il H Final Report | DASA 2409

& STEP FREQUENCY RADAR STUDY DD C
gOF SECEDE Ill BARIUM RELEASE

| [Prme=a '75_:(:7‘
\' l'H 9 l'i

- i'e

Li.bux::..! dJ s
B

bBy: HOWARD F. BATES

reparcd for:

{RECTOR

DEFENSE ATOMIC SUPPORT AGeENCY
WASHINGTON, D.C. 20305 CONTRACT DASA01-69-C-0032-P001

Reproduced by the
CLEARINGHOUSE
for Federal Scientific & Technical
Information Springfield V. 22151




DASA 2409

. Decembsr 1969

STEP FREQUENCY RADAR STUDY
OF SECEDE [ll BARIUM RELEASE

By: HOWARD F. BATES

Prepared for:
DIRECTOR

DEFENSE ATOMIC SUPPORT AGENCY
WASHINGTON, D.C. 20305 CONTRACT DASAQ1-69-C-0032-P001

SR! Project 7784

This research has bean sponsored by the Defense Atomic Support Agency
under NWET Subtask L43 AAX HX 607.

Approved by:

DAVIC A. JOHNSON, Director
Radio Physics Laboratory

RAY L. LEADABRAND, Executive Director
Electronics and Radio Sciences

Copy No. iG

N




MR 3
SR R

%

™

TR

-, ng

3
AL

o
B

B T AT O VR SNV SIS S _

ABSTRACT

ey S mrm—— - e e ot

Step-frequency radars were installed near Kodiak and Homer, Alaska
to view the barium releases made into the lower F region near Fairbanks
in March 1969, Echoes were cobtained from four of the six releases;
good echoes were obtained from two, but quantitative results can only
be obtained from one. Backscatter cross sections of 104 km2 were found
at early times for two of the releases, whereas photographs indicate
cloud sizes were less than 102 kmz. The echo amplitudes observed at
Homer {(line-of-sight 725-km range and 50 off-perpendicular from mag-
netic field at cloud) were 10 to 15 dB less than those at Kodiak
(925 km and 30). The frequency range covered by the Kodiak echoes was
higher than that at Homer, These factors taken together indicate that
the echoes were produced by highly aspect-sensitive field-aligned
irregularities; the aspect sensitivity is estimated to be about 10
to 20 dB per degree of off~perpendicularity. Strong, persistent echoes
observed near 18 MHz at Kodiak and 13 MHz at Homer during the one
release for which quantitative data can be computed are interpreted as
resulting from exact normality between RF wave and magnetic field; the
aspect sensitivity of these echoes was about 20 dB per degree. The
backscatter cross section apparently had a maximum near 30 MHz; this
is interpreted as showing that the irregularities in the cloud had a
dominant transverse size near 5 m. A diffraction argument utilizing
the observed aspect sensitivity indicates that the length of the
structure before striation was of the order of a kilometer. At the
onset of pronounced striations the aspect sensitivity abruptly de-
creased, indicating that the length of the irregularities decreased,
or, alternatively, the angular spectrum of the irregularity distri-
bution increased in width, With the exception of this change, no

correspondence between optical and radio effects could be found,
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suggesting that the changes observed by the radars were invisible
changes within the cloud. All of the results of the various radio
experiments suggest that the ion cloud was either (1) an overdense

ball of field-aligned irregularities, or (2) a smooth, overdense bhall

immersed within a field-aligned cloud of weak-scattering irregularities.

The second sappears the most likely at this point, Further experimental
work is needed to clarify this problem.
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INTRODUCTION

The purpose of this project was to determine the behavior of the
backscatter cross section in the HF to low VHF region from barium
clouds in the lower F layer. The hope was that these data would pro-~
vide a basis for understanding the mechanism of radio-wave scatter from

barium clouds.

It is believed that the results of this study have indeed led to
a better understanding of the scattering processes involved, although
in the course of the study as many new questions were raised zs were
answered. An unfortunate combination of circumstances from the stand-
point of our radar experiment led to the result that usable amplitude
data were obtained from only one release, making the general applica-

bility of some of the results open to question.

The project involved multifrequency HF radars\installed near
Homer and Kodiak, Alaska for use during the SECEDE III barium releases

made just north of Fairbanks in March 1969. Six barium releases were

macde, as follows:

Date Time Height Barium

Event (March) (UT) (km) (kg)
JUNIPER 5 0431:50 140 6
0432:24 170 2.4

ELM 6 0432:02 140 12
0432:47 170 12

IRONWOOD 1409:42 128 12
1410:47 186 12

FIR 15 0508:15 165 48
GUM 19 0519:15 168 48
HEMLOCK 20 0539:10 176 96
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All were evening releases except IRONWCOD, which was made inte an
aurora an hour or so before F-layer sunrise to test the hypotheses that
the barium would be ionized by the auroral precipitation. No echoes
were obtained from this release, and there is apparently some question

as to whether an ion cioud formed.

The FIR releage was made into an aurora; an ion cloud formed, but
it apparently moved westward very rapidly. No recngnizable echoes were

obtained from that release.

Echoes were obtained at Homer and Kodisk for the remainder of the
releases. The JUNIPER and ELM releases were rather small, however, and
the echoes were low in amplitude and frequency range, making them
difficult to analyze. The results of these two events will be largely
ignored, because it was not possible tc get reliable echo~amplitude
data from them., This report is therefore confined to a discussion of

primcrily the HEMLOCK release and to some extent the GUM release.

This report is organized as follows. Section Il contains a brief

review cf the theory of weak scatter. Section III contains a repre- '

sentative sample of photographs of the HEMLOCK reiease and a discussion
of the behavior of barium clouds. The radars are desc.ibed in Section IV
and the data-analysis procedure in Section V. A general discussion of
the backscatter results is contained in Section VI. Section VII contains
a discussion of the backscatter cross-section and Section ViII discusses
the implications of these findings with respect to the formation of the
barium ion clouds. The conclusions are summarized in Section IX,
Appendices A and B contain the complete: set of records reduced by the

computer analysis program,
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II SCATTERING THEORY

H. G. Booker [1956] presented an elegant weak-scatter theory bhased
on the Born approximation--i.,e., the wave amplitude is not diminished
by scatter, or, alternatively, multiple scatter can be ignored. While
it can be argued that weak-scatter theory does not apply to the barium
ion cloud, particularly at early times, Booker's theory provides con-
siderable insight into the mechanism of backscatter from irregularities

in an ionized plasma.

In the case of an irregularly ionized plasma, the irregularities
can be considered to exist in the permittivity of the medium, Booker's
main result is contained in his Eq. 17, from which we obtain the

following relation:
2
o~|€A—e| P(k, -k ) (1)

where

= Cross-section for scatter

= Permittivity of the medium

Power spectrum of the permittivity in the medium

= 2nh-1, the propagation vector of the RF waves

= % W ® Q
i

= Incident wave

Scattered wave,

0
]

The power spectrum of the permittivity is the squared amplitude of
the spatial Fourier transform of the fractional chaunge of the per-
mittivity, or,

KN 2 D 2
-f k ¢« r .S
o(k ) = L l J'Ae(r) et kp rar (2)
p Tl J, e
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where
-
r Spatial vector

"Propagation constant" of the spatial Fourier components
of the medium.

k
p

Booker showed that the ar.piitude of the scattered signal was pro-
portional to the amplitude of thav component of the Fourier spectrum
whose propagation vector is given by

X -k =% . (3)
i 3 P

If we define the wavelength of the Fourier components in the
medium in the same manner as the RF wavelength is defined in Ea. (1)
and note that the incident and scattered RF waves have the same wave-

length, Eq. (3) reduces to the Bragg scattering law:
)‘i = 2Ap Sin B/2 (4)

where § is the angle between the incident and scattered wave normals.

For the case of backscatter, the angle B is 180° and Eq. (4)

reduces to

A, = 2\ . (5)
p

Thus, Booker's scattering theory says that the backscattered
amplitude on a given frequency is linearly related to the amplitude of
that spatial Fourier component of the irregular medium whose wavelength
is precisely one-half that of the incident KF wave. This is a very
powerful concept because it allows one to visualize the mechanism of
scatter. In essence, a radar wave Fourier transforms the medium by
picking out a particular wavelength component in the irregularity
spectrum.

Since the signal amplitude varies linearly with the spatial Fourier

transform of the medium, the inverse Fourier transform (i.e., from the

frequency to the spatial domain) of the backscattered signal yields a

>
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measure of the spatial distribution of irregularities; irregularity
ghapes cannot be deduced because phase information needed in the

Fourier trausfiorm is missing when only signal amplitude is available,

As noted above, this gcattering theory is strictly true only for
Born~approximation scatter, but the notion is very useful when con-

sidering some types of strong-scatter problems. In the case of scatter

from overdense irregularities the concept breaks down because the
linear superposition of solutions (i.e., Fourier transformation) ne

longer yields valid solutions to Maxwell's equations. Superposition

is possible for weak scatter because perturbations in the permittivity
of the medium can be approximated in terms of linear variations in the
electron density. When the plasma frequency approaches the radar
frequency, however, this linear relationship doesg not hold, and
Fourier transformation of the irregularities, a linear process, no

longer leads to correct solutions of Maxwell's equations.
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IIT BARIUM~-CLOUD PHOTOGRAPHS

A detailed discussion of the formation of the barium ion clouds is
beyond the scope of this report, In this section, however, a brief

description of the development of the HEMLOCK and GUM ion clouds will
be given.

The cloud photographs in Figures 1 and 2 are enlargements of the
16-mm monitor-scope films from the TV gystem operated by the University
of Alaska. The photos shown were taken from Fort Yukon, Alaska; the
College TV records could not be used because of clouds. The quality of
the film leaves something to be desired for a detailed analysis, but

the prints are adequate for our purposes.

The ion cloud from the HEMLOCK release separated from the neutral
cloud rather quickly. The ion cloud began to separate within 25 s
after the release, and by 45 s (Figure 1), the ion cloud can be seen
clearly as a bulge at the lower right-hand corner of the round neutral
cloud. The ion cloud developed into a triangular form whose apex was
away from the neutral cloud; the photo at 85 s illustrates this
behavior. No fine structure is visible yet in the ion cloud; the
quality of the individual prints is low, but no structure is evident

in the ion cloud when the film is viewed as a motion picture.

As time progressed, the wedge shape of the cloud became more pro-
nounced, and the brightness of the face of the wedge toward the
neutral cloud increased with respect to that of the apex. At 155 s the
flatness of the side of the ion cloud toward the neutral cloud is
clearly evident; this behavior suggests strongly that the side toward
the neutral cloud is aligned along the magnetic field.
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There is a hint of fine structure in the cloud after 125 s, and by
175 s fine structure (striae) can be seen. Striation is clearly evi-

dent in the 185-s photo in Figure 1.

After the onset of visible striation at approximately 170 s, fine
structure in the form of long rays appeared and grew rapidly. An
estimate of the size of the striae can be made from the photos; the
circles have a diameter of 1, 3, 6, and 1¢° respectively. Since the
cloud was in the neighborhood of 200 km from Fort Yukon at this time,
the diameter of the innermost circle is roughly 3.5 km,

After striation, the TV monitor photos indicate that the cloud
tended to lose its triangular shape; slides taken from another vantage
point by the University of Alaska show, however, that the cloud remains
somewhat wedge~shaped. The remaining photos in Figure 2 show that the
cloud structure continues to grow in overall size, but the scale of the
fine structure remains small; the individual striae are much less than

a kilometer in diameter.

When viewed in a motion picture, the striae are relatively fixed
in the cloud over periods of tens of seconds. This suggests that a
stria is a column of ionization or a fold viewed edge-on in a thin
structure, Photographs viewing the cloud along the magnetic field are
needed to resolve this problem. The stationarity of the striae indi-
cates that the striations are probably not the result o a wavelike
disturbance, such as a standing wave from a plasma instability within
the cloud; it is difficult to see how the striations could remain
fixed for tens of seconds if they were the result of waves propagating

within the changing cloud.
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IV EQUIPMENT

The radars used at Homer and Kodiak were Granger step-sounders
modified to sound on 640 channels between 4 and 64 MHz, Granger
4-t0-64~-MHz vertical-monopole log-periodic antennas were used. The
power output was nominally 30 kW; 200-us pulses were used at a repe-
tition rate of 75 sﬁl. Backscatter ionograms, taking approximately
8.5 seconds to complete, were begun every 10 seconds on the zero

second. Time was set relative to time marks transmitted by WWV in
Colorado,

The data were recorded on film and magnetic tape. Two types of
film recording were made-~ionograms and ampligrams. The ionograms
were made by using the detected video to modulate the cathode-ray-tube
(CRT) trace intensity as the film was advanced during the sweep.
Ampligrams were made by displaying the amplitude of each scan of every
fourth frequency channel on a CRT and moving the film in the camera

rapidly enough to display each scan separately.

Analog tape recordings were made of each scan of each channel;

various additional sounder outputs were recorded so that later computer

analysis would be facilitated.

The receiver was calibrated in 10-dB steps at the center frequency
of each band before each event. This calibration was put on both film
and tape. (It is emphasized that this calibration applies only to the
receiver; variations due to the antenna and the transmitter power
amplifier were not measured and are unknovn.) The video amplifier
system had been modified such that the video signal was direct-coupled
from the detector to the recording devices; the zero-level was therefore

a fixed reference for amplitude measurements. In this experiment the

11
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zero-level of the receiver (including the TR switch) was approx-
imately 1 to 5 puV input voltage at 50 ohms; O dB is therefore defined

as 1 pV at the antenna terminals,

The Homer and Kodiak sounders were synchronized to obtain bistatic
backscatter between the sites. This part of the experiment failed, and
the reason is not completely clear. Synchronization of the radars was
accomplished by recording the F-layer signals propagating from one
radar to the other; these forward-oblique signals were recorded all
during the HEMLOCK release, but no bistatic echoes were recelved from
the barium cloud. Subsequent analysis of the Homer and Kodiak records
shows that the Homer ionograms contained 640G frequency channels while
the Kodiak records apparently had 641. Since the forward-obligque sig-
nal was recorded in the 4-to-8-MHz band, the sounders must have lost
synchronization somewhere above 8 MHz, probably during a band change.
Although we know what must have happened, we have not yet located the

precise cause of the trouble nor when it occurred in each sweep.

Because the equipment strongly affects the data, a brief descrip- N
tion of the Granger backscatter system is in order. The sounder is
essentially composed of four separate units, beginning at 4 Miz, and
each covering an octave in frequency. Some elements are common to the .
system-~for example, the distributed power amplifiers in the trans-
mitter--but most are not. Since each of these four units is relatively
independent of the rest, each unit must be adjusted separately for a
balanced response over the entire frequency range. A number of factors
make it impossible to get a constant response or even a constant average
response over the frequency range, making it necessary to achieve a

compromise response,

Probebiy the most important such effect is the receiver response
near the edge of each octave frequency band. Image-rejection consider-
ations make it necessary to design the receiver response to be 5 dB
down at the band edges. Thus, signals near the band edge are discrimi~-
nated against by the sounder, and this effect is important when

considering the records. If the frequency-synthesizing units are not
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all adjusted for optimum performance, the overall system sensitivity
{including transmitter output) can be additionally affected near the
band edges. Unfortunately, we did not have sufficient time before
shipment of the vans to Alaska to align these units for optimum
operation, so the degradation near the band edges probably exceeded
the 5~-dB figure for the receiver alone. Another receiver problem of
the sounder is that the overall receiver sensitivity changes markedly

from band to band; the sensitivity decreases with frequuncy.

Thus, the disappearance or appesrance of a backscatter echo near
a band edge (8, 16, or 32 Miz) is probably more an equipmental problem
than a characteristic of the scattering medium. This effect is present
in the Homer and Kodiak records; for example, in Figure 4 (Section Vi)
the band edge effects are clearly visible, particularly in the Kodiak
data. Such effects will be no! _d throughout the report wherever

equipment effects are important tc cthe results.

An examination of the Kodiak records indicates that the Kodiak
sounder did not operate properly in the 8-to-16-MHz band. The ampli-
grams and ionograms show that the barium cloud echo generally began at
the band edge above 16 MHz; the sudden appearance was not entirely a
band-edge problem because the echoes just above 16 MHz were frequently
30 dB above the threshold while just below 16 MHz no echoes were

recorded.

In an attempt to locate the trouble after the fact, the background
records were examined. In some of the records obtained March 18,
auroral and ground-scatter echoes extending through the 8-to-16-MHz
band show a sudden drop in amplitude at about 10 MHz, and there was a
tendency for the echoes to disappear between 14 and 16 MHz and then
reappear strongly at 16 MHz., Thus, it appears that the overall system
sensitivity decreased markedly from about 12 to 16 MHz. At 10 MHz the
decrease appears to exceed 20 dB. The magnitude of this drop cannot
be checked now because amplitude records were not taken at Kodiak during

the background runs,

13
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V DATA REDUCTION

One of the major problems in this study was reducing the data to
usable and compact form. The technique finally employed was to convert
the GUM and HEMLOCK analog magnetic-tape records to digital data. This

was done in the following manner.

First, the ionogram films were examined for the GUM and HEMLOCK
events to determine the approximate slant range of the barium cloud
echo as a function of time. Next, these range data were used to set a
200~km sampling window for the analog-to-digital converter, The analog
data in this window were divided into 45 segments and the maximum of
the signal in each segment digitized, yielding one digital value
approximately every & km., Since the transmitted pulse length was 30 knm,
the wanted signai extended over at least six sampling segments, thereby
ensuring that the digital data were dense enough to represent the

analog data.

Near the end of each scan of each channel, 15 additional samples
spaced 5 km apart were taken; these data, read beyond the range where
any backscatter echoes were received, provided a measure of the noise
amplitude on each channel. The calibration on the beginning of the

first HEMLOCK tape was digitized to obtain the absolute echo amplitude.

The data were plotted, and the precise range to the echo was
scaled as a function of time after the release; the maximum signal
amplitude was then read in a 20-km window centered on this range. These
data were converted to power in decibels (0 dB = 1 .V at the antenna)
and recorded on a second digital tape. The average noise level was
also recorded on the new tape. The final plots, shown in Appendix A,
were obtained by excluding all signal maxima for average noise levels

above approximately 20 dB and requiring that the wanted signal maximum

15
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exceed the average noise of about 3 dB., 1In the Kodiak plots in Appendix
A, all data below 15 dB were discarded. The average signal power in
Appendix B (the average was computed in power, not in log power) was
computed in 2-MHz segments centered on the frequency shown in each

graph as a function of time.
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VI BACKSCATTER FPOM THE BARIUM CLOUDS

The purpose of this section is to review briefly the data generated

under this study and included in the appendices.

While backscatter was observed at Homer and Kodiak from most of
the releases, this report is primarily cceufined to discussing the
results from HEMLOCK., GUM results will be brought in occasionally,
but they will not be discussed to a great extent. Although the GUM
records have not been analyzed as fully as those from HEMLOCK, nothing
in the GUM records has been found to contradict the results derived
from the HEMLOCK records, Ionospheric conditions were somewhati different
for the two events, and most of the diiferences bhetween the events are

believed to be attributable to 1onospheric differences.

Figures 3 and 4 illustrate the frequency range of the backscatter
echoes as scaled from the ionograms recorded at Kodiak and Homer. In
general the trend is similar at each site, but the values are quite
different., The sudden jump in frequency extent corresponded to the

appearance of pronounced striation, a rapid occurrence for HEMLOCK.

Both figures show the effect of the drop in sensitivity at the
band edges at 16 and 32 MHz. Thus, the beginning of the Kodiak echo
at 16 MHz, and the ending of the Homer HEMLOCK echo at 32 MHz, are an

artifact of the equipment.

The jumping of the Kodiak GU* echo from 32 to 48 MHz some 700 to
800 seconds after the release is only partly a band-edge problem. The
740-s record in Appendix A shows that a 30-to-40-dB echo appeared
suddenly between 40 and 45 MHz and lasted about one-half minute. While
the hole between 30 and 40 MHz was partly equipmental, much of it must
have been rcal, indicating that the bacYscattering cross section

varied widely 1n fregquen~y and time.

17

e




_ _ i )
-
llllllll e e e e e
A " ———— — - e MK X1 TN L KK KL X, X - SRS,
llllllll SUPLACE KRRLSSCL LU T2 IR TR, TR ST e
e e
- T
w
o e I
o e e o e e e
x
| V<
rXo PU—
[S NN
aa X x ee———r ————
[ ¢ -y we - —
= — vt s,
- - o -
x| —
. O
< S p———
[11)
B —— o o
o ———— @
— w3
e 2 .
1 ] ] | &
Q (@] o [o]
w < o) [3%] -
I —— ADN3INO3YA

41 42 43 a4 45 48
TIME (UT)

40

0639

FREQUENCY EXTENT VERSUS TIME OF BACKSCATTER ECHOES

OBSERVED AT HOMER AND KODIAK FROM HEMLOCK

FIGURE 3

-
-
-
] | I |
| Ry — =
lllllllllllll -
S e _ N
llllllllllllllllll S
L | T mTTmem T oo mm e — _Jo
e e - ——— (12}
- Tmmme——= — 8 —
_ - il
—————————— =1
————— — =4
|||||| _mam w
|||||| e =
||||||||| © F
- emeee T L. (o~
————— -
(4 X = eemmem—ee
w0 ws T TT
b WD |||||||||
- O e e ————
S 1 xx = T--om —
T _ .
o
o (3R |
=
M —— -
- - - 4
= oo TS - o
=
3 2 mememmae—o
TTT T e ——— o]
S w —
w (3]
— AW_
et ——————— WE - —e]
=
«
| _ { | @
o] o o0
2 g » & =
ZHN — ADNIND3Y S

FREQUENCY EXTENT VERSUS TIME OF BACKSCATTER
OBSERVED AT HOMER AND KODIAK FROM GUM

FIGURE 4

18

e



e

Appendix A contains the records reduced by computer from approx-
imately zero to seven minutes after the HEMLOCK release, and 8 to 18
minutes after GUM. The power level was found by fitting a quadratic
czlibration equation to the recorded calibration points. For Homer
the curve was fitted to the 20-, 30-, and 4G-dB points, and for Kodiak
the 20-, 40-, and 50-dB points. The amplitude of the sounder output
was nearly logarthmic, so the output was nearly linear in decibels;
the quadratic calibration curve was used to correct for the small
amount of curvature in the experimental calibration data., Below 20 dB

the calibrated amplitude is unreliable.

As shown by the cloud photographs in Appendix B, visible striations

in the ion cloud began approximately three minutes after the release.
The oblique ionograms taken approximately 180 to .90 seconds after the
relecase show a sudden jump in frequency extent and echo ampliftude.
Similarly, the GUM echoes show an enhancement at approximately the
time optical striations became pronounced. It is therefore concluded
that the appearance of pronounced striation is accompanied by a

marked increase in the echo frequency extent,

The TV monitor films for both GUM and HEMLOCK were examined in
detzil for changes corresponding to those observed in the Homer and
Kodiak backscatter records, but no correspondences other than that
noted above were found. Thus, it appears that the changes observed
in the backscatter records were caused primarily by invisible changes

in the clouds.

In the following paragraphs the HEMLOCK and GUM backscatter
records in Appendices A and B are discussed. The times noted refer to
the approximate end time of each sweep relative to the approximate
release time of 0519:10 UT; each sweep lasted 8:54 seconds. Thus, the

Kcdiak 10-s record actually began at the release time and ended 8.5 s

afterward.

Before striation the records show a periodic amplitude versus

frequency structure; some of this periodic variation may have been

produced by interference between the ordinary and extraordinary magneto-
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ionic components--i,e., Faraday fading. At this point, however, it is
not clear how much of the variation was caused by Faraday fading and
how much was caused by a variation in the backscatter cross section.
One characteristic of the r.cords is a strong maximum in amplitude

near 18 MHz for Kodiak and near 13 MHz for Homer.

The periodic nature of the backscatter amplitude bLefore striation
is more pronounced in the Kodiak HEMLOCK records than in the Homer
records., One reason is that signal levels were considerably higher at
Kodiak than at Homer, despite the increased distance to Kodiak. This
periodic variation is also clearly present in the Kodiak GUM records
before striation (these records are not shown). The Homer GUM echo is
in the interference band and it is hard to determine whether it also

shows the periodicity.

At the onset of pronounced striation, the echo amplitude increased
greatly at high frequencies. The Kodiak records for HEMLOCK show this

behavior clearly. The increase is not so marked in the Homer records.

After striation, the echoes slowly died away. The HEMLOCK and
GUM echoes lasted longer than indicated in Appendix A, but the records

not shown contain no new behavior and are therefore not included.

One characteristic of the barium~cloud echoes after striation 1is
their rapid decrease in amplitude beyond some frequency. The fact
that the Homer and Kodiak echoes did not show the decrease &t the same
frequency indicates that much of the rapid decrease was caused by

aspect sensitivity.

The records for the GUM release beginning 500 s after the release
are shown in Appendix A, Before that time a tape recorder problem
caused a wide variation in the zero level, and amplitudes could not be

obtained by machine-processing the records.

The GUM records included show considerable variation from frequency

to frequency and record to record, In particular, at 740 s a strong

echo appeared between 40 and 30 MHz and lasted half a minute, The 810-s

record illustrates the periodic variation with frequency that is

included in many of the records from both even's.
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Appendix B contains computer plots of the average echo power as a

function of time., The data were obtained by averaging the signal

power (not log-power) over a 2-MHz band centered on the frequency

listed for each plot,

The HEMIOCK plots above 16 MHz for Homer and
show a different behavior from those below; those
increase in echo amplitude after striation, while

increase is less pronounced.

Finally, Figures 5 and 6 contain the maximum
ionogram as a function of time and the associated

the maximum occurred. For HEMLOCK, the frequency

20 MHz for Kodiak
above show a strong

in those below, the

amplitude in each
frequency at which

range was split into

two parts so as to take into account the different types of echoes in

the records.
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VII BACKSCATTER CROSS SECTION

The aim of the project was to determine the HF backscatter cross

section of the barium clouds. In this section it will be shown that the

backscatter cross section is strongly dependent upon frequency and

aspect angle to the magnetic field.

Most of the Homer and Kodiak records, shown in Appendix A, contain
a strong echo at about 13 and 18 MHz, respectively, which remains
relatively fixed in frequency throughout the event. All other strong
echoes come and go or vary in frequency. The behavior of these fixed
echoes suggests that they were produced by exact normality between RF
wav and magnetic field in the cloud; that this hypothesis appears to

be correct is shown in the following pages.

First, however, let us digress and show that some sort of focusing
mechanism such as aspect sensitivity is necessary to explain the great

backscatter cross sections observed.

The scattering cross section ¢ for isotropic volume scatter from

a target is given by the radar equation:

o= EE ax 1 |* (8)
Po G A
where
Pr = Received power
Po = Transmitted power
R = Distance to the scattering volume
G = Gain of the receiving/transmitting antenna
A = Radar wavelength.
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A 0-dB signal has been taken in this report to be 1 uV at the
antenna terminals; for the 50-() system the absolute power corresponding
to the 0-dB relative power level was 2 x 10“14 W. The transmitter
power was 30 kW, the antenna gain about 5, and the distance was approx-
imateiy 725 km for Homer and 925 km for Kodiak. Substituting these
values into Eq. (6), we find that the backscatter cross section for a

0~dB echo at 20 MHz was 0.065 km2 for Homer and 0.17 kmz for Kodiak.

The maximum signals recorded at Kodiak and Homer were of the order
of 40 to 50 dB, implying backscattering cross sections in excess of
103 km2. Cloud photographs show that the projected cloud area was of
the order of 10 to 100 km2, one or two orders of magnitude smaller than
the backscatter cross section. Such a discrepancy can only mean that
the barium cloud did not scatter isotropically but that scatter was con-

fined to a limited range of solid angle--i.e., the scatter was directive.

The neutral barium cloud at early times appears to be a sphere;
if we assume that the ion cloud is a conducting sphere, the scattering
cross section equals the projected area, 100 kmz. As noted above,
this is too small, so the cloud must appear to be more like a plane
than a sphere. If we take as an upper limit a representation of the
cloud as a plane conductor whose diameter equals one Fresnel zone
(roughly 5 km), echoes of the order of 70 dB would be obtained; such a
value would yield an effective backscatter cross section of the order

6 2
ef 10 km , more than enough to explain the observations.

It is therefore concluded that the cloud appears to an HF radar as
a field-aligned plane conductor. While this notion might appear to be
physically unreasonable, it is, on the contrary, quite reasonable,
because a field-aligned cloud of field-aligned irregularities is well
approximated by a finite plane with a backscattering coefficient of
less than unity. For example, if we use the results computed for the
plane above, a cloud of field-aligned irregularities with an area of
10 km2 and a scattering coefficient of 0,001 to 0.0l would yield the
40-to0-50-dB echoes observed at Homer and Kodiak. Thus, the observed

data are consistent with the notion that the echoes observed at Kodiak
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t and Homer were highly aspect~sensitive and were produced by field-

aligned irregularities associated with the clouds,

=y Direct backscatter from ionospheric irregularities is quite aspect

1 sensitive in the HF band. Bates and Albee [1969, 1970] reported that

& the backscattering cross section for E~ and F-layer irregularities
Z decreased of the order of 5 dB per degree of off-perpendicularity to
the magnetic field.

In the HF band, refraction in the normal ionosphere strongly
influences the production of aspect-sensitive echoes. For example,
e any ray that undergoes reflection is normal to the high-latitude
d magnetic field somewhere in the ionosphere along the path of the ray.
Thus, a study of aspect sensitivity at HF requires that ionospheric

refraction be taken into account quantitatively. In general, ray-

ARl

tracing techniques are required, but a useful method for approxi-

o

mating the effect of refraction is outlined below.

A ey 2

RS

e In the technique presented here the ionosphere below the cioud is

i
-

removed by assuming that the cloud is embedded in the lower edge of a

faicith ey

slab whose index of refraction equals that of the ionosphere at the

- cloud. Snell's law is then solved at the interface, yielding the

0 amount of bending the ray undergoes at any given frequency. This 3
L procedure is equivalent to replacing the ionosphere by a thin sheil, a 4
technique that has been shown to give good results for HF propagation

R [smith 1939, Davies, 1965]. !

s The geometry of the problem is illustrated in Figure 7. Spherical

geometry is used, but the use of a thin layer eliminates the necessity

of using the spherical form of Snell's Law {Bouger's Rule). Thus,

T
t
i
N sin ¢o =p sin ¥ . (7) {
S &
- s
B If we neglect the magnetic field, the phase index of refraction for a i,
3 ; propagating radio wave in a plasma is k
.4 "v:
"‘L’*a f 2 % )
il S ®
;,3 f >
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FIGURE 7 GEOMETRY USED FOR RAYPATH COMPUTATIONS

where fp is the plasma frequency of the refracting medium, and f is the
operating radio frequency.

To compute the angle o between the refracted wave and the perpen-
dicular to the magnetic field, we note that

ﬁ}:é-a (9)
where & is the dip angle of the magnetic field.

Solving Eqs. (7), (8), and (9) together, we find that
R2 Sin2 0
p? Sin2(6 - a)

o

Equation (10) provides the frequency that meets the magnecic field

at an angle o from normality.

The slant ranges of the barium releases were approximately 725

and 925 km, respectively, from Homer and Kodiak. The release altitude

for HEMLOCK was 175 km. When these values are substituted into Eq. (10),

the plots in Figure 8 result for two values of the plasma frequency.

28

2 IR s S Saa bt ML i SO e

Proae N

AN ay

A

AS.

an

ey

+




i el
-
»

e i

The magnetic dip angle of 77.8° at the cloud was obtained from the

, harmonic expansion for the magnetic field of Cain et al. [1865]; this
3 value should be taken as approximate because the high-latitude field

is not known to the accuracy necessary to compute the precise value.
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¢ FIGURE 8 COMPUTED FREQUENCY VERSUS INCIDENCE ANGLE AT CLOUD. The ST

off-perpendicular angle is based upon a computed 77.8° dip angle at the
L release point.

The method outlined above is an approximate one, but its results

are probably quite close to those that would be obtained from a more

7 s
- -
o~ e
S N

{i exact analysis. It is believed that the results of this simple model

are sufficient for our purposes. Refraction inside the cloud is )

ignored, and this may be a serious shortcoming of the method.

-
Won

NG N

The plasma frequency at the cloud must be found if a quantitative '

value for the aspect sensitivity of the echoes is Lo be deduced. For-

tunately, the College ionosonde detected the HEMLOCK release [oetzel :

T

‘7‘§‘n‘;:» - A

and Chang, 1969], and from these records (Figure 9) we can obtain a
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good estimate of the electron density at the cloud. The barium-cloud
echo shows retardation and magnetoionic splitting at the low-frequency
end. An approximate method will be used to put limits on the plasma
frequency at the release point; ray tracings would be best for this
purpose, but since the electron-density profile of the ionosphere

below the release point cannot be deduced from the ionograms, the
simplified computation is sufficiently close to ectablish limits on the

electron density.

Let us take two limiting cases: (1) the electron density below
the release point was constant at the E-layer value, and {2) the
electron density increased linearly from the E layer upward. These
are approximately lower and upper limiting cases for what the electron

density must have been.

Some definitions are in order at this point. Virtual or equivalent
height is the height that results from multiplying the group delay time
by the speed of light in free space. Virtual or equivalent path is
the oblique path length defined in the same manner, It is shown below
that for ionospheric¢ propagation virtual height and path are geometri-

cally related to a good apprcximation,

For the ordinary magnetoionic compunent the virtual height h' is
approximately given by the integral of the non-magnetic phase index of

refraction 4, or

h' = J v Lan (11)
h

To find the equivalent range from the equivalent height, we shall
apply an approximate method utilizing the Breit-Tuve equivalent path

theorem and Martyn's equivalence theorem,

The equivalent path theorem states that the cime taken by a wave
traversing a horizontally stratified refracting medium is equal to the
time taken by the wave at the same initial angle of incidence to
propagate to the same horizental distance in free space. Thus, for

purposes of computing beginning and ending points or the path length of
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a ray path through the ionosphere, one can replace the actual path
through the ionosphere by the straight-line path formed by the ray
propagating at the initial take-off angle to the horizontal distance
of the midpoint or end point. The proof of this theorem and also of
Snell's law are based on the fact that the component of wave velocity
parallel to an interface is unchanged as a wave crosses the interface.
The equivalence theorem states that for propagation in a horizontally
stratified refracting medium, waves at frequencies £1 and f2 will have !

identical incidence angles at some height if the wave frequeancies

are related by the secant law, or, equivalently,

f cosel=f

1 cos 62 (12)

2

where 8 is the initial angle of incidence.

Combining these two theorems, then, it is possible to compute the
equivalent path length to any point in the ionosphere by computing the
equivalent height to the point in question and converting to oblique
path length geometrically. The frequency is then transformed from
vertical to oblique incidence by substituting the secant law [Eq. (11)
reduces to the secant law for 81 = 0] into the equivalent path equation.
For long-distance propagation via the F layer, Smith [1939] has shown
that a small correction depending upon distance must be applied; this

corrected secant law is discussed by Davies {1965].

Tkis is the technique that was employed for this study. For the
ionosonde at College, plane-~ionosphere geometry makes an excellent

approximation,

The College ionograms in Figure 9 show that the E-layer critical
frequency was approximately 2.1 MHz at 115 km. The virtual height h'
for the constani-ionosphere case, found by integrating Eq. (11) for a

constant-plasma-frequency profile, is given by the following relat on:

h = 115 + 60f (f2 - 4.41) "% (13)

where £ is in MHz.
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For the linear ionosphere, the plasma frequency at the release

T

height (175 km) must be specified. Computations were made for values
of 2.5, 2.6, and 2.7 MHz, For 2.6 MHz the equivalent height was
found by integrating Eq. (11) to be

e

.
. TrR L TNGE R TN S SPRETENE TR - SR T SRS B NV AR

R ol

h = 115 + 51.06f(\j 2 - 4,41 - \/ £2 - 6.76 ) . (14)

Under the plane-earth approximation, the equivalent path for an

obliquely propagating frequency fo is found from the following relations:

P'(f) = h'(f) sec (15)
0 o
f =1 sec (16)
o
2 -.
D .
secG:\/1+ —— (17) .
7]

where D = 100 km, the ipproximate ground distance between College and
the HEMLOCK release.

These equations are shown plotted in Figure 10 along with points
obtained from the cloud echoes in the ionograms in Figure 9, Figure 10

indicates that the retardation in the cloud echoes in Figure 9 was

caused by the local electron density at the cloud and not that at the
penetration point in the E layer, or from an increase in geometrical

path length. The reasons for this conclusion are outlined below.

Figure 10 shows that the constant model does net supply enough
retardation at the low frequencies, and the rate of increase in virtual
path near the low frequency end of the observed echo trace is much
greater than that calculated from the constant-electron-density model.
Thus, the observed retardation had to be produced above the E layer.

It is concluded that the observed retardation was caused by the local

electron density at the cloud.

Figure 10 shows that the experimental data fit the calculated

curve for the linear density model quite well, particularly at the
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low-frequency end. The excellent fit between observed and computed
data shows that the plasma frequency at the height of the cloud
was 2.5 to 2.7 MHz.

l | l

400 —1coNSTANT -

km

RANGE
(32
3
!

200

FREQUENCY —— MHz

FIGURE 10 COMPARISON OF EXPER!MENTAL DATA WITH COMPUTED RETARDATION
FROM THE LINEAR AND CONSTANT MODELS OF THE LOWER IONOSPHERE.
The closed points were taken from the 0547 ionogram in Figure 9, and the open
points from the 0549 ionogram.

Differential Doppler measurements made by the US Army Ballistic
Research Laboratory indicate that the plasma frequency at 115 km was
2.1 MHz, reached a broad maximum of 2.6 MHz near 130 km, and decreased
to 2.3 MHz at 175 km. The College ionosonde shows the maximum plasma
frequency above 115 km to be less than 2,1 MHz, and the existence of a
thick layer with a maximum of 2.1 MHz at 115 km (R. E., Prenatt, Personal

Communication),
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The differential Doppler technigue relizes upon the principle that
the phase height hp of a radic wase & gi.ef by the integral of the

phase index of refraction

t - . (18)

Let us take a simple case for illustraticn; when the relationship
between plasma frequency and electron density is substituted into

Eq. (8}, we have for propagation in a non-magnetic plasma,

W o= I-ENE . (19)
f

When the operating frequency is sufficiently high, the right side of
Eq. (19) can be approximated by

p=1-— . (20)

Substituting Eq. (20) in Eq. (18) and integrating,

h=h——‘%deh . (21)
P 2f

If two frequencies are used, the geometrical height can be eliminated:

K ), 1
hpl - hpz =3 f2 - f2 j Ndh . (22)
2 1

If we now approximate the integral by a sum, we have

hpl - hp2 ~ ? N(hi) . (23)

Finally, the difference in phase height, Ahp, between adjacent heights

is
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Ah_ ~ NCh, + 1) - N(kR,) = AN . (24)
p i i i
Thus, the differential change in phase height is proportional to the

differential increment in eclectron density.

A crucial assumption was made in going from Eq. (23) to Eq. (24)--
if a change in phase height occurs in going from one height to another,
the change is assumed to have been produced in the incremental height

range. In general this is a good assumption; but not always.

A rocket fired obliquely traverses a curving path. No matter
where the receivers are locaiwcd, the part of the ionosphere below the
rocket that is traversed by the radio rays used for the differential
Doppler measurements is constantly changing. If horizontal gradients
exist in the lonosphere below the rocket, changes in phase path can
take place well below the rocket as well as in the incremental distance
traversed by the rocket., Since there is no way of separating such
changes, the differential Doppler data have to be used with care in the
high latitudes where strong horizontal gradients are commonplace in

the E region.

When all of the factors are considered, the 2.5-MHz value derived
from the College ionosonde for the plasma frequency at the release
height is well within the error limits of the differential Doppler
technique, It is therefore concluded that the data are in substantial

agreement and that the value of 2.5 MHz is realistic.

Returning to the experimental results, strong echoes were observed
in most of the Homer and Kodiak records at about 13 and 18 MHz
respectively. From Figure 8 we see that those frequencies correspond
closely to the values expected for exact perpendicularity between RF
wave and magnetic field at the cloud for a local ionospheric plasma

frequency at the cloud of 2.7 MHz,

The analysis of the College ionogram presented above indicates
that the plasma frequency at the release point was 2.5 to 2.6 MHz.

From Figure 8 it can be seen that normality between ray and magnhetic
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Tield would occur at the observed frequency (18 MHz for Kodiak and

13 for Homer) for a plasma frequency of 2.5 Miz if the dip angle were
approximately 77.3°%. A plasma frequency of 2.3 MHz would require a
dip angle of approximately 76.8°. The magnetic field expansion used
[ggig et al. 1965 probably yields dip-angles in the ionosphere

within one degree, so the various data are not consistent,

All of the evidence therefore suggests that the strong, fixed-
frequency echo observed in the Homer and Kodiazk records resulted from
exact normality between radar wave and magnetic field. This echo,
which is hereafter termed the 90° echo, was extremely aspect sensitive.
The computed data in Figure 8 show that the amplitude of the 90° echo

decreased of the order of 20 dB per degree of off-perpendicularity.

The GUM records were examined for the 90° echo, but the results
are inconclusive. The corresponding College ionograms show that the
E-layer plasma frequency was less than 1.5 MHz, considerably below that

for HEMLOCK. (No ion cloud echo is visible on the College ionograms.)

The BRL data show that a ledge occurred in the E layer at a
height near 110 km with a plasma frequency of 2.0 Miz, which decreased
to 0.8 MHz at 160 km, 10 km below the release height of GUM. 1If we
use this value and 77.3° for the magnetic field, the 9¢° echo should
have been recorded at 4.6 MHz at Homer and 7.0 for Kodiak. No such
echoes are obvious in the records, but those frequencies were deep in
the strong interference band, where the echoes would be extremely
difficult to recognize in any case. There is also the problem of how
much confidence can be placed on the value of 0.8 MHz for the plasma
frequency at the release height. The existence of such deep valleys
in the ionosphere has not been confirmed by other techniques. Thus
the GUM records do not confirm the HEMLOCK results. but neither do they
contradict them. The records for the other releases are unusable for
the purpose of confirming the existence of the 90° echo because the
Homer echoes were conpletely confined to the strong interference band,
and none of the other releases were observed by the College ionosonde

in such a manner as to yield electron densities at the release height.
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Once the plasma frequency at the release height is established,
the aspect sensitivity can, in principle, be determined because the
angle between RF ray and magnetic field is known. One unknown remains,
however--the frequency dependence of the backscatter cross section--~
and this is difficult to determine. It is here that the failure of the
bistatic part of the project hurts, since the bistatic echoes would

have supplied an intermediate point.

Before striation little can be said about the aspect sensitivity
of the echoes other than that of the 90° echo because the echo amp-
litudes were so variable with frequency. After pronounced striations
appeared, the echo amplitudes were well enough behaved that some idea
of the aspect sensitivity can be deduced. For GUM, at 710 s the amp-
litude was roughly 50 dB at 20 MHz, and 20 dB at 35 MHz; at 1060 s
the amplitude at 20 MHz was 45 dB, and at 30 MHz was 15 dB., After
striation of HEMLOCK, the amplitude at 230 and 270 s was about 45 dB
at 25 MHz, and 15 dB at 45 MHz; at 350 s the amplitude was about 35 dB
at 20 MHz and 20 dB at 30 MHz. For Homer at 190 to 280 s the amplitude
was 35 dB at 15 MHz, and 10 dB at 30; at 340 to 460 s the amplitude was
30 dB at 15 MHz, and 10 dB at 20 MHz.

Neglecting, for the moment, the frequency dependence for the
backscatter cross section, these data can be used with Figure 8 to
obtain rough estimates of the aspect sensitivity. For HEMLOCK shortly
after striation, the amplitude at Kodiak dropped 30 dB between 25 and
45 MHz, and at Homer 25 dB between 15 and 30 MHz, If the plasma
frequency at the release height was 2.5 MHz, these values correspond
to changes of 30 dB in approximately 0.8° for Kodiak and 25 dB in 2.1°

fo~ Homer,

At times well after the striation of HEMLCOCK, the amplitude change
- 15 B in 1.0° at Kodiak, and 25 dB in 2.1° at Homer for a frequency

5 MHz.

aper limits for the aspect sensitivity at early times after
1 tor HEMLOCK are roughly 40 dB per degree for Kodiak and

. degree for Homer; at late times these values are respectively
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15 dB per degree for both sites., 1In the next section it will be
suggested that this discrepancy between the Homer and Kodiak data
was due primarily to the frequency dependence of the backscatter cross

section,

An upper limit of the aspect sensitivity can be made for the GUM
release if we take a value of 1.0 MHz for the plasma frequency at the
release height. The relationship between off-perpendicular angle and
frequency can be found to a good approximation from Figure 8 by
dividing the ordinate by the plasma frequency listed for each curve--
i.e., 2.5 for the dashed curves. The observed amplitude decresses
correspond to a change of 30 dB in approximately 0.2°. Had the vlasma
frequency at the height of ithe GUM release been 2.0 MHz, tle amplitude

decrease would have been 30 dB in 0,8°,
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VIII DISCUSSION

The Kodiak and Homer records indicate that all of the backscatter
echoes recorded were strongly aspect-sensitive, even those at early
times when the cloud appears to be an overdense ball., The echoes before
striation had to be aspect-sensitive; otherwise, Homer and Kodiak
should have shown the same results, excluding equipmental differences,
because the propagation paths to the clouds were nearly identical,
so that the same portion of the cloud would produce tke echo for both
sites, All of the data show, however, that the results are far from
identical, and the differences are so great that they cannot be entirely
equipmental, For HEMLOCK and GUM the sounders were synchronized to
within a millisecond, so the observed differences cannot be attributed
to temporal changes. Thus, we are forced to the conclusion that even
when the cloud was overdense to the sounding frequency at early times,
backscatter was produced by scatterers that were very strongly aspect-

sensitive with respect to the geomagnetic field.
2

Since the echoes fron near normal incidence to the magnetic field
were strongly aspect-sensitive, it is intriguing to speculate about
whether the echoes reccrded by the College ionosonde in Figure 9 were
also aspect-sensitive. 1f so, the aspect-sensitivity requirements
must have been satisfied by refractiocn within the cloud, because there
was not enough refraction in the ionosphere around the cloud to produce
normality for a frequency of 8 MHz. The ion cloud acts as a diverging
lens, so the analysis in this case is not at all easy. Ray-tracing
techniques would have to be used, and it is hoped that this will be

done sometime in the future.

Returning now to the Homer and Kodiak data, the amount of aspect
sensitivity noted at the end of Section VII differs considerably

between the two sites. This computation was made under the assumption

41




that the backscattering cross section did not depend upon frequency, an
assunption tinat is undoubtedly incorrect. It is more likely that above
30 Miiz the backscattering cross section of HEMLOCK decreased so rapidly
that the frequency dependence dominated the aspect-angle dependence. The
system sensitivity also decreased above about 40 MHz but not enough to
account for the large changes observed. (It is unfortunate that the bi-
static part of the experiment failed because those data would have been
useful for computing the frequency dependence of the scattering cross

section,)

Before striation the 90° echo was the strongest echo by many dB, and
the drop in amplitude away from the center frequency was 5 to 10 dB/AMHz,
or roughly 25 dB per degree. This rapid drop-off in 90° echo amplitude
must have been caused by the aspect-dependent part of the cross section,
because it is highly improwable that the scattering cross section would

have strong peaks located so fortuitously at 13 and 18 MHz.

As Figure 5 illustrates, the Kodiak 90° -echo amplitude was 10 to
15 dB greater than that at Homer. While the antenna pattern could have
caused part of this difference, it does not seem likely that all of the
difference was equipmental. Hence, it is probable that the scattering

cross section increased with frequency between 13 and 18 MHz,

Above the {requency of the 90° echo, the Homer echo amplitude
relative to that of the 90° echo exceeds the Kodiak amplitude consider-
ably for a given aspect angle (Figure 8 illustrates the relationship
between frequency and aspcct angle for Homer and Kodiak.) These results
are interpreted as indicating that the backscattering cross section

increased with frequency between 10 and 30 MHz,

It is therefore concluded that before striaticn, backscatter from
the HEMLOCK barium cloud had an exceedingly aspect-sensitive echo com-
ponent and the scattering cross section increased with frequency between

about 10 and 30 MHz.

With the onset of striation, echo amplitudes tended to increase
toward that of the 90° echo. Relative to the 90° echo, the Homer echo is

stronger than the Kodiak echo for a given aspect angle, suggesting that
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although the antenna gains could have been a contributing factor, the
difference is probably attributable to an increase in backscattering

cross section with frequency below about 30 MH=z.

At the high~frequency end of the backscatter echoes recorded at
Kodiak, particularly right after pronounced striation, the drop-off in
amplitude was abrupt. 1If it is assumed that the aspect sensitivity does
not change markedly with frequency, the aspect sensitive drop-off should
be the same for Homer and Kodiak; this is a good assumption for naturally

occurring ionospheric irregularities [Bates and Albee 1969, 1970], but

how good it is in this case is unknown., As anoted in Section VII, however,
the Homer echo between about 15 and 30 MHz decreased about 15 dB per
degree of off-perpendicularity from the magnetic field, while the Kodiak
echo decreased 40 dB per degree between 25 and 45 MHz. At late times
after striation when the frequency ranges of the Homer and Kodiak echoes

were comparable, the aspect sensitivities were about equal.

One way of explaining this apparent discrepancy is that below 30
MHz the backscatter cross section increased with frequency, whereas above
30 MHz it decreased. Here again, part of this drop-off above 40 MHz was
equipmental; one characteristic of most Granger sounders is that the

power output and the receiver sensitivity drop markedly above 40 MHz,

It is therefore concluded that the aspect~sensitive decrease in the
backscattering cross section for HEMLOCK after striation was probably
between 10 and 20 dB per degree of off-perpendicularity from the magnetic

field and that the backscattering cross section had a maximum near 30 MHz,

The decrease in amplitude of the GUM echoes between 20 and 30 MHz
at late times was too great to attribute to aspect angle alone if we take
the plasma frequency at the release height to be 1.0 MHz, because the
aspect angle apparently changed very little. If, however, the plasma
frequency at the release height had been as high as 2,0 MHz, the aspect
sensitivity would agree with that for HEMLOCK. It seems moust likely
that some intermediate value occurred, indicating that the backscatter
cross section for GUM was dropping rapidly with frequency in the
20-t0-30-MHz region.
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The amplitude of the Kodiak GUM echices after striation dropped
ra,idly above 20 MHz, The maximum echo amplitude occurred near 17 MHz
(Figure 6 and Appendix A), this maximum may have been partiy cquipmental
because the system sensitivity at Kodiak was considerably depressed
between about 10 and 16 MHz. The Homer cchoes were confined to the
low frequencies, suggesting that the backscatter cross section for GUM
had a maximum well below 20 MHz. It is therefore concluded that the
aspect dependence for GUM was probably about the same as that for
HEMLCCK buf that the maximum in the backscattering cross section
occurred well below 20 MHz, so that transverse irregularity sizes were

greater for GUM than for HEMLOCK by roughly a factor of 2.

There are two ways of visualizing the cause of aspect sensitivity.
One is, to think of the scattering structure as a group of irregularities

whose characteristics can be represented by an average irregularity.

In this case diffraction theory can be used to deduce the length of the
average irregularity. TFor example let us consider the Kodiak 30-s
record in Appendix A, The peak of the 90° echo is at about 18 MHz, and
nulls appear to be near 16 and 20 MHz, Figure 8 shows that such a
frequency range corresponds to approximately 1.3° change in incidence
angle. If we therefore assume that the average irregularity can be
approximated by a long conductor in the plane of incidence of the
electric vector, the length can be found from the first zeros in the

diffraction pattern for a conductor of length L:

sin (k L sin o) _ o
kKLsina =0 (25)

The first zero of Eq. (25) occurs for the first zero of the
numerator, or when the argument of sine is x. For small off-

perpendicular angles, «,

L= . (26)

The length of the average irregularity producing the 90° echo in

the 30-s Kodiak record is therefore approximately 750 m,
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A decrease in aspect sensitivity implies a decrease in length of
the average irregularity. The increase in echo amplitude at frequencies
well above that of the 90° echo at the onset of pronounced striastion
therefore implies that the length of the average irregularity decreased

abruptly at the onset of pronounced striation.

This behavior seems to be considerably different from that of
natural F-layer irregularities such as auroral and spread-F irregularities,

Bates and Albee [1970] found that the aspect sensitivity of natural

echoes was of the order of 5 dB per degree and the backscattering cross
section was strong well below 10 MHz. Thus, how the barium cloud

echoes compare with natural echoes is unknown,

One problem in attempting to relate the echo behavior of barium
clouds with natural irregularities is that the barium clouds present a
discrete target, while natural events are extended targets. Thus, for
the natural events one obtains an integrated result, and this integration
could cause the measured aspect and frequency dependencies to be weaker
than they are. Much work needs to be done to understand how the natural

and barium cloud echoes are related.

The behavior of the echoes can be used to deduce what sort of
irregularities inhabit barium clouds. Booker's [1956] scattering
theory, outlined in Section II, is quite useful for this endeavor,
because it provides a physical basis for relating the backscatter
results to the irregularities in the clouds. Backscatter echo amplitude
at a given radar frequency is linearly proportional to the amplitude of
that Fourier component of the irregularities whose wavelength is pre-
cisely one-half the radar wavelength, For example, the existence of a
strong backscatter echo at 30 MHz, 10-m radar wavelength, indicates
that the scattering medium has a substantial component in irregularity

specirum iransverse to the magnetic field at 5-m wavelengths.

The HEMLOCK backscattering cross section apparently increased
with frequency in the 10-to-30-MHz region during the entire event.
After striation the backscattering cross secticn had a maximum near

30 MHz and decreased rapidly above that frequency: thz hehavior of the
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cross section above 3C MHz before striation is unknown because the
echoes did not extend high cnough in frequency. The maximum in the
backscatter cross section near 30 MHz is therefore interpreted as evi-
dence that the irregularity spectrum was peaked for transverse sizes

near 9 m,

The sudden increase in echo strength near the time of striation
at frequencies away from that for exact norma* incidence to the magnetic
field suggests that the aspect sensitivity decreased with the onset
of striation, Had the backscatter cross section increcased markedly,
the amplitude of the 90° echo should alsc have increased appreciably,
but it did not. In fact, the other echoes appeared to increase to
equal the amplitude of the 90° echo. This change implies a rather

drastic change in the cloud at the onset of striation.

The alternative way of visualizing what happened is to view the
results in light of the Booker scattering theory. 1In this instance,
the irregularities are assumed to be decomposed by Fourier transformation
into inginite plane waves having strict aspect sensitivity--i.e., exact
normality is required for backscatter. (These "'waves' are not neces-
sarily propagating waves; they are called waves because they result
from Fourier transformation and behave mathematically as though they
were waves., In some cases, such as for plasma instabilities, the
irregularities are set up by propagating waves, and the analogy is
exact.) A finite aspect sensitivity is therefore produced from such
a system by an angular spectrum of plane waves in which the wave
amplitude varies with angle in precisely the same manner as the signal

amplitude varies with off-perpendicular angle,

Applying this notion to the barium clouds, the higher aspect
sensitivity before striaiion is interpreted as showing that the angular
spectrum of the wave components in the irregularitics was strongly
peaked in the direction normal to the magnetic field. The decrease in
aspect sensitivity at the onset of striation is then interpreted as a
widening of the angular spectrum away from the perpendicular to the

magnetic field.
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In either case, there was a sudden change in the backscattering
structure in the cloud at the onset of pronounced striation., What

caused this change would be a nice problem in plasma physics.

At early times, well before striation, the echoes observed at
Homer and Kodiak were very aspect-sensitive. The 90° echo, which
was .trongly aspect-sensitive, appeared immediately after the HEMLOCK
release and exceeded the remainder of the echoes by 20 to 30 dB. This
observation indicates the presence of field-aligned structure immediately
after the release; on the basis of simple diffraction theory the strong
aspect sensitivity of the 90° echo requires structure of the order of
50 wavelengths long. Since the frequency of the 90° echo was about
13 MHz at Homer, and 18 at Kodiak, this implies the existence of field-

aligned structure with lengths of the order of a kilometer.

A well-developed 90° echo was observed at Kodiak 30 seconds after
the release, indicating that immediately after the release, field-
aligned irregularities roughly a kilometer long appeared in the cloud.
This notion does not seem unreasonable because the HEMLOCK cloud
expanded to a diameter of about 10 km within several teis of seconds;
for example, in the 45-s photo shown in Appendix B, the cloud covers

the second graticule ring, which is 3° or 10 km in diameter.

At sites from which the radar waves met the barium clouds near
normal incidence to the magnetic field, backscatter was strongly
aspect-sensitive; however, at a site near College, where the radar
waves were well off-perpendicular, the backscatter echoes observed by
Thome (1969] apparently were not. Considering the strength of the
aspect~sensitive echoes, the question arises as to how the two different
results fit together. Two possibilities exist: (1) The backscatter
echoes observed at all sites were strongly aspect-sensitive, or (2)
the echoes observed at the two classes of sites were produced by

fundamentally different mechanisms.

The method used by Iﬂgmg [1969] to analyze the radar echoes
obtained from well off-perpendicular to the magnetaic field is based

upon the assumption that the ion cloud 1« 4 «m vth, wverdense ball at
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all frequencies below the cloud maximum plasma frequency. Backscatter
is then the result of critical reflection from the surface within the
cloud where the plasma and radar frequencies are equal. For this model
the backscatter cross section decreases with increasing radar ire-
quency for a given ion distribution, or, conversely, with decreasing
maximum plasma frequency for a given radar frequency. The disappeur-
ance of the echo on any given frequency is interpreted as evidence
that the size of the volume with a plasmz2 frequency in excess of the
radar frequency is less than some critical value set by the radar
parameters. Therefore, for a very sensitive radar, the frequency at
which the echo disappears is interpreted directly as the maximum

plasma frequency of the cloud.

For possibility (1) above to hold, refractior within the ion
cloud would be required to produce normality between RF wave and mag-
netic field line. Unfortunately, this problem cannot be approximated
by some simple model but can only be modeled with tic aid of a ray-
tracing technique. We can, however, examine the problem qualitatively
to see what sort of behavior would be expected. For a radar near
College the deviation required to produce normality between ray and
maghetic field is approximately 63°. Refraction within the cloud
could satisfy this condition over a surface within the cloud, the
size and shape of the surface depending upon the ion distribution

within the cloud. The size of this surface of normality would decirease

with increasing radar frequency for a given ion distribution, or,
alternatively, would decrease with decreasing maximum plasma frequency
for a given radar frequency. The maximum frequency of such an echo
would be greater than, and would probably be linearly related to, the
maximum plasma frequency within the cloud, so that the cloud ion density
could be found from the radar measurements, although the maximum plasma
frequency would be substantially less than the frequency at which the
echo disappears. The computation of the constant of proportionality
between maximum plasma frequency and radar frequency would require
ray~-tracing techniques and some knowledge of the ion profile within the

cloud.
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The two mechanisms described above yield results that are pro-
portional but wot equal. The application of the analysis technique for
scatter from a susoth ball to the case of aspect-sensitive scatter
utilizing refraction within the cloud would lead to a computed maximum
plasma frequency greater than that occurring. An effort should be

made to determine which mechanism is operative.

If the smooth-ball mechanism is found to hold, then possibility
(2) above must be true--i.e., the echces observed at Homer and Kodiak
are fundamentally different from those observed near College. A
possible cloud model for producing the echoes in this instance is that
of an overdense ball inside a weak-scattering cloud containing field-
aligned structure--in other words, a smooth ball embedded in a shimmering
cloud. In this case the shimmering cloud would provide the aspect-
sensitive echoes observed near normal incidence to the magnetic field
while the smooth ball would produce the echoes observed elsewhere.
This model is physically reasonable in that it explains why no echoes
were observed at Homer or Kodiak for which the frequency fell with time
as did the maximum plasma frequency of the ion cloud., In the case of
a smooth spherical ball the backscatter cross section is equal to the
projected area of the sphere. The area of the cloud of irregularities,
however, is larger than the entire area of the smooth ball, and scatter
would be equally possible from all parts of the cloud, It is therefore
possible that the scattering area of the cloud of irregularities is
many orders of magnitude greater than that of the ball; thus, the
backscattered echo amplitude from the shimmering cloud could exceed
that from the ball by several orders of magnitude, in which case the
ball echo would have been completely obscured at Homer and Kodiak by

the aspect-sensitive echoes.

The aspecil-sensitive-ball-of-irregularities model has a major
difficulty when considered in the light of all the evidence from the
tests. Thome {1969] showed that interference between the ordinary and
extraordinary components of the echo from the ball produced a distinc-

tive fading pattern (Faraday fading) in the echoes. G. N. Oetzel of
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entirely within the cloud and could therefore be used to find the

|

r . SRI subsequently showed that this Faraday fading had to be produced

i

‘ electron density of the cloud {Oetzel and Chang, 1962]. The basis of

y‘ the technique is the fact that most of the obeserved Faraday rotation

o must occur from that part of the cloud where the plasma frequency is

nearly equal to the radar frequenicy. For the case where }effaction is
utilized to produce exact normality to the magnetic field, nrormality
occurs at frequencies somewhat above the plasma frequency--possibly

; onie-third higher for a radar near College.

N It is therefore questionable whether the aspect-sensitive-~ball
. . model will produce enough- Faraday rotation to agree with that observed.
i While this study has nut solved the problem of backscatter from

‘barium clouds, or even explained how the various echoes are related

to ohe another, it is hoped that enough questions have been raised

ahd data presented to stimulate further definitive work on the problem.

Whether the Booker scattering theory can be applied at early
times when electron densities were high depends critically upon which
¢loud model is ;orrect. If the model of the ball embedded in a shim-
mering cloud is correct, all of the echoes obser.aod at Homer and Kodiak
were produced by Booker scatter from underdense irregularities. 1f the
cloud itself was composed of overdense, aspect-sensitive irregularities,
Booker scatter is not applicable, although the basic concept can be

used as an aid in visualizing the irregularities.

Before striation the backscatter cross section appears to have
increased between 15 and 30 MHz. This conclusion, if it is true,
indicates that the scattering structure had substantial Fourier com-
ponents in the 5-to-10-m size range. This is rather small structure,
but it may be a significant fact that such a size range is of the order

X of the gyro radius for barium ions in the geomagnetic field.

The echoes for GUM and HEMLOCK were different in that the fre-
quency exteat of the HEMLOCK echoes exceeded that of most of the GUM

echoes, The amplitudes of the echoes were roughly comparable after
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striation, but beforechand the GUM amplitudes were apparently somewhat
lower. It is suggested below that tn;éxd;fferéﬁpe Wasuprimgrilyxdhe
to differing ionospheric conditions, in particuler to the occurrence

of strong spread-F during the HEMLOCK event..

For HaMIOCK, 96 kg of barium was reledsed at & height of 175 km
at 1939 AST (150° WMT), March 20, 1969, for GUM, 48 kg of barium was
released at 168 km at 1919 AST, March 19, 1968. Exeept for the factor
of two in barium mass, the two releases weére almost iéeg@icél. Thé
behavior of the ion clouds, however, was far from identical.’ The
HEMLOCK ion cloud drifted clear of the neutral cloud within g‘ﬁinuié;
whereas the GUM ion and neutral clouds: took many minuteés to drift
apart. The basic diffeFence bétween the clouds, théreforé, iiust have
been ionospheric in origin, Sincé the east-west separation of the
ion cloud from the neutral cloud is caused by a.nonthésgﬁth»élégtrié
field, there must have been a considerable dif;érence~in<hpniéqﬁt@i

electric fields present in the lower F layer on the_£WO.événipgsu

Another marked difference between the two releases was in the
occurrence of spread-F. Figure 9 shows that for GUM there was almost
ro spread-F, whereas for HEMLOCK spread-F was strong. The ELM and

JUNIPER releases were also observed by the Homer and Kodiak radats,

but their echoes were at low frequencies and very weak. These reéleases

were smaller than GUM and HEMLOCK, and only weak to moderate spread-F

existed.

It is therefore suggested that the strong spread~F markedly
enhanced the HEMLOCK barium=~cloud echoes at the higher frequencies.
One problem with the explanation, however, is that the enhancement
was rather selective as to irregularity size, The indicated peak in
backscattering cross section around 30 MHz for HEMLOCK implies that
5-m irregularities predominated in the bkarium cloud, whereas natural
spread-F does not show any such preference for small irregularities,
On the contrary, as the ionograms in Figure 9 show, spread-F irregu-

larities may have a strong size component in the range of 100 m, and
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the existence of thé oblique spread-—n echo with little apparent change

in amplitude between roughly 5 and ‘20 MHz indicates that the -ize

spectirum for Spreaééy irregilarities is flat, The trangverse irregu-

larity size for ‘GUM was apparently 10 m or grester. If spread-F was

»involved} it somehow decreased the irregularity size.

Thus, if the spread~F irregularities somehow interact with the
electrons in the ioh cloud to produce énhianced irregularities, they
do it in a rather seléctive way. Possibly the observaticn that the

gyro radius 0f the barium ions is of the order of 5 m is of importance.

Other important factors are: (1) the elactron dénsity at the
relense height. was appreciably greater for HEMLOCK than for GUM, and

(2) the ion and teutial clouds -drifted apart ten times socner for

HEMIOCK than f£or GUM: The latter obsérvation indicates that the noi'th-

‘soﬁth transverse electric field was much greater for HEMLOCK than for

GUM,

The IF echo [Bates 1959, 1960) and subseguently termed the slant~F
echo [Bates et al, 1966, Bates and Albee 1970].
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IX CONCLUSIONS

The basic conclusions: of this study are as follows.

1. The backscattéer c¢ross section cdlculated for isotropic scatier
from barium clouds near normal incidence to the magnetic field is orders
of magnitude greater than the geometric atea as:meggured,fgom,photc=

graphs,

2. The great difference betweén: the results of ‘the Homer and
Kodiak radi»s and the large cross séctions are interpreted as: evidénce

that the echoes are strongly aspect-sensitive.

3. Very strong echoes were observed that remained fixed 4in

frequency throughout the HEMILOCK event. These echoes are interpreted
as being produced when the radar wave was at the proper frequency to
propagate exactly at normal incidence to the magnetic¢ field,

echo is termed the 90° echo.

This

4, The 90° echo was extremely aspect~sensitive-~of the order of

20 dB per degree of off-perpendicularity, even at early times after

the release. Such a great decrease in amplitude with angle indicates

that the length of the field-aligned irregularities was of the order
of a kilometer.

5. The 90° echo could not be positively identified in the GUM

records. Strong interference at Homer tended to obscure echoces in the

most likely frequency range for the GUM 90° echo.

6. The simultaneous behavior of the HEMIOCK echoes observed at

Homer and Kodiak is interoreted as evidence that the backscatter cross

section had a maximum near 30 MHz. Such g maximum indicates that the

scattering structure had a dominent size near 5 m, the order of the

radius of gyration of the barium ions in the geomagnetic field.
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T The backscatter cross section for GUM apparently had a maximum

below .20 MHz, implying a dominant transverse irregularity size of

about 10 m, or twice as great as for HEMLOCK.

8, .The aspect=dependent part of the backscattering cross section
debrgésed‘aﬁpnokimately 10 to ‘20 dB per degree of off-perpendicularity
£rom- the maghetic field.

9. .8trong; aspect-sensitive echoes were observed throughout the
GUM and- HEMIOCK events. This result indicates that even immediately
after the release the ion cloud containg strong field-aligned structure,

This finding raises the question of the correcthess of the smooth,

overdense~ball model of the cloud .at early time§ after the release.

10. Two possible models that explain most 6f the observation are
suggested: (1) the cloud is- & bell of dense, field-aligned irregu-

larities, and (2) the cloud i3 composed of a smooth, overdense ball

‘embe§§gg within a larger field-aligned cloud of weak, field-aligned

irregularities.

{a). Model 1 explains most of the observed features of HF
echoes from barium clouds. One apparent discrepancy, however, is
that it doés not seem to be able to explain the observed Faraday
rotation, If this model is correct, electron densities computed
ander the assumption of a smooth-ball model will be somewhat
too high.

(b) Model 2 explains the observed features.

11. The onset of pronounced optical striations in the ion cloud
was accompanied by a strong increase in echo amplitude at high fre-
quenicies. Considering all of the data obtained indicates that the
agpect sensitivity of the irregularities decreased abruptly at the

onset :0f pronounced striation.

12, &Echo amplitudes were quite variable, particularly at early
timeé after the release and at near the onset of striation. With the
exception of the increase at the onset of pronounced striation, these

echo changes could not be correlated with optical changes in the clouds.
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13, At times well after striation the echoes slowly died away,

* and no large, abrupt changes occurred. Echo amplitides continued to

e

be somewhat variable.

14. Amplitudes for GUM and HEMLOCK echoes were generslly combarable

«
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at both sites, except that -the frequency of the echoes wis genersally

higher for HEMLOCK.
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15, Strong spread-F was present during BEMiﬂCK, wheéreas almost
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none occurred during GUM, and little during JUNI®ER and BLi: It is

suggested that spread-F irregularities werc somehow: enhanced by pre-
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sence of the barium ions; this enhancemént appeared to be selective,
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APPENDIX A

POWER-VS,~FREQUENCY PLOTS

This appendix presents the computer plots from the analog magnetic
tapes recorided at Homer and Kodiak. The ordinate is power in decibels
and was derived by fitting a quadratic to three of the six 10-4B cali-
bration points put onto the tapes at each site. The receiver output
was roughly logarithmic, so the output was nearly linear in decibels;

the quadrat.c was used to allow for the small deviation present.

The reference level 0 dB was arbitrarily taken as 1 pV at the
antenna output terminals. The threshold sensitivity varied from 1 to
5 uV, 0 to 17 dB. Power levels under 20 dB--10 pV--are unreliable
because system noise added to signal levels, making the calibration

inaccurate.

The plots were made by selecting the maximum signal recorded in
a 20-km window centered on the barium-cloud echo for each sounder
sweep (a sweep is defined as one 4-to-64-MHz sounding). The average
and zero-level noise were read from the noise sample taken from each
frequenc, scan of each sounder sweep., Echo signal maxima were then
converted .o decibels and plotted if (1) the average noise lcvel was
less than approximatel, 20 dB, (2) the signal maximum exceeded the
average noise hy aboui 3 dB, and (3) the signal maximum exceeded
approximately 5 dB for Homer and 15 dB for Kodiak. (Signals below 5 dB
are shown for Homer, but, as noted above, the calibration was not
accurate at such low levels.) Thus, most of the echoes in the inter-
ference band below 15 MHz were discarded either because they were
weak or because the interference was strong. To have preserved such
echoes would have required considerably more time and a sophisticated
computer analysis program; such a procedure was beyond the scope of

the project.
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The HEMLOCK records are shown on pages A-5 through A-21 and the
GUM records from A-22 through A-28.

The time marked for each plot is approximately the ending time of
each sweep relativ; to the release., Thus, the 10-s record for Kodiak
actually began at the release and ended approximately 8 seconds after-
ward; Records are missing because of some problem. The first 500
seconds of GUM are unusable because the carrier frequency--i.e., the
zero signal level--of the tape recorder varied widely and erratically

for some unexplained reason,

The records do not .go to the end of the events because the echoes
just continue to fade away gradually and do not exhibit any different
behavior than shown. All of the records were digitized, however, and

preliminary plots were made to guide the subsequent analysis.
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APPENDIX B

AVERAGE-POWER-VS.-TIME PLOTS

The records in this appendix were derived by averaging the
maximum echo signal obtained from each frequency scan over a 2-MHz
band and plotting the result as a function of time after release,

The procedure was to convert the log-power data used for the plots in
Appendix A to power, then average, and then convert back to log-power.

All of the comments in Appendix A apply to the data in Appendix B.

The HEMLOCK records are shown on pages B-4 through B-10, and the
GUM records from B-~10 through B-i4,
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indicating that the length of the irregularities decreased, or, alter-~
natively, the angular spectrum of the irregularity distribution
increased in width., With the exception of this change, no correspon-
dence between optical and radio effects could be found, suggesting
that the changes observed by the radars were invisible changes within
the cloud. All of the results of the various radio experiments
suggest that the ion cloud was either (1) an overdense ball of field-
aligned irregularities, or (2) a smooth, overdense ball immersed
within a field-aligned cloud of weak-scattering irregularities. Both
models have drawbacks, but the second appears the most likely at this
point. Further experimental work is needed to clarify this problem.
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