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ABSTRACT 

HF-radiowaves propagating in the ordinary mode and inci¬ 

dent on an overdense ionosphere ( f „ ^ f F2 ) are known 

to excite parametric instabilities. Recent experiments 

showed that under the same conditions short-scale field- 

aligned striations are formed. The question concerning 

the interrelation of these two effects is not yet set¬ 

tled. An experiment was performed at the Arecibo Obser¬ 

vatory during June 1977 with a 50 MHz radar installed 

on Guadeloupe island. The Guadeloupe radar had a line of 

sight perpendicular to the magnetic field lines in the 

F-region above Arecibo. The 50 MHz radar backscatter 

measurements from the region where these artificially 

produced field-aligned £triations (AFAS) occur are used 

to get some insight into the geometry and the temporal 

behaviour of AFAS. The energy density of the HF-field 

required to produce AFAS is estimated from the experi¬ 

mental data. Plasma-line data on the parametric insta¬ 

bility obtained by the 430 MHz incoherent backscatter 

from the Arecibo Observatory is compared with the Guade¬ 

loupe 50 MHz radar data. Several mechanisms which were 

proposed to produce AFAS are discussed in the light of 

present and past experimental results. 
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1. INTRODUCTION 

Powerful HF-waves propagating in the ordinary mode have 

been observed to produce small-scale electron density 

irregularities near the HF-reflection height. These ir¬ 

regularities are elongated along the geomagnetic field 

lines due to the fact that electronic heat conduction 

and electron diffusion rates are drastically reduced in 

directions perpendicular to the geomagnetic field. 

In past experiments (most of which are reported in the 

November 1974 issue of Radio Science) these small-scale 

irregularities were observed in the ionôsphere above 

the heating facility at Platteville in Colorado. In 

these experiments echoes were observed at several fre¬ 

quencies in the range from 15 MHz to 435 MHz , corre¬ 

sponding to scale sizes perpendicular to the geomagnet¬ 

ic field of 10 m to 0.3 m . 

The present experiment consisted of three elements, name 

ly; an HF-transmitter, a 50 MHz radar probing perpendicu 

lar to the geomagnetic field and a 430 MHz incoherent 
o 

backscatter radar probing at an angle of ->-45 with re¬ 

spect to the geomagnetic field direction. 

The HF-transmitter installed at the Arecibo Observatory 

was used to produce the field aligned-striations. The 

power gain product for the HF-transmitter at Arecibo was 

up to a factor of 10 lower than for the HF-facility lo¬ 

cated at Platteville. 

As a result of the strong elongation of the irregulari¬ 

ties any radar experiment intended to detect these arti¬ 

ficially produced field-aligned striations (AFAS) has 
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severe geometrical constraints on the possible locations 

for such a radar. The radar will only receive strong 

echoes if it is probing the AFAS in a direction perpen¬ 

dicular to the geomagnetic field. In the present ex¬ 

periment a site was selected on Guadeloupe island where 

the radar had a line of sight perpendicular to the geo¬ 

magnetic field at a height of 220 to 230 km overhead of 

the Arecibo Observatory. 

It is also known that the HF-waves excite the parametric 

decay instability near the HF-reflection height. As a 

result plasma waves are generated which propagate at 

small angles along the geomagnetic field. Some theories 

[Perkins,1974 ; Lee & Fejer,1978] explain the production 

of AFAS on the basis of the existence of these plasma 

waves. The 430 MHz incoherent backscatter radar installed 

at the Arecibo Observatory was used to monitor the inten¬ 

sity of such plasma waves produced by the parametric de¬ 

cay instability. The experiment is described in more 

detail in chapter 2. 

Several theories on the production of AFAS have been 

published since 1974. In principle these theories can be 

classified according to two different mechanisms as is 

outlined in chapter 3. Also a theory of field aligned 

scattering for radar observations of such elongated stri¬ 

ations is presented in chapter 3. 

From the data obtained the presence of AFAS was verified 

and cross sections determined. Spatial dimensions of the 

AFAS, the energy density threshold for their production 

and the time scale of their response to heater turn on 

and off could be determined from the observations. 
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The AFAS-intensity as measured by the 50 MHz radar is 

compared with the intensity of enhanced plasma waves as 

measured with the 430 MHz incoherent backscatter for a 

time period during which the HF-transmitter power level 

was changed. 

These data are presented in chapter 4 and discussed in 

chapter 5. 



2. EXPERIMENT 

This experiment was conducted during June 1977. Powerful 

HF-waves were transmitted from the Arecibo Observatory 

with the intention of producing AFAS near the HF-reflec- 

tion height. The geodesic coordinates of the Arecibo Ob¬ 

servatory are 18° 20' 46" North and 66° 45' 11" West. 

The magnetic dip angle at AO is 50° and the declination 
o 

is 8 to the West. The beamwidth and power density of 

the HF-beam for a given operating frequency is calcula¬ 

ted in sect. 2.1. Ionospheric effects on the propagat¬ 

ing HF-wave such as refraction, swelling and absorption 

are covered in that same section. To observe the AFAS 

produced by these HF-waves, a 50 MHz radar was set up 

on Guadeloupe island. The geodesic coordinates of the 

radar site were 16° 15' 12" North and 61° 11* 51" 

West which is about 650 km to the east-southeast from 

the Arecibo Observatory. This location was chosen because 

it has a line of sight that is perpendicular to the mag¬ 

netic field lines at a height of 220 to 230 km overhead 

of the Arecibo Observatory. The 50 MHz radar system and 

the refraction effects of the troposphere and the iono^ 

pphere on the radar beam are considered in section 2.2. 

The geometry of the complete experimental set-up and the 

beam intersection as well as the surface of specularity 

are discussed in section 2.3. The HF-beamwidth and HF- 

refraction effects are important to estimate where in 

the ionosphere the HF-power necessary to produce AFAS is 

delivered. The Guadeloupe radar beamwidth determines 

4 



where the radar is sensitive to backscattering from AFAS 

And the surface of specularity specifies the locations 

where the Guadeloupe radar probes perpendicular to the 

geomagnetic field if refraction of the radar beam is 

neglected. 

The 430 MHz radar installed at the Arecibo Observatory 

served as an additional diagnostic and was used to mon¬ 

itor plasma waves enhanced by parametric instabilities 

as outlined in section 2.4. The plasma waves produced 

by these parametric instabilities are believed to be 

related to AFAS production by some of the theories 

[Perkins,1974;Lee & Fejer,1978], 

Ionograms were taken every 5 minutes to monitor the 

state of the ionosphere. 
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2.1. HF-Modification of the F-region. 

a. ) HF-Transmitter 

The HF-transmit ter is rated at 140 kW, but usually was 

operating at power levels below 100 kW. During the AFAS 

experiment the transmitter was tuned to the frequencies 

shown in Table 2.1. The power is fed through a 6^- inch 
O 

coax-line into the log-periodic antenna installed at the 

focus of the '305 m diameter' dish antenna at the Are- 

cibo Observatory. 

b. ) HF-Beamwidth 

The beamwidth of an antenna is dependent on the operating 

frequency and the aperture area of the antenna. The region 

of the ionosphere where AFAS may be produced is determined 

by the HF-antenna radiation pattern. For the present ex¬ 

periment we define a halfpower, quarterpower and zero- 

power beamwidth to identify locations where the HF-inten- 

sity is 50 %, 25 %, and 0 % of the intensity at the center 

of the beam. This is helpful for estimating where in the 

ionosphere certain power-density levels are achieved. 

From an analysis of the diffraction patter of an antenna 

one can calculate these beamwidths. 

For a uniformly illuminated circular aperture the intensity 

I at any location is given by the following equation 

[Jackson,1975] y 



where; a = radius of aperture 

© = zenith angle 

J^= Bessel function of order 

k 
2 • Tt 

ÀHp 

HF-wavelength 

1 

since; 

(- 

( 

(- 

{ 

2 J. 
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2 

x 

2 J, 

1 

1 
2 

1 
4 

© 

for x= 0 

for x=1.6 

for x=2.2 

for x=3.8 

we can write 3 handy equations for the beamwidths (twice 

©) if we approximate sin 9 2:6 which introduces an error 

1 % for the largest angles (/^15°) considered; 
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halfpower beamwidth? 

1-6-X 
BW 

HF 

1/2 TT • a 
for I = 

max, 

guarterpower beamwidth; 

2.2 
BW 

1/4 

‘HP 
TT • a 

for . I = 
max, 

zeropower beamwidth; 

3
-
8
‘>HF 

BW 
0 TT • a 

for 1 = 0 

where; 

a = 
305 

[m] for the AO dish 

These halfpower, quarterpower and zeropower beamwidths 

are tabulated in Table 2.1. for different HF-frequencies. 

It should be pointed out that this analysis assumes a 

uniformly illuminated circular aperture whereas the 

center of the actual AO dish is obscured by the center 

structure suspended above the dish [Gordon,1964], 
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Table 2.1. 

HF-operating frequencies and corresponding beamwidths. 

( assuming uniform illumination ) 

HF-operating 
frequencies 

[MHz] 

Wavelength 

XHF 

[m] 

HaIfpower 
Beamwidth 

• BWl/2 
[deg] 

Quarterpower 
Beamwidth 

BWl/4 
[deg] 

Zeropower 
Beamwidth 
BW0 

[deg] 

7.800 38.5 7.4 10 18 

6.875 43.6 8.3 12 20 

6.580 45.6 8.7 12 21 

6.245 48.0 9.2 13 22 

5.900 50.8 9.7 13 23 

5.185 57.9 11 15 26 

4.070 73.7 14 19 34 
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c.) HF - power density. 

If effects of the ionosphere on the propagating HF-waves 

are neglected, one can write for the power density at re¬ 

flection height thé expression; 

P • G 
HF HF 

, , 2 4 • TT *h 

P = power of HF-transmitter 
HF 

G„_= gain of the HF-antenna 
HF 

h = HF reflection height 

The power gain itself is the product of the directive 

gain D (i.e.; of the radiation pattern) and the antenna 

efficiency n . The directive gain is approximated by; 

D 
TT 

A, HF/ 

where X^L, /A is the solid angle into which the ra- 

diation is directed as opposed to an isotropic radiator 

which radiates in all directions corresponding to 4TT 

steradians. A is the area of the AO-dish ( 0 = 305 m ) 

and equals ; 

A * 73'000 m2 
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The incident power density in terms of experimental para¬ 

meters can then be written as; 

A 

~2 

The antenna efficiency |T^ has been calculated by L.M. 

La Londe & W.E. Gordon ( private communication ) for the 

AO-dish and was found to be approximately linear with 

frequency changing from 25 % at 5 MHz to 50 % at 

10 MHz. This is due to a shadowing of antenna area by 

the center structure above the AO dish [Gordon,1964] and 

by the cables supporting it. Line losses from the HF- 

transmitter to the antenna were estimated to be on the 

order of 0.2 dB to 0.4 dB equivalent to a loss of 5 % 

to 10 %. This loss may be included in the antenna ef¬ 

ficiency . 

Effects of the ionosphere on the HF-power density will be 

cons'idered in the following sections. 

The power density as a function of the HF-transmitter 

power will be needed in section 4.1. where the thresh¬ 

old power density necessary to produce AFAS is estimated. 



d.) HF - refraction 

The refraction of an electromagnetic wave in a magneto¬ 

ionic plasma is a complicated function of the relative 

orientations of the propagation direction, the magnetic 

field direction and the density gradient. 

For a horizontally stratified ionosphere and vertical 

incidence the ordinary mode of propagation (O-mode) 

will bend towards the magnetic North and the extraordi¬ 

nary mode of propagation (X-mode) towards the magnetic 

South. Model calculations for the horizontal displace¬ 

ment at reflection height have been performed by sev¬ 

eral authors [Davies,1969;Scott,1950;Gordiyenko & Nur- 

gozhin,1977]. The results of the last quoted authors 

are the best to adopt for the present purpose since 
o 

they are calculated for a geomagnetic latitude of 34 

( AO has a geomagnetic latitude of 30°) and consider 

the range of frequencies used in this experiment. The 

displacement of the O-mode towards the geomagnetic 

North at the HF reflection height is presented in Table 

2.2. as a function of the HF-frequency. These diplace¬ 

ments are the result of calculations that assumed a 

penetration frequency f^F2 of 8 MHz and a halfwidth 

zm of an assumed parabolic density profile of 100 km 

in one case and 140 km in the other case. 

It will be seen in section 2.3. that a North displace¬ 

ment along the magnetic meridian increases the range 

to the 50 MHz radar on Guadeloupe island. 



Table 2.2. 

Lateral displacement of O-mode at reflection height. 

f . 
HF / 

/foF2 

Lateral displac 
geomagnetic Nor 
tion height exp: 

z = 100km 
m 

ement towards the 
th at HF-reflec- 
ressed in [km] 

z = 140km 
m 

1.0 21 30 

.95 14 20 

.9 11 17 

.8 7 10 

.7 5 7 

.6 4 5 

These numbers are from [Gordiyenko & Nurgozhin,1977], 
o 

fQF2 = 8 MHz geomagnetic latitude = 34 

f = frequency of HF - transmitter 
HF 

z = halfwidth of the assumed parabolic density 
m profile 
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e.) HF - swelling. 

As the HF-wave approaches reflection height its group- 

•velocity decreases. To a first approximation which ne¬ 

glects the magnetic field the group-velocity is given by 

the expression:   

v 
g 

c 

n 
g 

c • 1 
P 

f 
2 

HF 

where; f =' plasma frequency 

Vg = group velocity 

n = group refractive index 
g 
c = speed of light in vacuum 

As the wave propagates, its energy flux has to stay 

constant under the assumption of locally plane waves. 

This energy flux is proportional to the product of the 

group-velocity and the square of the HF-electric field 

strength at any given height: 

2 
v * E ss constant 
g 

Since the group-velocity slows down near the reflection 

height, we obtain an amplification of the HF-field in 

the interaction region. Some theories on the generation 

of AFAS [Das and Fejer,1979;Grach et.al.,1977] require 

that the HF-frequency matches closely the resonance 

frequency of plasma waves propagating perpendicular to 

the magnetic field at the interaction height and having 

their electric field vector perpendicular to the mag¬ 

netic field. 
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The resonance condition for this mode called the upper 

hybrid frequency is given by: 

f 
2 

HF 
+ f 

2 

c 

where; f = plasma wave resonance frequency 

f = electron gyrofrequency 

The above expression can be rewritten as: 

f 
2 

R 
f 

2 
HF 

1 
f 

2 

c 

f 
2 

HF 

Substituting this expression, into the first equation of 

this section, one obtains for the group-velocity near the 

upper hybrid resonance: 

/V 

V = C 
g 

f 
c 

f 
HF 

If we set the energy flux near the upper hybrid frequency 

equal to the energy flux at the same location if there 

were no ionosphere present, we may estimate the effect of 

the ionosphere on the electric field of the propagating 

HF-wave. Hence we write: 

2 2 
v • E = c • E 
g o 

where; E = electric field strength in the absence of the 
° ionosphere. 
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We then define a swelling factor S as: 

.2 
S = E 

E 

With the expressions derived in this section we may also 

write: 
_ C . fHF 
S=— 
9 c 

This discussion is based on the geometrical optics 

approximation and is valid as long as [Ginzburg,1970] 

dn 

Xo 

2 * TT 

dz 

n 

« i 

where; nQ = Index of refraction for ordinary mode. 

= free space wavelength. 

This condition is satisfied for the region considered. 

The physical meaning of this equation is the require¬ 

ment that the relative change of the medium is small 

over one wavelength. 

For theories that require the generation of plasma waves 

propagating along the magnetic field as a prerequisite 

for AFAS generation [Perkins,1974;Lee & Fejer,1978],the 

geometrical optics approximation fails near the resonance 

height. For a discussion on that subject see [Kantor,1972; 
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Duncan,1977]. 

An estimate of the electric field amplification of an HF- 

wave near the reflection height due to swelling will be 

needed in section 4.1. where the energy density necessary 

to produce AFAS is calculated. 
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f.) HF - absorption. 

While the HF-waves propagate upwards, energy is extrac¬ 

ted from the.waves due to collisions of the electrons 

with the ions and neutrals. The absorption L suffered by 

the wave along the ray path s is given by the expression 

[Davies,1969]ï 

L [dB] = 8.68 ds 

If the magnetic field is neglected, the absorption per 

unit length j( is given by the following expression: 

* 
2 

e 

2 • £0*
me cnp <^-w2+ V 

where: e = charge of electron 

m = mass of electron 
e 

n = phase refractive index 
P 

£o= permittivity of free space 

Ne= electron number density 

'P collision frequency of electrons- 

Using the above equation one can argue that absorption can 

become important for two reasons; 

1) N • V) is large and n «1 ; This condition applies 
e e p 

in the lower ionosphere (D-region) where ^ increases 

rapidly with a decrease in height. This type of absorption 

is called non-deviative. 
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2) N • M is small but finite and n tends to zero which 
e *e p 

occurs near reflection height. This type of absorption is 

called deviative absorptioni 

Non-deviative absorption has a strong dependence on solar 

zenith angle because D-region ionisation and therefore 

the electron-ion collision frequency increases with in¬ 

creasing radiation flux from the sun. Typical noon-hour 

values are [Rawer, 1952] L^3 dB for f = 8 MHz and 
HF 

L6 dB for f = 5 MHz with a solar zenith angle de- 
HF 

pendence proportional to the 3/4th power of the cosine 

of the solar zenith angle. 

Deviative absorption increases with the path length that 

the wave has to travel and within which n « 1 . It is 
P 

therefore strongest for a small electron density gradient 

which for a parabolic profile of the local plasma fre¬ 

quency means that the frequency of the reflected waves 

approaches the penetration frequency. Deviative absorp¬ 

tion is some monotonie increasing function of f^p/fQF2 . 

•The observation of reduced AFAS intensity due to absorp¬ 

tion effects on the HF-wave will be considered in section 

4.2. One should also be aware of absorption effects on 

the HF-wave when calculating the threshold energy-density 

to produce AFAS as is done in section 4.1. 
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2.2. Guadeloupe - radar. 

a.) System. 

The antenna consisted of 4 lines (separated by 10.3m) of 

40 half wave dipoles stretched horizontally between poles 

at a height of 5.4 m. Each line was backed by a reflector 

line stretched parallel to the former at a horizontal 

separation of 1.5 m. The center of the beam was calcula- 
o 

ted to point 67 43' to the West of geographic North at 
o 

an elevation angle of 16 . The radar halfpower beamwidth 
o o 

( two way ) was calculated to be 2.3 vertically and 10 

horizontally. The radar operated at a frequency near 

50 MHz with a peak power of 15 kW. The pulse length 

could be set at 20, 50, 60, 100, or 200 psec. giving 

range resolutions of 3, 7.5, 9, 15, or 30 km. The in¬ 

terpulse period was usually 10 msec. The sensitivity 

was improved whenever necessary by 2, 4, or 8 coherent . 

integrations of the echoes. The receiver noise tempera¬ 

ture was T^ = 1000°K and the sky noise temperature was 

estimated to be T = 6000°K. 
s 

With a transmission factor for the transmission line of 

= 2/3 reducing the measured sky-noise one can deter- 
o 

mine the system temperature to be T = 5000 K using 

the following equation; 

T = T + o( • T 
r s 
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The return signals were recorded analog on magnetic tape 

with a bandwidth of 20 to 25 kHz. 

Depending on the interpulse period and the number of co¬ 

herent integrations the time resolution is between 12 

and 80 msec. 
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b.) Radar beam refraction. 

1) Tropospheric refraction. 

The index of refraction in the troposphere under normal 

conditions decreases with height [A1'pert,1973] which 

has the effect of bending the rays downwards. An estimate 

of the total bending can be obtained using Snell's law: 

n • sin oC . = constant 
P i 

where; o= angle of incidence = angle between the 

propagation vector and the gradient 

in the index of refraction 

After differentiating Snell's law we can write : 

A J . = - tan cC. • An 
l l p 

/ o 
The angle of incidence is of the order oC. "■'■'75 and the 

. 1 -4 
change of the refractive index is Û n^ '*'■'3x10 [Al'pert, 

1973]. The maximum angular deviation due to tropospheric 

refraction is therefore: 

àJLi ~~ -1 de9* 

That small a deviation is negligible for the present 

experiment. 



23 

2) Ionospheric refraction. 

The anisotropy due to the magnetic field is negligible 

for the 50 MHz radar since its frequency is well above 

the cyclotron-frequency. Furthermore effects of the io¬ 

nospheric plasma are small since the plasma frequency 

rarely exceeds 10 MHz. The latter effects are not neg¬ 

ligible however in the case of a radar probing an object 

with high aspect sensitivity. The angular deviation AoC 

due to the bending of a 50 MHz ray in the ionosphere can 

be calculated using Snell's law: 

n • sin . = constant 
P i 

The index 

given by; 

of refraction in the ionospheric plasma is 

n 
P 

( 1 
JL 

) 2 

where; f = radar frequency ( f 
R R 

50 MHz ) 

Since the frequency of the radar is 50 MHz and the plasma 

'frequency usually is less than 10 MHz in the present ex- 
2 2 

périment, f /fR is less than 0.04 and the index of 

refraction as a function of the plasma-frequency can be 

approximated as: 

n (f ) = n (f =0) + An 
P P P P P 

2 

E_ 
2 

R 

( 1 - 1 
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Since the index of refraction below the ionosphere is 

unity ( n (f =0) = 1 ) the perturbation in the index of 
P P 

refraction is: _ 
f 
_E  An = - 1/2 

P 
:R 

A n can now be substituted into the differential form 
P 

of Snell's law resulting in an expression for the ang¬ 

ular deviation: 

- 

*\1P 

— » tan cL . 
2 x 

The Guadeloupe-radar return signal is expected to come 

from the HF-reflection height (i.e.? where f = f ) 
HF p 

and this is also the location where we would like to 

know the amount of angular deviation. In Table 2.5.are 

the angular deviations calculated using the above equa¬ 

tion. The table can be used to determine thé angular de¬ 

viation at the scattering location (i.e.; for a given 

f =f and a given angle of incidence cL .). It can be 
p HF l 
seen from the table that the. ray direction can change 

up to 2-3 degrees, the effect being stronger for higher 

plasma-frequencies and larger angle of incidence. It is 

interesting to note that the final raybending only de¬ 

pends on the HF-reflection height electron density and 

not on the electron density profile ( a direct consequence 

of Snell's law). 



61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 
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Table 2.5. 

ending of the 50 MHz radar beam in tbe ionosphere. 

Plasma frequency at reflection height 'f [MHz] 

4.070 5.185 5.900 6.245 6.580 6.875 

o
 

00 • 
r- 

Increase in angle of incidence Ac^[deg] 

.3 . 6 .7 .8. .9 1.0 1.3 

.4 . 6 .8 .8 .9 1.0 1.3 

.4 .6 .8 .9. 1.0 1.1 1.4 

.4 .6 .8 .9 1.0 1.1 1.4 

.4 .7 .9 1.0 1.1 1.2 1.5 

.4 .7 .9 1.0 l.i 1.2 1.6 

.5 .7 .9 1.1 1.2 1.3 1.6 

.5 .8 1.0 1.1 1.2 1.3 1.7 

.5 .8 1.0 1.2 1.3 1.4 1.8 

.5 .9 1.1 1.2 1.4 1.5 1.9 

.6 .9 1.2 1.3 1.4 1.6 2.0 

.6 1.0 1.2 1.4 1.5 1.7 2.2 

.6 1.0 1.3 1.5 1.6 1.8 2.3 

.7 1.1 1.4 1.6 1.7 1.9 2.4 

.7 1.2 1.5 1.7 1.9 2.0 2.6 

.8 1.2 1.6 1.8 2.0 2.2 2.8 
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Exact calculations of the bending have been performed, 

but the approximations used in this section make the 

analysis more elegant and transparent and the numbers 

obtained (Table 2.5.) underestimate the bending by less 

than 10% which is insignificant for the present use. 

Corrections for ionospheric refraction will be applied 

in section 4.3. where an accurate knowledge of the 

angle between the geomagnetic field and any ray-bundle 

of the Guadeloupe radar is of importance. 
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c. Signal-to-Noise ratio. ' 

The power received by the Guadeloupe radar can be calcu¬ 

lated with the help of the well known radar equation; 

P 
R 

I ok R * PT # GR \ 

\ 4 * TT * R2 ' 

f R * AR 

' 4*rr*R2 ) 

where; P = power received by radar 
X\ 

P^ = power transmitted by radar (PT=14.4 kW) 

G = gain of radar antenna (G =420) 
R R 

= transmission factor of line (^r= 2/3) 

AR = 
radar antenna collecting area (A =1200m ) 

R 

R = slant range to scattering volume 

In the above equation the first bracket represents the 

power-density incident on the AFAS and CR is the total 

radar cross section of the AFAS (sect.3.2.). The last 

bracket represents that fraction of the power scattered 

by the AFAS which is incident on the receiving antenna 

and passes through the transmission line to the receiver. 

The power returns are usually measured as a Signal-to- 

Noise ratio where the noise is a combination of sky- 

noise and receiver noise (see sect.2.2.a.). 

The noise of a receiving system P^ is the product of the 

system temperature T and the frequency bandwidth B of 

the receiver multiplied by Boltzmann's constant kR and 

divided by the number of coherent integrations n ; 
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P 
N 

k • T * B 
B 

n 

The Signal-to-Noise ratio can then be written as; 

P 
R 

N 

PT * GR* °^R 

( 4 » TT * R2 

n 

• T • B 

This equation will be used in section 4.2. where the 

total radar cross section of the AFAS is calculated 

from the Signal-to Noise ratio as measured by the 

Guadeloupe radar. 
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2.3. Beam Intersection & Surface of Specularity. 

The Guadeloupe radar was sited so that any region within 

the HF-beam likely to show AFAS was also within the 

Guadeloupe radar beam. AFAS are expected to occur near 

the height of HF-reflection. It will be shown in sect. 

3.1. that the region where AFAS are expected extends 

about 10 to 15 km downwards from the HF reflection height. 

The horizontal extent of the region where AFAS are ex¬ 

pected is determined by the obtainable power densities 

(i.e.; it depends on the HF-antenna radiation pattern 

and the HF-transmitter power). 

The beam geometry as seen in the vertical plane going 

through the Arecibo Observatory and the Guadeloupe radar 

antenna is shown in Fig.2.1. The range of echoes which 

originate within the HF-beam is between 640 and 750 km, 

depending on the HF-reflection height. The modified 

volume is disc-shaped having a diameter of the order 

of /^50 km and a thickness of ^ 10 km. 

A projection of the Guadeloupe radar beam onto the earth 

surface is shown in Fig.2.2. In sect. 2.1.d. it was 

mentioned that an HF-wave propagating in 0-mode is dis¬ 

placed towards the magnetic North at HF-reflection 

height. From Fig. 2.2. one sees that this displacement 

increases the range of the 50 MHz radar to the center 

of the HF-beam. The component of the displacement along 

the GR-beam will however be smaller than the displacement 

towards the magnetic North. The former can be calculated 
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from the latter by multiplying the displacements in 

Table 2.2. by the factor; 

cos(69°- 8°) = .48 

where; 8° is the magnetic declination 
( 8 west of geographic North ) 

69° is the angle of the radar beam with 
respect to the geographic meridian 

( 69° west of geographic North ) 

In earlier scattering models [Rao & Thome,1974] the con¬ 

cept of a surface of specularity was introduced for the 

bistatic radar case. For backscattering which is just a 

special case (monostatic) of .the bistatic radar this 

concept may be worded differently. For backscattering 

the surface of specularity consists of all points in 

space that have a line of sight to the Guadeloupe radar 

which is orthogonal to the local magnetic field lines. 

An actual surface of specularity was computed for the 

region above the Platteville facility and is illustrated 

by Fig.4. of [Fialer,1974]. 

The height contours of the surface of specularity in the 

present experiment are shown in Fig.2.2. The points on 

the surface of specularity were calculated by requiring 

that the dot product of the magnetic'field vector with 

the vector pointing towards the Guadeloupe radar antenrta 

was zero. The magnetic field vector was reproduced from 

the spherical harmonics analysis of the measured geo¬ 

magnetic field [Chapman & Bartels,1962] using the Gauss- 

coefficients given by [Cain,et.al.,1965] and corrected 

for the epoch 1977. 



33 

The surface of specularity was initially believed to be 

useful in deciding where the 50 MHz radar echoes originate 

within the HF-beam. The observations showed that the 

aspect sensitivity was not strong enough to make the sur¬ 

face of specularity a useful analytical tool. The 50 MHz 

radar actually observed AFAS over a height interval from 

210 km to 290 km (see Fig.4.4.) whereas that section of 

the surface of specularity which is within the HF-beam 

only covers a height interval of 21o km to 240 km. These 

numbers can be deduced from Eig.2.2. if one imagines a 

circle corresponding to the HF-halfpower beamwidth of the 

HF-transmitter at F-region height and centered at AO. 

In Fig.4.4. one may also notice that the origin of the 

50 MHz radar echoes within the HF-beam is not height de¬ 

pendent, in other words not constrained to the surface 

of specularity. 
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2,4. Additional Diagnostics. 

a.) Incoherent Backscatter. 

Incoherent backscatter measured with the 430 MHz radar at 

the Arecibo Observatory was used to monitor the intensity 

of plasma waves propagating along the line of sight of 

the AO ’radar beam and having a wavelength that is one 

half the radar wave length. These plasma waves are ob¬ 

served in the frequency spectrum as the plasma lines 

which are doppler shifted from the radar frequency by 

approximately the plasma frequency. The exact separation 

of the plasma line from the center frequency is equal to 

the resonance frequency f of electron plasma waves in 

a hot plasma and in the presence of a magnetic field. 

The resonance frequency contains 2 correction terms be¬ 

sides the electron plasma frequency [Yngvesson & Perkins, 

1968]: 

f 
2 

r 
+ 

12*k *T 
 B e 

"X 2 

* 430 ' me 

2 2 
f .sin © 
c 

where; ^43o= wave^en9t^1 °f 430 MHz radar = 70 cm 

Tfi = electron temperature 

© = angle between radar propagation vector 
and the magnetic field vector. 

The first correction term is due to thermal effects and 
2 

is of the order of 1/2 (MHz) for à 430 MHz radar and an 
o 

electron temperature of about 1300 K. 
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The second correction term is due to the presence of the 
2 

magnetic field and amounts to ~l/2 (MHz) for AO. 

The presence of parametric, instabilities which are in¬ 

duced by powerful HF-waves enhances the intensity of 

these plasma waves [Carlson et.al.,1972]. Only plasma 

waves with a resonance frequency equal to the HF-frequency 

are enhahced by parametric instabilities. This enhance¬ 

ment occurs only over a limited height interval of a few 

hundred meters centered at the height where the matching 

condition is met. This height can be deduced from the 

delay time of the 430 MHz radar return from that enhance¬ 

ment which is observed at a frequency separated from the 

radar center frequency by the HF-frequency. 

b.) Ionosonde. 

Ionosonde records were taken every 5 minutes to monitor 

the state of the ionosphere. During the experiment they 

helped to decide on the most efficient HF-operation. As 

the data were analyzed, the ionograms were used to est¬ 

imate refraction and absorption effects. Also the HF- 

interaction height could in principle be estimated from 

the ionograms, but was never done since incoherent back- 

scatter delivered more accurate heights in a simpler way 

(sect.a;). 



3. THEORY 

HF-waves propagating in the ordinary mode produce field- 

aligned electron density striations, near the HF-wave re¬ 

flection height. Electromagnetic waves being scattered 

by such striations have most of their incident energy 

scattered into directions for which the Bragg condition 

of specular reflection is satisfied. This condition is 

derived in section 3.2. where the theory for the scat¬ 

tering of radiowaves from field-aligned striations is 

presented. 

The scattering volume can then be thought of as being 

resolved into a set of planes representing the Fourier- 

component corresponding to the frequency of the probing 

radar and the observational geometry. 

The condition of specular reflection becomes more strin¬ 

gent or the scattering more aspect sensitive the longer 

the spatial coherence of the density irregularities in 

those planes. For scattering from field-aligned irregu¬ 

larities the coherence is long along the geomagnetic 

field and scattering is very aspect-sensitive with re¬ 

spect to the geomagnetic field. For the present experi¬ 

ment the Guadeloupe radar was sited perpendicular to the 

geomagnetic field and probed a Fourier component of the 

striations corresponding to 3m irregularities. 

This radar produced convincing observational evidence 

for the production of AFAS in the presence of HF-waves 

near the HF-wave reflection height. 
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The radar cross sections due to AFAS produced within the 

radar beam as measured by the Guadeloupe radar are shown 

in Fig.4.5. The AFAS which are located within the HF- 

beam (determined by the range of the echoes) appear 

within less than 10 sec. after the HF-transmitter is 

turned on and disappear within less than 10 sec. after 

the HF-transmitter is turned off. 

Several theories to explain the mechanisms responsible 

for AFAS production have been proposed. On the basis of 

experimental evidence to this date no theory can be 

singled out or abandoned. It is actually quite possible 

that more than one mechanism is involved. The theories 

will be outlined in section 3.1. as well as the theore¬ 

tical predictions by these theories. The compatibility 

of the experimental observations with these theories 

will be discussed in chapter 5. 



3.1. Theories on the generation of ÀFAS. 

In what follows only a rough outline of the mechanisms 

and predictions of each theory are given. All theories 

suggest that the striations are field-aligned because 

electron diffusion rates are drastically reduced in di¬ 

rections perpendicular to the geomagnetic field. The 

theories can be separated into two principal types of 

theory. 

One type of theory [Lee & Fejer,1978;Perkins,1974] as¬ 

sumes the presence of plasma waves propagating in direc¬ 

tions close to the magnetic field direction. These 

plasma waves are generated as a result of the parametric 

decay instability whereby the HF-pump wave decays into 

a Langmuir plasma wave and an ion-acoustic wave. This 

instability is only excited by an HF-wave propagating in 

the ordinary mode for which the electric field vector is 

directed along the geomagnetic field when near the re¬ 

flection height. The plasma waves generated by the para¬ 

metric decay instability will therefore propagate at 

small angles with respect to the geomagnetic field. The 

plasma waves produced will decay further into another 

plasma wave and an ion-acoustic wave by another para¬ 

metric decay instability and so on. This cascading pro¬ 

cess will stop when the energy of a plasma wave does not 

exceed the threshold for further parametric decay. If 

the energy fed into each plasma wave is equal to its 

energy dissipation the plasma waves are saturated. Such 

saturation spectra have been calculated theoretically 

[Fejer & Kuo,1975; Perkins et.al.,1974] for a uniform 
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medium and in the absence of an external magnetic field. 

[Perkins,1974] suggestes an additional type of para¬ 

metric decay instability whereby plasma waves from the 

saturation spectrum decay further into another plasma 

wave and a quasistationary wave with its k-vector perpen¬ 

dicular to the magnetic field direction. In this inter¬ 

action the nonlinear coupling is thermal rather than 

ponderomotive. The theory predicts a growth rate of 
-1 

''•'lO sec 

[Lee & Fejer,1978] derived a theory in which no ad¬ 

ditional parametric instability was invoked. They ob¬ 

tained short-scale striations as a result of the dissi¬ 

pation of randomly phased Langmuir waves in a locally 

homogeneous ionosphere. The problem is essentially sim¬ 

ilar to the problem of the production of low frequency 

noise by passing narrowband high frequency noise through 

a nonlinear device. The input noise in this case is the 

spectrum of parametrically excited Langmuir waves and 

the nonlinear device is the dissipation which is propor¬ 

tional to the square of the field strength. Their cal¬ 

culations show that the HF-pump field strength used in 

Platteville would have to be increased by a factor of 

'•w 4 to account for the irregularities observed in Plat¬ 

teville. 



40 

The other type of theory [Das & Fejer, 1979,-Grach et.al., 

1978; Vaskov & Gurevich,1977] assumes a linear transfor¬ 

mation of the electromagnetic HF-wave into longitudinal 

plasma waves due to the presence of field-aligned irreg-, 

ularities. Weak initial field aligned irregularities are 

assumed which may be produced by thermal fluctuations. 

The The HF-wave generates alternating polarization cur¬ 

rents within these density irregularities. These alter¬ 

nating currents serve as source currents to excite long¬ 

itudinal plasma waves propagating perpendicular to the 

geomagnetic field. This mechanism is most effective 

where the HF-freguency matches the upper hybrid reson¬ 

ance frequency. The plasma waves propagating perpendi¬ 

cular to the geomagnetic field dissipate energy into the 

irregularities such as to intensify the irregularities. 

[Das & Fejer,1979] derive an equation for the threshold 

electric field intensity of the HF-wave necessary to 

produce AFAS. As shown in section 4.1. this threshold 

electric field is a factor of '•"'lO larger than the low¬ 

est estimated HF-wave electric field strength which was 

observed to produce AFAS above the* Arecibo Observatory. 

[Vaskov & Gurevich,1977] calculated the threshold for 

the initial density perturbation necessary for the mech¬ 

anism to become effective. They found that the necessary 

perturbations are present in a natural ionospheric pla¬ 

sma 
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We finally estimate a theoretical value for the vertical 

extent of the region below the HF-wave reflection height 

within which we expect AFAS. Since all these theories 

(of either type) invoke plasma waves in their mechanisms 

(be they propagating parallel or perpendicular to the 

magnetic field), we assume that no AFAS are produced at 

heights where the plasma waves are heavily damped. Severe 

Landau damping is known to occur in regions where the 

phase velocity of the plasma waves is comparable to the 

thermal velocities of the electrons. 

Electrostatic plasma waves generated near the HF-reflec- 

tion height have a frequency f and obey the approximate 

dispersion relation; 

f 
HF 

2 
+ 

3* k 
B 
•T . 

e 

m 
e 

( if? ) 

If we assume a linear electron density profile below the 

HF-reflection height we may write; 

hence; Ah 
H 

Ah 
H 

3 

) 

where; v.. = thermal velocity = 
th 

'k *T V 

B e 

m 

v = phase velocity 
ph 

f 
HF X 
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If we assume that Landau damping becomes important when 

the phase velocity is less than ~4 times the thermal vel¬ 

ocity we obtain for the vertical extent of the inter¬ 

action region; 

1 TT 
Ah ~ J H 

or; Ah ~15 km 



3.2. The scattering of a probing radar from AFAS 

The following microscopic scattering theory which I de¬ 

rived in analogy to existing macroscopic theory [Booker, 

1959] is most easily understood with the help of Fig.3.1 

An oscillating electric field if! incident on one 
me. 

electron will set it in oscillating motion and produce 

an oscillating electric dipole; 

p = 

2 
e 

.2 
m • U) 

E. 
inc. 

where; 
P 

inc« 

A# i-uj-t 
p • e = oscillating electric dipole- 

moment of one electron. 
A# /V 

-i (k • r ) 
•*+ e -LI , , . ^. 
E^ •  —   = electric field mci- 

1 r*,I dent on electron. 

A# t ^ 
Ej • e • e = electric field strength 

at one distance unit 

from the transmitter T. 

£ 

o 

U) 

m 

e 

= propagation vector of transmitted radia¬ 

tion. 

= vector pointing from transmitter T to the 

scattering electrons. 

= unit vector representing polarization of 

the transmitted electric field. 

= static electric dipole moment. 

= 2-Tt-fR 

= mass of electron 

= charge of electron 
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The oscillating electrons then reradiate (scatter) the 

electromagnetic radiation. The magnetic field H re¬ 

radiated from an oscillating electric dipole is in the 

farfield approximation [Jackson,1975]; 

/V 

H 
4*TT*\/£O */^O' 

X? ) 

where; 
vector pointing from the scattering 

electron to the receiver R. 

k 
2 

propagation vector of scattered (re¬ 

radiated) wave. 

/"b = 
magnetic permeability in vacuum. 

= electric permittivity in vacuum. 

■ft = unit vector pointing in direction of 

scattered wave. 

And the time averaged Poynting vector in the farfield 

can be written as; 

S = — 
/to 

Re / 

( H • H ) 
A 
n 
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We may then write for the field produced at the receiver R 

from an element of volume dv which contains N(r)dv elec¬ 

trons each of which is radiating as an oscillating electric 

dipole; 

dHR = 

-i (k • r„) 
e 2 2' 

• ( X p* ) »N (~) • dv 

or after substituting for.p and consequently for and 

integrating over the scattering volume whose dimensions 

are assumed small compared to and R^ ; 

H
R - 

|~|2 2 
- N ,e 

4 -TT ♦ m • uj2 • 

•( * x ET ) 
mî).e-1(¥tl.e-i|V21 

PI 
dv 

The time dependence is not written out but is implicit in 

all field quantities. To do the integration over the scat¬ 

tering volume we redefine r^ and r^ with respect to a 

fixed origin 0 located within the scattering volume. We 

therefore substitute; 

A# 

+ r R r 

We may neglect r as compared to . and R^ in the de¬ 

nominator but not in the phases, since; 

k « r Rx or R2 
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We finally obtain for the Poynting flux at the receiver; 

At this point two important results to be considered in 

designing an experiment emerge. First the received signal 

strength depends on the angle between the electric field 

vector of the incident'wave and the propagation direction 

of the scattered wave. We define a polarization-angle X as; 

Second it becomes evident that the received signal re- 
AJ> 

presents one Fourier-component in k-space of the density 

distribution N (?) under consideration. This sets an im¬ 

mediate constraint on the scattering geometries that may 

be used in the case of field aligned electron density ir¬ 

regularities [Fialer,1974]. The requirement is the exis¬ 

tence of a Fourier-component for the density distribution 

N(r) in k-space that matches the scattering geometry,i.e; 

(A A \ 2 ,2 w n x e ) = sin X 
rp ' 

The scattering is assumed to be elastic; 
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After rearranging the vectors from the real world geometry; 

we finally deduce the well known Bragg's condition; 

|k^r | = 2 «|ltj-sin( G/2 ) 

which has to be satisfied by any successful scattering 

geometry that scatters from a plane structured scat¬ 

tering volume. 

Using Khintchine's theorem [Born & Wolf,1965] we may now 

rewrite the square of the Fourier transform of the density 

distribution in terms of a Fourier transform à" of the 

autocorrelation function ÿ(r*) ; 
c 

Js(r) • e-1 = s JN (r) * N (r + r ) • dv 

IN I2- ?[ Ç (r^)'] = V. |N|2 • P (k^ - k’j) v 
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where the autocorrelation function %(r* ) is defined as; 

/ N (r) • N (? + r ) • dv 

? (?) « 2   

J^N(r) r) | 2«dv 

and the mean variance in density is; 

dv 

and where P(k,-k ) is the Fourier transform of the auto- 
12 

correlation function \ (r*). 
c 

The Poynting flux at the transmitter is given by; 

S 
T 

JL 
2 

2 

The expression for the Poynting flux at the receiver then 

becomes; 

S 
R 

/Jo 

to 
v » IN) ^ 

(4 rt |rj)2 
- k^)*sin^X 

We now rewrite the bistatic radar equation in terms of 

the Poynting flux leaving the transmitter S,^ and the 

Poynting flux incident on the receiver S ; 
R 
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where; 
P 
T 
4-TC 

and; SR A 
R 

R 

P = power transmitted. 

P = power received. 
R 

G = gain of radar. 
R 

A = effective area of radar antenna.. 
R 

Comparing the two expressions for S we obtain for the 
R 

total scattering cross-section; 

^R  j)2'v -M2'P< -V-si"2X 
r. • m • c v*o 

Or we may write for the scattering cross-section per unit 

volume ,per unit solid angle and per unit incident power 

density; • 

G* = r^ • |NJ 2 • P ( - k^ ) • sin^ PC 

where; 2 
Q 

r =  — = classical electron radius 
e >1 . c 2 

4-TV*C0*m-c 

This is the same expression obtained earlier [Booker,1959] 

using a macroscopic approach. 

All theory so far was developed for any bistatic scattering 

geometry. 
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For the special case of backscattering which is of 

interest in this experiment we can make use of some 

simplifications ; 

X= 90° sm X 1 

k k. = 2 *k 
ir. 

Therefore the expression for the cross-section per 

unit volume, per unit solid angle and per unit inci¬ 

dent power density reduces to; 

G* = re
2 . JN|2 . P(2Î?) 

Also the radar equation can be simplified for back- 

scattering to the expression; 

PR = 

P • G ' A 
T R R 

2 2 
( 4-TT *R ) 

R 

which is the same equation as in section 2.2.C. 

(except for the transmission factor of the line). 

-The total radar cross section can then be expressed 

in terms of the radar cross section per unit volume 

and per unit solid angle as; 

tjR = 4-n • v • cr 



4; EXPERIMENTAL OBSERVATIONS 

4,1. Threshold power-density to produce AFAS. 

On the 6 June 1977 between 18:40 and 19:00 AST the HF- 

transmitter power level was changed to see what the ef¬ 

fects on the AFAS intensity were. This was done over 

time intervals of 3 to 5 min., short enough that the 

ionosphere could not have changed appreciably. During 

the same period the 50 MHz radar on Guadeloupe island . 

was looking for the appearance of AFAS. The observations 

are summarized in Fig.4.1.. As can be seen from Fig.4.1. 

a transmitted HF-power of il kW produced weak AFAS as 

detected with the Guadeloupe radar. A transmitted HF- 

power of 5 kW did not produce any detectable AFAS and a 

transmitted HF-rpower of 30 kW showed strong AFAS appear¬ 

ance (see signal strength of 50 MHz radar in Fig.4.1.a.. 

It seems justified to identify a transmitted HF-power of 

10 kW as the threshold power to produce AFAS. We can 

then calculate the power density incident on the iono*- 

sphere according to section 2.1.c. where we had; 

Substituting for the experimental conditions; 

P. 104 Watts h = 260 km 
HF 

H = 35 % (sect.2.1.c. for 

f_ = 6.875 MHz) 
HF 73'000 m 

2 
A 
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We obtain an incident power density of; 

(p = 2 pw/m2 

With a swelling factor as described in sect.2.1.e.; 

S = 
HF 6.875 

1.08 . 
= 6.4 

we have an effective power density of; 

(Peff= (P* S = 13 pW/i m 

Any absorption (refer to sect.2.1.f.) has been neglected 

and certainly can be expected to be small since the sun 

had set (no D-region absorption) and since 

(see datapoint labeled t in Fig.4.2.). 

We then calculate the electric field strength perpendic* 

ular to the geomagnetic field from the effective power- 

density using the procedure outlined by [Graham & Fejer, 

1976]. If the calculations are performed for the height 

where the HF-frequency matches the upper hybrid resonance 

frequency, the electric field strength perpendicular to 

the geomagnetic field equals; 

E a£ 60 mV/m 
perp 

Using equation (8) of [Das & Fejer,1979] the theoreti¬ 

cally predicted threshold of the electric field to be 

exceeded to produce AFAS can be calculated to be; 

E . 700 mV/m 
th 
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In these calculations an electron collision frequency of 

300 sec ^ was assumed and a scale height H of 60 km was 

estimated from the ionogram assuming a linear electron 

density profile in the vicinity of the interaction region. 

This theory[Das & Fejer,1978] therefore predicts a thresh¬ 

old electric field strength which is an order of magnitude 

larger than the electric field strength which was observed 

to produce AFAS. Uncertaities in the calculation of the 

experimental electric field strength may be a factor of 2 

or 3 but cannot explain the discrepancy. Absorption effects 

on the HF-wave would make the discrepancy worse. 



4.2. Measured scattering cross section 

As shown in section 2.2.c. one can express the echo power 

of the Guadeloupe radar as a Signal-to-Noise ratio; 

P 
R 

P 
N 

A 
R 

2 2 
( 4-TT-R ) 

n 

kB.T.E 

If we assume that the scattering volume does not fill the 

beam and that the power-gain is constant over all angles 

within the radar halfpower beamwidth, we can use the 

above equation to calculate the total radar cross section 

The range R and the Signal-to-Noise ratio are measured 

quantities and all parameters of the system are reason¬ 

ably well known. If the pulse length of the Guadeloupe 

radar is shorter than the dimension of the interaction 

region along the radar line of sight, we have to correct 

the total radar cross section for the volume that is not 

illuminated symultaneously by the radar pulse. 

Some calculated cross sections are shown in Fig.4.2. The 

data points are plotted in a scatter diagram that shows 

the influences of deviative and non-deviative absorption 

on the HF-wave (refer to sect.2.1.f.) and the resulting 

cross-sections. 

The vertical axis is an indicator of deviative absorption 

with absorption increasing monotonically as f^/fQF2 

approaches unity. 

The horizontal axis is a measure of non-deviative absorp¬ 

tion with the absorption decreasing as the solar zenith- 

angle increases with time in the late afternoon. 
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The upper left-hand corner of the diagram is the domain 

where both types of absorption are strong and indeed 

this is where we find the weakest cross sections measur¬ 

ed. The lower righthand corner is the domain where nei¬ 

ther absorption is strong and this is where we find the 

strongest cross sections measured. This indicates that 

absorption of the HF-wave is very effective in reducing 

the intensity of AFAS. 

The largest radar cross sections that were measured 
3 2 

during this experiment were on the order of 10 m 

This is 4 to 5 orders of magnitude smaller than the 

radar cross sections of the AFAS that were observed 

over Platteville with the same radar frequency of 50 MHz 

[Carpenter,1974;Fialer,1974]. 

The HF-wave power density used at the Arecibo Observa¬ 

tory is about a factor of 10 less than at Platteville. 

The experimentally measured radar cross section due to 

AFAS is about 10 dB lower if the HF-wave power density 

of the Platteville HF-facility is lowered by 10 dB 

[Fialer,1974,p.936]. We therefore expect a drop in the 

radar cross section due to AFAS which are produced in 

the ionosphere above the Arecibo Observatory which 

amounts to a factor of about 10. 

There remains a large discrepancy between AFAS intensity 

as measured at Platteville and at the Arecibo Observatory. 

This discrepancy could be expected from theories which 

explain the production of AFAS in terms of the trans¬ 

formation of HF-waves into Langmuir waves in the presence 

of density irregularities. This transformation occurs 

near the upper hybrid resonance and the Langmuir waves 



produced propagate perpendicular to the geomagnetic 

field. It was shown [Mityakov et.al.,1976]* that the 

transformation of the HF-pump wave into Langmuir waves 

propagating perpendicular to the geomagnetic field is 

strongly suppressed at the geomagnetic latitude of 

Arecibo. This is due to the fact that the ordinary 

mode HF-wave changes from quasilongitudinal propaga¬ 

tion to quasitransverse propagation bélow the height 

of the upper hybrid resonance. 

*) Note that the title of that paper (translation) is 

in contradiction with the content of the article. 
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4.3. Determination of the striation length. 

As can be seen with the help of Fig.2.1. we can deter¬ 

mine the location of the most intense scattering if we 

know the height of the interaction region and the range 

from Guadeloupe. The height of the interaction region is 

determined from plasma line observations using the 

430 MHz incoherent backscatter radar (see section 2.4.a.) 

and the range from Guadeloupe is measured by the delay 

time of the radar return. The observed location of strong¬ 

est 50 MHz radar echo varies horizontally within the HF- 

beam for.a given interaction height. The range where the 

Guadeloupe radar sees the most intense echo can be deter¬ 

mined with an accuracy of - 5 km. The height of the in¬ 

teraction region can be determined with about the same 

accuracy. One may then calculate the angle of incidence 

sÀ^nc °f the Guadeloupe radar ray bundle which probes 

this location of most intense 50 MHz backscatter. The 

angle of incidence ol. is defined as the angle between 
me. 

the vertical and a ray bundle of the Guadeloupe radar. 

The angle of incidence needs to be corrected for ionoe 

spheric refraction which is easily done with the help 

of Table 2.5. The final goal is to determine the angle 

^ between the magnetic field and a ray bundle of the 

Guadeloupe radar from the angle of incidence. This is done 

by applying the definition of the vector dot product to 

the vectors li and G ; 

B * G = B* G -cos Y = & *G + B * G + B 'G I I I 1 Ô xx y y z z 
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These vectors are shown in Fig.4.3. where a local xyz- 

coordinate system is oriented such that the x-axis is 

pointing towards magnetic east, the z-axis is pointing 

to the magnetic south and the y-axis points vertically 

upwards. The vector G represents a ray bundle of the 

radar beam from Guadeloupe and ^ represents the magnetic 

field. The origin is centered within the scattering 

volume. 

We deduce from Fig.4.3. for the different components; 

B = 0 
«%* 
G = - G *sin e£. • sin 'S X X me. 

II - B»sin I GT = G*cos «(. 
y y me. 

S’ = or - B*cos I G = - G»sin «£. .cos ID 
z Z me. 3 

After substituting for the components into the dot 

product and some cancellation we arrive at the follow¬ 

ing equation; 

cos y» = - sin I • cos cl. + cos I » sin cl. • cos *D 
0 inc. inc. 3 

o 
If Y*= 90 we have Guadeloupe radar back-scattering that 

is perpendicular to the geomagnetic field. If y* is dif- 
o 

ferent from 90 we obtain the off-perpendicular angles 

by subtracting 90° from 

These off-perpendicular angles were determined on the 

same data points which are shown in Fig.4.2. Their label 

(small characters a through h) has been carried over into 

Fig.4.4. where the location of most intense scattering 

is displayed for each data point. Also shown are the HF- 

beam (for f =7.8 MHz) and the Guadeloupe radar beam. 
HF 
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Fig>4,3« Aspect angle of incident ray with respect to 

the magnetic field vector. 

I = magnetic dip angle 

= magnetic field vector 

= direction of incidence from GR 

= angle between G and B (measure of aspect-angle) 

^L^nc — angle of incidence of ray (refered to perp.over AO) 

(o = azimuth of incident ray in geomagnetic coordinates 
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The upper number on each data point indicates the radar 

cross section and the lower number indicates the angular 

difference from perpendicular backscatter. The off-angles 

vary from 2.8^ (datapoint a) to -1.8° (datapoint e) and 

span an angular range of 4.6° . It should be noted that 

these limits on angles might not be the true limits, but 

lower limits due to the restricted number of data points 

available. There is also an uncertainty in the angles of 
o o 

1.0 to 1.5 due to the horizontal beamwidth of the 

Guadeloupe radar and due to the finite size of the scat¬ 

tering volume. We are then left with angles that are off 
o o 

perpendicular by at least 1 to 2 

The length of a striation L can be determined by moving 

an angle Tlim. away from the perpendicular to the stri¬ 

ation until the echo disappears. This will be the case 

when the pathlength from one end of the striation to the 

observer is longer than the pathlength from the other end 

to the observer by a quarter wavelength thereby producing 

destructive interference in the two way signal. Hence the 

angle ■*-s related to the striation length by; 

\/U A / 4 
ûlim.^ L 

where; L = striation length. 

angle off perpendicular [radians] where 
backscattered signal disappears. 

X = radar wave length = 6 m 

We therefore estimate for = to a striation 

length L of 100 m to 50 m . 
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Location of 50 MHz backscatter within the HF-beam. 

HF- and radar-beam do not include refraction effects. 
Data points include ionospheric radar beam refraction. 

Fig.4.4 



4.4. Response times 
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During some periods thé HF-transmitter was turned on for 

2 minutes and then turned off for 2 minutes, repeating 

this cycle for an extented period. The Guadeloupe radar 

observed echoes come and go within less than 10 seconds 

after heater turn on and off. No absolute timing was at¬ 

tempted between Arecibo and Guadeloupe. We therefore 

cannot deduce accurate AFAS build-up and decay behaviour. 

One period consisting of 5 on/off cycles is illustrated 

in Fig.4.5. where the radar cross section 0” and the HF- 
R 

power switching pattern are displayed as a function of 

time. From that figure one concludes that AFAS built up 

and decayed within 10-15 sec. of the corresponding change 

in the heater power. The integration time for the Guade¬ 

loupe radar return is 10 sec. in that figure. 

Observing AFAS with the Guadeloupe radar and a time 

resolution of 10 msec, (i.e.; resolving each individual 

radar pulse) one observes what is shown in Fig.4.6. This 

data was taken when the HF-transmitter was continuosly on 

for 2 minutes. In Fig.4.6. one sees ~8-10 bright 'patches' 

indicating that the range to the location of backscatter- 

ing constantly changes on the order of 20km within a frac¬ 

tion of a second. Plasma motion within the ionosphere has 

velocities much less than 20km/sec. This suggests that 

what we observe are not real motions but that AFAS build 

up in hot spots and decay again having lifetimes of a sec¬ 

ond or less. The hot spots could be formed by the inter¬ 

ference between the HF-electric field transmitted by the 

HF-transmitter and the electric fields of the HF-waves which 

are reflected from the ionosphere. In most experiments some 
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smooth horizontally stratified ionosphere with a continu¬ 

ously increasing electron density profile is assumed and 

the electric field structure of the HF-waves is described 

as a standing wave. The power contained in a standing 

wave is dependent on the separation between the HF-trans- 

mitter and the ionospheric reflector since the electric 

fields of the upgoing and downcoming travelling waves 

can interfere constructively or destructively depending 

on their phase relationship which is determined by that 

separation. If the separation is favorable for construc¬ 

tive interference a hot spot developes. Vertical motions 

of the order of 20m (1/2 of the HF-wavelength) in the 

ionosphere can change the separation in such a way that 

the electric fields destructively interfere and the hot 

spots disappear. These changes in the ionosphere could 

be caused by the HF-wave itself or they could be naturally 

present. 

The vertical bars superimposed on the AFAS'patches' and 

having a frequency of occurence of 22 Hz are the result 

of sampling the real and the imaginary part of the complex 

signal not at perfect phase quadrature. If we sample the 

complex, field of the scatter return with perfect quadrat¬ 

ure then the signal strength is represented by: 

E (t) = A*[ cos (2TT* f *t) + i* sin (2*TT *f »t) ] 

where; E(t) = complex electric field strength 

A = amplitude of. electric field 



69 

and the resulting power is a constant since; 

P(t) =* J E (t)| = A • [cos^2‘TT*f • t)+sin^2-*TT-f *t) ]= A^ 

If we sample at a phase offset & from perfect quadrature 
then the phase is replaced by; 

i*( e*^ ) = i*( cos b +i*sin& ) 

The complex signal strength is now given as; 

E(t) = A • [cos (2*TT 'f-t) + i ♦ sin (2*TV *f't)*(cos £ +i*sini )] 

and the power now contains a time dependence; 

P(t)=|E(t)| 2= ^[cos (2*n *f • t) -siné • sin (2*TT‘f »t) + 

[cos <$ « sin (2*7I-f *t) 

which reduces to; 

P (t) = A^-^l - sin<S • sin [2*TT* (2f) * t]^- 

Now if f corresponds to the doppler frequency (after tak¬ 

ing out the radar frequency ) then P(t) oscillates at 

twice the doppler frequency. Hence a 22 Hz oscillation in 

P(t) corresponds to a doppler frequency of 11 Hz which 

corresponds to a motion of 33 m/sec. Such a velocity was 

indeed deduced from the frequency spectra for that period. 
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4.5. Effects of HF-frequency modulation on AFAS. 

It was shown by Lewis Duncan ( to be published ) that 

HF-frequency modulation can suppress the intensity of 

HF-enhanced plasma waves (section 2.4.a.) by redistri¬ 

buting the energy over a larger bandwidth. No effects 

of HF-frequency modulation on AFAS intensity have been 

observed, when the peak frequency variation was on the 

order of a few kHz and the modulating frequency a frac¬ 

tion of 1/2 to 1/10 of the peak frequency variation, 

corresponding to a modulation index between 2 and 10. 

In Fig.4.7. a period is represented during which the 

effects of HF-frequency modulation on the Guadeloupe 

radar echo strength were studied. 

Unfortunately there are no 430 MHz incoherent backscat- 

ter measurements on the intensity of the HF-enhanced 

plasma waves available for that same period. 

The suppression of HF-enhanced plasma waves is achieved 

by redistributing the HF-energy over a larger bandwidth 

such as to reduce the HF-energy at a given frequency 

below the energy threshold for the parametric decay in¬ 

stability. Eventually plasma waves are enhanced less. 

Theories which explain the production of AFAS as a con¬ 

sequence of parametrically enhanced plasma waves [Lee & 

Fejer,1978;Perkins,1974] would suggest an effect of the 

HF-frequency modulation on AFAS intensity. 

The other theories [Das & Fejer,1979;Grach et.al.,1978; 

Vaskov & Gurevich,1977] which explain the production of 

AFAS as a consequence of the HF-wave transformation into 

Langmuir waves near the upper hybrid resonance would 





only predict a slight (few meters) height variation of 

the interaction region but no AFAS-intensity changes. 

These present observation therefore favor the later 

theories. 
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4.6. Correlations between the 50 MHz radar echoes and 

the 430 MHz incoherent backscatter. 

The intensity of the 50 MHz radar echoes due to the for¬ 

mation of AFAS is shown in Fig.4.1.a. for a time period 

during which the HF-transmitter power level was changed 

as shown in Fig.4.1.b. This data was already discussed 

in section 4.1. For the same time period the intensity 

of the plasma lines (section 2.4.a.) measured with the 

430 MHz incoherent backscatter radar are shown in Fig. 

4.1.c. When the HF-power transmitted is 50 kW or 30kW 

the 430 MHz radar at AO measures strong plasma lines 

and the Guadeloupe radar receives strong echoes. This 

indicates that plasma waves are enhanced and AFAS are 

formed. When the HF-power transmitted is 11 kW the 430 

MHz radar at AO measures weak plasma lines and the Gua¬ 

deloupe radar receives weak echoes. This indicates that 

plasma waves are still enhanced and that AFAS are not 

as intense but still forming. When the HF-power trans¬ 

mitted is 5 kW the 430 MHz radar at AO sees no enhanced 

plasma lines and the Guadeloupe radar receives no ech¬ 

oes. This indicates that no plasma waves are enhanced 

and that no detectable AFAS are produced. These obser¬ 

vations suggest that the energy density threshold to 

be exceeded for the parametric decay instability and 

for the production of AFAS are very similar. This would 

be expected on the basis of the theories which explain 

the production of AFAS as a result of parametrically 

excited plasma waves [Perkins,19747Lee & Fejer;1978]. 



It should be realized that the volume probed by the 

430 MHz radar (halfpower beamwidth ^1/6°) is only a 

small section of the volume seen by the Guadeloupe 

radar. At F-region height the volume probed by the 

430 MHz radar can be approximated as a vertical cyl 

inder of /^800 m diameter. 
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5. CONCLUSIONS AND DISCUSSION 

When the HF-transmitter was switched on and off in 2 min. 

intervals, AFAS appeared and disappeared within less than 

10 seconds (section 4.4.) indicating that the AFAS were 

indeed produced by the HF-transmitter in Arecibo. 

When the HF-power level was changed, AFAS were produced 

and the plasma line was enhanced for a transmitted HF- 

power of 11 kW. For a transmitted power of 5 kW no AFAS 

were detected and the plasma line was not enhanced. These 

observations (section 4.6.) suggest that AFAS and the 

parametric decay instability have similar excitation HF- 

power thresholds, an observation that supports theories 

which explain the production of AFAS in terms of plasma 

waves produced by the parametric decay instability [Lee 

& Fejer,1978;Perkins,1974]. 

The electric field strength necessary to produce AFAS 

was estimated from observations of the HF-power which 

marginally produced AFAS (section 4.1.). This electric 

field strength is by a factor of ~10 lower than the 

threshold electric field strength predicted by one theory 

which explains the production of AFAS as a consequence 

of the HF-wave transformation into longitudinal waves 

near the upper hybrid resonance [DAS & Fejer,1979]. 

The largest cross sections due to AFAS that have been 
3 2 

measured with the Guadeloupe radar are 10 m (section 
7 8 2 

4.2.) as opposed to 10 or 10 m as measured over 

Platteville. As was mentioned in section 4.2. these 

observations could be expected by theories which explain 
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the production of AFAS in terras of the HF-wave transfor¬ 

mation into Langmuir waves propagating perpendicular to 

the geomagnetic field near the upper hybrid resonance 

height [Das & Fejer,1979;Grach et. al.,1978? Vaskov & 

Gurevich,1977]. 

Also the fact that scattering from plasma waves propaga¬ 

ting perpendicular to the geomagnetic field was observed 

[Carpenter,1974;Minkoff et. al.,1974;Minkoff & Kreppel, 

1976] strongly suggests that a linear HF-wave transfor¬ 

mation into Langmuir waves propagating perpendicular to 

the geomagnetic field is responsible for AFAS production. 

The response time of AFAS appearance to HF-power turn-on 

and the decay time of AFAS after HF-power turn-off agree 

with all theories to the extent of the Guadeloupe time 

resolution of 10 sec. 

A striation length of ~100 m (section 4.3.) seems to be 

shorter than theories predict. 
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