg correction) n 3.5%

-»
-

Combined (RMS) systematic gain— D o ' e
errors - . : 6.47 -

. (a4 © . .
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TABLE 2.3
[N . . ‘ﬁ’

;ummary‘of Systematic Phase
) - 1 A

2 -
Standard deviation ofi antenna '
transformer phase _errors . 3@
. F S
Standard deviation of antenna ’
.cable phase errors - 1°
Standard deviation_of receiver- "
-to-receiver phase varjiation L
(after correction) o ¥20
-, ' J €
- -~ 7
. . - . o
. Combined (RMS) standard deyia- ~
tion of systematic phase ol
errorsy . - 40,
[ ) L] ©
/ @
,’ o .

o
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CHAPTER 3* ' .

L ~_ THEORY

3.0 Introduction B . ‘ o o

<

,Ihe theoretical study of forward seatteting of radio waves by
- i3 N , ° , . N - ,
meteor ‘trails is certainly not ney, the topic having beem thoroughly
. cen e %
» s
d trail case by -Eshelman. (1952)"

treated for ‘the underdense, undistor
. © :
over two decades'ago. ‘Additional referenves to‘thisosuhiect as*well

Aas a developnent of theé theory itself are givenﬂby McKinlei“iib6l).

o (; Q
It is necessary to rewderive the theory here, hOWever, in order to de—.
N v PR (AP
fine the scattering geoﬁetry in terms of. parameters obsgtnable by the’

present experimEntal apparatus - . - - e
H - -
The content of this chapter can be summar1zed as follows. A

°

a

a .. 3

‘spherical ineident‘Wavb“radiated by a point—source transmitter‘will be’

-
bJ

assumed to be scattered by a meteor trail with arbitrary reflection-

A

coefficient profdle. The trail axis will first be approximated by a
) o - ' ”

distortions from the -

initial straight- line axis model will be incorporated

for calculating possible phase paths from theftransmitter via the

straight line,gand later in the developmént

An.expression‘

meteor trail to’ anytpoint near an arbitrary local origfn'will be de-
rived,oand fhis expression 1n conjunetion with the reflection co-
efficient profile can be 1ptegrated along the length of the tMil to

oo . oy :
yield the desired spatial diffraction pattern.

[ g ¢

The properties of the

' theoretidgl diffraction patterh will then be investigated in order to

dbtermine how experimentally observeﬂ patterns might vary .as a function

of trail distortions and reflectiop.goefficient fluctuations.

0 '

Finally,

-

for completeness, the basic theory describingothe reflection«toefficients

o . . t

o . o 2‘8 .

Ia)l

4
b
5
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The vectors RiO;VlevRZO and R2 ire directed approximétely parallel to-
the direction of propagation of the radio waves. - ) ‘o
“ , " -
» G RN - co
[ ! ’ B . ) gJ" " ) ' o

3.2 ° The General Phase Expreggioh

By expanding expressiQns‘for,leand R, in Taylor series about

2
it can be shown that, to

4

their respective central yalues RlO aﬁd»RZO

.. l
second order in p' and r:

o .
» @

-

B ‘ - . D= . Tt *
V . 3 o
+ .
o, ) o 1 . B

L= . - . o' }O(RE. -
« Ry +4R2 Rio * Ryget 2(R10<R10 'RZO/RZO), ol 2(Ry, E_)/RQO
) E '\' 4 a .
A . . | .
¢ . __l__ .2 _ D' ) . 2 c ‘
- ¥R {p E®Ryg P—)/Rlo}-} o (3.2)
- 10 —_ )
i. 1 y * ‘_ 2 . . v e A
. ;‘R {IE_. L, - [kZO. (Q_ .E)/RZ&] }
20 -4 >
el
-3 », LetQ}né‘the radio wavelength be denoted by A and the;ﬁagnituae

. e
¥

;;' _bﬁ the propagation vector by k = 2n/) allows the phase path distante

‘(inaradiaﬁs)'¢€glt£) = E(R1+R2) t? ge wr%tten as | ST
) ‘ ) @ ) a. ® ) {_\) *
. - o, ) 0
' v = s - . ' - .
Y © 0elr) = (g - kgt tpl Akt
e N T IR . '21 °
. ‘ *2F P T @10 /Ry re (3.3)
. <o 10 ‘ o _— J ° . .
1“’ - ° i ? B
o L [y g2 2 . 2
t 75, {JP_ ]® 2[Ry + L - DI/R,] }
N - 2 + ¢ o
o
’ Whel?e . R ¢ : v a
‘ -] ° o N
-] v © %5
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R
+ ° M ~
, _ .
\ kl = k(RlQ/Rlo)“O (3.4a)
kZO = k(RzO/RZO) (3:4b)
2
, R FlO R10 A2 (3.4c)
2 - ’ a2
F56 RZO‘ A/2 (3.4d)'
and" ' | ) ; " '
¢o = k(Rlo + RZO)' o (3.4e)
@o is a comstant which subsequently will Be ignored. ) ‘
. L ‘
3.3 The Straight-line Trail Model
For the straight—line trail model, the vector EL can be ex- B
pressed in the form
o' = gl £ B8]+ k). . (3.5)
o .( o o
';ﬁ o where a, B and y are direction cosines which can be calculated for a

LY

particular propagation geometry if the célestial coordinates of the

meteor radiant are kqun;;and % is a measure of length’'along the tr@il

I

ax¥s from the point (Eéh Ng» co). A unit vector

. : 2 = oi 4 Bj.+ vk , (3.6)

.

pointing in the direction of meteor travel, can be defined so that

¢(£ﬁ9£9'= ¢S(1;£) and in particular N : S

¢
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| @S(Q,O) = €El9 —,EZQ) .9 g ’ |
’i | +;—§-6{1 - B}—_ Q/le):lz}, ~0 (3.7? .,

S +%{l;.[§‘l"m20]2} | .

The ‘subscript .§ denotes a straight-linehtrail model.
The condition that the point (50; Ny s C&) be the point of

stationary phase or geometric specular reflection point is imposed by

-2 -

requiring the condition
# - ; |
82 .(klo = kz(j)* " 9,.= 0 . ) (3.8)
=0 _—
' r=0
» i |
- . . : : . i
"be satisfied. This leads to the usual law of reflectioni- -angle of
incidence equals angle of reflection. ! '
"It is now helpfui to consider the prolate spheroid with foci
at T and R and passiﬁg through the point (Eo, Ny s CQ), which can be
defined by the equation
.2 2 2 _ j 2 “= 2f: _ ¢ 21
£2 + n + [1 (ZO/RO)j 'Ro[l (ZO/RO)] (3.9
where
R 1 (R, . + R, ) (3.10)
" .0 2 10 207 ° :

- -0 ”i

L

A vector'§(€:n,§)'outwardly”norma;ﬁto‘the surface of this-

-

spheéroid is fpund“ﬁ§ taking the gradient of the above expression;

t -

~




—_—

E ‘J . A - ) A :
N0 = el 4]+ el - /R Dk (3.11)
- . . f
and in particular at‘Fbe p01nt'(Eo,nO,Co) ) (
. ‘ ) } ) ”n
. C —Iig(@o’nosco) = _0_9 CO(ZO/RO) k , (03-12)
It can be shown that .
} . g ’ ’ an ‘ ,
“_m T ky T (L/ROO)LEE - 0 (Zo/R) k] (3.13)
where- T - \") i
: ‘(1/R00) = .(L/Rlo) + (1/R20). (3.14)
Consequently, from egns. (3.8), (3.13) and (3.12)
Ng & o= 0 - (3.19)

so that the meteor trail is tangent to the prolate spheroid at the

specular reflection point, |

Because of the validityfof_eqn.'(3.15) it can be shown that

i cos(klo,l) = ¥y ZO/ROA = cos(kzo;l) o .'A (3.16)

—— ——

where for example’cos(klo,l) is thé cosine of the angle be;ween‘the

vectors klo'and L. | - , o S

" Further élgebraic manipulatibn yields a final expression for
. ~ - '. K ) y
the phase path length from T to r via an arbitrary point on the \

.

straight 11ne trail:




.scattefing from meteor trails (McKinley, 1941).

a5

‘ = . s m_ 20 2
¢ (L,1) KoL *+3 ot - r?  (3.17)
[ — F F )
o 20 Co
wherg
- RlO ’ 2 ~ ’ A
. Qoo(z) = ‘rM(x) ‘Eﬁg sin (ngl) . (3.18)

is the point of stationary phase-on the trail for an observation made

at the point r, and-

-

-

« A

M(-) = cos(l,r) - cos(k,,%) cos(k,q.x) (3.19)
is an angularly-dependent projection factor; also
cos(EE,%) =' Y ZOIRO, (3.20)
- ) - R A . .
R 00 — (3.21)
- 2 sin®(k_,1) .
; , o]
‘r“: . —
= 2 |

- RlO/R0 1+ CoZO/RO . (3.22)

In passing, it is noted that the charAcferistic'length Fo is
1//2 times the usual definition of the radius of the principal Fresnel -~

zone as defined in the classical Fresnel diffraction <heory of forward ;

*

-y

-

3.4 The Distofted—Traii Model - ' . -

To account for distortions from an initial straight-line trail .

. . L t .
medel, the vector p' can be written as thé sum of two terms:,.

/
. ¢
.o .

wa

.-

L
WD
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TptR,t) = % + gi(z,t) . (3.23)

where p "(L,t) dis the vector dlsplacement at the time t of an elemental
segment of length df and initial p051t10n % at time t=0. Such dis:

.7
tortlons could be caused by neutral winds It is assumed that /

H(Q 0) .
By substituting eqn. (3. 23) into eqn. {(3.3) and expandlng it
can be shown that, to second order in p” and %, the-phase path via a . -

distorted trail, @D(R,E,t), is given by

¢D(2{g?t) - ) + 2k(p". “2) cos o + { (") S | s
+ 22 cos(k, DL n ) (5 2/R2) cos ¢f (E:jﬁo)vsi; ]
+ (Bg.ao>2 + (p" ) sin®¢,
+ (Q1-§0)2~coszqf}/{Fg sin?(ié,g)}“ - _ (3.24)

where ﬁo, ﬁo, ﬁo comprise a right-hand set of unit vectors as defined

below, and
Al 2 % . : »
1 —‘(ZO/RO) ' ‘ '
‘c03‘¢f = ~ © (3.25)
1- (EOZO/RO)

L.

‘where 2¢f is the usual forward scatter angle (McKidley, 1961), measured

in the plane‘of,propaghtién. - In terms of the present%ﬂefinitiohs, e

2¢f is the angle between the vectors “R; 0. and R20 ) . L

The "transverse" unit vector ﬁo is defined by the expression

fl, = [1- @ /R T [0 - 2Ry 7% tn 7 - géi}/éo’n ©(3.26)

»




t/ ’ -
., v « . 3 ';‘
- . N ~ .
and is normal to the plane of propagation. The "normal" unit vector.
. is defined by.
. .
- fos D A R - 2R T TE (o) - o2y /R FRIR
o o 00 0’0 o o 070 0
; e
and is parallel to NO. The "paralle " unit vector So'ié defined by
B fi S RATEIL - @z R (R - (2 /R ) p /)
o) o' 0" ' o0 0 ‘ o0 0" "o 0
(3.28)

and ;ﬁgﬂirected roughly parallel to the direction af signal propagation.

Thgfvectors ﬁo and Bo lie in the plane of propagation. ’

- * . ’ |
" For the present experiment it is reasonable to neglect in .
eqn. (3.24) the terms containing products of p" and .4, which corres-

pond to akxial displacement of the trail, as well as the second order .

terms in p" and r, to yield a simpl&fied expréséion for @D(Q,L,t)ﬁ

. A ' ‘ ! : )

. i {fz - 22 9,00(5)} . -
Qﬁ(ﬁxE:t) = k2 ‘r + 3 - ” -+ 2k(p"+n_) cos ¢f o
=L . ¥ . .

- O .
(3.29)

The critical points of QD(R”E’C) can be found by eval@axing

‘ »
‘ 30, -
, T = 0 ‘ . : o (3.30)
It

' .wﬁich lgads to the rgsult ' ‘ ’ . . -

| . B . ,' ai ' <
. - - 2 »" s . ~
3 L (x,t) 200(5) {ZRoo/sin (Eﬂ,l)} cos ¢ 5T n_

‘ ) . . — . . - . .

= ) . ’ ) - 2: ls’ (‘3.31)




-  The sglutions~2$(£)t)lof.eqn. (3.31) are points of stationary phase on

-
'

the distorted txail. Tt is expected that most of the contributions to |

the received signal amplitude will arise from the vftinfzy of. these

<

.~ stationary-phase points.

v
1

3.5 The Received Echo Signal’

The contribution to the complex amplitude of the electric field

™ ]

observed at the point r due' to the signal reflected by the element. of

\_‘\

meteor trail of length df at the point L+ "(2,t) is approximately

°

@ -

v, - )
dEQ,r k) = g #(.t) exp [0, 0] dL " . (3.32)

10720

where g(f,t) is the reflection coefficient of the trail, and is a

function both of tiMe.and of position along the trail axis, and

» v . e, .

V. = (POG zo) 4w (3.33}
. “ ) ‘
J/ : . .
\

where PO is the transmitter power, G is the transmitter antenna géin

in the-direction of'ptopagation towards the trails relative to an

~ -”

>

-

4 isotropic fsdiétbr,.and Z0 is'ihe impedance of free sPacé (~377 ohms). | o
¢ The total amplitude of the scattered field at the point r at time t ‘ v

is found by integrating eqn. (3.33) oVef‘the entire length of the trail:

© T E@,) = a2 T g{L,t) exp [J%@Qz,t‘)ldﬁ (3.34) ©

L R, R .
DU S 100200 oy

E)

'

> » o

It can be seen thgt‘eqh. (3.34) is'a Fresnel-diffraction infegral;

[
? © o
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3.5, The Echo Received from a Distorted Trail with a Uniform
° Reflection-Coefficient Profile : ) .
If in the vicinity of a stationary phase pGint ngg,t) the . -
reflection coefficient can be regarded as essentially constant with . .t
n’ ) an effective value gO[QS(O),t], then egn. (3.34) can be formally iﬂte;
grated using the principle of stationary phase to %yield:the result for . .

’ ,
the distorted trail case (denoted:by the subscript d):

N - ' o . A ,
‘ o

. ’ < a l. -
Ep(z,t) = exp {jk,qx} x E'ED,S(L,t)aexp {=3k(e /R o OM(D)T}  (3.35),
where ' . | o0,
VO -. '¢ I 'Q's 2 ~ A @ ’
ED,s(E’t) = TR L g(lé,t) exp 4J |5 |5 + 2k(g_(28)-no) cos ¢f
‘ 10720 o) .
‘ L - ’ - o(3.36) - .t

G - . . LIS
. o s

N ‘ - - 9 . :
is almost independent of f. oThe.summation over s indicates a summation : .

¢

- of an unknown number of stationary phase points. . For each i?lowed

-

value for s, LS is.a complex quantity with the dimension of ength, 2 1
such_that ]Ls} represents the effective length of trail in the vicinity .
'aof'ngo) which cqntributes to the signal received at r; the aﬁﬁlitudé X

of this signal component is proportional tb‘lLsgol' It is assumed.that o]

go(ZS,t) is uniform over a4 length of trail.muéh greater thal®l [LS]. ‘As
- \ " . ' - « 7 9 \

well, eqn. (3.35) shows .that each component of the réceived signal will , P
‘“ : have a Qinear spétial-phase’gradient which is direétf? related to the
location of the point on thé.ﬁrail froﬁ which the signal is écattergd.

For the special cage of the undistorted tréil,bwith "L, ) =0, - o
. . * ’ 0 . . )

. ~ then L = L where P . d oo
s o . ‘ . :




o,

o

°

In‘general, a particular model for p"(2,t) must be chosen before

-
<

numerical values of LS can.be estimated.

w

o

o o
[

«3.5.2 The Echo Received from a Trall with an Irre ular Reflectlon--
. Coeff1c1ent Profile :

U . I

»

. Theri is both-visual ({gcchia, 1935) and rad;o (Rice, 1964;
aRige ;nd*Fo:s;th, 1964) eviagnce that the dfp?siﬁion Sf éieétrons b;

an ablating meteoroid may be quite irregular; A simple model for the
lreflectlon—coefflc:;nt pBOflle of a non—unlform trail, whlch has as its

- . S v

pr1nc1pal merlt 1ts amenability to analySLS dlthough it alst illus-
trates the underlying’physxcal prlnciples, can be ﬁased on the con-

sideratéon qf the reflection-coefficient profile as a series of an . ?x

unknoﬂn_numbez“pf segments of enhanqsi reflectivity. These segments L//S

may. or may not overlap. The axial profile of the reflection coeffic- -

o ¥ - ' ‘. LA

ient for: each of these segments is assuymed to be Gaussian, with random

TG

° -

~peak reflect1v1ty and random position along the axis of the trail. As ‘ Y

well° the trall may have a’ basic uniform reflectlon—coefflelent profile !

$e

go(k,t),'so that the net profile g(2st) can be described by the equa~
. . - . . '
tion | - e s

oy . o
. © Te(,t), = g (R,t) + g (2,0)

where gf(fb,t)‘ is the ’fluctuafing cox,;lpo'nen‘t of g‘(i,t):

LN o+

< . o 3 gf(ﬁ?t) = 5.51(92 exp '-:'——if—— o ©(3.39)

? I

T . o .

The sumﬁnpion over i indicates a summation over the unknown number of:

irregularities, and for each allowed value of i, gi(t) is the time-
0 - PR S . .

- "
« 2 .

. ‘ . ,
‘e . f
. | .
[
« - . .
’ .
a .
-,

L)




dependent random peak reflection coefficient for an, irregularity of

scale~size Li’

For th

<

centred on the random axial’location 2i. ) .

e ]

e.sbecial case of the undistorted trail, gf(l,t) from ° -

eqn. (3.39) can be substituted directly into eqn. (3.34); the integral
can then be evaluated immediately to yvield
\ . ’ - )
E (r,t) = expﬂ{gkzo-z} E Ee 4 r,t) : (3.40)
— i . Y N
-where
. Vo o L e -
(xr,t) g. (t) |=5 uf — N
1 RigRp0 1 L3 2F§ .
- c
? “[a2 - 28, 2 ()] .
L[> . S ) ©
X exp- i = = 0o S (3.41) .
L2 + 3§ 2F%/7 'I ‘
1 [s] ' )
‘ th . ’
is the rece d field scattered by, the i irregularity. As usual,

terms of si

eqh.

(3.41).

Some madipuiation of eqn.

"large-scale'

then

f iﬂ

.

so that forlk

dug to the i

s

ond order in %
.. oo

.(aﬂﬂ?gzzce in r) . have been néglectedgiﬁ

3
s e

(3.41) shows that for the. case of

/ L3

irregularities, i.e.,

I

-

‘,(3.42) '"

-Li >> ZFS/W' K
‘ )
vOLO' {12 - 21 3 QQ] e
r,t) = §f—i—— (t) exp ' - (3.43)
. 1020 ' L2 -

i
¢ - .
N ' Y

(r)<< L ,,only a small fréctional amplithde‘&ariation,

irregularity would be observad across the antenna array,

Fl

’regardless of the irregularity location 2 or‘mhe magnitude of gi(t)
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‘' .For the comverse-case of "small-scale" irregularities, ‘i.e., :
. . L R ("C » * .
o ¢ s ‘" . L ]
. » . L Y -

-

a

then . -
4: 21 * Y“ h ; :
=. ——— ) . R A fon
=1 ot X-exp { J}((ﬁi/Rzo)M\l’)r}
ojf: | \ .7 - e
S “ . (3.45)

(cf. eqn..(3 36))where here the,effectlve length of the scattering ir-

regularlty is Z:L and the amplitude of- thefscattetgd 51gnal component

o

1svproport10nal to- IL g. (tzl Again a linear spatial phase gradlent

© ?

Blrectly related to the locatlon of ‘the scatterlng 1rregular1ty on the :

trail axis w1ll be observed’ in °the received echo signal.bv > «, @
o 9 - < . ) i ) : ) . 3 N ~°
o For the intermediate-scale irregularities with’™ ' ) ’
. ° . . ) L : L ._u 5
F i o . Te o4,
e [ , . B > . L DR
cL ‘ LZ = 2Fr%/m. ’ ST (3.46)
VR i Lo
a’ d 3 o ” RS R -
it can be:shown that 5 , L

TFp2
] ) 'oF o, {}zi = 28, & ()] .
e 4 (Tst) R 84 () exp {—— :
> ‘10 ,20 < ZLi
. - < B “
’ S 2, 2 ' i v - O ‘ )
’ o L 1ot S U 1 ey
i X exp 11,5 F. 2"2(21/!{20)1‘1(‘5): " (3.47)- :

L “ N M [
i

B ’ -
¥ " o

o Equation (3 47) shows that boghoa<spatialoamplitude variation in

. ¢ v, .

‘:and a spatial-phase gz:adient will be cbserved for this case, but the .

o

phasé gradient will be less than that for ‘the ' small scale irregukarr~ *

~ ve 9 :

iity case with the 3ame geometric location (eqn. (3 45)), and the ampli—

o

tude varigtian will also be less th#n that for the "large-scale

Nl

[

©




ient (eqﬁ. (3.38)).

N
e L
, o

3 5.3 A Spec1al Case - The Echo Re CelVEd from a Slngle Additional
Scattening Centre. ~ o

. .
For tbe'speglal case of a’main-éch? gigngl,plus a single
Lo 5 e <)

©
< 2t

additional secondary-signal comportent, the fotal, électric~field ampdir
P ’ ’ R R L . ‘. a ¢ ’
.tude observed -at an antenna site is given’by

=4

N s e
a

-§§;}£3 ;5’ iko(zut)_+'E1(£,ti ex§[~{k1r]} exp[ 3k, q-r] ‘%§~{8>
. vc \/ ° ¢ e .OR : ¢ o

o

thq;e, fromdeqn. (3.3%&,'

. G
%

Volo-

B0

2

ol
i g(0,t) exp {j E-—;.
SRR 4] - ¥

2

°

S o ’ ”‘ "t . , s
. ¢ - E _ e
—-fi€ld component due to the secondary
L. . . >
51gnal scattered‘from the vieini y of a point R od the trail axis.

located at- 2 - 21, from eqﬁs. (3 35) and (3. 36)
‘ ’ v -

T T N X . P
O S, l . Al iy 1 " ~ . . <o
L —+ $ * <€ . .
10R20 8(1~,t) exp P25 zgtp (2¥) n,J cos ¢f G351y
- -

Fcr the case of an irregular tra}l with a single smallbscale
re

irregularity lacated at 2 = 2 ﬁxom eqn. (3 45)

4 - . -
Lt . o
- R . - . ®

REPRRT A v”'L ‘”,.‘o ] e2
Ey x.t) 1,1 gl(t) efp j %-—%'
Dt Ri0R20 o

T
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a

fog“eithgr casd, the observable parameter lE(E,t)l is -given by
. 8. ‘ . -‘ < . , N . ‘ ‘
» q ‘ L

- 2
| _'Eo(ELt)‘ {I+.|E (£, 6)/E_(x,t)]

-

|E(£’t)l ‘f
\ +'2]E1(;_,t)/E0(£,c)| cos[klr +‘¢d.(£,t)])% ~ (3.53)

< . -

’
¢ !

&

where

94, t) = 2k[pl(R)) - p"(& )]'n_ cos ¢,
22 « g2
+ 1 ° . ¢g
Fz‘c K
. o) o
\ L = ’ ) ‘ " ; - a .
i§~£hg4diffe;ence in phase between the complex,eiettricifield_amplitudés
. 3 N toe

E0 and El’ and incorporates both-thg geometricaldy induced phase shifp
between Eo and‘Ei‘and any phase shift ¢g caused by differences in the
reflection coeffiqients associated with the two different portions of

¢ : H ' . . . ' 0"’

¢ » 2 .

. Q
the trail. w s . G . Y

In view of the comments preCediné”eqns. (8,36) and (3.45),- -1t *
4 ) S A a ' . ! ‘
seems reasonable %oryﬁglect the weak dependénce of E , E, and $, on' r.

, ) . . (o] 1- d
Then . " ‘ . « , LT
1 81E[ _ ._IEl/EOI ki 51n(k1r +i¢d)

E - or ; N 2 T < %5
ol 7 {1# ]El/go]. +'2]E1LI;:°]- c.o_s(kl,r + o}

4

‘Under the furgher assumﬁtion that *

\

s 2

R .
then to within about ‘5%
DL E@e) = E (o] + ]El(_’x_r_,.t) | coﬂs‘[klr + ;pd(;_,,f)]i y
. q'

.«
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~ - , Hh
b ‘ °
- . .ﬁand " B ' v , "_ .
’ 1 al| _ ~IE /B [y sinGgr + ¢y (3.58)
R 1E0] dr - 1%+ [EI/EOI cos(kr + ¢d)
v . .
' ! The phase ¢(r,t) (in radians) of E‘(_;'_,t‘) -is giveneto within an s
. el unknown additive constant by - .
3 'b o . ¢(r,t)t = arctan {—IEI/EOI sm(klr + ¢d) , :
“ i . - ‘ "
o . /1 + 1E1/Eol cos (k,r + ¢d)]} (3.59)
If the inequality (3.56) is satisfied, “then ¢(xr,t) is given to *7;
@ -withiri'37:§ b" s ° .
. .‘ - y o ‘ °
. 4 o o
. | A ¢{r,t) - 1By 1By stnliyr + 0y) (3.60)
~ e el = 1+ lEl/Eo] cos(k,r +-‘¢d) .
: . Diff_;ai&entia'tion of eqn. (3.60) ‘yields an estimate'of 9¢/dr accurafe to
. . x CL- ; - : . '
v , i{rith'in'af;oﬁt 10%: , o ‘ y
) ° ’ OO . R . ’ 4 o '
3 -|B /B [k cos(iyr + ) ] el
¢ , =- - 7 2o
’ or . 1 .+ IE’l/_Ebl cos(klr + 94) B
K ‘ ' o , S A ’
" The preceding discussion has shown that,” for the .case.of a
single secondary signal of small amplitude, quasi-$inusoidal fluctua- ~*
= R . ) e - 3
Lo e ' tiéps 11‘34<°lthe echo -amplitude and phase will be observed across. the:
anéenna afray.- Mgreover, the amplitude and “phaseA fluctuations, as well v
g '3?' ' - ‘. -:‘- o K , ‘ . L ‘ : . ’ <0 ' T
as their first derivatives, will be in phase quadrature. . Lo,
< o ¢ ~:.‘ ‘ . J‘ i . L LN . ) L& ,: ‘ «‘ P
“ ¥ For the particular case = - v , S :
R ) . i . : . . - . .- R
i kA em L e (3ue2)

.
) ! .
.y ' B -
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where Artie the effective length of the antenna array, the angulas
separation between the main and“secondary echo signals will‘be less

! than half the classica}.beamwidth (A/Ar) ot'%he antenna array, and the
scale-size of the fldctuations will be greatef than the iength of tnc

array. For this case the quadrature relationship between the spatial
. J ) P ’ . L] .
derivatives of the echo amplitude and phase is still true, and equa-
: . ¢ .
« tions describing the approximately constant spatial slopes are

~|E/E_| & sin ¢d(_o,?)_\,

LR -

1 3lEl _
]Eo] ar - 1+ IEL/EO] cos ¢d(0,t) (3.63)
i and . ‘ ‘ ' ‘ ‘. . i . \4\"~ -
2 :lEl/Eol k; cos ¢d(0,t) o *
a . ar 1+ lEl/Eo] cos ¢d(0,t) . 3 (3.64)
oo \

Temporal variations in the spatial amplitude and pﬁase slopes

‘are apparently due primarily to temporal varfatiou$~in ¢¢. It can be

-

shown that, for the case of the distorted trail model, the effect of

o

) spatlal d1sp1acements in the normal\(n ) d1rection have an effect at

.

least an order of magnitude greater than an equal displacement in the.

tangential plane (Section 3.4), so that;to good approx1mation

, o
° X . -
»

3T = 2k -——[ (%)) - p(e )] cos bt T (3.65) |

In terms of this model 3¢d/3t is .related to “the spatial gradient

. along the trail axis of the wind c0mponent in the direction of no. -Of
course, the very existence of closely—spaced stationary phase points

-

(or reflection points) would imply the existence of small—scale com—

T ponents of wind-shear structure as well

o




-

| For the case of an irregular Frail and a complete absence'of
distorting winds, the oniy way for ¢d eo}vary with .time is if the phase,
of the reflection coéfficiént‘ﬁaries differentially with time along
qne axis ‘of the trail.. This effect could occur if the reflection
characfe;istics of the irre%ularities were to vary significantly nith
time as the trail diffuses.
N

“3.5.4 The Spatial Fourier Transform of the Complex Amplltude
of the'Recelved Signal

' . ]
In the present experiment it was possible to estimate numeri-
- ' . ' . - } .
cally the spatial Fourier transform of the complex siggal amplitude

received across a'linear antenna array.' This operation yields the °

angular spectrum of the received signal convolved with the radtation

-

pattern of ehe antenna array, so that tne angular resolueion of the
calculated angular spectrum is thus limited;. Nevertheless -this® is 23
.straig forward technique for measuring the g%oss features of the
angul‘:§Spectrum of the recelved echo sygizl and thus for determ1n1ng
. Ehe apparent 1ocations of any reflection points along the trail axis.
If Ar is defined as the effectlve length of ‘the antenna array
(i'e., AT is the.product of thé number of equ1 spaced antenna elements
in the array and the in;er—element spacing) and Ar is‘a veetor.of
.magnitude‘Ar and directed along the array axis in the (a;bﬁfrary) /
direction 6f'positixe I, then ;hé\aesifed'Fouriee transforﬁ is
A,

: E[cds(k Ar) t] = %; | w(r)E(g,I)expi—jE -g}dr ~ -(3:66).

20—~

- . “ %A1




so that k20 is an eetimator of the angle between the vectors iZO and

Ar, and w(r) is an amplitude weighting function used to suppress un-

’ * 4

wanted‘sidelebes induced in the computed spectrum by the finite—range

—_—

of integratidm. ‘ . 2
L= 4

For the case of .the uniform distorted-trail model, the esti-
) T jd Ing ~ .
mated angular spectrum ED[cos(kzo,r),t] is given by (from eqn. (3.35))

o

e~ Al ' 1, e~ A
ED[cos(ig,r),t] = é ED’S(O‘,t) x W {2 kAT [cos(iaq,r):
-~ cos(Ezg;r? + (zs/RZO)M(r)]} . (3168)
where o : c ~ ‘ ' . .
. ' . tAr
w[% E-AEJ = i-; _ w(r)exp{—jk-_xl}qlr":' - (3.69)
-%’Ar . ‘4' ’ ' ’

-

is, the Fourier transform of w(r) and the rédiation-paﬁtern of'the erray

-for the wavelength X, assumlng the 1nd1v1dual antenna elements have k4
':-’“‘"
constant Sen51t1vity over the relatively smallﬁangular range of Intetest.

= .

Slmilarly, for the, "small—scale' 1rregular1ty case of the

fluctuatlng reflectlon—coeffic1ent profile model the estimated angulan‘,

spectrum of the received signaI‘E [cos(kzg,r) t] is given by (from 3 T

[y

n.. (3.45)) S : . ~:: ; Lo ,
Eelcontieyg, ) ] éﬁ:?g Eg 4402 ” kﬁr 'ECOS(kzo’*') | ‘?08,(:‘.‘?0;?')," o |
” . | . o+ (21 2O)M(r)}} o ST (3.70) o

i, e

“~r< 4
AT

scattered in the direction of k20 and gLVen by ‘ - -

“
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EOEOS(.k.Z—Q;r) ’9 = ED,O(O,t) WE- Ar__' (1_(-2—9- - 52—0)

‘“ -

e % -

- e

L]

-

>

»,

‘&

- ’ ] .,

i zeto,(cf. the Rayleigh dlstribution)

.

-

R

11keiy unrealistic) case that "the magnitudES of . the scattering
L) ) “ ) o
jVSttengths are unlfqrmly dlstrlbutpd over the 1nterv31\

*

.

s . - ’ . .
Rt . - . . .

e L .2 0<g <o
’ SRR : . T 7 T max . .
hd . - . ) ' B _ - ' ‘e

. .the direction’of k,, will be proportional to

i S — 3 . . .-

t//

; (1/s>*u(k

20)0 IS -

N *.

9

-

el

e o - ; ' ) “
then the expected signal amplitude contained withiw the beamwidth in’

ot , -1 . - ' - X

L beamwidth centred on the direction of* k 20" Thus it can be seen that

(3.71)

It can be- seen. from eqns. (3.68) and (3.70) that the nrecision'
., with which the angular position of the individual echo comnonentS‘can
~be observed hill‘be degraded by the finite beamwidth of the antenna .

array, and that individual comppnents which Ite withln this beamwidth

.

cannot be resolved the;_yill however result in a ndh-zexo net ampli-
tude ‘being’ observed,from their particulan/éirectlon. This last assert-
ion ts based en*the concept thet beﬁguse of the phase term !} (2 )F )2'
_or %W(RSfF;52 of*-each indiv1dual component the random values of 2 or

‘i '£ ,wtil result,in eacneecho componenr'haV1ng4tnndom,phase. The expect— “

ed amplltude of the sum of thesé _components will in general be non-

. It is impossible to pursue this ‘topic: further without choosing
Lt v - - r id . . "' . .:. .
a garticuiar medel for the statisticad/;:etfibution of the scatfeting

strengths ‘o, 1i. e., the products g L and"g ID |. For the simple (apd
s

-

{}.72)

wﬁere N(k") is ‘the. number of scattering centres contained within the |

~

e




.. of quite streng scatterers should be more highly structured.

‘marked amplitude féding due to the constructive and ‘destructive 1nﬁef—‘

¢ ’ o Ho

. *

L]
the effect of many weak scatterers could be the samé€ as that of a some-

what smaller number of stronger scatterers, i.e., a fairly slowly vary-

ing angular spectrum, but the angular spectrum of a very small number

3.6 The Reflection Coefficient and Echo.Types

Much effort has been expeénded on determining the functional

form of the feflection coeffiqienﬁ g(,t) and much of this effort has

been summarizeg recently by Jones and Coliins (1974),. Basically,

meteor echoes fall into three classes: underdense, overdense and

Q

tfansiﬁional. The class of an individual.echo is determined by the .
nature of the reflection coefficient of the associated meteor trail,
N , . ’ , . .

and the parameter of a trail which has the greatest influence on its.

reflection eoefficient is‘ics'line density. _— : .
An undefdense echo'is typically chéracterized by a fast.ri§e:

(<% second) %o a peak amplitude, follaowed by an exponentlal decay 'with .

1

a time 7onsgant of order second. The fast ;ise in the'echo amplitude

occurs as the meteoroid passes through the specular reflection point

and deposits there the electrons which reflect the transmitted signaik

. . . T 4 o
- An overdense echo is, typically characterized by a fast rise in

a

"amplitude similar to that ef the underdense é¢cho, followed by a slower.

increaée:in amplitude ‘and a long duration of order of one to tensyahd

otcaeiohally hpndreds of seconds. ‘Overdense echoes often display

Kl

I.ferénce of echoes reflééted from different parts of the sdme. trail.

An early and‘reasonable suggesrion (McKinley and M1llman, 1949) was

that such multiple echoes could be caused by either the formation of
additional specular reflection-points as the trail is distorted by . o

L . e




occurriné at the same height.

Iy

ambient neutral wind shears, or the formation of scattering centres

L

consisting of diffusing dense clouds of ionization due to irregular :

&, g
N 4

ablation of the meteoroid which generated the trail.. Overdense

.

4

- echoes often terminateabruptly. It should also be noted that not aiI'“

overdense echoes are characterized by a fast amplitude rise: .some rise.

slqowly. This is thought to be caused by the slow rotation of at least
parf of the trail°by winds, so that the specular reflection condition

is satisfied only after the trail has been formed.

‘Transitional echoes, as the name implies, are somewhere between
: : 1 . 4

underdense and overdense in behavior. They first display a brief.

_ period of overdense-type behavior, éuring which the echo amplitude con-

tinues to increase after its initial sharp rise; this is followed by

an undengnsg*fype exponential amplitude decay, although with a longer
L4 R i E R .
time constant than for a true underdense echo from an underdense trajl

-

I

3.6.1- Underdemse Echoes ‘ . ) i

For meteor trails with line densities'leés than 1013 electrons
ber metrey it can be shown that the electrons can be considered as-

independent scatterers of the incident radio wave (Born approximatidn),

S

and the trail is referred‘to'ts'being underdense. Then its refléction
vcoeffic;ent gun(Z,t) is given by
~ ] . ' ' -

Bun (258) = qgfs (1,) YO, " cos B (3.73)

. where qéff is the effective line density of the trail and is defined by

ean. (3.75) befow, 0_ = ule*/4mm? = 1.0 x 10 °on? is the classical
ele’ctr’on s Attering cross-section in°r§tiohaiized MKS$ units and 6p is

2 .




<

the angle between the incident eléétrié-field vector, and the electfiq-
£ield vector of the wave_scatteréd in the direction of the receiving
anteﬁna System;

It is usual to bongider_a'tfaiivﬁgaéi with the radial distri-
buEion of the volume densitv_N of the electrons about the trail axis

given by . ¢ ' ;' ' .

. »

~N(2,p1~jt)" = {qo(l)/n[éDUl)vt + p;,c(z)]} ex‘p{-:ofr/[ltDa(E)t + pé,o(ﬁ)]}°

: . S RN

- o

° a

where qO(Q)’is the total number of.electrons per unit length of trail

s »
(1nitial llne den51ty) QT(QQ is the radial distance from the trail

r3 ©

axis, () is the 1n1t1al trail radius just after tra11 formation,

Pr0
and D(R) is the amBipolar diffusion coefficiept. All of these para- -

o

o . W
*
s b . - -

meters, are assumed to be functions of the axial location.l,

- . [ ’ i
On the basis of this model, it can be shown (e.g., McKinley,” -

‘ : . . ' . .

>

1961) that - . )
." ’
2ope (158) = a (exp(-4m%pl /A%secd.) exp[-t/T (V)] (3.75)
where L ‘ . ? ,
. e o 'izséc2¢f .
T () = ———> . (3.76)
S g 16m% DER) I .

‘ .
v ’

and .A and ¢f are as defined earlier (SeéUiOn 3.2 and eqn. (3.25)
. s '} . .

respectively). .7 . 4 ) o
’, " g < v . .
Finally, an approximate expreéﬁion for Euﬁ(g,;), the received .

o

©
.

: complex~e1ect;ic;field_ampligude of'the wave reflected by ansunderdense

L)
» 9

meteor trail, can be ﬁritfen‘as ‘ ‘ e -

1 . ’

e
e

© v




Fu—— ?J (2 t) exp[j@ L, I, t)]dR ‘(3.77?
trail” . ) o

.where . .
“ T

SNCIONES NORCH 'clost ,exp[-wf‘p“;’0(:2)/}25ec2¢f] exp[—c/run(z}-ﬁ ‘
i (3.78)

is the explicit expression for the underdense reflection coefficiept.

- [

-

3.6.2 bverdense‘Echoes

A meteor trail is'considered to be overdenke when the electron

o Lt : ~. o 7 ) n o

density of the trail plasma- is sufficiently great that “the incident

radio wave-does mot fully penetrate the meteor traily but ratheg under-

-

<

‘goeé crltizal reflection?and is reflectéd as if by a metallic cylinder

& Cn s

(Greenhow,. lQSZQ? This médel is approx1mate1y valid for trails with

.w

line densities greater than 10 15 electrons per metre. A more accurate

e .

. model consi&ered by Manning (1953 19633 takes into account reﬁractlon

~

of the incident wave by the electrons surroundlng the apparent reflect-

” ] © " ‘ 4
ing cylinder but this latter approach is amenabIe only to dlrect L

L] u "

numerlcal calculation. Quél1tativg understanding eanabe gained how—
ever, by examinabion of the reflectrng cylinder ‘model fOr forwarﬁ
scattering (Hines and Forsyth 1957), even though Jones and Collins

2

:(1974) haveushown by numerical integratiow of the fall—wave feflectiOnf

L (=

equation$.that the reflection coeffitient“thus obtafned is about lO/

" too large in the 1imitingcqase of backsaatter geometry (

o

"Hines and Forsyth showed that for a cylindricak meteor treil

with uniform radius p (t) and infinitd 1ength ‘the power flux of the

-

re£%octed signal as observed at the receiving antenna, ﬁf,

©

(in‘MRS“units)‘by ‘. e

is‘giveﬂ" b

»




. ’ . ’
. . ‘~~ PG p £t) cos’H_ cosd.’” : , ‘
S;p(E) = 0 <« P j . (3.79)
: BT RpgRyo(R 10 * Ryg) sin®(k .0 ‘ .

S P

By equating § F(t) nith~lE(5.t)]2/2 as given by egn. (3.34) for the

o &

particular case of an 1nf1n1te, straight trail with cogstant reflectlon

° o coeff1c1ent it can readi;y Bh\_nown that. the squared magnitude of the

<&

effectlve reflectlon coefficient 8oy is given.by

'.", L
~

L ) UCRON

. o ' ° .
If it is‘assumed that;ga'(t)'introduees only a phase shift

°y ’ LJ

\ which is constant along the- length of the tra11 and hence can be ig-
nored and it is further assumed that (t) Can be replaced By Pe ,r),

. _a slowLy varying fuqﬁﬁlon of % such tBat everywhere

. . -

. - . \\ ) . ' ‘
S C : [‘S‘%} L s (3.81)
. a - . , f ' t ' o ‘

then'f{nally o
' ’

-

Byt = [O/p (1, 0cos%) cos o, 1F (u82)
| '

~

It can.be‘seeﬁ Ehat fhe‘behavior of g;v(i,t) is governed by the effect-

ive value of p (l t).- X "

. 3 J Hines and Forsyth proceeded by assuming that since the critical
vt . . ekectren density N required to tefract an electromagnetic wave through.“
. , v N

“an include& angle 2¢f is” given by ’
-
J @ ’ - ‘
. “ o |
. v’ ’ @ .
s ~ . \
o v - .

T/
- i

.o

‘a

. .rEOV(t)J = “——jr—— cos? G cos ¢f LT (3.80) °



.. - ; R R
. ~ . ' i ’ , '..Q_
- : « P ] 5
. f
s, . 2 N . e
N = T coas“¢_/A°r . ~ . (3.83): "
c i f e : ‘ , .
where r, = (0 /4v)-~ 2. 8 x 10 -5 m is the classical'eléctron ré&ius,
an effective value for P could be derived by substituting eqn. (3.83) .
for Nc into eqn. (3.29). The resulting formulg fon;caICulating N
pC(L,f) is- then ] ' ) o - o 2 -
~ . ' _ q (2) r A% sec?$ o e
p (2,t). = {[w(Dt + p2 ;)] %n |—E—F f BRI YO R
? 7?[4D()t + p2 ()] o
- ! w - . . T,O
\ * ) ' e ‘ A\ LI -
v | | & U
" Equation (3.84) can be rewritten in the ‘nomalizef;l\fbrm
p(2,t) = 5' max( { {Xéﬁﬂt)[l - &n X(&, t)l; ‘3-§5) ]
-3 : ' ¢ ° I
where o \ o L v » o
A(,.{L,t) = [AD()L)-t + pT O(K)J/pc &) - (3.86) . ©
and ‘ LT ) '
¢ Te ' N ‘; i ’ [qo(g’) re]% A sec ‘ﬁf - ‘ P ) R e ’
v o pc,max(z)i*_ 1}y . - ) (3.87)
- ‘ T exp |5 . b
is‘thg maximuﬁ,Valué of pc(k,t), which'occufs at.the time. e
. . Y y M ° ’ \ .
\ A . . E]
¥ = p - .
- toax %), = o2 ,max(") - pT 0(2)]/41@(2) L G
- , . . . < ® - n )

" The Hines And Forsyth model predicts that g (ﬁ t) will fall

, 3

. ' &N
to zero when p (2 t) falls toizero. This happens when Zn X(k t) i= 1

which 9c¢urs at_xhe time T (l), where f" '
I}
_:4"‘:’.“ ‘, . . . v. T . " . .. ,
._'.. : / . . ( ; o * & TP ‘,A':
"rﬁ({, o - S - T . .o . Coe '
&,y' i . . o ) o . .
* ; . . . . < ey ‘ R, ! . ‘ . @ ¢
‘r ' ".. Y




g,max

- (2) exg(l) = DT 0(2)
R) =

oV’ . ancz)

£y . ©

. ) .' . . e :
(Q) is thqs the expeqted dufation of the overdense echo as predlqteﬁ

il - ‘

°

L bR

by thls model . ¢ .

4 v > -

The ray- traﬁlng results;of Manning (1959) show that T o secM¢fr-.
B ! V . i i
where u -ranges from the value. 0. 3 for a trail. oriented perpendlcular to

5
° ‘n

the transm1tter~receiver afls to the value 2.for . 3 trail oriented

parallel to the transmitter—receivér axis. Thisidiscrepancy from thg‘”
° - Bt A I .
constant value of'2 pfedicted by. the'Hines and Férsyth"mbdel Mhnning

-
” . . e

attributed to the neglect of the refracting effects of the outer

LY £ o

]

‘. electrons of ths trail‘ oo L S

o

. & - N 2
v
s
— . n
Lo

;‘e‘ ' After the reflecting cyIinder has van;shed the remainlng

- _,l

"t electron clond w111°have dlffused radlally to suchea great extent

(1 e., Several wavelengths acrOSS) thac it will scatter only 1hco-'

4

- herently and hence very weakly ,TherefofEJTov~ﬂoes in fact'define a,

- s

saha{p cutoff of echo amplitude.

2 ° “

15' Finally, an apprqximate expression for E (r t), the electric

“ !
Ve L s

field of a radib ‘wave reflected‘hy an overdense meteor trail,.can be

; . . -E
- Y

; wgitcen as, . :,;'

4 T
P .

:“jﬁl;*ig j \hs
'Rlo 20 trai ‘

©

3

(z c) exp[j¢ (zfr t)]dz . (;fgoy

- f{qogﬁ)ré.expfui)fx<l,t)(1*- %n X(z,:))]}' cos 6

. 16 the explicit’ expressiom for the Hines and Forsyth overdense reflect-
. FRR ) . ) ‘. ’ N . . : . a "\, o N

4

. don coéfficient. - .. . . . ¢
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., 3.6.3 Transitional Echoes
S T o . ° N
. The trensition regign between underdense and overdense echoes

5
[3

océurs for“trails having line densities in the range 1013 electrons

2 .
o . 8 ,

per metre to 1015 electrons‘per metre (Jones and Collins; 1974): For

this range of -line. densities the reflection coefficienﬁ changes from

° v

- varying linearly as the line density q to varying as the fourth root

. of q . There appears to be no s1mp1e physical model which both can

<

: account ‘for thls change and is also amenable to non—numerical analysis

The behavior @f transi;ional echoes, as described in SEction

v

3. 6 above, ‘can however be understood qualitatively on the bases of the .

.y - @

< discussiOns,in Sections 3.6.l}and 3.6.2. Inmediately aftbr a trans-.

.

Litional‘trail has Been formed the overdensé trail model may be able to’

o L3

describe its behavior fpr a brief time; but the criticalrcylinder radlus

. [N

quickly falls to zero (1f indeed it was ever non-zero1 iii in the case. . °

«

of less dense tran51tiona1 trails) ‘At this time, however, the trall
e

’has not yet.ﬁifﬁused sufiiciently for the- electrons from different

A 4

parts o} its cross—section either to re-radiate independently or to
"3,_6"..:~ v°
interfere destructively. “Thus its echo- does not behave in a true
underdense manner. The situation is thav of an almost—planar incident .

°
e k)

. electromagnetic wave being refradted by a dielectric cylinder with a .

Gaussiangradial variation of index of refraction" It is. this problem

- A A )
; o

which Jones and Collins haVe examined numerically. o .

-

The relevance of transitional echoes to the present experiment ”

is- two-fold.. Firstiy, the limited sensitivity of tHe syetem used
y’f . »
meant that most detected echoes qere bithet transitional or overdense.

Secondly, if a meteoroid were‘to ablate.irregularly, and in particular.

o

to emit bursts of ionization, a trail "4h ‘the’ transitional regime.would

[3

e . " ,‘ ) . - / s,




3 > . . R s e e
. e . . o : i ° . . :

-

: , S B \
- . B be more likely to-have irregularities which.were overdemse .in nature.
- “ . . - . N .‘\ . o

) It should be possible to detect such oveMdense secpndary scatterers;,if‘

they existed, by observing their timé-dependen; béhaViof.
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) CHAPTER 4 , :

_ DATA RECORDING AND REDUCTION

4.0 ‘Reriod of Observations - ~'” cT

~.The data were recorded on the afternoon of 3 January 1973,

. . : . - . T " w

during the annual 6ccurrcnce of the Quadrantid .meteor shower. It was

L4 4

decided to observe shower rather than sporadic meteors, so-that the

&
o ’
4 .

initial orientations of the trails would Se‘knOWn. This knowledge was

0

later used to deduce-the Jocations of the trails in the sky. The ~

z .-

Quadrahtid'shower was chosen partly because of its high peak in;ensity
. ' . - ( - .

and favorablé’frdidnt kocation‘%nd partly by default: previous

aftempts"to record data during the latter half of 1972 had been
thvarted cy ﬁquicment“malfhﬁctlons and failures.

,In-the.days.of ecrly Jaﬁuary dt times near 1600’EéT the
Quadrahtid radiant lles.west of lower transit relative to. the path mid-
poidtd The §hq;er meteorclds then pass from north-west to south-esst

’ , - 3

‘.

nearly orthogonal to the Eransmitﬁer-receivef path and at a zenith
e ) - '

Co . 8 ‘e :
angle of about 68°. This geometry shortens the radius of the principal
Fresnel zone as ﬁuch as possible and coincidenfly'placeé thé 1oﬁger

axis of the: antenna array‘ag nearly parallel aéipqssible,to the axes of

A -
-
- s

~ the trails; thus affording the greatest gcssible resolving power;along‘

14 1 Recordiq&iﬁrocedu;e

thé trail axegi' ’
. . .

P . Lo . . . . s

LX)
»

-

Section 2 3.3, according to the following cyclic schedule. One 2400—

"1 :.a

', ) }' - - ) - A . . .

The data were recorded uaing the antenna layput described in P

S
\{.‘,c\



- N . , X .
,\‘ i < o »

— . y

foot reel of digital magnetic tape was filled with data during each

*half-hour ;§Ers;\\§c the beginning of each cycle, an 1onogram covering

’ - . ¥ ]
the  frequency range 3 to 3Q MHz was recorded, digitally processed, and _

. , L

* displayed on‘the graphic pﬁinter.ﬂ The main purposg of the ionograms’

" was to verify that the tradsmitter was synchronized\end,operating.

o

This procedure required approkimately three and one—hslf éﬁhutes.~',

About one-half minute later, at the start of thé fourth mfnute of the

v o .

cycle, the first of ten consecutive frequency sweeps running from 20.0

<

MHz\et a sweebfrate of 100 kHz/sec was initiated. Subsequent

sweeps vyere initiated at successive two—minute intervals, with eo data

-

being recorded during the intervenlng 20-second 1ntervals. This

schedule allowed six minutes.and 20 seconds at the end of'each'half-

hour cycle for the operator to rewind -and, change the magnetic tape.

The choices of frequency limits endlsneep rate were made on the

]

following bases. At frequencies below 20 MHz, significant‘interference‘

due to ionospherically propagated signals from fixed- frequency trans-—, 17

mftters was observed. The-upper frequency 1imit of the system was
e ’ 1] s -
30 MHz. Between these limits a-sweep rate of4100 kHz/sec yieldéd con~

tinuqus observetions_over a 100 second recording period and a reason-
“able nath-length;nindow of about 90 lkm usihg 15 Hz receiver output low-
; ) . -

pass filters (Section 2. 2 2). . ' .
“\ . ,
1
» One second before the start of each frequency sweep, a des-

criptive header was written on the tape. Each header uniquely

- ‘ w'
identified the subsequent data.and specified the systematic parame;ers

under which they Were recorded. A typical data header- is reproduced

‘as Fig. 4.1. e . o Co

o :_,314',‘&_

N

s
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ﬂ'delay of about 2.68 msec previoysly introdud®d by the sample timer to.

‘quency spectrum were calculated. . R

" The inférmation contained in each header included. sweep
start tlme; sweep lower 1imit frequency, sweep upper limit frequency,

- o~

-sweep rate, sweep mode (always "up" s or from lower ‘to upper—limit

frequency), number of frequency ‘sBweeps per cycle (always 1),_the band-=

" width of the receiver»oetput low—pass filters,ﬂthe numbey of outputs

¢ ~

per receiver .(2.for this expe?iment but could Have been 3 if the

automatic gain control signals had been recorded},:the first receiver

.

‘nutber {a value used by the computer to set the’start location for a

multiplexer scan of the”receiver'outputs),'the scan rate (the number
of times per second that each pair of receiver outputa was sampled)

and the DF range offset (the differentiai delay times To (Section

2.2.2) "introduced by the sambleatimer to shift the frequeficies of. the.

.expected output signals 8 within-the reeeiyer:output passband). The

Df range offset is a differential tine‘delay added .to another time
. 7’

[

compensate for the minimum'echo delay time of about 3 msec. .

' o .

4.2 Prelimigary Reduction of the. Data ' o o

A

The recorded data were read from the digital magnetic tape into

the memory of the Control Data Corporation CYBER 73\Computer at the

r .

-

‘Computing Centre of the University of Western Ontario, and data from

\
L]

‘1data were partitioned into segments of 4% second duration, and a Hanning

(cosine—bell) window was applied to each segment of data. The digital

- .

‘ Fourier transform of’each segment of data was then calculated using the

'complex faet Fourier transform routine FAST4 (written by the author) and

the common logarithms of the squared magnitudes of the estimated fre-

~

*

~the two outputs of a single receiver wele selected ,for analysis.‘ Thesel




- . The set of spectra thus. produced was displayed on the computer

' line—printer in the form of a quasi—1nten51ty-modulated plot of rej

R - celver output frequencx (which 1s llnearly related to echo xange)
’ a - L . "; s

. ¢ e ABRT.SUS iﬁstantaneous radio frequendy (which is lineaﬂly“related to

' '?f'time)-at the‘start of each quarter—second gegment. Signals showing the

characteristlc §ast xise 1n amplltude of a meteor echo fqr whlch the

- .Y trail formatlon has been observed were searched for‘visually.' A sample

e v

record show1ng a meteor echo is displayed as F1g 4.2,

.
.

The“numerals "o, "1", "%", nyn cre in Fig. 4.2 represent the.

'mag;itude of'tbe reCeiuer output yoltagesat a particular offset range,
in ynits of-5 dﬁ below 10 -volts amplitude. Thus a "0" represents{a‘

. uoltage in: the range“5;62 to iOﬁO volts, a "1' represents'a voigage 1n‘
’?the range 3.16 to 5.62 volts, etc.. Thls crude proceSSLng techn;;ue;

- .
A N . .

in whlch such effects as antenna-cable attenuatlon, recelver‘galn
,correctlon and receiVer-Output gain and. phase imbalances were ignored .

was eff1c1ent in its use of computer t.‘F and also gave sufflcient re- .

™ ' solution in estimates of both propagatlon *path length (43 km) and time

(% second) to allow unambiguous detection of radio meteor,echoes. ‘More

‘
v .

elabordte processing schemes at this stage would have been wasteful as
. 3

unly about 37 of any tape contalned potentially useful data.

2

v . “ ‘ > P ' :
‘ct 4.3 Detalled Reduction of the Data PO >

¢ . -

In Chapter 3 it was shown.that:the ecbo signal—from.an initially

L | ‘ ‘ s . ) "‘ e ‘a . 9

. . straight meteor trail as observed across the’ antenna array will consist
of a,SCrong,specular component and perhaps some small superimposed

-

&1stortions. The specular component will give: rise to a constant
r‘ .
amplitude and a linearly varying phase across the array, the effects of .

¢ ) 'l,
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.small-amplitude echoes scattered from other parts of the trail will

apﬁear as small additive fluctuations in the amplitude and phase across
- N A - - <
the array. ' N

It appeared that an appropriate data-iedu;tion technique could
f 14
be based on the least-squares fitting of straight lines to the observ-
ed amplitude and phase data, and then analyzing the determined phase

slopes, average amplitudes, amplitude slopes, and residual amplitude

! and phase fluctuations. -The least-squares best fit (LSBF) technique
!

“iterative fashion, as wutlined below.

4.3.1 Estimation of Echo Amplitude and Angle of Arrival S

The first step in the procedure was to read a single scan of

- data from tht 64 receivers into the memory of the CYBER 73 cqmputer,

. k -
sand to calibrate these data using the methods outlined in Appendix-A. o

The amplitudes’and phases of-the data were’ extracted, and the 360°

oy

° e

phase discontinuities in the phase data were corrected by using a -LSBF

. . , N Y .
phase-slope derived from the phases observed at 25-foot intervals in ..
o - nLEry IR .

the middle of the array. A straight-line LSBF subroutine was then
- . . N 5 ! -

aﬁblied~tb the corrected phases of the outputs from the 32 receivers

connecﬁed‘to,antennas spaced at 125 foot intervals along ﬁhe long
‘array axis. This was dd;e to F;tim;te the instantaneous tihe-vérying
\ Aphase‘at the centré Sf'the array. If the.RMS scatter ofughe 52 pﬁas?s

, B about the fittéd linear phase éstimatevwasigreater‘than,7S°'(aﬁ
arbiti:ariiy chosen limit beyond which the estiniate&*angle '09 arri’val

o “‘3. ' as derived from the phase-slope was almost always grossly in error)

" the scan of data was not furthgr analyzed. Instqad, the raw data and

s .
- . . . o

. ' - - K
3 . - .

the estimabed Eﬁgle'of arrival were printed, and the.mext scan of data

Ty
Keg, o




g

‘. v

was read. Otherwise the esgimated initi4l phage was subtracted i‘om
each phase:datum of the scan, to eliminatg the time-varying ghasé com—

ponent due to the range-related difference frequency, This procedure. <.

o

shifted all the receiver-output frequencies to zero, in d& procesg akin

to compleX'demoddlation. Estimates of the stguydard deviation of the
initial phase ranged -typically from about 1% of phase at peak ecgef

amplitude to about 8° néar the end o'clgo. ‘ -

The aﬁ}litude and shifted phase data were then recast in com-
: - T A : . ¢
plex-quadrature (I + j§) form, and the reconstituted data from the 58 y
. o - ° ’ :

W

receivers in the long array were passed throygh & bani of 58 recursive
digital filters which sipulated RC exponential integrators (Geld and

Rader, 19693. The effective time constant<of the filteys was 1/16 :

.« ‘ N -
second, for a 3 dB bandwidth of +2.5 Hz and ‘an effective noise band-

k]

width of 7.4 Hz (£3.7 Hz) if the noise bandwldth of thé Teceivers is

assumed for ease of calculation to be 32 Hz (+16 Hz). This filtering

procedure resulted in an improvement of about 6.@ dB in signal-to-

> < 3

noise ragio (SNR) . o e
The amplitudes and phases gf the fﬁltef;a complex daté were o

agaiﬁ extracted and a LSBF'strézgﬁg;;ine was agaihffit&ed~to ghe phase - .

data from the 32 receivers with 125 foot antenna spacing. {hi% time ‘

the'fitted ilnegf“phase variatiﬁn w;s_subtracged from thezghase datgg

from all 58 receivers in tgé_long array, tp‘reduce tﬁe spatial freé.'

quency and any Pesidual phase-shift in the data to near i‘;o. _The - .

data were again recast in compl;; quadrqturelfo¥m; ‘

- running mean Qggwpassed over the complex:data from

the long array. This procédure smopthed'the &ata,‘




» u ) - - , ' . ) . 73
. ) . ' N

f - « -

standard deviation of the indiyidual receiver outputs *about a LSBF

straight line fitted to the absolute amplitudes obsdrved across the

v ©

antenna array. The points marked by X's are sets of data for which a
LSBF 1ine could not be f1tted to the phase data, due to the effect of . 7

interfering fixed—frequency transmissions (Section 4.3.1- and Appendix:C)

Particular times of 1nterest are indicated by arrows at ‘the times "A",

"'B';, !.lcl’ énd- |an..

B ¥ o
. : : :

Figure 5.2 shows the temporal behavior of the LSBF linear phase-
L 4

20,r) The errors bars indi- _

cate a spread of plus:and minus the estimated standard deviation of the

»

‘ slope estimate of rﬂe angle of arrival (k

“ . estimated- angle, and the vertical bar at _the right of the figure indi-

-
w'

- cates the estimated angular change to be expected for an ax1al change/

of 1 km in the locatién of the spesular reflection point.' The arrows at

- . ! ’
: - L . ) .
P A", "B", "C" and "D" correspond to the same times as those in Figure 5.1.,

, F!gure 5.3 shon%.the‘temporal bahauior'oﬁ the fractional.ampli- .

»

tude variation of the echo signal received across the antenna array.
. r 6 ¢

v This parameter is defined as the LSBF estimate of the linear slope of . .

the amplitude across the array, multiplied by. half the length of the
- °ﬂn
array and divided by the mean absolute amplitude, thus, from eqn. (3 58),‘
S ‘ .
this parameter should be an;&ndicator of the presence in the received*
Lk - . - . A st .
signal amplitude diffraction pattern of scale .sizes greater than the

. “ .

length of the array. The error bars again indicate‘a spread of plus

. r

and'minupfope standard deviation as calculated frbm the'estimated

standard deviation of,the‘amplitude slope, and again the akrows at "A",
e P . [ L Le ] ’ i . ta
"B", "C" and D" correspond to the same times. ad those in Figures 5.1

. .
-
. s

and 5.2 . , . .
’ ' " From'the estimated initial angle of arrival,'the estimated,ecﬂo
S o : : : ) o ‘ , - '
Tt ' range 2R ; an assumed logation of the Quadrantid radiant point with >




¥

: B 401 - : ~ ’ -
Alkyq,r) = (2/360°) cs,c;(_k_z_g,r)]&(wlar). (4.2)

-
. -

- ’
- -

> S
.. A LSBF straight 1ine was also fitted to the amplitudes, and~“such para=.

meters as the normalized amplitudes aﬁd‘the phé%e dewiations from the
LSBF linéar phase front for eéch rec;iver, gﬁe mean siénal amplitude
. > .-
and its st@ndafd:q;viation kiﬁ'ﬁblts), the.amplitude slope and its
>sténdard deviat&qp (in volts;metre), the F—ragio gf the scatteq’of the _

.amplitudes about their mean valde relative to their scatter about the

\ -
R - .

LSBF stright line, as well as the initial phasé angle and'its-staﬂdard‘

deviation (in deggees of phase),’'the phage -slope and its standard

deviation’(in degrees of phase/metre), the calculated angle of arrival

Y

and its standard deviation (in degrees of angulay deviation from

(kzo,?) = 900), and the RMS scatter of thg-individuéliphase data about

—_— - e - . i

the LSBF straight/fiﬁe (}i\?egrees of'phase¢ were output by the com-,
s : T o

- 7 . ”

puter.

7 S 4 .
o a - -~ . ~

-

- 4.3.2 Detection of Secdndary Echoes

‘Because small-magnitude quasi-sinusoidal amplitude and phasé >t

v ~

Q-ffpctuations with lifetimes of sevefa{ integrator ‘time-constants were

observed in thevdaga (Section 5.1 et seq.), it was ded to digitally

a

. . . « ! ) .
-Fourier transform the data from the antenna darray or spatial domain to

- ’?fhe angle-of-arrival domajin. This, procedure bffere .the possibility of ;
) deterﬁining if these amplitude and. phase fiubtuations were, in_fgkf, e

- duef to the existénce of secondary echoes scattered by the meteor trail

and,grriyihg at aﬁgleé_sufficiently J;:ite from (kzo,;) to be resolv-
able. o SR T ] ' Lo

“

. ©

-0 . . . . T,
At time-intervals of 1/‘16th second, sets of 32 data recorded
.. R .t _', . N ) . o
at 125-foot (38.1 m) antenna element spacing were recast into complex-
. ; ' ; N by

)ﬂd"‘ T v ’
; . ‘
. .
3 . . ’ h <
- [}
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. o
. v
P . N .
A . . ' :
N i . . =
-

quadrature form, after the final LSBF:l};EEr.phase-slope acress the -

array had been subtracted Before the digital Fourier transform was

¥

.fomputed each set of data was multiplied by a Dolph Chebyshev weight—

ing function (Dolph -1946) ., (The spatial weighting functions were

» "" e 3 _____\\ 7

CaICulated u51ng the Fourier—transform-technique developed by Stegen 0

e :
i K

(1953).) Amplitude weighting of the spatial—domain data was used 1n

e

orde%/gg,zeduce:the amplitude of—unwanted sidelobes in the computed

angular spectra (Section 3;3.45. o i - : : . o 'dis.' i
Lt There were two reasons for chqosing Dolpthhebyshev weighting
[N 3 [

functions. First, for antenna elementvseparatioqs ofs more Than one— ..

half wavele&gth Dolph«Chebyshev weighting yields an thimum cOmprom— S

Kl
. ise of maximum angular resolution for. a, specified uniform smdelobe o

‘e, ¥ £ » - \ L]

level/ﬂfihlet, 1947) Second the flexibility of having sideiobe level*
variable as ap independent parameter ensured that angular rescluiion

v °© -
wgs -mot needlessly‘degréded "in attempts to_achieVe sgdelobe suppression

Q
’ -

beyond that realizable in the face of the lrmits set by systematic

[ 4

distortions - and external noiseylevels. Such needless degradation can -

»
@ ,.7

oceur when fixed—patameter~weighting functions such as,fhe cosine—bell’
, . N - - ) @ 'y.,, L . . .
Qﬁanning) or the-elevated cosﬁne—bellx(Hamming) functions'e:e used.
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CHAPTER 5

EXPERIMENTAL RESULTS .

L]
* +

5.0 Introduction - . .

Approximately thirty -five meteor echoes that. were recorded on

.the afternOOn of "3 January l973 shoWed the expected fast amplitude rise

"Ry
1

(less than % second) characteristic of an echo for whic@ the trail

1
i : ) ' -/." . ln . o 4 °
formation. has been observed. Of these thirty—five ‘echoes, three typi-

‘

.cal examples have been analyzed in detail below. These three echoes

"+ were_chosen”dn-the basis of their amplitude behavior, which rangad from\

[P

‘A_smooth underdensge’to both smooth and slightly fluctuating transitional

ol . - -

-

their apparent good signal-~ to—noise ratio (SNR), the absence of strong
. e

fluctuations in angle ‘of arrival, and relative freedom from external

¢

interference. As well, the observed echo ranges and angles of arrival

) o . ’ % . : '
were, consistent with the assumption that all*three echoes were due to
Quadrartid meteors. ‘The use of shower meteprs‘permitted quarntitative

" estimates of the trail 1océtions (Appendir B) and ohe'magnitpdes of the

-

obgerved wind shears (Section 9'1 et seq.).

s [

: The eche parameters investigated were derived using the techni-
. . *

ques desdribed in‘Section 4.3.1, These: parameters are : the temporal

history of the absolute amplitude of the echo, averaged across tbe

-

,'antenna array, the echo angle of arrival ae deduced from the least-
- 3 ~ .
squares best -fit (LSBP) linear phase slope across the array, and the

, .
<

~fractional variation Qf the echo plitude<observed acroas‘the pr ay.

*t ‘Y »/.'
This lagt parameter is definéd by the ! ! -
0 . ' -
4 . -
ST A I ~ ) .
- /4 2 3 . ’
: * . >, = ’ °
~e 7 0 : : A‘ *




“ ‘the instantaneous echo amplitude and phase across the array and.appli-

.

-1 H - ‘
L .

o ,the shorter error bats indicaf:e Aa spread of plus and minua the est:l.maited .

i 1 .
AlEI 2 4 [am]
CTE . - TETL. U8t Jighe
where |E| 1s the spatial ayerage of thé instantaneous echo amplitude
observed acxoss the array, (BIE[/Br)LSBF is the instantaneous LSBF -

estimate of the slope of the absolute amplitude across the array, Ar is

- e, ) a .
the effective length of the.antéhna-arra& (Section 3.5.4), and ' .
A|E|/|E| is tHe fractional amplitude variation (cf. Section 3.5.3).

The data were also investigated for evide&\e\of secondary
ng

echoes. These investigations included visual examination.of plots of = ..

3
~ ~

3 - \
cation of theqspatial.Fouriér ransfd>h~&eﬁhnique§\described in Séction o
- - - " V4 N\, L . )
4.3.2. 'Ag well, additional theoretical concepts beygnd those of

\
-

. Chapter Q*were“develpped to interpret.the results of,these investigat— \
ions. CoL ' R \\
5.1 Echo I - An Underdense Echo . " ) >

‘ The first echo to be investigated was an apparently underdense
echo observed starting at 16 10:20.375 EST on 3 January 1973.-. For con- f: ¢

venienceé this echoiis referred. to as.Echo I Belowl

-3

-

- ‘ i ' -
5.1.1 Spatially Averaged,Parameters - Echo-l

e,
+

' Figure 5.1 shows the tempd!al behavior of the. absolute ampli;ude ‘_ -

% d

of Echo I, averaged across the antEnna array using the procedure déé~
) cribed in Section 4.3. l. The longer error bars indicate a spread of

. A

plus and- minus the estimated instantaneous standard devigtion of the

individua’l réceiver outputs ab0ut the average absolute amplitude, add .\’.
- . ~ 9

e o

1
. " .
- ‘ ;A -“ L
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o« v -

standard deviation of the individual receiver outputs ‘about a LSBF

straight line fitted to the absolute amplitudes obsérved across the

antenna array. The points marked by X's are sets of data for which a
LSBF 1ine could not be fitted to the phase data, due to the effect of
interfering fixed- frequency transmissions (Section 4.3.1 and Appendix(D

Particular times of 1nterest are indicated by arrows at ‘the times "A",

»

"‘B”, e and’ "D"._

Figure 5.2 shows the temporal behavior of the LSBF linear phase-
L J

).” The errors bars indi-

slope estimate of fﬁe angle of arrival (k20’ _

cate a spread of plus;and minus the estimated standard deviation of the

-

estimated:angle, and the vertical bar at . the right of the figure indi-

-

cates the estimated angular change to be expected for an ax1a1 change/

of 1 km in the locatlon of the spedular reflection p01nt * The arrows at

5

e
A", "B", "C" and "D" correspond to the same times as those in Figure 5.1.
. Figure 5.3 shoWs the tepporal bahavior oﬁ the fractional.ampli—

tude variation of the echo signal received across the antenna array.
. .r,, ‘ ¢

This parameter is defined as the LSBF estimate of the linear slope of

the amplitude across the array, multiplied by-half the length of the
array and.divided by the mean absolute amplitude, thus,-from eqn. (3.58);3
this parameter shod&d‘be an;épdicator of the presence in‘the received' )
signal.;nplitude diffractioﬁ pattern of scalelsiaes greater‘than the

-

length of the array. The error bars again indicate'a spread of plus

and‘minusjone standard deviation as calculated fro? the'estimated

standard dev1ation of  the amplitude slope, and again ‘the arrows at A",
e

"B", "c" and "D" correspond to the same tipes ag those tn igures 5.1

.

v a h

and 5.2

' From ‘the estimateé‘initial angle of arrival,’the estimated echo
‘ o , - :

range ZRO, an assumed logation of the Quadrantid radian¢ point with

L

N
. . : ) M o
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- . £ Cor
celestial coordinates of Right Ascension = 23%0, Declination = 50°
(Millman, l973)t and a detailed kno&ledge of the antenna locations, it
* , L
was possible to estimate several geomefric pardmeters pertaining to the

location of the me}eor trail (Appendix B and Segtiens 3.1-3.3). These
- .

: . . ~ . . .
parameters have been summarized: in Table 5.1, If* is noted in passing
that the estimated errors in the patameters quoted-in Table SJEQKfre «

based solely on the Qﬁcertéinty of +3 km in the.observatiog\gf 2R§; no

. account has been taken of the effects of zenith attraction or possible

errors in the assumed,lo@ation of . he radiant point. *

]

' \\
In Figure 5 1, the plotted data are weighted means of the,ab—

\ s
Y solutle echo amglitudes from 58 receiver .outputs. Hence the estimated

. o, th ; : ‘
stquard deviations of the means ate at mos ¢ 1/6 of the indicated error

¥

' B 1 .
bard. At the time indicated by the arrow "C", there was a discontinuity

4 \

in the slope 6f the logarithm of these mean amplitudes. the measured ‘,A
decay time constant between the times "A'" and "C" is 0.73 seconds, and -

between the times nen anﬁ/’ﬁ” is 0.50 seconds. From eqn. (3.76) esti-

‘mafed values of {tpp¢-ambipolar diffusion coefficient‘ﬁ,;bﬁsEd'on these .
VE\ 4 . .

o™

two estim tes oﬁ Tuﬁ’ a radio wavelength of 13.6 m and _an estimated value
R 5. ) Vi v . )

f 3}5 \are 20 m?/sec and 28 m’/sec reSpectivelyﬂ If it is

based on'the expet ental results of Greenhow and Nehfeld (1955) ; "
: D(\) =\ 5.8 exp[ (h+95)/6.5] , (3:2) '
wﬂere h is the hQight in ;ﬁ\above the surYace of the eartﬂ and D is in
\ 'I . A
m? [sec, then EStimated ﬂeigh\s of reflection based on" these tgp valuea {
" e * -

. of T ;

uh would be 10 0 km and 105 2 km respectively While these;height ,,.i by

?
o . ' - . . s
Y I LY
{

'eStimates may be in bsolute error by as guch pq +5 km, their 2.2 km '




3. .

t “
&>
TABLE 5.1
- Geometric Parameters of the Analyzed Echoes
TIME ECHO T ECHO II - ECHO TII
16:10:20 . 16:40:24 15:51:17
2R (km) 948 + 3 948 + 3 945+ 3,
R,, (km) 480 + 16 644 + 16 439 + 17
h (km) 106 + 4 101 + 3 100 + 5

(kzo,Q)(O)_ 95.18 + 0.0}  92.96 + 0:01 ~ 96.11 # 0.02

A, ©)- -+ 214 18.8 23.7
(ko £ ©) 9.2 86.5 . 92.4
x?3§ ‘ '68.5 T 714 66.5

o ) " 73.9% 0.5 . 72.7.+ 0.8 74.4 F 0.5
xl(m) ! 136 . 13.0 ) 10:9

P, (km) . - 127 / 1.i7 ' R
M(r) ) 0.93 " 0.95 - 0.91

a . 0.9302 - 0.9457 0.9157‘i'
B .--0.3671  -0.3i86 -~ -0.3p96
Yoo 00037 20.0639. " -0.0b36 *
g, (km) - 48.241.6 39:7 % 1.0 50.7 + 20/
n, (m) - 122.2 + 4.2 115.1 + 2.4 . 115.8*1'4é6,

! ‘ - 4
¢ (kmy | -7.6 +15 - -117.6'+ 15 - 35.0 + 16

-

~ A ’ ' *
IR 0.3653 . :Q.3225 ) /".0_-392_&0 -
" ' ', - N ) yoe e
o] 0.9241 ’ 0.9349 -+0.9119
o - X . / La " Y . ;
A sk Lu4.4 x 1073 S 20,1189 . 2.0 x 107%
. o ., . . 3 . . ‘)
- . . " - - h
y:/ " s
, ~ . X

B
Ty VT, S,



differencey which is dependent only on the aséumed scale héight for

; ¢ .
’ .

D(h) of 6.5 km, ought to be accurate to within 1 km. Also, these

N 3
-~ .

height estimates compare favorably with the geametric'éstimate fg} the

heighteof reflection of 106(+4) km. 4
For an estimated local zewmith angle-of 68.50, a vertical dis-
[ ' A\ . .
placement of 2.2 km would correspond to a displacement of -6.0 km along

-

; . . P '
the trail axis. Usdng either eqn. (3.68) or eqn, (3.70) and estimated

@

* wvalues for Rz(’) of 480 km and M(;) of 0.93, it can be shown that-.suc'h a ’
’ oo ° h

= displacement of‘the specular reflection point would lead to a readiiy

¥ . .
observed decrease of -0.67° in the angle of arrival. ,Figure 5.2 shows -

a .

» no such decrease.

L .
Figure.5.3, however, shows that a significant negative fluctua- ..

tion in the fractional amplitudéfdeviation across the array began to
. i .-

a . A # 4 - IS ' -
dccur almogt as soon as the mean signal amplitude began to-decay, indi-
.t 5, : R i ' -
cating that the ampljitude of the signal received at the northwest end -
\, ‘ . PP i ' .
of the array was decaying more slowly than that received at the south-
.o .

. —

east dnd. vTHié fluctuation reached its greatest magnitude at’ the time .
e, th@\giﬁe of .occurrence of the discontinuity'in the ampliﬁude decay -
"tdme constant, and then began to become smaller.

e - P 4 R -

» . . -

.5.1.2° Spatial Phase and Qmplitude Observations - Echo ’ <
“ o Figures 5.4 and 5.5 show represertative samples at 1/16th ‘
N . ’ * ;“: . s
« ssecond intervals of the basic data from which the averagéd data shown - ‘

in Figures 5.2 and 5.3 were derived. ~ In both Figures 5.4 and 5.5, time

is increaeing downwards, and the data are.plotted as vertical offsets >
Cor ) . , ‘ v
from equi-spaced horizontal baselines. Distance along the array axis '

is incréasing from left to'right, with thesleft-hand epd of each baée— : ) ~

# - ’ N A
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.
”~

line correspending to the northwest (negative) end ofjthe'array.- Again

arrows mark times "A", " Ygl'—and—"'P";which are the same times as—— -

4

‘marked in Figures 5.1 éhrough 5:3.

Figure 5.4 shows the smoothéed phase deviations across the
, »
antenna array after the LSBF linear phase slope has been subtracted. z

The vertical bar indicates a differential phase'change of +25°.

1

Figure 5.5 shows the smoothed and normélized'absolute echo

amplitude observed at the receiver outputs from across the array,h\ghe * S

"vertical bar 1nd1cates a fractional change in absolute amplitude J/

@ | st 6%

+50% relative to the mean.absolute amplitude across the array.

-
@

Both flgures show that there existed spatial ?luctuations in

~

the echo amplitude and phase with scale-size comparable to and, less )
* .
] b R R -

than 1.2 km length of the array,~and the relative magnitude of these

fluctuations tended to increase and the scale-size to decrease-as theq

-

0

echo amplitude decayed.

As well, there is evidence in both figures of the effects of

&g

external noise and systematic distortion on the data’  For example,

about l/16th second after the time "A", the effect of an interfering

o

noise-burst was observed in the outputs of the receivegllonnected to

the northwést end oftthe array. The amplitude and phase discontinuit- ~ o

“ies due to this noise-burst died out within about two integrator time- ,

7

constants (1/8th second). The small-scale irregularities apparent in ' ) "
the data recorded near the end of the echo are also attributed to ex~

ternal noise effects, which became more dominant as the echo amplitude

decaVed and the SNR decreased. As well, these figures show the - ..
presemce in the data of small, constant-magnitude fluctuations having s
. ) + o |
fixed locations along the array axis. This spatial stationarity .
. = - -




e

’secoﬁdary:éignal model of Section 3.5.3. Figure 5.1 shows that at ‘the

< ¢
s

buggests that thesge 1rregularities were aSSoC1ated w1th particular

c

antenna-receiver channeds. The inltial RMS amplltude fluctuationsc%ye

to alt causes were of order lOA, o? gbout 1.dB, and the initial RMS e

L

»

phase fluc;uatidns were due to all causes_of,order 100: _Thése were -
- i Ed :

. N LAt - ]
about twice the magnitude of the total systematic distortiord effects *
! : . .' T A
described in Section 2.4. - . # ‘
"' ! . 2 . .Q .
It is possible to explain the- time-varying characteristics of .
the data at least quaMptatdively in terms of the sinall—magni"t:ude‘_J single
a LT \ | [ :

3
- -

time "C'" the logarithm of the mean echo aﬁplitude lay abpve a strafgbé \{‘
. . . l-‘ f' X : . B ». ;

line joining the amplitudes obderved at the times "A" and "D". 1f, as /
. ‘ > v . : L o

~ -
. [

agpears pléusible'from Figures 5.4 and ‘5.5, it can be dssumed that until

about the time "C", the inequality (3.62) was valid.fgr.fﬁése &ata, then .
. PR ‘, - ,:" .
eqp. (3®57) suggests that ¢.7ﬁust for‘at least 'some of the period between .

the time "A" and' "D" lie ‘in one of ‘the ranges. - -

P ’ ﬂ\\\‘*\.»...-."u"“” RURT R o «l“t: . . . ) - .
[z; 1Jn <y [2“ *'%]“:- n=0, 41, #2) . (5.3)
o~ ) o e T ’

Figures 5 2 and 5. 3, considered in congunction with eqns., (3-64) ’

and (3. 63), further’ suggest that since 8¢/Br showed a 511ght temﬁoral

drift in the positive sense (cf eqn. (4 1)) and - BILI/Br ghowed a signi—

}ucant temporal drift in the negacive sense, then addittonal constraints'

- - 4 -
—. ——— —= F &
can be placed on ¢ dﬂ(k : S . ‘ . N
d . 1 ' - . 5 .
. . M ‘-' EIS .",
. n =20, %1, +2, . (5.4)
." ' '.
and L] 7 3; >,
/ < , .. 1&‘ - -
‘, '] M
‘& . 7 '

-
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I St Kk <0 C L (5.5) .

) . o :
Moreover,lthe change jin sign from positive to negatiye of ‘the amplitude ,\\\\\

~ . .

slope at the, time "B is coq51stent with the hypothe 1s that ¢ passed -

Ny N . .

through the value 2nm at’that time. The Yermination of the p051t1ve
[} , B ] ]
drift ﬁbserved in the-phase slope betweeﬂ the times "A" anddrB" as 'y

3

* 1nd1cated by the negative drift in the angle of arrival between these
. .

times is also eonsistent with this hypothesis. It can be conjectured

that the absénce of an immediate\tendency~for an increasing shift of

oo N e
thg angle of arrlval could be due to .the countervailing effect of a slow

increase in the magnitude of either |k.| or 1E /E | or both this

|

occurrence would eend also to enhance the rate of increase of negative
«"‘\‘ -

amplitude slope, as was observed.

. ' ’ ’ ' ’ 7 o
At the time "C" and subsequently, Figures 5.3 and 5.4 show the

+ .

» -
increasing magnitude and decreasing. scale size of time-varying quasi-’
. R - ~ 4 .
)
sinusoidal structure in the echo phase and amplitude.” This change

suggests that the angular separation between the main and secondary

N ~- -
echo signals increased and that the constraint imposed by the inequafity

-

(3.62) was’ne longer valid. Therefore the spatial Fourier transfofgs

of the echo signal were investigated to determine if this conjecture had-
i . -

any basis. £;/ .

- 5.1.3 Angulaf Spectra'~ Echo 1

Figure 5.6 shaws ‘a contour plot of the spatial Fouriler trans- -
" M e . - N
. > . - . . .

‘forms of the smoothed complex data observed across the array, and is

~
-

’based on the,saﬁetinformation as contained in Figures 5.1, 5.4 and 5.5.
- . 3

-
Because - the LSBF linear phase slope was subtracted from the data, the

. .

L

centre axis of the contour plot gorresponds to the instantaneous angle:
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TN ‘ of arrival as plotted in Figure 5.2.  The contour lines are labelled in

1

L decibels relative to-1 volt of receiver output amplitude (dBV) and are

plotted at 2.5 dB intervals. Increasing time was plotted downwards -

» . . B v , E .
" along the vertical axis, and the .distance 2 (in ‘km) along the trail axis
\\-’ . 'y , . . . N
' . from the instantaneous LSBF pHase-slope estimate of the specular re-

-~

flrection point wasw=plotted along the horizontal axis. The parameter %

p : was calculated from the equation * ’ -

. N
. B * .

. _ o « . L C
i . e . L = [cos(kzo,r) - cos(Egg,r)]Rzo/M(:) (5.6)

-

.
.

++  which can be derived easily from the condition which makes theAérgument

of W in eqn. (3.68) or (3.70) vanish. Aéain the arrows at the times

—
s

"A", "B", "C" and "D" correspond to the same times as those in Figures

» R . x . ﬁ‘

C b

- ' Spatial Yourier transforms of the data were computed using a

. ]
5.1 through 5.5.

Dolph~-Chebyshev array weiéhting:function to produce expected ‘sidelobe

levels of =20 dB, -25 dB and -30 dB below the main signal peak amplitude.

For.tﬁis set of data, the choice of -25 dB sidelobe level offered the

L]
optimum QQmpromise between angular resolution and sidelobe level, in

that the angﬁlar resolution for the -30 dB sidelobe case wa's sufficient-

- N

ly degraded to partially obscure the observed secondary signal, and the .

v

-20 dB sidelobes were judged té be too close in level to the seco;dary

signal. g:) . )
' . The computed~spectra for the -25 dB sidelobe .level case are y

/
shown in Figure 5.6. Contours of constant signal level are shown only

for signal levels which both exceeded the expected gidelobe level re-,

lative to the instantaneous peak éignal Tevel by at least 5 dB, and

f“ v .
- } .




also exceeded the expected output noise level of -37.6 dBV (Section .

of the central axis at distances & = +7.5 km indicate, the theoretically

"time "C", so ‘that just before the echo was obscured by interference at

> . . .
4.3.13; Appendix C) by at least 5 dB. These 5 dB hargins were adopt dgx

én order to ensure that noise and spurious systematic distortion effects

Ld

would be ignored. ‘ ‘ ~
* T

. The vertical das%ed lines symmetrically spaced bn either ¥ide
expected location of the figst null in the‘%ngular response'pattern for
a single incident'plané—wave signal. Possible peaks in ;hg contour ‘
plot due to any weaker signals scattered from segmeﬁts of the tyail
within axial distances éf 7.5 km from the main épecular reflection
point woﬁld be partially to totally obscuréd, depending on the relative
amplithdes‘éf £he main and wéaker éignals, éhé axial separation between
the scattering centres, gnd,the ;elative phase difference between ihe
f&é'signals. . |

It can be seen that an asymmetry was present in the observed
e
L4 ‘ \v‘

response pattern. This asymmetry becomes quite pronounced after the
4

the time "D", the amplitude.of the secondary signal was about 1/3 to

1/4 that of the main echo signal, and its angular displacement from the

s
main echo was or order ~0.72° (-0.012 radian). This can bé translated

usng eqn. (5.6) iAato an equivalent displacement of the secondary

signal reflection point of ~6.5 km along the Initial trail éxis, or an

.

upward vertical displacement of 2.4 km.

In view of the fact that no sudden temporal disconiinuities -
appgargd in these data, it is copcluded that the large-scale fluctua- -
H ¢ . - )
tions observed in the amplitude and phase .across the array earlier 1

the life of ;he trafl were due to' the same cause. The relative motion

i

2 o




of the reflectionrpoints of the maid” dpd secondary écho'signals im-
plies thgt motion of the trail was‘invoIved,in‘ghe underlying process;

»
.

the main cause of such motions was likely neutral winds and.wind shears.

-

‘5.1.4 The Data in Terms of Wind Shears -, Echo I

v

53
It i€ interesting and fruitful to speculate on the possible
. - 3

ﬁagnitudes and dirjections of winds and wind shears (or spa&ial wind
(i r . . /7_‘ -
.SJ{Ekadients) which might lead to the observed phenomena. It was argued

LY

in the discussion ;eadiﬁg io the derivation of egn. (3.31) that only

distortions of the trail in the "normal" direction can have significant

.

effect in varying the phase path-length betweé& the transmitter and

3

receiver. Equation (3.31) can be recast in the form

.

. - 2
1 -1 /R)

2
S

~ a ~

L () ~-R ————| ces ¢, == (p"n )
8 ’ © cos?d,. sin®(k ,2) £ 3% © 2=
it o,

i
, 1
\.

where Es(t) is the observed’ estimated axial location of a scattering
- [l Vs » M
I L

s
centre and the factor in square brackets is of order unity. For the

trail under immediate cpnsideration, eqn. (5.7) can be reduced tJ
.11- -~ . A‘ ]

_ Cuy O Ay
| Qs(t) = (13{ 1.4)132 (g_ nO)Q:Q ; _95.8)
L] R S

where all distances are measured in .kilometres. Equation (5.8) is the
AN .

| . :
same equation that would result in the case of backscatter geometry

(Zo = 0) for an echo observed at a slant range of 131 km. It should

also be noted that when eqn. (5.8) is inverted below to estimate 3/9%

(Q::ﬁo) , the uncertaigkjes in estimating ﬂs are much more’ signifi-
=L . , &
. 8 ‘ -

cant than the 3% uncertainfy in the numerical constant.

L T ST VR T T S,

\




o

’. ‘
" .
. / . .

& . .
In order to see more clearly what was happening to the echo as

I

time progressed, the oBserved angles ofﬁﬁrrfbal (E20,§) and ' the esti-

mated locations of the schttering centres along the trail axis relative

-‘,~
and plotted as a function of time in \__~
e Skt

to the initial specular'reflectio? point 2=0 have been scaled from the

" data shown 1in Figures 5.2 and 5.6

Figure 5.7. Two additional ordinatjksceles have also been incorporated - ///’A\ -
o ' ' L2700 ’
in Figure 5.7: 6h = -2 cos X, which is the vertical displacement of a -

scattering centre located in the initial trail axis rglative to £4=0, ° :{/
and 3/32(91,80) as derived by inverting eqn. (5.8). .This lesﬁ_péra- o -

t N . N
. —- (A

'
- -

meter is the tangent of the small angle through which the trail would - g
have to have beeﬁ.:;?Zteé\19 the (30;2) planesat the point Z=ZS in X

order to give rise to a local region of stationary phase. °
»

The steeply sloped thin line at the left side of the plot

i
shows the estimated instantaneous position of the meteoroid as a fﬁhctioph
N . ) ‘ S N

. 13 R
of time for an assumed meteéoroid speed of .41 km/sec (McKinley, 1961). ﬂb,j

. - et - ry
Its location. is based, on the assumption that the meteoroid was crossing ’
the piincfpal stationary phase point simultaneously with the observed

sharp rise in echo signal level. . : . -,

s A
- . .
The limited resolving power of the array and the unfortunate |
' . o ; / )
occurrence of the noise burst permitted only three relatively unob- -

scured observations of the location of the seco,ndary\cattering centre. ,'

. b A i’
A |
These three observations, however, fall on “a slopfng s raight line in

Figure 5.6. From the slope of “this straight line can be inferred the,
L
spatial gradient of the winds in the (SO,E)'plane réh&nred to induce

v

In the present

2
the observed apparent motion of the scattering centre.

case, the measured slope (tékiné’énto account the effectAof finite

-
.

meteoroid velocity) corresponds to a mean gradient in the 'normal'

—, [
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[ ]

) a;polating back to the Eiﬁé of first observation of the effect of. the

B - . -
[N Co ., . ’ AT e .y e v v DL
r-1 . !

component of the wind of 25 m/sec per kilometre of displacement aiong

o the trail axis, and this gradient extended over an axial distance’ of at
. ‘ ‘.4 . .

least 1.8 km. If the‘actﬁal winds are assumed to haye’%een essent iadly

horizontal and uniform 04;; horizontal distances greater than a few

téns of kilometres, then the observed slope would correspond to a verti-

r

cal gradient of\the horizontal wind component in the (ﬁo,R) plane of -7

-67 m/sec -per kilometre of vertical disﬁlacement; extending over a

vertical distance of about-$60 metres. This‘WQuld1infer a total ghange

. N ) . E " C
in the apPropriaté horizontal wind velocity compohent of -about -45 m/sec

ébver ﬁhis height rapge Observatio of such wind-shear- components

have béen reported previously b Bedinger et al. (1968).
L
‘There remains 4 probl

S
.

wifh'this explanatiéﬁ, however. An
. -

extrdgglskioﬂ’(dSLh takes accoﬁnttbf‘ihe finite meteoroid velocity)

_back‘ to the time of loc}l formatiox'i of thé trail shows that there re-‘,

mained an una&counted rotation of the trail of atfTeast 1.1°

from its
¢

/’/pumed initial orientaf&onf‘ ThlS rotation could be accounted for in

- two_ways. One way would be that the gradient increased with decreasing

. heig t to z maximum at some height, between that of the main and second-

+
a%y echoes. The maximum local gradient can be estimated by extra-

] , .
~assumed second stationary phase point and then estimating the gradient

90

. k . . L3
¢ by calculating the ratio of the required angular rotation and the time

o 7.
within which it m{st have taken place.

-
-
———

The éa:liest signs of the

presence qof a secpndary echo component occurred at the’ e "BY. In,
e y p

0

thié case, an anfular }otafion of Qe trail of 2.1°

N
- ’

uvld had to have’

. .

occurred in i: Ame of 0.48 seconﬂs, implying a win

i

shedt\in the ﬁo -

direction of 0.075,sei:—1 or 75 m/sec per kilometre of ayfal distance.

=

e ]

i
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e,
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L3

._) |

radient in the horizontal

Such a shear would torrespond to

wind of -200 m/sec per.kilometre of vertical displacement. The lack of

any previous teports of such magnitude of wind shear casts dflbts on

the reality of such an occurrence here. The other hypothesis, that the

-

neteoroid fragmented and produced multinle trails, will be developed’

Jbelow,
."
5.1.5 The Data in Terms of Meteoroid - Fragmentation - Echo I

4

- An alternative hypothesis to that of the preceding section is
that of the near-simultaneous opdurrence of multiple trails, perhaps

due to 'the fragmentation of a single initial meteorocid, or perhaps due

to the chance passage of more than one meteoroid. In either case, how#

Ty

ever, there is an additional degree of freedom which must-be considered.

.

Specifically, anh- echo observed at an angle of arrival (k r) could

_20°
have been caused either by a trail which was lying in the (n ,i) plane

-

Y

\

. of the main echo trail and which underwent a component of rotation in<z

Y

that plane, .or by a trail at a different,location in the sky\cérres— .
ponding to apprnximately the Same path range and which had'not.been
rotated, i.e., was parallel to the main trail, or by some-conbinatien
of these two cases; The two extreme cases will be.examinedﬁbelnw;

14 the case that the secondary echo trail is assumed to have

formed initially in the (n 2) plane of the main echo tn&il <hen the
following analysis is applidable. If the meteoroid broke apart in such

\é way that a snbstantial fragment of it passed the point-£ = -4.7 km
N - 2 .. ‘ - :
simul taneously with the fragment which caused the main echo signal, and
’ -
with an angle of divergence of ‘about 1. 4°. from the ‘trajectory of the

main‘gtho fragﬁent as measured in the: (n l) plane, then the inferred

-
-

L Y

-




Ty

]
' .

‘vertical shear of the horizontal wind of‘—67,m/sec/km acting for the

. . ®
0.48 sec which elapsed before the secondary echo‘was observed would be -
sufficient to account for the necessary 0.7° of rotation required to

bring the fragment trail into a suitable orientation. The lack of

(3

echoes ffom such a fragment trail earlier in the data (i.e., from lower
[ 4

heigb:s could be explained on the basis that either the fragment
'-Sarned/out between £ = -4.7 km and £ = 0, or the wind shear changed
betwegn theég\two points. The latter possibility is also sqpported by

the relatively small shift observed in the reflection point of the main

echo component, which would imply the presence there of only a very

small component of wind shear.

As a check on whether or not the secondary echo was in- fact

o

agssociated with the same meteoroid as the main .éého, the relative rates -

of .amplitude decay between the main echo and Lhelsecondary ec can be

compared. Since the second%R§ echo apparently corresponded to a greater

height than the main echo,’it would be-expected to have.shown a fasﬁgﬁf~
- ) .

decay rate than the main echo. Therefore the ratios of the amplitudes

were cofmpared for that portion bﬂ the echo history when the secondary
. / ) ,
echo. was spatially resolved from the main echo and uncontaminated esti-
/ .
mates of the component amplitudes could be made:

It is a straightforward matter to show from eqns. (3.76) and

(5.2) that the theoretifal time variation of the differencg in decibdels

between the main and se%ondary echo amplitudes when both echo components

- I's

are due to initially uniform infinite-length underdense trails is given

by




e
“

N o . . o 9 3

) 4y i | hy = 93
= - - e em——— X —
p,(dB) . 20 log, 4 [gxp(l)] * |Tsec 5 5.8 exp |—r—%

'

%)
-

- x [to—’ts exp(-£_ cos x/6.5)] + Pao

‘ ’
or . '
3 h -~ 95
2 ?
pA(dB) Z.Q6 X 102 ox o6 -
‘ [X sec ¢f] )
. , _ ' x [to-ts Sxp(—Rs coa,x/6.5)]_+ Pao (5.9)

'/,
’

/
where A\ is the radio wavelength (in métres), ¢f is the forwardvscétter—

ing angle, ho ii/gpe estimated height of reflection of the main echo

(in kilometres), —ES cos X is the estimated difference in reflegtion

height between themain and seondary echo signgis (in kilometres), to

and ts are the elapsed times (in seconds) since the time of local

-

formation of the trail components, and the constant Pao is a measure

(in decibels) of the ratio of the product of the. ynknown iniFial re-

flection coefficients and effective lengths of the trail segments con-
, 4 ,
tributing to the two echo components. '
- .

For the present case eqn. (5.9) reduces to

-

py(dB) = -3.3 x [t -t_exp(-2_ cos x/6.5] + p; (5.10)

.
”

L
-

Table 5.2 shows the results of comparing fﬁe theoretical values

of Pa calculated using eqn. (5.10) wiﬂth an assumed_ value for pAO,Of ' .
' ‘Qero and those Aalues of Pa sc? from-the data from which Figure 5.6

<

was plotted. The column label "Dif ference" shows the difference in

decibels betwez% the theoretical and experimentally measured values.

-

~




TABLE 5.2

Comparison of Theoretical and Observed Amplitude
) Ratios for Echo I

*Ato” S »:ts —RS cos X pA (dB) pA (dB) DIFFERENCE
(sec) (sec) (km) THEORY -~ OBSERVED (dB)
0.875 1.025 . 2.4 2.0. 12.6 -10.6
0.938 1.100  2.55 2.3 41.2 -8.9%

1.375 1.570 3.3 4,1 12.6 - 8.5

°




For imitially uniform and infinite traillsegments, this difference
-

woul&'remaiiwsgnszaﬁt and be a measure of the ratio of the initial re-

1]

"flection coefficients omly; .the fact that this difference dectedsed

° with time indicates that the observed relative strength of the second-

,ary echq was increasing with_time with'respect to that predicted by the
A L (\\

R NP

» £y -
theoretical model. This discrepancy is consistent with the assertions
e .

¥ v » Y

above that eMher the meteor fragment responsible for the secondary gcho
- :
burned out above £=0 or that there was a change with height of the wind

shear between £ = 4.7 km and 2=0.

Chemiluminescent rocket trail observations at heights between
. 4

80 km and 120 km have shown the frequent occurrence of regions of uni-

form wind shea;,‘separatad by thin regions where there exist very
abrupt changes of vertical gradients of the horizontal winds. These

" changes have been reported to occur within vertical distances of less
. ,

than 100 m (Bedinger et al., 1968). Such oﬁservations are consistent

with the results reporteM above,.as well as.xhose of Section 5.1;4.

kY
¥

It can be assumed instead that the secondary echo trail was

formed parallel to the main echo trail at an initial angle of arrival

§§\\s .

of 94:9°, as might be inferred from. Figure 5.7, an t the path range
ZRb vas 948 km. A numerical analysis of the geometry showed that the
apparent height of reflection would have been about 200 m lbﬁer than =

that of the main echo, and the reflection point would havg been about

a ° . -

24 km closer to the transmitter.
< An examination of the geometric pagémeters for  estimated initial .
angles of arrival between 94.9° and 95.18° showed that the calculated

height of reflection remained very close to 106 km and the Bpparent
. ~ - .

“horizontal displace&ent decreased as the assumed initial deviation in

- -




A }

- /

e,

-~ the angle of arrival was decreased, as would be expected intuﬁiively.
“e a S - . .
3

Further examination of the geometry showed th%t, if it were assumed

that the secondary echo trail lay initially exactly parallel to the ’

- . he

main echo trail ‘but at a slightly greater height (e.g., 108 km) and
AN

hence slightly greater range (e.g., 949 km) than the main echo trail,

then the horizontal separation between the trail axes would Hdve been/)

of order 8 km for 3? assumed initial angle of arrival of 95.18° and of

order 24 km for an assumed initdal angle of arrival of 94.99. . )

’
.

It thus becomes obvious that for reasonable-alternativ® choices
* '.' . ‘
of geometric parameter$, it is necaessary tg-conclu

de that either two
‘. . .
independent meteoric. fragments generated trails parallel to each other

B .
ye

within a few kilometres to a few tens of kilometres of horizormtal:

separation and of order one tp two kilometres of vertical separation,
s

or that two major fragments of a single parent meteordid, diverging by

. s - . L i ¢

about 1.3° in the (no;ﬁ)'plane must have occurred. _ However, the self-

o
.

consistency of the gg;iysis basgg on the model of diverging'fragments’

°

from a common _ parent lends support to that model. . ' .

A final analysié will be based on the agsumption that indéeJﬂO

. . . ! . v
the two trail components were due to fragments from a common parent.

‘ - "

’ >,

Jt can be assumed that the initial rotation of the §Econdary echo trail’

¢ . ~ ~ 4 L]
in the (no,l) plane was equal to Ox, the-angle of divergence of the two K

/ = ] N ‘ ’
particles in that plane. Then the-approximate relation
R o ’
. : [V ’ , B
¥ 2o 5%, 2= (o-n ) (_s/1>>
, _ B ol ) £=0

. » -

is -v&'l4d -for small values of 8x and at the time EjO that;the secéndary

-

%

echo trail was formed.. The parageter 8X can be estimated by extra-

fl




polating the estimaFTed rate of trail rotation back to the time of -

. local meteoroid passage, as was shown earlier.

It is shown in Appendix D that if &Y, the angle of trail diver-

gence, and &h, the initial difference in height Yetween the main and

|
secondary echo reflection points, are known or can‘be estimated, then

Ah, the difference in height above the main trail initial specular re-

_flection point at which the pampent meteoroid fragmented, is given to,
' - .

good approximation by -

S 4

~ “4
X 6h + £ cos X . )
Ah = - lm cos ¥ (5.12)

8y tan X'

~ @ . ~
where here lm is the minimum value for ls observed over the lifetime of
*the secondary echo. If it is assumed that to a first approximatfon the

- -

quantitjes Em cos ¥ = -3.0 km and 8y = 0.023 radian, as scaled fromi - e
.- Vigure 5.6, then egn. (5.12) bécomes . . V¥ . 4
Ah = 17.2 {&h'- 3.0) + 3.0 L (5.13) . -
“ : ) . . , . -
Since the secpndari echo was.observed ati heightd at least T e

b r

3.0 km above the main specular reflection point, then the point of’
~ ’ i

~
.

.- ' . _

fragmentation of #he paren%fﬁéteoroid.must_have occurred at some even ‘
N N . J B .

greater height. If it is assumed that the secondary echo .trail extended

one complete Fresnel zone radius aboye the observed maximum estimdted

secondary -echo height, thgp the incremental height ef fragmentafion'Ah ,‘ -

must hévelﬁeen at feast 3.8 km. This corresponds to an actual height ' :
o . .

.
¢

~of fragmentatidy of about 110 km. - .
For a value of 3.8 km‘for Ah, eqn. (5.13) yields a value for 6h
L A "

of about 3.05 kﬁ, or about SO‘m above fhe\gimple‘geometr;c estdimate




<3

{r

. directgry observable by the present eyetem, and the observation time was .

" too short to permit an Jindirect height difference estimate based on

"ylelds«a value ‘Sh = 3.4 km, or about 600 m above ‘the’ simple geometric

~of two separate meteor trails, which.could well have been produced by - °

deda§ time measurements. If‘instead'a.jalue for Ah of 10 km is aesnmed;

~as can be inferred frOm Table 5. -1 it weould correspond to a difference in

.be10w‘as Echo IT, heveealeo.been summarized int Table 5.1.
g . " ] o o . .

5.2.1° Spatiall Averaged Parameters - Echo II e

;
t Y o R X :
. - - . . v )
R .. O L TALRT S 2o *””WWW -
. . P

-
.

2.

’ - . . " .' - - . \ - )"‘(

Em cos X of 3.0 km. Such-a small incremental heightAdifferenEe is not

¥

corresponding to fragmentation at a helght of 116 km, then mqn. (5. 13)

estimate. Even thisforder,of height difference is not,observable, since

/ . 4

echo path range of about only 0. 3 K relative to the main echo path

° M ’ P ‘ ' -
range. , . . .

In snmmary,_the behavior of*this echo indicated 'the presence

“ . : .
the fragmentation of a single meteoroid at heights abqve which the
. ~. . - o ) . , . o
echoes were'obeerved. It also appeared that the presgnce of signifi—

cant, height—varying shears of the horizontal winds were necessary to .
explain the observed angular behavior of this echo; o

-
! . , . : 4 o 4

A ‘Smooth Transitional Echo

. . . . -

The second echo to be investigated was an almost-underdense

¢ ’ ! . 1
. \

transitional echo observed starting at 16 340 :24.750 EST on 3 Jahuari

1973.“The.peft1nent geomefflc‘perameterg of this echo, referred to -

» ]

Figu;e 5 8‘shows the temporal ‘behavior of the absolute amplitude

» ’ ’ -

of Echo II, averaged across the array The initial rise 1n amplitude |

as the meteor trail was formed and as limited by the 1/16f‘h second time '

. 3 . w
-, o .
.
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‘ .array. Beginning ﬁrom the time VC" for the next "1.4. seconds, to the

_ was a manifestation of the increasing RMS deviation of the phase about

. - %
. . N v - . hl 4
N . . e T e e e e e e s D SRS T

BN : .- . ‘
constant of the digital integrator (Séctidn 4.3.1) was essentially'-" ( ’

'.conplete by the time "A". Th echo amplitude continued fo fise for 'a

/J - ¢ .' - . o

further 0 6 second in the manner characteristic of a transitional ) <

but the short duration of this part of tbe echo life and the
(‘apparent linearity of the temporal decay of ‘the T%garlthm of the echo

- amplitude indicate that»the trail was almost underdense.

xAéter the time 'B", the’ecgg amplitude decayed exponentially
. R - i
with a‘timé.ipnstant of 1.18 seconds, and showed only minor amplitude

fluctuations until finally the echo was lost in noise. From eqn.
- ' &

63?76), the value estimatedxfor the,ambipoler diffusion coefficient D-

was 10.2 m2/sec, and from eqn.-(S.Z)\the inferred height of reflection

A £}

was 99 (+5) km, again'in reasonable egreenent with.the_direct geometfic
“estimate of 101 (43) km (Table 5.1). .- .

Figure 5.9 shows that for the‘first 0.6 seconds of the life of

* )

‘the echo, to the time "C", no significant change occurred in the angle -

- O

of arrival .as, esti#gted from the LSBF linear phase slope Across the ‘.

: timg "F", a slow increase of 0.07° occurred This “would correspond to
‘ b
a downward axial shift of the specular reflection point of 0.8 km, or,

*

a downWard shift in height of about, 0. 3 km 'For the final 0.8 seconds
:oﬁ the efho life, from the time "y €§e estimated sthndard deviafion

“-of .the angle of arrival increased as the e;ho continued to decay. This‘

\

the LSBF lines. . .'.‘ , o : Ly

‘
b

. Figure 5.I0 shows the pres;&Ce of a small initial positive

P

fractionel amplitude variationracross the array. The magnitude of this.

variation inciéaeed to a local maximum at theﬁtime~"A", and then de- ‘

- P ’




»q

[1 ¢9q ~ adoys umm:g J9S7 weir [eatiie jo ajduy

‘6°GC oanyr g

” \
- > v . . -
L] i l
RS (938)+3WIL . |
g2:l2 0022 '6.92 0§92 G292 0092 GL4e  06'Ge  SeSe 0082 Gt
PR T S S O M T T TS R T O S WA UM TN PO VA S 626
M °
—0'€6
¢
S T
a R g v
< —1'C6
X . ' L3ce
u LI . -
-~ -
e T,
. - .
N .
¢ , . v pql




11 oyd3 - uoraeriea apnitydue TeuoTigexd 0TS 21n313
(23S} 3ALL
G2'.2 0042 - 61'9¢ 0692 62'92 0092 GLv2 0Gve  G2ve 0062 Si've
1 .

S TR DT WA T Y T DA TR M S AR TS N TS N U S

1
xo
e

S

d
b
>
O
u
o4
S
<

5 Z
.mv
Val
-
o=
Zv
L
l
c
o
m




creased to zero about 0.28 seconds later at the time 'C'". A small
: ‘ s .. r ; _
almost. constant hegative slope then appeared, which after a further 1.6

. -
‘* seconds, at the time 'G", began to increase in magnitude.
It might again be supposed that the correlation between the

’ - '
change in sign of the fractional amplitude variation and the beginning
A \

of the c¢hange in angle of arrival at the-time "C" could be explained on

the basis of the’smaﬁl—magnitude secondary signal model (cf. Section
5.1.1). The relative amplitude and angular separation of the se;ond;ry. N |
signal with respect to tﬁe main echo were appa;ently émall for most of

the li?g of the &cho, as attestgd,to_bj the relati&ely 53511 estimated :

standard deviations for the LSBF angle of arrival and fractional ampli-

tude deviation estimates. Any assumption that the difference in angle

of arrival between the main and secondary echoes was small, however,

was not supported by the more detailed anaiyses below.

Y

5.2.2 'Spatial Phase and Amplitude Observations - Echo I1

S

. "Figures 5.11 a-c and Figures 5.12 a~c, which show respectively f‘
. ' ’ .
the phase and normalized amplitude obsesved across the array, reveal .
. N (
) near the time "D the occurrence of small-magnitude fluctuations with : 7’“

~ -

scale size significantly less than the length of the array. The

amplitude fluctuations show the effect of systematic distortions, but

2 .
the phase fluctuatione, although of small magnitude, are clearly

’
[

visible. After the time 'F", Iarger magnitude fluctuations appear in

both the normalized amplitude and the phase plots; the stale size of

. ’
'

these fluctuations was again Substantially less.than the length of the

array. 'oa ‘ ‘ . e
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/ '1on of the’ secondary‘rall was not grossly different from that of the

vy,

main trail, so that eqn. (5.14) is valid, a wind- shear component in

the "normal" d{recfidn of 18 m/sec per kilometre of axial displacement

-

ccan be scaled from Figure 5.14. This would correspond to a vartical

shear of the horizontal wind component in.the (ao,g}yplane of -52 m/sec

per kilometre of vertical displacement, over a heigh% increment of

o

about 1.5.‘km. The cause 3f the sudden reversal in the direction of

‘motion 1vof‘ ‘the sec.?ndary ecfo scattering eentre near the end of its life

is not explainable’ in terms of this s.imple modei; it could, however, )

be associated with the dissipation of the upper part‘of t‘he trail.
Aigai‘n dt is’ evident that the wind shear was d.ifferent over

: .. diffbering height fanges, as evidenced by the mean wind' s’hear of -1.3

- ’ m/sec per kllometre of axial dlqplacement as deduced from the mean )

> motion of the ma1n epecular reflectlon point. This v;ould c(lorrespond to

4 a verg:ical 'shear czf the horizontal wind compdnent in the (ﬁo,ﬁ,) plané

of 37 m/sec .per 1'(ilom)etre of vertical displacer;xen‘t. - & :

. ' 1 .«
Analysis of tJh‘e-secondary echo ampli.tud_e:a;’data{froﬁx‘ thié/’ examp,le‘

i might not be expected to have iaeen as cons{i_s"tent as in 1?11e previous

. _ ) g . o, ‘ -

':. case, whex“e there'appeared to 1;e good reasons to assume some quite

. ] 3 .
- '+ direct relation between the secondary echo @d the main echp. For the | -
; . . -

_ present .case,feqn. (5.10) becomes o

r‘?‘ " : A ° -7 . ' A"u-'-' ' (’- )
UL o g
, . LT ‘ 4

‘ T pA(dB) = =-10.5 % [to-ts »exp(—JL cos x/s6 5)] +- pAO -

e

‘and in the absehce éf any bettér information, it was .assuumed that

,"‘ L tq = FS and DAO 0 for purposes of calculating pA ('Pheory) in Iable 5. 3

The "Difference" column of that table shows a. reasonable consistency

’

S
+

.
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‘e T ' ) N ‘t .': ’ ’ .
- the’increase in the negative slofe’ of ‘the absolute amplitude across

’ [y N , P
the array, is consistent with the incipient formation of another scatter-

ing centre close to and slightly above the main specular reflection , -

point. It is npt likely that {lris effect was due to the resolved

. g .
secondary signal introducing an odd half-integral number of cycles of

amplitude fluctuation across the array, since the angular separation of . . o ©
N 1 ¥ . -

this signal from the main echo corresponded to about two cycles of . o

amplitude or phase fluctuations across ég; array. Furthermore, the

F-ratio of the RMS scatter of jthé absoluté ampiifﬁde about its mean

v

value relative to the RMS scatter abdut the LSBF line increased from

1.4 to about 4.0. This is irdicative that the spatial amplitude s%opé

. was highly significant (less than 0.5% chance of random occurrence).
T . . (‘,' .
The effect is also clear im Figure 5.8, where after the time "F" erréx

bars for both the estimated standard deQiation of the amplitude about

o wvaen, g 2w <

* the mean (longer bars) and the RMS déviaiion about the LSBF linear

variation across the array (shorter bars) are plotted. It can readily

" be seen that the amplitude scatter about the LSBF straight line is

+ ¥ ’

much smaller than the scatter about tHg mean.

P .

5.2.4 The Data in Terms of Wind Shears - Echo II:

This trail has also been subjected to the same analyses 1; the

previous example (Section 5?1.4). The locatians of the observed

scattering centres have been piot%ed in. Figure 5.14;‘noté the discon-

t%yuity in the vertical scales of that figure.

> : -

s P

' Nev EN . . . - : co-
[ ‘The most notevpxthy features of that figure are that the o ‘

. 3 ‘ . : .
secondary echo bécame visible before the expected time of local passage

of the main meteoroid, and the large angular divergence between the

"




II oUdg - S213uad> Furioleds oydad JO,SUOTIBIO] P3IBUWTIST ‘*4I°C

»

~

i v

33

~” R;y\ﬂ \.
*. , I . * . N
. (-235) INIL Co
g 0022 G 05 S 0092 6L 0% G 0062 G -05b2
! . L | ! -1 | I ¢ 1 1 1 | 1 . .
[ 4 ) )
0410
-$'9-
', 0910~ }°
. ogro- [0
] +0v10- oG-
. -0E1I'0~
~ v o
— 0210 -
) » y ' . vlﬂ.v‘
) wo-
. ; “ . QI0¥031 3N : xomoouﬁﬁ .
) . , 40 NOILISOd 20 50~
. SNOINVLNVISNI 0100~
A S - . et ' 3
v e i . uﬂﬂ”ﬂﬁn L, L.
1-J3$ n_oo.olmao._m\ Iwﬁ . Ecw»
P AOC.:Q?II '
.I ’ ‘ Q
' ¢ \ ' ’ ° : A
. ’ \
] ' L}
: ‘ .
. % ) -
. )

F0°02-

—0°81-

FCol-

—O'bi-.

Lo

~L96
ﬁm...a
66
L b'p6
¢

—2'6

-t be
>

A

~1 €6

-0'E6

(wa)J s..s:..&m )




1 . [

A ' - ~ ' M -
the secondary scatterer in the (n&,@) Rlane. For the present cgﬁ%v
* [ ! - ‘l

eqn. (5.7) becomes :
_ __—

R = -(126 §6) (A ) ~ SR

o
- ¢ A=
L BN . -S

so that the aﬁpearance of a secondary reflection at is = 18.6 km would

cor’%spond to,a rotation from the trail axis in'the-(go,l) plane of
/

v

4 - A8
8.5°. Thus it is concluided that the main specular reflection and the )

secondary reflection were not due to the passage of a single meteoric
e . N -
. . ’ . l"‘

-

. particle,

3.%.5< he DEtd in Terms ‘of Meteoroid Fragméntation — Echo 11
/ B T .
In spite of the fluctuations in the amplitude of the secondary

echo, the bulk of the observations.of its location fell'&h a’ . straight .

' LY . Kl . . :
line. A possible explanation for the occurrence of this secondary echo
. ’ * ) <
is that an irregular trail was formed by the passage of a small metedr-
4§ - / . . h

.0id about 1/4 second before the local passage of the meteoroid which

. -

caused the main echo, and this irregular trail was then rotated by a--
¢ "‘ A ‘ - - wl\, ’

uniform wind shear. Such a small meteoroid might‘or\yight not have

i | N

been associated with the main echo meteoro: thqhgh a témpbral

;S -

separation of 1/4 second would imply a spatial éegaiat ‘in .the axial

. | :
Y direction of order 10 km, so that such association seems un
Wl ] - Y
The major restriction on the location af the secondary Rcho ® -
_ trail 1is that its eiho range offset frequency be within i&rj Hz pighat
of the main echo, so that its amplitude would not be attenuated by the - !
. digital integrators (Section 4,3.1). On the assﬁhption that the locat-
' -‘\ (, N . o
. . ’ . " ¢ o v"‘ ¥ , ) ' ~’ (“. ) '
. v : .o '*. ’ ‘ L ;‘ . ‘ ) ) ’ '
T T S S T S SR S




/ 'ion of the’ secondary‘rail was not grossiy ‘different from that of -the

— ' ! L.“
main trail, so that egn. (5.14) is valid, a wind-shear component in

the '"nmormal"’ dfreg{ién of 18 m/sec per kilometre of axial displacement

ccan be scaled from Figure 5.14. This would correspond to a vartical

shear of the hor1zonta1 wind component in the (n ,ﬁ}¢plane of ~52 m/sec

-

pe¥ kilomgtre of vertlcal dlsplacement, over a height increment of

about 1.5 km. The cause Qf the sudden reversal in the direction of

‘motion of the sec?ndary echo scattering centre near the end of its life
. . is not explainable’ in terms of this simple model; it could, however, .

be associated with the dissipation of the upper part‘of the trail.

<

Again it is evident that the wind shear was different over
. . : ' ‘
-. differing height ranges, as evidenced by the mean wind shear of -1.3

. m/sec per kilomgtre'nf axial displacement as aedu;ed from the mean

> ,motion of the mnin specular refiection point.‘ This ;ould anrespond to .

4 a vertinal éhear of the horizontal wind component in the (ﬁo,i) plané:
of 3 7 m/séc.per kllométre of vertlcal dlsplacement o ﬁ%

Analysis of the secondary echo amplitude data from thig)example
.c“ might not be expected to haye been as consigtent as in éhe previous
. N - * . e . e
i- case, whefe there.appeared to 6e good reason$ to assume some quite
. . s .
. . direct relation between the secondary echo,ané the main echp. For the  «
? ’ N - . -

B . .". »
~ present case, eqn. (5.10) becomes
v

r;?'. -' :" ° - .‘ ‘ R '”'m.'.- ’ ' , :‘; .
,;" - ’ \\' e . . . B
, 7 ", — T , T S A ,
D pA(dB) = -49.5 x [to-ts'enp(—ls cos X/A6.5)] + pAb_"' .(2.15) B

a

and in the absehce éf any béttér information, it was‘aséumed that

N . . tq =t and pA0'= 0 for purposes of calculating pA (Theory)in Table 5. 3
* Co . ‘

The "Difference" column of that table shows a, reasonable consistency

4

.
‘e L




TABLE 5.3 8
'Compafis;on of THYeoretical énd Obser‘ved Amplit,udé'
- s Ratios fqr Echo LI -
_ et ';E;jcos X ©, (dB) p, (dB)  DIFFERENCE ;
(sec) (sec) (km) THEORY ~ OBSERVED (dB) y -
L 0.344  0.344 ~°2.20  28.6 -30.8
a 0.469  0.469 - 2.9 26.4, -29.3 _
0.594  0.594 - 3.7 . 241 278 o
0.714  0.719 - 4.4 22.8 -27.2
0.844  0.844 - 5.1 21.5 " ;ztpe i .
0.969  0.969 - 5.8. 21.2 : —2729 . T
1.219. 1.219 = 7.2 23.1 ®-30.3 b
. 1719 1.719 - 916  20.0 -24.6) R
C O A.suh 1.844 -10.2 17.5 S27.78 . s : -
7 1.969  1.969 -10J9  17.3 -28.2 L .
' 2.094  2.094 -11.3 . 16.8 -28.1 T -
2,219 “2.219  -4+6 "> -11.9, - . 15.3 -27,2 s :
2.364 " 2.34 | -4.8  -12.8 . 14.3 -27.1 o
2,469 2.469  -5.0 3.8 _ 14.6° °  -28.4. N
. R ) ‘ - , )
e * . , .
Lt ) » .
. ,
' ’
’ ‘
« g )




‘between the amplitude ratios predicted by the simple model and those
L J

calculated directly from the data, During the period of about 2

)
°

Y
seconds when both echo components were observable, the theoretically

[ v

‘predicted change in the amplitude ratio was about 11.6 dB, with the
amplitude of the secondary echo increasing relative to that of the main
‘ '

- echo. The observed ratio of the main to secondary echo amplitude
. ad ‘ . )

followed this trend, so that the average difference between the theore-
. < .
tical and observed amplitude ratios implied a value for Pao of 28.2

+1.3 dB. Equation (3.75) would then suggest an effective line density

for the secondary echo trail of order 4% of that of the main-echo ‘trail.

The disappearance of the secondary echo between the times "E"

- <
hnd >

and "F" could be due to a grosé irregularity of the seéondarflecho ' .

trail line demsity. On the assumption that the trail was being rotated

by a uniform wind shear, the length of trail from which no echo was
. .

g

being received would be (from Figure 5.14) of 6}der 1.6 km. . This com-
' pgres,favorébl§ with the effective reflecting length lLoI of an un-

distorted trail of 1.7 km, as calculated»from'eqn. (3;37), and which is

thus the length of trail whigh would have to be non-reflective in order
to result in a signifiéant suppression of echo siénai strength. ' .
" Numerical analyses of the secondary echo scattering-geometry

were performed'using the geometric model ofztﬁapter 3. The assumption
. he g

v

that ‘the secémdary echo trail were initially parallel to the main echo
trail and had the same echo range ZRO of 948 km required that such a
tfghl be located about' 180 km closer to thé recéiver array and also be .

about 7 R higher than fhe main echo tradl. The observed behavior of
: . N ’ ) ’
the amplitude ratio Py was completely inconsistent with the hypothesis

N of & secoﬁdary trail at that height. An attempt to rationalize this
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* height discrepancy‘by reducing the estimated echo range reguired a re-

N

«duction of - the range or order 6 to 9 km (2 to 3 Hz in range offset fre-
quency), and this reduction also implied an additional 50 km horizontal
i . v .
separation between the estimated reflection points. The only logical

"conclusion would be that if two meteoroids were travelling parallel

paths, they must have been quite‘independent. '

L] N ' . . . - ~

If the fragmenting meteoroid model was appropriate; then

. - L i
6x = -0.15 radian and lm cos X = 4.6 km, and eqn. (5.12) becomes

Ah = -2.24 (6h + 4.6) - 4.6 (5.16) .
. A - ’
. Vo
This result implies that for Ah > 8h, as required for:. the fragmentatlon

) hypothesis to have been valid, then it must have been that 6h < -4.,6. km,

This means that the secondary trail ‘must have,been situated at or below

_ the he’ght~given by the eimple'geqmetric &timate -?S cos X.

The simple geometric estimatd of the height range o&br which the,
~echo trail;was visihie implies that Ah > ~4 km and that frag-

mentatio must have occurred above-a_ heightroftﬂj kmt44Equatien—4§~%6}—+—*——*"r*‘*

. ]
. . also suggests that if fragmentation occurred at a height of 105 km, then

‘the actual height of tha secondary echo trail would have “been about

3. 8 km below the simple geometric estimate. This is inconsistent with
¢ : L g

A ‘the amplitude data. ;".., ! . , e

Hovever, Figore 5‘14'shows that th Asecondary echo meteoroiJ
) «paseed E,:= -18 6 km at least 100 msec before the main echo meteoroid
: This would imply that at.a speed of 41 km/sec, the path traversed by -
the secondary echo-meteoroid must have been about 4 km shorter than -

“that traversed by the main echo meteoroid It‘can be shown from

. Figure D.1 that the expression for this path difference is given by
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% AL- = (Ah sec X - 2)(L - cos &) A

ByVSubstitu;ing'AQ = 4 km into eég.‘(5.17) and solﬁing for Ah, a value
for ‘Ah of 120 km canlbe obtained. This settles at last the quqstion of
whether the seéondary echo was directly—associated with thg main echo:
it was not.

Ih summary,; while there is overwhe}ﬁing evidence that the main
and secondary echoes were due to the passage of two independent meteoric
‘particles, there is an u;dgrlying.consisténcy in the amplitude and
-angie—of—airival data which suggests that éﬂ% wind-shear qgservations ~

were valid.

5.3 Echo III - A Fluctuating Transitional Echo

The third and final ‘echo to be in&estigated was a transitional
echo observed starting at 15:51:17.125 EST on 3 January 1973. This
echo; which disélayed minor fluctuations in its amplitudg behaQior, was
,ée;painly.the.mnsLchmplex;ofAthﬁthree<analyzed echoes.—Fhe pertinent

1

geometrjic parameters have again been summarized in Table 5.1.

\

5.3.1 Spatially Averaged Parametérs - Echo III ’ ~
Figure 5.15 shows- the temporal behavior of the absolute ampli-
tude,  of the -echo avéréged across the array;' The initial rise in écho

amplitude as the meteor trail was.formed, as limited by the 1/16th

'
wv

second time constant of the'gigital integrator, was certainly complete.

" by the time."A" (3/16 or 0.19 seconds after ;He«start of bhé\inifial

rise in amplitude). However, the echo amplitude continued to increase

in a fluctuat;ng‘but esséntiéily linear manner for anothér 0.30 seconds

to the time "c", and then the rate of- increase became progressively

@
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smaller. Tﬁe echo amplitude'reached dts ultimate hmaximum after the

13

passage of another 0.25 seconds, at the time "D", and then.it decreased

until the echo signal was finally lost. in noise and interference about
’ /

2.6 sé!bnas later. The decay time constant of 2.0 seconds scaled from

~

Figure 5.15 between the times "E" and "G" implies from eqn. (3.76) an

ambipolar diffusion coefficient of 5.2 m?/sec and hence from eqn. (5.29

“

an apparent reflecti?n height of 94 (+5) km. This result is in some-
what poorer agreement with the geometric estiméte of reflection- height
of 100 (+5) km than were the corresponding sets of eatimates for the

twoiprevious examples, but this discrepanc} is characteristic of the
. ) \
trend which would be expected for a tranmsitional trail with somewhat,

greatar line density than that of the pfévious example.

Figure 5.16 shows the temporal behavior of the LSBF phése—slope

S

éstimafe of the angle of arrival, and Figure 5.17 shows the temporal
* behavior gf the LSBF fractional amplitude*jgfiation across the array.
Even befbre the initiai‘rise in eghb amplitude has'coipiéte, sign{fi-
'cant quasi—51nu501dal fluctuations in’ bothAthe angle of a;rival and
the fr;ctional amplltude variation had begun to occur. As well, there
was a small linear trend inithe angle of arrival which could have been
due t; a wind- shear in&uced motion of the main echo s;ecular reflection
point. If this trend is allowed for, the correspondigig temporal
fluctuations of the amplitude and”phase slopes appear- to be'in quadra-
ture, consistenf with thé'sinéle secondary signal modellof_Sec;ionx3.5.3,
and in particﬁlér with e;né. (3.58) aﬁd {3.61). - ) C o=

In addition, egns. (3.57) and (3.61) show that the spatially

averagéd tempofip fluctuétions of the absolute ampiitude and the large-

N

scale phaée—slope fluctuations should be'either in phase concért or in ~
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'Angﬁlar spectra - Echo II1

' Figure‘S.ZO,
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~120

phase opposition, accordi?g to whether the algebraic sign of %1 was

negative or positive, respectively. Thus the coincidence at the time

"B" of the negative fluctuation in the absolute amplitude with the local
h +

' N . ;
maximum of a positive fluctuation in the angle of arrival (negative
- : ‘ \ .

fluctuation in phase-slope). is also in agreement with the single

secondary signal model. The inference that k

1 vas négative andxgence

. that the secondary signal scattefing centre was located upwards ;?;hg//

the trail axis from the main echo reflection point can also be made.

?

5.3.2 Spatial Phase and Amplitude Observation§ - Fcho III
Figures 5,18 a-d show the phase variations observed across the

array, and Figures 5.19 a-d show the mormalized amplitqde observed

. across the array. These figures indicate the presence in the spatial

*
r ’ 1
data of structure with significant amplitude and with scale-size com-

parable to the length of the array. The implication of the presence of
such sf;u;tgre is two-fold. First, for this example the deduced LSBF
fractional amplitude variations and LSBf:angle of arrival fluctuatioaqs
Qeré based on somewhgt invalid attempts to fi£ straight lines to

) )
temporally varying quash=gsinusoidal spatial fluctuations with wave-

I3 at

‘ . r
lengths®approximately equal o the length of the antenna array; certain-

ly the linear approximation model for the amplitude and phase slopes
of eqns.. (3.63) andl (3.64) was not valid.™ Second, resolved secondary

echo signals should be observable in the spatial Fourier transforms of

the data. !
»

rd
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5.3.3 . Angular Spectra - Echo IIT

-

Figﬁre 5.20 shows‘ﬁhe spatials Foufier transforg%:éf 1he‘data'
of Figures 5.15, 5.18 a-d and 5.19 a-d as computed using -30 dB.side-

lobe DolpH—Chebyshev weighfing. Ihis figure shows a clearly teéolved

secondary echo 'signal which, although about 15 dB below the main echo
. . . : ' ".
amplitude (18% of the main echo amglitude), appears to have had an -

initial amplitude rise similar to that of the main echo. The apparent
- -

slocation of the scattering centre for thig secondary echo was a point

about -6.6 lom along the tyail axis abov he main echo fefleqtion

-
»-

point, at a vertical height of 2,6 km above the méin echo reflection

‘point. The LSBF amplitude~slope and.pﬁésefslope fiuctuations.observed

e

between the times "A" and "F" can then be explained or the-basis/of the
\‘ ’ . -

readily observed subsequent angular -convergence ,and divergénce of ,the
. 4 e

main and secondary echo’§;énals and the consequent effect of the

, (;)\ . .temporal changes in the relativé phase ¢d (eqn. (3.54))'onrthe’spatial‘

derivatives of th2 amplitude and pﬁase (eqﬁs.i£3.58) and (3.61)). The

cessation of these fluctuations at the time "F" can be seen to have .

coincided with the disappearance of the secohdar&‘echo.
PR Y . ¢ .

- - ° . N ’ -
There is also evidence in Figure 5.20 of- the dgvelopment and

)

disappearance of two more/glmost—#%solved secondary echees scattered
from points appareptlzgéﬂove the main specular reflection point, as ~

- -

well ag the intervening appearance and disappearance of a lessiyell.
‘ T .

‘resolved secondary echo apparently from below the main sPecﬁfar reflect-

’ -

1i"on poiéﬁ.j'The presence of these tliree secondary echoes is not readily
ipferred from any of the four previous 715Qres: ' -

.
o
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" data shown in Figuré-S.ZO. The lOSS of resolution of the seconaary

width of the central peak'of the apérture-response’function is the

"‘began to appear at l = -6. 8 km about 0. 22 second after the expected 1' TN

-

) the main reflection .po* at a rate corresponding to a vertical shear

.this enample, h o . ' ' ™\ e
. - N * & : 4 . . . ‘ . . g‘ l . : ‘ ,
- I » . ' 4 3 " . M ;
Lt R = A28 3 1) gy ("4 ) - (518)
oo “igegs A o » .

‘caused the main echo, then such a trail cemponent must hav’Jgekn.orient—'

a ‘ - .
- NT. . - -
. » 1 25
“ »
5.3.4." The Data in Terms of Meteoroid Fragmentatlon\~ Fcho III . AR
’ Figure 5.21. shows the 1ocation of the mai egylar reflection” )

- \

point and.the resolved<secondary‘scattering centres as scaled from the

- % )

« s

echo signal for apparent axial separations of the secondary scattering

LN
”

point and the main refiec}ion point-of’less than 6.2 km due to the

' . . .

1

reason for the absence of data between the times "B" and 1/8 second ey

. ¥
L] v
. ~ . ~

before the time’"EV. . .

s
. . « LY

It can be seen in Figure 5.21 that the first secondary echo

v

@ .

time- of passage of the main meteoroid ’ Equation(S 7) becomes, for

- . .. -

-

Therefore;}ﬁ,)his‘secon iry echo were due to a specular reflecyion from
4 P

a trail componeﬁt cansed by

kS

fragment of the same Eeteoroid\gpich

-
L4

ed about 3.8° from the main echo trail axis as measured in the (n ,l)

plane. "After formatiqn the secondary reflection ppint moved towards :

of the horizontal wind iu the (n 2) plane of 58 misec per %‘lometne of
N ; s

N

vertical dieplacement, until the secondary echo became unresolvable i\:

from the main echo., The observable coxrelation between the upward o 1

fluctuation of the apparent location of the main specular reflection

:point and the loss of resolution of . the seconda:y echo supports the’
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.

" the main echo reflection point‘were ‘due to interference. with the

' underdense manner By assumicf::ris to be’the cese% it éah'be-shown«,l'
" from eqns. 3. 76) and (5.2) that at 100 km the geometric,
‘height of the secondary echo, the e;timated underdense echo dec;;—:ihg. -
‘would be 0. 83 second. Thus, over’ the pbserVBd 1. 3 second 1ifetime ‘of
‘the secondary echo the reflection coefficient would be engcted to »

have decreased by a factor of 0 21, og 13, 6 dB. - Extrapolatihg bac

e

127

4

assertion made above that the fluctuations of the apparent location of

‘secondary echo. - .. - : . : . é

. The re-emerg‘ence;of th"fel ondary echo babaout. 0.75 second later

indicates that if the motions of the condary reflection point were

.

due, solely to- wind shear effects, then s shears must have B_eqi more

two examples. @g}e

compllcated than those inferred from the previc

.
is also the additional c0mp11cating factor that the reflection co-

§f1c1ent of the. main trail was transitional, so that thejsimple model
{ \r

of eqn. (5 9) was not applicable. Figure 5..22 shbws a plot of the in- . N

stantaneous amplitude of the resolved: secoﬁdary echOes as. scaled from

\ — e

&data of Figure 5. 20 This plot shows that the amplitude of the
~® :
AR .
first secondary echo inc_reased as time passed, as would be expected in
;

Y v A

the case that ‘the tm heing distorted by dind-s in such a manner Lot 5

‘ K

that the effective length ‘of trail contributing to. the reflection was . . <
.. N . . . . M ! . N . ' FE .

increasing more quickly than the reflection coefficient was decreasin‘g o h’,,‘ _Zg

. .o ~ .4
. . N 3

due to trail diffusibﬂn. Such a "focuseit}g effect wauldﬂisv‘imﬁry"

the existence of - noniinear vertical shears of the horizontal winds.
-

In‘view of the relatively'smalI:mPlitude of the first 'secondery

echo as compared to the main ecpo, it might seem likely that the re-/

"

flection coefficient of the eeconda;y ‘echo_%catterer behawéd

- '

1y estimated

«

s
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from the echo amplitudes observed near the end of the life of the

secondary echo shows that if all the increase iw echo amplitude were
: . . ’ B N .

-

to be attributed to windiéheadeistortion effects, then for a suitably

brlented secondary trail segment an initial amplitude as’ great as 0.4

volts might have been observed.

I3

Since thls amplitude is greater than
the observed inltial amplitude of the main echo, the val1d1ty of such

an extrapolation is _suspect. f

. . f
-

The data, however, are con51stent with the assumption that the
- ﬁ
reflection coeffic1ent of the secondary echo scatterer was non—uniform

-

- If this were the case, then the observed increase in echo %Fplitude

.

would be attributable to the:increaée in the reflection coefficient as

the reflection point moved along the trail axls. ‘This argument is

:dealt wit below.

The 1ocation’and amplitude of the seéondary‘echo which appeared

time "F" have‘also-beenvplotted in Figures 5.21 and 5.22 re-=

spectiively, While there was significant spatial separatiOn between this

and t_e.earller seopndary echo, 1t is interesting té note that a line
corresponding to an exponential decay time of 9.83 second ‘can be drawn

. through Yhe amplitudes of both echo components with.reasonable agree—8

‘ment, indic ting the possibilit& that both secondary echoes could have

een due to t e secondary’trail segment. "Also,'the wind-shear
onent of 63 m/sec per kilometre of vertical displacement deduced

from tJtis secondary echo. is within 102 of thatgstimated from the first

-

:A_Obeervation of the secdndary echo. )

There were also two other secondary echo components ppesent.n-

~ point ‘and ocfurri about 3/16 second after the time "F". The other

.



! : . S . P .. . . N > W 0 O '
! . . e i o e g R *“:*‘t-gu

» . . .
"displayed an angularly broad'peak.and occurred above the'nain reflect_
ion point'about 5/8 second after the time "F'". The observed locations e
and aﬁglltudes of the latter secondary echo were also,plotted“in
Figures 5.21 and 5.22. Figure 5.21 shows'that although the'same rangej
of apparent reflection point locations. was traversed as by the first
two secondary echoes, the deduced.wind shear of 292 m/sec per kilometre
of vertical displacement is almost five times as great as that deduced
above. Figure 5.22 shows that the observed amplitude of the secondary
echo was close to that expected if the trall segment reSponS1ble for
thls reflectlon wvere the same one as above. However, there is no
simple explanation as to how a single trail-segment could he reoriented :
. ! so quickly except if extremely varlable wind shears‘of'large magnitude .
) were present. This-seems unlikely, and .imconsistent with other ohser—
'vations. ' | _
e , RS . The.mosttreasonable explanatlon-again-seems to be that'each
T . discontinuons secondary echo‘was due to‘a different secondary trail,
L : ‘ and that the'appatént consistency of the amplitude data QaS‘simply
fortnithS.. ThiSvhypothesis is also consistent with'the observation'.
l ' ~.that the secondary echoes were located at heights above the main

} .
' K A specular reflection point and yvet exhibited a downward motion. This is

- \'contrary to what would be expected intuitively if all the secondary

¢ \ echoes were due to distortion of ‘a single tra11 thaf secondary echoes
““due to 1inear vertical wind. shears would tend to move away from the

: main specular reflection point:.

. - =

The geometry of the first and second eéchoes were then investi—

‘gated in a manner similar to the previoug_two cases (Sectiona 5.1.5 end

-

5 2. 5) If the first secondary echo were to have been initially parallel,




“"to.the maighecho'treil and at the.same echb‘range when first obseérved,
e ) . . .

tﬁen it would have been located aﬁput 200 m'higher'than;the main echo*

trail and about 66 km closer to the transmitter. Similarly, if the

v . - ) ,' ' : A\l ‘ J
. ' second secondary echo were to have been initially%parallel to the m in
techo trail-and at the same echo range when first observed, then it too C

would have been located about.200'm higher than the main echo trail ard
about. 70 km closer to the transmitter. For both these cases the in--

- cremental changes in the estiméted heights and loéatioqf'as a function
of the error in estimating the echo range were similar to those given
for the main echo location in Table.5.1; i.e., a +3 km error in the

P . 4 .

. - L
estimate of range wouf& correspond to a +5 km error in estimated height

»

- - v

and a +16 km error in location along‘the,traesmitter-receiver axis.
‘ :ThueAit is clear'that.initially parallel secondaty'echo trails would
haVe:been independent of the main echo neteoroid.

The hyaothes%s thet the‘fitet'twb_secondé;y ecﬁoes we:e due’ to
‘diverging fragments of the ﬁain.echo meteoroid,was also further expldred,
- L The echo which:ocqurred-ax,the:tiﬁe "A".eorie5pondéd to an initial
' value for §y of:0.058'radian or 3.36 as pentioned’above, ;nd.fof
%Zm eos X of 2 7 km - Substitution7ef these values into eqn.t(5.12)

y1elded the formula

Bh = 7.5 (6h - 2.7) + 2.7 . | S (5.19)

T, ThiS‘equatien is eonsistent with'thelcleatiy obvieus‘ihferende:et7
K Figure 5. 22, that the fragment could have been cast off at Jany incre—
.vmental height Ah greater than about 2 7 km or altitude h greater than

-~ 'about 103 km It further shows that alkm error’ in estimating Gh

would correspond to a 7.5 km error in estimating Ah. .‘,\ : :f ‘ BT

[ . N ) s
J

i et A R AT M e h
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Simllarly, for the secondary echo observed at the time "F"
. 8x = 0.12 radian or 6.7o and Rﬁ cos X = 3.3 km so that eqn. (5. 12)

P became ’ N “. : ' ) . o
Ah = 3.6 €5h - 3.3) + 3.3 | (5.20)

and this secondary meteoroid could have beenvreleased.at any altitude

~ OO e \

h greater' than about 103.5 km. E ch kilometre error‘in the estimated .o
value of 6h would correspond to an. errot of 3.6 km in the estimated
value of Ah.

/The’fact that the fLrst and second secondary echoes occurred

over contiguous regions of the height and yet the first and apparently
b 3

'lower secondary echo was observed ‘initially at a lower height suggests

~

. ’ that the first secbndary echo trail did indeed- separate from the main
meteoréid at lower heights .than the second; for had the ionization of
the first secondary echo extended higher, it should haveibeen observed

at those greater heights, since it appears to have experienced the

L 0 -

same wind shear as the seqond secondary echo trall. This suggestion is
aISOEéonsistent'with the observed temporal increase in the anplitude of~ -

* the first{éecondary echo.. Such an increase would be expected if the
) ‘ T o . S 2

reflection point was moving'down the axis of aksecondary trail from the

p01nt at which the secondary meteoroid began to ablate, since then both

the’ 1ength and the reflection coefflcients of ‘the portlon of the trail -

contributing to thelecho w0uld be expected to be increasing

The same a gument regarding the maximum height of obsérvation

o

'z - as used above could also be applicable to the second secondary echo,‘

-

- since its amplitude was also increasing with decreasing altitude., The'

abrupt end to 1tsﬂobservation could be attributed to the possibility

! -

fad ' k -
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3 ¢ that the lower end of the trail was encountered as the reflection point
; ’ 4 s nered ectl
moved along the rotating trail. ER .
. The reappearance of the first seéondary echo is not straiéht-
M o D f . : e .

forward to explain.” It is not clear from the angulaf‘Specfré,ﬁlot of.

* -

Figure 5.20 whether the gortién'of this ecﬁa.cent:ed ébouf the‘tiﬁ&: - " , L
"E! was'&ue ta the séme seconda;y,trail as the first part, altﬁg;gﬂ L
‘the temépral cdntinui£§ of tﬁe spatial amplitude and~phasé data‘r
strongly suggests fhag it was,r If, ip fact, this was so, then'théré_
must have been ékdi;éontinuitf with height in’ the wind shear at about,
2.4 km abovéAthe main echo height. °‘The wind shear of 6.6 m/;ec per /, .
kilemetre'o} vertical-@i;placemgnt deduced froﬁ the obserQéd mean - - '?
motion of the main echolréfleétion point wa; certainly much 1ess'thén
that deduced from the.motions'of‘the secondary ecﬁoes’observed ati.
greater Beights,‘but Qﬁethef’the gind shear actually changed abruptly
over an apparent;y'ver& small height increment is no£'c1ear.‘ However,

- ¥ R
such a possibility is consistent with the chemiluminescent rocket trail .

obsérvations of Be&inger et al. (1968) mentioned above. . .* .
: oo . - \

It also is not ¢lear by what mechanism the echo amplitude

¢

essentially douﬁied,vif the first and second secondary eehoes were due Nt
o . ' . ‘ . = 5,
to the same secondary trail, but perhaps the smaller‘"stretchipg" . ’ \X
-+ effect associated with a region of smaller wind shear combined with the N

longer . eche debay time at the slightly lower height could explain the

effect. However, it seems most likely that the linéﬂdénsity’of the

*

trail was greater at the - lower height, especialiy if the secondary”’
meteoroid had fragmented off the main meteoroid only about a' kilometre
or two. higher than the observation points along.the'secoﬁdary trail..

- - -

: ' The 'ultimate disappearance of this seéonda:y echo appgars to be due to

f .




’

-

obscuration by'the main echo combined with the decay of the secondary'

P

echo.
In summ%ry, this echd-appears’to have been due to a larger

meteoro}d and it displayed a mbye complicated behavior thap the pre-

vious two examples. The meteoroid appeared to have cast off at least
§ : . i .

tWéafragments which produced clearly observable secondary echoes, and

v

: thé;e wasAevidéhce of a third, unresolved, secondary echo as well.
The behavior of both the main and secondary echoes after their forma-

tidh indigd;ed the presence of significant wind shears which varied

we
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. o CHAPTER 6 .
* © SUMMARY, CONCLUSIONS, DISCUSSION AND SUGGESTIONS
‘ FOR FURTHER STUDIES f

6.0 Sumﬁarz , . -

s i . . S~ ;
B In this thesis, a brief review #f relevant radio meteor re-

. search has been given, the expéfimental equipment has been described,

a theory for interpreting the diffraction pattern of radio signals
. R e, ' .

scattered by meteor trail ionizZation has been deveYoped, and three '

[y ’

————

typical sets of meteor echo data have been analyzed The conclusions

of this study are given below in Section ‘6.1, the results are discussed

',inﬂSection 6.2, and suggestions for further studies are givén in

" Section '6.3. co

o~

6.1 Conclusions‘qs*'~

New and direct observations of thé existenge of angularly re-

" solved multiple reflections from three apparently simple radio meteor

\

echoes” have been presente

—

n Chapter 5. _These observations were 'made
by computing the spétial Fouxie¥ transforms of the diffraetion patterns
sof the echoes observed at 38.

.
(3875 foot) aperture. The tra

-

formed data yielded estimates of the
kangglar spectra of the received ‘echo signals., Because echoes from

meteors from 2 shewer of known or entation (the Quadnantid.shoéer) were

' L

b T .

m (125 foot) intervals across a 1181.1'm '

<




N
- . Y

A major conclusion drawn from the observations is that the de-
duced vertical gradients or shears of the (assumed) horizontal winds
- "

. appeared to be insufficient to cause the observed secondary echoes by
the distortion of a single initially sfraigh: méteor trail. While the

magnitudes of the>deduced shears were reasonable, being wup. to the order

. : L 4
of a“few tens of metres per second per kilomg}re of vertical displace-

., .

ment, the relatively short Qiees which elapsed between the observations
. B8

of the main 4nd secondary echoes were too brief to have allowed the de-
. . .

duceqqéhears-to have rotated a segment of a single straight: trail «

.

-through the angle neééssary for ;t to satisfy tﬁe specplar reflection
condition. Therefore ii was conclgded that the secondary eéhégs were
udﬁe to different trails than the main echoes.

- Analysis of the geoﬁetry showed’that if the meteor trails which

gave rise to the secon@ary echoes were initially parallel to the main

echo trail, then the horizontal separations between the various trails

in two cases (Sections 5.2.and”5.3) would have beeﬁ s0 gyzat as to pre-

glude the poééibiiity of a common source for the responsible meteoroids.

ConGersely, it appeared in two cases {Sections 5.1 and 5.3) that if there
were a small angular divergence of a few aegreés between the axes of the

main and secondary echo trails, as might occur if a ia:gnt meteoroid wetre

*

Cto fragﬁenf at a height above that at which the secondary echo reflections
: f r . ‘ ‘

were observed, then both the main echo and secondary echo trails could -

. - \"
have had a common source. However, there is an absence of'independeﬁF\\;..

.

. . - « '/’ . . - X
. corroborative evidencééthat meteoroids of sizes which givé rise to under-

" dense and transifional”echoes uﬁdergo.fragmeptation at heights of more

Y
o

w\ B N . ! ) ‘ . ‘ . i




that'found ‘for photegraphic and visual meteoroids..." (Hughes, 1974).

//, . . . h : N ‘ ] R 7

- 1

than kﬁo km and with fragment path angular divergences, of greater than

2

a degree. Hence the fragmentation hypothesis must as yet be_regarded .

as speculative.

6.2 Discussion ) ST S

- &

i/

AppeMiix E. The fragmentation hypothesis was shown fo be consistent

with the observations in two cases {Sections 5.1 and 5.3) where. the

-, . Ay
)

. L .
secqondary echoes were observed at heights greatéf than.the main echo,
. . .

and inconsistent in one case (Section 5.2), where the setondary echo

- - v
-

was observed at an apparently lower height than the main echo. That ‘o

trails due t& fragments which could be associated with the main écho

meteoroid were observed only above the main echo reflection point is
e : )
not inconsistent with the classical theory of meteoroid ablation-

[} .
It ‘

[

(McKiniey, i961), which predicts that smaller meteoroids oughf to_éblate

and "burn out” at higher heights than do the larger ones. - 2

1

The mechanisms of meteor'frégmenfgtfsﬁ and, ablation are still
— .
the subject of much stu&y: a recent paper by Hawkes -and Jones (1975)

summar izes much ofjthis wbrk. Current opiniép is that.even small

.

"meteoroids have a porous, loosely cp&élomerate structure similar® to

-

. Some pfevious‘radio,studies of meteors have attempted to ex

- - f N .

fragmentatdion ‘effects by obserying‘%hé amplitude éhd\phase:qf éqhoeé a

-~

‘thé mateor tfa}%s were being formed.(Rice,‘1964;'Rice and Forsyth, 1964; .-

-} . ) -

. . L3
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Brown, 1972; and Cook c¢t-.u/., 1972). [These experiments showed the
effects of enhanced {oniéatidn axpected from the ablation of fragments

close to the main meﬁéoroid, but if these fragments were cast off at 7

“

angles df-a few degrees to the paths of the main meteoroid, then most
of the eclio powen’scatt?red'by the trails thus generated would be re-

“flected in directions other than towards_the receiting antenna. Other
experiments, using pulselradar techniques to examine the,behavior of

overdense echo "amplitudes as a function of range and time during and

w
. -

after the time when'the trails were being ;ormed, have observed the
almost s;multanéous formation of small but significant echoes from

ranges other than those of the mgin echo specular reflection points

R
(McKinley and Millman. 1949; McKinley, 1961). TRese same experiments

. >

ilso often observed the formation of additional small but significant

L4

. g ’ : . ) <
echoes. at times well after the time oi)passage of 'the metecroid through

;hé observed echo range., The inference of ‘thes® cxperiments was that .
i ) N 13 '

ved echoes must have bepn.due to_ Yrough" trails, produced by
24 4\,$¥“* oY .

the.obse

fragment in®™peteoroids, and that wind motions could have been responsi-

ble for the 1 formation of the additional observed echoes. -

. . The present experiment, conversely, was Incapable either of
ubserving the formation of the ecﬁb, due to the narrow (30 Hz) system

(3

.bandwidth or of résolving the differéntial range'bétweenrthe méin'and

. .
[ ..

secondarv eLhoes; but it was possible to observe the echpeb from
- :

secondary ;xaila produced by those- fragmentb which vere large enqugh

.and which were fortuitously oriented~e£ as to produce angularly Te-

solved secondary echoes of- detectable amplitude. o
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3r

_'The question of whether or not .fragments actually can be cast
. - ‘ N -

A

been investigated.

»

simple eﬁeréetic considerati " It is shown there, in Table E.,1l, that.

a

only a small fraction of-the initial meteoroid kinetic energy would be

required to scattfer a small but significant fragment of the main ‘meteor-

v

oid‘along'a path a few degrees divergent from that of reﬁaining major. .

-
portion of the meteoroid, which itself would be deviated through a much
to somewhat smaller angle. ° .
f \ . '
There is)direct photographic evidence (Hemenwdy and Soberman,
” ’ : '

1962) that some small metéoroids are highly irrégular in shape, and it

is reasonable to expect that small fragments could be‘prokeh off such

meteoroids early in their encoupter with atmoSpheric friction. Even

.o o : -

the smoqtﬁ spherical dustball model for meteoroids considered by Hawkes

~, and Jones (1975),. Lonsisting of grains of a hlgh meltlng—point

i oa

materi?l (e.g., stone or iron) ... held together by ... some bind,lng / .
materlal of a lpwer melting~point ..." was shown for méieoroidg of the

size responsible for strong underdense and trasitional echoes to have

» .
.-

fragmented almost. completely due to the melting of the binding material
- above altitudes where significant degositidn ofionization due to.

. ablation of the grains would occur. “This model makes.no'predictions(

about the angular. spread at the paths of the fragments, but it is pointed
- R

out in the~canclusion of the paper4 that a combination of this spherical

model with some‘éther fragmentation thgory‘ig possible.‘ It seems

»

glausihie that particles formed in space, and not previously subjected

|
|
|




. ‘'small, independent meteoroids which would produ¢e secondary echoes in

a - o : °

to any erosive conditigns, ought to be somewhat rough, so that if the .
v N 0 N
Hawkes and Jones model for meteoroid composition is correct, some

larger chunks as welltas the elementary grains could be cast’ogf as - s

the binding material melts. .Such larger chunks would ‘then behave as
3 . -

r - - - - - :

H ‘ . I

@

the manner observed here. . . N N

’
.

6.3 Suggestiens for Further Studies

In view of the interestiné results obtained by this experiment,
A : . .

it is natural to enquire-in what manner better data capable of ;ielding'

~ ' _ ' T

more information could be obtained. The key questions for sucﬁiimprove;

1

- - @ ; . .
ment lie in the realm of increasing the system sensitivity and the

<
-

spatial resolution.along the trail axis.

-
[

ity by increasing the transmitted power would certainly increabe the

number Sf echoes observed. The majorityﬂﬁf the additional data follect-
P - . , . -

< ed @onld‘be from underdense trails, which theoteticaliy ought'tohbe tne

. . ) , .
simplest to andlyze. System sensitivity could also be increased by re-

*

. placing the eseeﬂtially non~directive‘;ranéﬁitting and receiving‘antenna

elements withmoredirective elements, at a cost of redueing the'raAio'
. P . ' ) . -
frequency bandwidth over'which theusystem could be‘operated.

The reaolution along Lhe trail axis could be- improved either by

increasing the length of the antenna arrdy or by altering the scatmering

'geometry by moving the transmitter closer to the receiving array. 1t is

apparent'from the data that for the present geometry, a much coarser
aperture sampling than ‘was actually used would vae been satisfactory

: -
’ . . © .

""" The straightforward approach of increasing the system sensitiv-"
. ’ ’ ’



o

»

- easily exceed the increase in

Therefore a system of no greater electropic complexity and simply
having a longer effective array length by using a 1onger inter-

element spacing would have been more effective. Of course, it would

- -

to deduce the locatdon of the trail in the sky.

Moving the trans tter closer to the receiving array would en-

- 4

hance the axial resolutién of the system, since as can be seen }rom
either eqnf-(3.68) or (3.70) this résdlution is ﬁroportional to the
distance from the trail to ‘the receiving array. The cost of this en--

hanced resolution ﬁould be the decrease in observation time caused by

\\ 4

the loss of the geometric enharicement of the underdense echo decay time

- - N

which occurs in' thé case of large forward—scattef\angles (cf. eqn.
.

(3.76)).‘ As well, the larger “echo elevation‘angies'wh{

observed would require the use of antenna elements which are”

at these higher e%pwation angles, so that the use of inefficient

elements might be required. The losses incurred by such eleménté could
. . } \
echo power realized by the decrease in

-

the spatial ‘attenuation>factor due to the decreased.echo range.

\-
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“

MEASUREMENT AND CORRECTION OF SYSTEM bISTORTIQN EFFECTS

i

H
A.0 Introduction

The phiiosophy adopted by users of the CRC HFDF system has
been to mgasuré accurately as ﬁany system characteristics as possible,
and.then to use these measurements to calibrate the regorded data as
. they were beiné précessed. Two readily compensated sets of’syste?atic .

effects were those due to the use of two sets of antenna cables of -

grossly différept lengths (and hence attenuation and phase retardation
scharacteristics), ‘and those due to the sli‘ptly differing gain and _

phase-shift characteristics of .the individual receivers.

.

- . ~

Ld e

A.1 Correction of Antenna Cable Effécts | ’ : e ‘rj

A.1.1 Correction of Cable Phase Effects ' D? , : S #

Careful measurement amd analysis of the éab%e phase character-

.-

_istics by E.L. Winacott showed that the following empirical formula
vielded the difference in éfopagation delay-time AT cable (in usec)

for identical signals prdpagated down typical long and short cables,

within a tolerance of +8 x 10—'5 pséc:

| B ' ) R -: -6 H' ) \v ’, L] ]’2
- 'ATcable 1.9?7676 (; -‘4077 X lq Tcable)(1v+ 0701°37272/fRF).

(AM),
In -this fctmpla‘Tcablélis the ambient femperatdre of the cable (in
degrees Celcius) andlfRF:is'the'radto frequency, of the signal (in. MHz).

- N yﬁvaldqtion of the relationm.

-:'-4.;142”. . '
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s

$

a oy = a2 (f §/10)°

#

A

o l S o
‘cable 360 fRF Tea ) (a.2) "

will yield A¢ the relative phase difference (in‘degrees) between

cable’”
the two signals.
This phase. correction was applled to the phases of a Q\data .

recorded from receivers connected to long cables before the datgngre

further processed. ? ' : KN

A.1.2 Correction of Cable Attenuation Effects ' ' ) N

Over the frequency band 2-30 MHz, a good'fig\zs\?he manufactur-
er's specification of the attenuation characteristics of the cables,

whic¢h were'presented in the form of an empiricalsgraph is given by the

"

value 0.26 dB loss per 100 feet at a frequency of 10 MHz, varying as

frequency to thg power 0.53. Thus for-a«"short" cable 488.4 feet in

.

length ¢ =

0.53

v, = l.27- (f /19) €A.3)

1 , ) - . o >
uhere Y, is the attenyation loss for a "shqrf" cabie (in dB)- and foF

is the radio frequency (in MHz). Simila%ly, for a "long" cable

'2084.9 feet in lengtﬁ the attenuation ‘loss YL'(in dB) is giVen by . «

0 3 (A.é)'
If it is assumed that the figure O 26 dB/lOO ft. 18 accurite to within

0 005 dB/lOO ft., then at a frequency of 30 MHz the maximum expected

r

' error 1n,Y and 'Y yould be 0.04 dB and 0 19 dB respectively., Actual

measurements have confirmed that the errors.were no 1arger than this .

magnitude. . ':' s ,‘ e ‘l o B . o
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A.2 Measdrement and Correction of Receiver DistortionuEffects -

A.2.1° Measurement and Calculation of the Receiver, Distortlons
J

‘When a signal of known amplitude and phase was épplied to all

. the receiver lnputs simultaneously, the amplitudes;and Ahases of the

signals observed at the various receiver outputs differed. In spite of

1

cafeful adjustment of the receivers, typical variations in receiver
. . | i
I

gain were of order Q.S dB in amplitude (10%) and the phsses‘werequite‘

' random, aithough the varjation ef the phase differeqcesfbetween aﬁy.
arbitrarily selected pair of receivers rarely exceeded‘loqhover the
.fpequeney band 2-30 MHz. Additienal small distortions were intxoducee ]

/

by minor differential éaip imbalances ie the/gains-of the two phase-
sensitive-detector ossput channels (usually/mere thadv35'eB below = »
. signal amplitude) and depa}tures from phase quadrature (asually lesse
than lb). The gain and phase variations were onl; slowly varyigg
functions of redio frequency, and ie all cases shis dependence -could
be igriored over frequepcy bhands *of order 100°kHz in width. |
| ‘ G:}p measure the,receivef distortio effects,'a known signal -
Stees = 3g-cosl2m(f i+ 8D)E] @)
was applied simultaneously to the inputs of all the reeei ers. Here
' a_ is the test signal amplitude, of order 2 pV across SO hms (-~110 dBm),v
,‘fRF is the test signal frequency, in the range 2—30 MHz, and Af is an

offset frequency wf\hin the passband of the' eceiver output‘filters.

Then the signals observed at the "1n,phase" (I) and "quadra—

= -

'ture" Q@ outputs of a particular receiver can be represented as’.




m e W R b owy

LN

. £ Y-

‘ N o= ) “ |
: sI(t) aOGI cos (2 Aft + ¢I) ’ ' ) CA.6a?
and
. ’\, “ . )
‘sQ(t) = aOGQ sin(ZTT. Aft + ¢Q) _ Y §A.6b)
where S1 and sQ'were the output signals,ffom the Iiand Q channels, GI
_ | , : ‘ .
_and GQ were the amplitude gain factors of the T and  channels, and
¢I and ¢6 were the phase shifts of the I énd Q channels.
The complex Fourier transform of the complex output signal
sg(®) = sp(e) +3s5(6) . (A.7)
. .»;l B
. : . Lﬁ . . J -
where j = (~1)°, is given by
Y
. S(£) = a [c, 6(F - A£).+ G_ 8(f + Af)] (A.8)
‘ ay - -
where - . . - '
-G, 5 (6, exp(3oy) + %y exp(J%}] | (A.923)
: and : ‘ ' ) .
2 . ’ v
6. = 5 [6] exp(-3¢;) - % exv(-thq)] | (A.9b)
In practice, finite discrete Fourier transforms which yield factors
"~ directly propoftional‘to G¥ and G_‘'are computed.
L T ' - ;
Equations -(A.9) can be manipulated to show that
| . . . \ A o ;1 . B .
6, = {[Re(G‘F +6)]? +T1m(c+ = G_)]z} ‘ . (A.10a) -
Gy = {[Re(G+ - 6))2 + [ImGe, + c_),]z} © . (A.0b)

-,

and
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tan ¢, = In(G, - G_)/Re(G, + G1) (A.11a)
tan ¢, = In(G, + G_)/Re(G, = G_) (aa11m)
P If the definitions
6 = X@.+c) : (A.12)
: ) 2071 Q. '
) ‘ 8 = (6, 6 /6. e ’(A‘.13)
and ” ‘. . )
| BN N 0 - .. aaw

arfe introduced, where GO is the receiver mean ampiitude gain factor,
8G is’ the revlati‘rle chanmnel gain imbalance, ¢o is the re‘cei\}er main

phase shift, and 6¢ is the channel phase-shift-imhalance (departire

from quadrature), then, /-\ '
¢.-= ¢ l1+%sc B o (A.16a)
1 0 .2 o ‘ . T
‘ ' - 7
) ‘6. = G |1-%66 : S (A.16b)
Q- o (U2 : ) :
and ', : N : ‘ . : ' ’ o v
| o, = ¢ +les L ara)
I otz % ‘ SR .17a
b = ¢ ~Lse (A.17b)
- T ¢ o 2 : " .
. ) K ) . ‘ . L ’ . § . N | 3
Thus, for a known 1nput tést signal, all,rglevant distortion effectg
of each of the'feceiveré.,ca‘n b,e“me'asui'ed. : R - R

P
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A.2.2 Application of the ﬁeceiver Correction Factors
. For aknown .sinusoidal input test signal, the outputs of a re-

‘ceiver can be expressed as

°

N[

GG] cos[Zﬁ Afﬁ + ¢0 + 6¢] (A.l8a2c

o

SIFt) = aOG

2

I
o
o
o
—— .,
b
1
N b

sQ(t) GG)'Sin[ZW Aft + ¢o - 6¢] (A.18b)

) -

L4

The-first step in the correction pfbces? is to eliminate the
© ' , . . .
effects of I and Q channel gain imbalance by a pair of real multipli-

cations to get

.

!

. ) -1 ‘ )
si(t) = [10+ %-SG} i éI(t)‘ = aoGO cos[Zw At + ¢0 + % 6¢J (A.19a)
and - ' A ‘ ) . , . . -A
sy = [1-Lse - (t) = a.C sin|2m Aft + 6 - L 66].(a 195)' )
Q t 2 SQ ‘ = ab o sin ‘ ° 2 ~‘ -

1

Then the effects.of the channel phase imbalance can be elimihatedvbe-
¢ . , )

tween si(t) and sé(t) to show that

“* | s;(t) = si(t) cqs[% 6¢} + sé(t) Sin{%ﬁ%}}/cos (84) o _
) = a6 c6s(2ﬁ'A£t +‘¢6) ) _ ' .' 4 : 4 - (A?ZOa) o
éast) h sé(é) cos{%}6¢} + si(t?T%n{% 6?] fcdél(éd) . ” .“ 'r”\\Syf"

a

aogo sin(2m Aft + ¢é)‘ 3 .;4.  (A.20b)
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It is obvious that if 8G and/or 8¢ are negligible, the above manipula- )
tions.redu e to identity transformations.
The \correction of ‘the effective receiver gain from CD‘CO a
| \ w3
desired value Goo and' the elimination of the phase shift ¢o can now be
accomplished Bj the performance of a single complex manipulation‘of
the complex signal T
l’ +
. " = oM e e . .
; sth) | oI(t) + J‘oQ(tl f (A.21)
. . t : * ;
. ) : N S
. by the. complex factoér (Goo/co) exp ( J¢q3.{ ]
T =6 /6 elmeae st + 5 sie] B
c - oo’ o P o’ T Q ' . - .
. . . = aOGoo“exp(J 2mAft) (A.22?///
- ,) * > ~ /./'
. e \z". "”’ » - ‘ | Tt ' ~»$/
v s C:g the receivers were linear, then any narrow band signal with output
> . AN ‘ . ' * .
" centre f;equency Af and unknown amplitudefandsphase could be corrected
¢ by application of the above procedures. . /{‘~4— ) :

For valués of output frequency ﬁf'near the filter cut-off fre—

Quency,rhe characteristios of the individual filters differed more than

[

at lower fIEquenciés. This problem was easily ovexcome by measuring

the values of G s ¢ » 0G and 8¢ for each receiver for difiergnt values

R
3 L

of Af, and then choosing the set of cox;ection factors aﬁprppriate to ”
. . 'the data to be corrected, - . :
a | - Tvo,simplifyingi;ssumptions'&oﬁg made tacitly for the above
'analy51s., The'fi:ot was that there’were no dc offéetg in the I and Q
oufputs, a chronic gfoblem with phaseisénsitive &;Zégtors. In practice,
“these~offsetdﬁwere-measoreo'duriﬁg the calibration proceoure and the -

s TG

+ . . , ./,
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observed dc\pffseés were subtracted from the daty before any further

R ,b.—: F R AIREN
N : 2

corrections were applied. The second assumption s that constant
: \ A4

freduency'test signals, were used. 1In practice SFCW\ test signals were

. . o | B e
existing when actual data were beélng recorded were achieved.

\

A.3 The Effect of Sequential Sampling of the Receiver Ohtput Signals

The sequential multiplexer and analog-to=digital cpnverter

could sample and quantize a éequence of input signals at theé rate of

23. 15 usec per conver51on. Therefore, to sample both outpufs of a
single receiver requireq 46.3 usec, and to sample the outputs of 64 re-:
. : . \

ceivers required 2.96 msec. For an output signal of frequency \\

4

Af = 15 Hz, the phase shift which could occur in the signal from the

»

. last receiver to be sampled relative to the signal from the first dpe“
to the effect of seeuential sampling would be 15.6°." Because this

phase shift was linear across a set of recorded receiver ohtputs, how-

ever, a.crude estimate (e.g., +1 Hz) of the value of Af was sufficient

to allow reduction of this phase shift to acceptable levels (e. g.,
. .
‘.abbut +1° of pulse for Af = 15 Hz, and proportlo?ally lees for smaller.

~ values of Af),
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. : APPENDIX B o

LOCATING THE SPECULAR REFLEC@ION POINT OF A,
TRAIL FROM A KNOWN RADIANT ' ‘

<

B.b .Introduction
s N Y
- ) It is possible to determine the location of the initial
specular feflecfion point (SRP) of ‘a radio echo from‘; gtfaightvline
meteor trailyif the celestial coordinatés of the meteor radiant point
aré assumed known and the gngle_of arrival of the echo io the axis éf
the antenna array and.Fhe echo propagation path lengtﬁ ZRO can be
measured. 'The problem‘cqnsisté of two distinpt parts: 'Ehe first is
to determine the direction cosines of the trail in the locaiico:
érdiqate system defined in Chapter 3, and the second is t© solve a

e .
set of simultaneous equations which determine the location of the SRP : >

. in this coordinate system.

M ]
B.1 Determination of the Trail Direction Cosines -

The determination of the trail direction cosines consists of

e . solving a spheffical triangle on tg surface of thé celestial spher’e. L.

If at the mid- point M of thgﬁ;{eat—circle path joining the transmittér
. My
T and the origin of the re&g}ving array R the -instantaneous zenith

angle of the radiantﬂ;gigz,is X and its instantaneous, azimuth angle

relative to the great circle directéd from T to R Is ¢ (reckoned

’

positive clockwise, follouing the ascronomical and geographical conven-

.‘tion) thenaghe local direction cosines of the trail (a,B,Y), are gived
by H‘{

@




- AN S
-
A
- .
. 5 . }
a = sin sin ¢ o
- . XM M < .
= ~c08 X.: .
B Xir !

-6‘

Y = -sin Xy cos ¢h,

2

(B.1a)

(B.1b)

(B.1c)

The angles ¢M and Xg are readily computed frdm the known or assumed

right ascension and declinat}on of the radiant point;by following the

-

"procedure outlined in the Explanatory Supplement to the Astronomical

Ephemeris and the American Ephemeris and Nautical Almanac (1963).

'L~ﬁ; ‘ ‘ ’ .o
B.2 Determination of. the Reflection Point

' -
. ]

/

The following set of four equations in four unknowns can be

~

solved tb determine the-SR? (& N, ,c ) if the echo propagdtion path

length 2R and the angle (k O,r) are known:

e gz + n C 2[1 - (&‘/R )?] = R(Z)[l ,"(ZO/F:O)Z.]‘.

2 2, _ 2 - 2
go + s + (ZO ’ Z:o) . RZO .
, aCQ + bno + c(co -LZb)l = ~—R20 cos(kzo,ry
4 T . 2] .
ag + Bng + vg [1- (2g/RD®] = 0

- -

-

X ) . . ) . 4 o
Equation (B.2a) 1is the equatiop of the surface.of the prolate spheroid.

-

on which the measurek value of RO

(B 2b) is an explicit formula for the length of the vectorf 2
eqn. (B.2c) is the vector dot product of‘Rzo and.a unit vector

[ —
ot

.
.

: ' - "t o= al+ 33 + ck

‘coﬂstralns’tﬁe SRP to.lie; eqn.

(B.2a)
" (B.2b)
(B.ch

(B.2d)

-« -

>

Py
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Finally E‘ can be talculated from ’ ) ‘o,
¢ i
a3 LAY .= — F2 " - -‘ ’
£ (l/a)[RZO cog(kzo,r) + bno c(Z0 CO)] (B.9)
B.J3 DeLerlndtion of the Helght of  Reflection and the
Local Radiant Zenith Angle . S e
' Simple geometric considerations show that the height h of the
SRP above the surfaéé of the spherical earth is given by
‘ oo -2 2 RITT A 2'2 ) .

s ‘ h = {t,o + [n0 + (RE - Z(')) ] + ;0 - RE \>(B.10~)
where RFl= 6371 km is the assumed radius of the earth, and the local
zenith angle x of the radiant is given by - ° -

i 1+ (n - 8/R.} . af,’ + Y
cos x = -B 2 E{ _ (B.11)
. 1 + h{Rr R, + h. ' )
. E E
where
: - . :
- - (R®? _ 72y1 : .

§ RE (RE Zo) by (B.12)
i3 the distance of the origin of the coordinate system below the sur-
face of the spherical earth

% ’
LY

)
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APPENDIX C

EXTERNAL NOISE AND INTERFERENCE OBSERVATIONS

.

€C.0 Imtroduction

In ;he frequency band 22—57 MHz, within_which most of the
potentially reducable data were obtained, the interfering noise was due
-primarily to two external sourées: natural, or-galac;ic)and atmospheric
noise, and man-made interference, in the forh of fixed-frequency trans-

missions. The energy from~€ach of these two ;ypés of sources caused

two distinct types of intarference. a

.

. . '

C.1 Naturally Occurring Noise

Y

Naturally occutring noise\ten&s to. be broadband‘!ﬂh incoherent.

-

The absolute noise amplitudes observed at the receiver outputs and

averaged across the antenna array were typically 200 mV (cf. the re-

e r

ceiver noige amplitud® oP 22 mV, from Table 2.1). If it is assumed

-
-

that the noise power ig spatially isotfopic, spectrally white, and has
N . 3

Gaussian statistiqal distribution, the amglitudes observed at the
, ) ,

individual receiver outputs will be Rayleigh distz}butgd: The RMS noise
voltége at each receiver oﬁtpug will then be (Z/N)%,;\QGO md, or

160 mv (S.0, Riée, 1944). Furthe?, the‘exp;étgq value of thé‘ratip of
the o?servea standard deviatio§ :;/thé instantaneous receiver noise

~ amplitudes to their mean across the antenn; array shguld be (4/1 - 1)‘1
or 0;52. The observed values of this ratio, in the absence of readily '

identifiable fixed-frequency interference, were all of this order, not

inconsistent with the assumed model for the noise.

;




-

¢.2 Fixed-Frequency Interference}‘ 4

At frequencies below 22 MHz, mucR interference due to ioflos- :
» * \
N
pherically propagated signals from fixed-frequency txansmitters was’

observed.. Similar interference was also occasionally noted at.higher

frequencies, due to ground-wave propagation from more
hd ' »
»

. , . .,
nitters, particularly at frequencies near 27 Mliz.

trans-—

Fixed~-freqyency iﬁterference'was.typified by uration)|

‘ ]
large amBlitude burst at the receiver outputs as the na

nd re-

ceivers were swept across the bandwidth of the interferin ransmission

and the phase-sensitive detéctors were overdriven. The duration of the

burst was equal to the length of time the interference remained within

.

-

the 10 kHz bandwidth of the'phase—sensitive detector stage, and for a

-

. 100 kHz/séc sweep rat@, this time was typically of order 0.1 second.
- . | . g

ﬁpp effective duration of the burst, could, of course, B¢ lengthened

v L
further by the finite respdné@ﬁfime of the narrow-band low-pass output

CeS e

filters. The peak amplitudé% 6{ a fixed—frequéncy interference bursts

were observed to range from 0.5 to 5 volts ofvmbre, dependigg on the
interfering signal strength, and this type of interference usually,

’ P ‘/‘.,1 .
dgséupted the echo phase coherency By»oVe%ridfng the desired echo ‘

L4 Fow e

signal.

. L We . ' - -
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APPENDIX D ~.

»

- -

SECONDARY TRAIL GEOMETRY
L ]

DTO Introduction
This appendix comprises ;n investigation of the geometry

associated with tﬁe hypothesis'of‘meteorqid fragmentation. It is

gssumed that the meteoroid fragments in the (ﬁo,i) plane and that an

echo 1s suybsequently observed from the secondary trail caused by the

- fragment, at an apparent axial distance £ from the main echo specular

reflection point. It is assumed that the trails are formed in a
o

stationary a:?rsphere; and the sécondary echo is observed as soon as
. ! L .

the seqondar

1

trail has been formed. In practice, this may not be the

case, since either the secondary meteoroid may not have begun to

.

ablate at the point where the specular reflection condition oééurs, or

conversely, the secondary meteoroid may have burned out by that point. .

In either case, however, wind shears could rotate the secondary trail
until the specular reflection condition is achieved, and an echo re-

flection from the secondary trail would then be observed.: This point

~is'discussed further in the 'main text of the thesis (Sections 5.1.5,

5.2.5 and 5.3.4). 1t dis alsc assumed that the mass of the fragment is

negligible, so that the path of the remainder of the meteoroid is un-

deviated. e ' /)/g -~

-

D.1 The Geometry ' : : .

»

v

The geometry of the fragmentation of a meteoroild incident at a -

[ -

zenith angie ¥ and casting off.a fragment at an angle Sx in the (ao;i)

plane is shown in Figure'D.l. This*diagfam is strictly applicable to
o

the bécksoeiter case oni&, but Table 5.1 shows that for the fofward—

- '
S " 156
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~ & N
scatter meteor echoes under investigation, the (ne,l plane is almost
\

perpendicular to the transmitter-receiver axis and thé;efore the dia-
\

\
\

\ \
From the diagram, the equations (P,l) and'(D.2)x¥ollow: \

gram is valid to a good. approximation,

Ah = ~L cos ¥ \ (D.1)
. bh - 6h' = -(L-L) cos\(S)( cos (x+6%) v 2)

Here AH (>0) is the vertical djétanée (in kilometres) above the main
echo specular reflection point at which the meteoroid,fragmentea, L
(<0) 1is the distance (in kilometres) along the trail axis from the main
echo specular ‘reflection point to the fragmentation point, X is the
zenith aﬂgle (in tadiansj of the trail, 6h (>0) is the actua} height

d}fférence (in kilometres) between the éecondary and main echo spekcular

reflection points, £ (<0) is the apparent axial distance (in kilometres)
between the secondary and main echo specular reflection points and &y
'is the angle of divergence (in radians) between the main and secondary \. 

-(in kilometres) is the dfstance from

meteor paths. The distance R20

‘the main echo specular reflection point to the receiving antenna array.
and,(k20,§) is the differential angle-of-arrival between the main and

sé;ondary echo signals.

.

By eliminatiné the variable L between- eqns. (D,l) and'(D.é),‘an'

-

exgél expression for Ah in terms of the remaining variables ca@‘be ob-

3

tained:

Y

AR = 8h + £ cos 8y cos(x+6y) .
. , 1 - cos &8y %ps(x+6x)/cos X




~

For the caée 8x << 1, as obtained for the present data, the equation

for Ah becomes:

§h + £ cos x
8% tan x .~ L cos X . (D.4)

- i

It is this last equation which was used in Chapter 5.
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APPENDIX E

DYNAMICS OF METEOROID FRAGMENTATION

-

E.O Intréduction : )
There are two majof.dynamical considerations which must be
taken into account in, order to decide whether orsnot the meteoroid

fragmentation hypothesis is plausible. The. first is the consideration

»
L 4

df the amount of energy required to impart finite separation velocities

to the two meteoroid fragments after fragmentation has occurred - this
4

energy would have to be a small fraction of the kinetic energy of the
unfragmented meteoroid, if the‘particles are not to undergo dramatic
B 4 ¥ ‘

decelerations in their direction of forward motion. The seconq‘con-

sideration is based on the conservatiqn of momentum, which determines

. . T : L g
the angular deviations of the larger and smaller particles from the

tfajectopy of their éentre of mass. The deving;n of the larger particle
would have to be small (a fracfggn of a degree) or else the geometric
techniques used to determine the locatiop of fhe trail, as described .

in Chapter 3 and App;ndix B,.cquld be expected to lead to grossly

erroneous results. The results of Chapter 5 implied that this was not

-

E.1 Some Elementary Physics R I

The first of the three basic conservation relationsndeacribing

~

the situation is the conservation of enérgy:
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-~
N

where oy is the mass oﬁ the larger fragment and m_, is the mass of the

2.

" smaller; vy and v, are the velocities of the larger and smaller frag-

ments in the centre of mass reference frame; and AE is. the i#remental

3

ﬁ B
amount energy which must'bg inpui the meteoroid in order to impart
| ' .

finite separation velocities to t already severed fragments. This

energy, as well as that required to actually fracture the meteoroid,
- ' ’

is presumed to come from the frictional heating effect of the

*
-

N

i -
meteoroid’'s plunge through the atmosphere.

The secénd conservation relation is the conservation of momen-~

A

‘hlvl = m,Vv

t
<

and the_third relation is the conservation of mass:

(E.3)

where m, is the mass of the unfragmented meteoroid. The geometry of
the ,vector velocities is described in-Figure E.1l.,
If the ratio of the mass of the smaller fragment to the mass of

the unfragmented meteoroid is denoted by Py i.e.,

pM‘ = m,/mg (E.4) °
. & ’

and the kinetic‘energy of the unfragmented meteoroid is denoted by Eo’

i.e.,
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smaller fragments respectively from the centre of mass trajectory.

163

. . : o,

some straightforward algebraic manipulation of eqns. (E.1) - (E.5)
LS X '
leads to the results . 3
p .
. !é_E - M tans, (E.6)%
o OM ’
and
. o) . :,.C“.'
-1 M o
= — . E.
¢1 tan tan ¢2 - (E.7)

-

where the angles ¢1 and ¢2 are the angular deviafions of the larger and K
£

These angles are also defined 1in Figure'E.lf The simplifying assump-

-

tion that v, and v, are perpendicular to v, has been made in this

o1 2 0

Juy

~

derivation. ) " e .

v

Solutions for AE/E and ¢, for selected reasonable values of

and ¢2 have béen presented in Table E.1.  It”can be seen there that

¥

the essential requirements for small AE/E0 and ¢l are easily met if

Py

aither’the mass ratio Py. oF the angle ¢2 is small,

. .
—“q 2

»

A
v
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