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ABSTRACT 

An experiment to heat the lower ionosphere by irradiating 

it by a 40 MHz transmitter shows an apparent cooling of the 

ionosphere below 90 km altitude. Considering the interaction 

of the radio wave with the ionospheric electrons cooling 

would hardly be unexpected. This apparent paradox.is explained 

using a two fluid continuum theory of incoherent scattering 

which includes unequal electron and ion temperatures. This 

analysis demonstrates the expected heating and permits an 

electron density and collision frequency profile below 100 km 

to be obtained. The results are obtained using a library of 

contour plots prepared for this purpose. The library will be 

useful in future experiments. 
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1. INTRODUCTION 

1.1 The Experiment 

The experiment uses a 40 MHz transmitter to heat the lower 

ionosphere. The change of the ionospheric parameters due to the 

heating are measured using a backscatter radar operating at 

430 MHz. Figure 1.1 shows a simplified diagram of the 

experiment. 

TABLE 1.1 

NORMAL OPERATING SPECIFICATIONS OF TRANSMITTERS 

Transmitter 40 MHz 430 MHz 

Half-power beam width • ‘ *' 2.1° 0.2° 

Peak power 1 MW ~ 2.4 MW 

Pulse length 0.1 to 5 ms 40 |j,.s 

Effective aperture 4 2 
2.2 x 10 m 1.7 x 104 m^ 

Gain 31.4 db 45 db 

Max. duty factor 4% 6% 

The 430 MHz analyzing beam is completely contained in the 

40 MHz heating beam (Figure 1.1), so that the analyzed heated 

volume is relatively homogeneous. 
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Fig. 1.1 Simplified diagram of the experiment 
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In a small volume of the heated region the electric 

field from the 40 MHz transmitter will induce a periodic 

movement to the electrons. The collisions between the 

electrons and neutral particles will randomize the electron 

periodic motion, and the small electron mass compared to the 

neutral particles will prevent this thermal energy from being 

immediately dissipated. Therefore the electron temperature 

can increase by 50 to 500°K. The same happens with the ions 

but because they have greater mass the change in temperature 

will be too small to measure. Also they cannot reach thermo¬ 

dynamic equilibrium with the electrons during the short time 

the heating electric field is'present. Due to the higher 

collision frequency at lower altitudes only the D and E 

region will be significantly heated (below 120 km). 

The 40 MHz transmitter is operated in a pulse mode 

(pulse length from .1 to 5 ms) and at the same time the 430 MHz 

transmits short pulses. After each 430 MHz pulse is transmitted 

a receiver detects the backscattered power that measures the 

ionospheric parameters. Due to interference problems the 

430 MHz receiver is blanked off during the heater pulse, but 

it is possible to receive the backscattered signal before 
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and after the heater pulse. 

Bearing in mind that both transmitters have different 

frequencies and separating the electron movement in two 

widely different spectral regions, the effect of the 430 MHz 

transmitter is the following in very simple words: The 430 MHz 

electric field wave will impart an oscillatory motion to the 

electrons which in turn will radiate in all directions, 

including back to the receiver. The backscatter power is 

almost proportional to the electron density and the signal 

spectrum is dependent on the electron and ion temperatures, 

collision frequencies, composition and drift velocity of 

the plasma. Thus the 430 MHz radar acts as a diagnostic 

probe to measure the various plasma parameters. 

1.2 Heating Processes 

-- The ionosphere is heated by absorption of energy from 

the 40 MHz beam. The power absorbed per unit volume,Q,is 

given by 

Q = i Rjor} E2 (1.1) 

where a = conductivity 

E = peak electric field 
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In general the conductivity should be represented as 

a tensor due to the presence of the magnetic field, but in 

this experiment where the operating frequency is 40 MHz and 

the electron gyrofrequency is close to 1 MHz, the conductivity 

can be taken to be a scalar. 

The classical Appleton-Hartree magnetoionic theory 

(Ratcliffe, 1962) gives an approximation applicable to this 

experiment (h > 50 km) 

c N e v 
Re [<r] = | & (1.2) 

in ou e 

where the 5/2 is a correction factor introduced by Sen-Wyller 

(1960) to account for the energy dependence of the collision 

frequency. The parameter v^. is the electron neutral collision 

frequency for monoenergetic electrons. Thrane (1966) found 

empirically for low altitudes (50 to 90 km) 

VM = 8x10 P (Hz) (1.3) 

-2 
where p is the atmospheric pressure in Nm . Note that v 

is proportional to the thermal energy density. 

The magnitude of the E-field at a particular height can 

be calculated knowing the transmitter and antenna character¬ 

istics. Using the radar equation (MKS units) and neglecting 

* Symbols are defined on page 41. 
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absorption 

E2(h) P40Ae 
H —21 h2?? (1.4) 

where AQ is the effective aperture. The 40 MHz wave at¬ 

tenuation is negligible in the D and E regions. From 

equations 1.1, 1.2, and 1.4 the power deposited per unit 

volume assuming A = 2.2 x 10* m is given numerically by 

Q = 1.64 x 10 29 NvM(i^ P40 (w/m
3) (1.5) 

where the units are: N(cm“3), ^(Hz), h(km), P4Q(MW). 

The increase in temperature is determined by the power 

deposition and by the power loss. At low altitudes (less 

than 200 km) the collision losses dominate and the conductivity 

losses are negligible (Whitten and Poppoff, 1965). So the 

thermal equilibrium equation as currently discussed by Fejer 

(1970) is given by 

dt '= Q - (U - U )G^ v o' M M (1.6) 

where U = 3NxT/2 electron energy density 

UQ = undisturbed electron energy density 

GM = fractional excess electron energy loss factor. 

If a constant heat input Q is applied, the electron 

temperature will have an approximate exponential increase 
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with time constant (or thermal relaxation time) 

T = (G..v..) ^ M M 

Typical values are given in Table 1.2. After a time long 

compared to the relaxation time, the electron temperature 

reaches a steady state value T , given by s s 

AT = T ss ss 
m 2QT T = —- 
o 3K 

where TQ is the temperature when there is no heater on. 

Substituting (1.5) and numerical values, the change in 

temperature is 

2 -3 
ATss = 158 x P4Q(^) (

5-"g — ' ) (t » T) (1.7) 
M 

where the units are AT(°K), P4Q(kw), h(km). A typical temp¬ 

erature change at 100 km is 160°'K* where TQ 200°K. 

For short pulses (t « T) we have the other limiting 

case. Assume that the electron density does not change 

significantly during the time periods when the heater is 

on (up to 5 ms), and integrate (1.6), then the electron 

temperature is approximately given by 

AT (t) AT t/T 
b b 

the numerical substitution gives 

AT (t) = 7.9 x 10-4 P40(^p) t vM (t « T) (1.8) 

where the units are: AT(°K), P.-(KW), h(km), t(ms), v (H ). 
4U M Z 
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A typical temperature change at 100 km is 10°K, for 5 ms. 

Note that the temperature changes given by (1.7) and 

(1.8) are independent of electron density. Note also that 

while Q and AT are independent of the heater frequency, the 

much shorter 430 MHz pulse cannot give a significant heating 

effect. 

1.3 Backscatter Power 

The observations were made using the 430 MHz radar system 

at Arecibo. The structure, capabilities and operations of 

the backscatter facilities of the National Astronomy and 

Ionosphere Center are described by Gordon and LaLonde (1961). 

The theory of incoherent scatter is described by 

Dougherty and Farley (1960), Rosenbluth and Rostoker (1962) 

and a summary of incoherent scatter is given by Evans (1969) 

and Farley (1971). 

In Chapter 3 will be outlined in some detail the back¬ 

scatter cross section, CTt» but it is sufficient for now to 

use the following approximation: 

= —-—zy +  ? 2 ^ 5— (1.9) 
Nre 1 + a (1 + a ) [1. + a (1 + 0 )] 

2 
where R = T /T. e l •. 

-1 
o? = (kAD) normalized Debye length 

Other symbols are defined in the Symbol Table. 
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The first term is called the electron component of the 

backscatter cross-section and the second one the ion component. 

The backscatter signal has a spectrum centered at the 

transmitted frequency (if there is no plasma drift) as shown 

in Figure 1.2. The power returned near the transmitted 

frequency (uu ) is called the ion line, and is the one that 

contributes to the ion component. It corresponds to the 

waves scattered by the longitudinal ion-acoustic waves 

broadened by Landau damping. The two peaks separated from 

the ion line, by approximately the plasma frequency, cy , 
P 

are called the plasma lines, and contributes to the electron 

component. They correspond to scattering from the longitud¬ 

inal plasma waves broadened by Landau damping. 

For large oi (high altitudes, daytime) and knowing that 

2 
0 is of the order unity the ion"component gives a contribution 

2 
of the order of a /2 times the electron component. For low 

altitudes where G? < 1 (85 km) the ion component is smaller 

2 
by an a factor. Figure 3.1 shows a typical dependence of o' 

on altitude for a model ionosphere. 

The backscatter power given by (1.9) is a function of 

electron density, electron and ion temperatures through the 

a and 0 dependence. With a fixed it decreases with increasing 

0 (Fig. 1.3). For a » 1 an increase of 10% in electron 

temperature Tg leads to a reduction of 5% in backscattered 



Fig. 1.2 Diagrammatic sketch of the differential 
backscatter cross section 

Fig. 1.3 Total backscatter cross section versus 
TQ/T^ from (1.9) in terms of parameter ot 
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power. With the heater off, below 130 km, 3=1 (Wand, 1970). 

With the heater on Tg should increase and 3 will be greater 

than one so it would be expected that the returned power would 

decrease when the ionosphere is heated. The experimental data 

(Fig. 2.3) shows that this is not always true. This will 

be discussed further in Chapter three, including the collision 

dependence of the backscatter cross section, which is an 

important parameter in the lower ionosphere. 

TABLE 1.2 

TYPICAL IONOSPHERIC PARAMETERS 

(N. Mechtly and Smith, 1968; v^/ Thrane, 1966; T^, U. S. 

Standard Atmosphere, 1963) 

Height (km) 50 60 70 80 90 100 

N(cm ^) 1 4X101 102 3xl02 3xl03 4xl04 

/ -lx 
VM(S > 4xl07 107 2xl06 5xl05 105 2x104 

T (ms) 0.003 0.01 0.04 0.2 1 10 

XD(cm) 113 17 10 5.3 1.7 0.5 

T± (°K) 270 255 215 180 183 200 

vi(s“
1) 107 3x106 9xl05 2xl05 3xl04 5x103 
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2. HEATING EXPERIMENT 

2.1 Procedures 

Measurements were made using long and short heater 

pulses (Figures 2.1a and b). 

With the long pulse (t^Q » T) the electron temperature 

has time to nearly reach the steady state T given by (1.7). 

Immediately after the 40 MHz heater transmitter is turned 

off/ the 430 MHz beam probes the heated region with a 6 km 

height resolution. 

With a short heater pulse (t^Q «T ) the electron temper¬ 

ature increases with time, and when the heater pulse is turned 

off the electron temperature decays almost exponentially with 

time. Using a series of pulses, the backscattered power at 

successive times can be measured giving the decay response 

of the heated region, with a 6 km height resolution. 

Note that a given heater pulse can be short or long at 

different heights compared to the local T. A 5 ms pulse is 

short above 110 km but long under 90 km. 

With a short heating pulse, by comparing samples before 

heating and after heating, the power variation due to the heat¬ 

ing is measured, and thus the fractional temperature change. 



measurements 

Pulse heating sequence for: a) long pulse; 
b) short pulse 

Fig. 2.1 
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From the fractional temperature change just after the heat¬ 

ing is obtained. Having a series of fractional temper¬ 

atures for time intervals after the heating, the relaxation 

time T is obtained. Combining T and the excess energy 

loss Gj^s calculated. These results are described in detail 

by Showen (1969). 

With a long pulse the fractional temperature change 

AT/T right after the heater is on, should give G^directly. 

But the calculated negative AT/T could not by explained 

and so the data was presented without interpretation. 

Because the backscatter signal is very weak, it is 

necessary to run several heated'-and unheated sequences to 

average over a large number of samples. The variation of 

the power is given by c ^ (S + N)//n where n is the number 

of samples, typically 12,000 over a time interval of 10 minutes. 

S/N is the signal to noise ratio. 

2.2 Data 

A sample of the heating data for three different days 

showing the fractional variation of power is shown in Fig. 2.2, 

where 
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A p 
~F = 100 x 

PH - 

P = backscattered power with heating 

PQ = backscattered power without heating. 

Above 90 km A P/P could be explained well using (1.9). But 

below 82 km for the 6 Jan 70 data, for example, showed a 

positive reversal that was not expected from the equation, 

as Fig. 1.3 indicates. This reversal showed up on most of 

the 5 ms and some of the 2 ms heater pulses runs, but did 

not appear in most of the shorter heating pulse experiments. 

The 40 MHz wave interaction with the electrons could not lead 

to a decrease in electron temperature. We shall see that the 
.r 

reversal can be predicted with an increase of electron temper 

ature..... The effect is partly due to the change of ot when Tg 

increases and also due to the effect of collisions that was 

not included in (1.9), but which is very important at lower 

heights. 

In the altitude range of 90 to 110 km the measured v^, T 

Gjyj agreed well with values reported in the literature. Under 

50 km the Arecibo equipment 'has an intrinsic limitation due 

to receiver recovery distortion, distant mountain ground 
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clutter and echoes from airplanes. 

Between these ranges the subsequent sections should 

apply. 
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3. BACKSCATTER THEORY FOR THE LOWER IONOSPHERE 

3.1 Introduction 

This section will present an outline of the theory of 

incoherent scattering which will be used to explain the 

reversal. 

The simple picture of the EM-wave being scattered by 

individual free electrons must be abandoned in favor of a 

more general approach where the EM-wave is scattered by 

electron density irregularities. In a perfectly homogeneous 

plasma (Te = 0), even though each electron produces a scat¬ 

tering, there is a total destructive interference and no 

power is scattered. * r 
v 

The electron density fluctuations of the plasma can be 

Fourier decomposed in space and time. The backscatter signal 

can be thought of as the sum of the backscatter from all 

Fourier components of the electron fluctuations in space. 

For a given EM-wave of wavelength X , due to constructive 

and destructive interference, the backscattered peak power 

will be from the irregularities for which X - XQ/2 (k = 2kQ), 

and the differential backscattering cross section at> is given 

by (Dougherty and Farley, 1960) 
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2 i | 2 
%(UJo ±C0)<3(W = rQ V < |AN(2kc,w) | > dm 

where V = volume 

co G = emitted angular frequency 

<| AN (2kQ, w) | 2> = time averaged power density spectrum 

at k = 2k 
o 

Thus (X b is a function of how the density fluctuations change 

in time. 

The electron density fluctuations come from the thermal 

agitation, whose spectrum can be calculated using the Nyquist 

theorem (Dougherty and Farley, 1960). For a linear system 

the admittance function Y(tu) is the ratio between the response 

I ) and the applied force F('u;)-; The Nyquist theorem states 

that the time spectrum of the system response, without the 

driving force, in thermal equilibrium is given in terms of 

the admittance by 

<|l(w)|2> = Re[Y(u))|KT/TT 

where T is the equilibrium temperature. For backscatter, 

the system is the plasma and the response is the electron 

velocities. 

Knowing the velocity spectrum, using the continuity 

equation, the electron density spectrum fluctuation is 

obtained. 
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The admittance function can be calculated in different 

ways. The one used here is to solve a linearized system: 

Maxwell's equations, the conservation of charge momentum 

and energy equations and finally the state equation. This 

will give a linear relation between the particle velocities 

and the oscillating longitudinal force applied to the 

electrons. 

In summary, the velocity fluctuation of the plasma can 

be calculated knowing the response of the plasma and the 

Nyquist theorem. The density fluctuations of the plasma 

are related to the velocity fluctuations by charge conservation. 

The differential cross-section is directly related to the 

power density spectrum of the electron density at twice the 

emitted EM-wave number. The total cross section is obtained 

by integration over the frequency space. 

For the lower ionosphere (below 100 km) the plasma is 

collision-dominated and the artificial heating in the experi¬ 

ment destroys the thermal equilibrium between ions and 

electrons. A backscatter theory that meets the conditions 

of the experiment is given by Seasholtz and Tanenbaum (1969). 

They use a two-fluid continuum model to calculate the plasma 
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admittance and a Nyquist quasi-equilibrium theorem (Farley, 

1966) to obtain the incoherent scattering differential 

cross section. 

3.2 Backscatter Cross Section 

The differential cross section obtained by Seasholtz 

and Tanenbaum (1969) used in the calculations is given by 

(3.1), which is valid for unequal electron and ion temper¬ 

atures (T / or P 1) . This equation provides a good 

description if the ion-neutral mean free path is less than 

the wavelength of the incident wave, which is valid in the 

lower ionosphere (below about 100 km) with no magnetic 

field. (From Seasholtz, 1971, the effect of the magnetic 

field is negligible in our case.) 

The total backscattered power cr^ is given by 

where f(u>) is a filter function representing the receiver 

response, and cr^ is the differential cross section given by 

ab(% + = Nre TY + zel
2 (3.1) 
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where 

Y 
2y 

O' Zi 
P^C^H-Z. 

for s = i,e 

index 1 = ion 

e = electron 

Z_ = 

A = 

a _ 

(3.2) 

-1 2 
A + 2i0 s [ i|r +2 (3ds ijr ) 1—20 (3.3) 
s *■ S s M 

1 + i(5c«/3as) 

1 + i(w/j ) 
s 

2m y 
s s 

m 4m 
s' n 

+ 5^2VS2 

2CSVS 

(3.4) 

(3.5) 

ci = di 

and where 

2 and c0 = dg = 1 

= neutral temperature 

P2 = Ta/Ti 

k = 4n/X = twice the wave number 

a = (k\D) \ ^ 

6 1 
=" Debye length 

e 

0) 
0S - = normalized Doppler shift 

s 

vs 

(3.6) 

(3.7) 

= 1^7— = normalized collision frequency (3.8) 
s 

2KTa.h Vg = ( s-) = most probable speed 
s 

The a parameter is proportional to the incident wave 

length divided by the Debye length. If <y >1, over a Debye 

length the incident EM-wave will be almost constant in space 
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and the scattering cannot be regarded as from the individual 

electrons, but instead is best thought of as arising from 

density fluctuations. If O' < 1, the electrons act as free 

independent particles and the spectrum is Gaussian shaped, 

characteristic of the thermal motion of the electrons. 

The parameter 0 represents the normalized Doppler shift 

of the incident wave due to the scattering by the density 

fluctuating plasma waves, moving in the incident direction. 

The parameter i|rg can be written proportional to the ratio 

between the incident wave and the particles mean free path, 

L, 

X 
* = m-L , ■' " 

thus representing how much larger the wave length is compared 

to the mean free path. 

Figure 3.1 shows a typical height variation of the 

normalized parameters. It is important to check the altitudes 

where the parameters are unity. They are compiled in Table 

3.1 for a model ionosphere. 

TABLE' 3.1 

HEIGHTS AT WHICH a, ♦ ARE UNITY 

a ■f. *. e l 

HEIGHT (km) 85 85 100 



100 

90 

80 

TO 

60 

50 

height (Km) 

)0I 

ig. 3.1 Typical profile of a, <|f , * 
e i 



Differential scattering cross section 
spectrum at different heights (32 = 1) 

Fig. 3.2 
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As all the subsequent work will deal only with the 

backscatter spectrum up to 40 kHz, because of the receiver 

filter, the remaining part will discuss only the spectrum 

of the ion line that comes from the scattering from density 

fluctuations from the longitudinal acoustic-ion wave. 

Figure 3.2 shows plots of differential cross sections 

versus frequency for different altitudes, using equation 

(3.1) with T0 = T^. Notice that the width of the spectrum 

decreases as you go down in altitude due to the collisions, 

that decrease the phase velocity of the ion acoustic waves. 

The wide base has a width corresponding to the thermal 

velocity of the electrons. ' ■*- 

The spectra is symmetric around the incident wave fre¬ 

quency, if there are no particle drifts as is supposed here, 

and the figures show only one side. This is true in equation 

3.1. Just substitute ID by - ou in equations 3.2 to 3.4, obtain- 

‘fc 

ing Z (—UJ) = Z (u)) and y(-io) = y (tu) . Replacing in (3.1) 

we have that 

ffb^o ) = CTb(u)o + 
’ ’ »»« 

The variation of the total backscatter power with ctQ 

and \[f 0 (the index zero indicates Te = T^) is shown in the 



Fig. 3.3 Contour map of CTrPri(o' , + ) (see text). 
JLU o eo 

10*0 
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contour plots of Figure 3.3. It tends for a > 1 and < 1 

(high altitudes) to the value of % as predicted by (1.9) 

with 0=1. 

3.3 Numerical Calculations 

Equation 3.1 is not suitable for numerical calculations 

due to a 0/0 indeterminacy close to the central frequency 

= 0. To eliminate it, all terms in % (7+ Zq) should 

be divided by <u analitically. Doing that and expressing 

the cross section in terms of only normalized parameters, 

after some simple algebra, (3.1) reduces to 

9, o?p2A 

®<“>o+ dm libriii2+Ae F d01 

2 “ (3.9) 

where 

Nr, 

2v _ a Zj 
Y_92o2+Zi 

| 7 + Z€ 

Z_ = 
s = i,e 

5 2 1 + 2 (Bses) 
1 + (BS0S) 

Be 
A = _ 

3 1 + (BS6S) 

Be = 
2ms*s 
ms+mn 

- 20s
2 + iAs0s 

,2 +2 *s + 3d 

-- 

-1 
5 

4C
S'l's 

Si's 



0 

5 

10 

15 

20 

25 

30 

10 20 30 40 50 60 KHz 

ig. 3.4 Average receiver filter curve. Circles 
represent measured values with error bars. 
Solid line represents the polynomial fit 
used for numerical calculations. 
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which can be used in numerical calculations. 

Because the backscattered spectra has a highly variable 

bandwidth over the possible range of parameters, the inte¬ 

gration was done using a variable interval "d8" for inte¬ 

gration. The details of the calculations may be seen in 

the Appendix, which presents the computer subroutines 

actually used. 

The receiver filter has a frequency response which 

must be used when simulating the received backscattered 

power. Figure 3.4 shows the measured values of the filter 

curve, with error bars, versus frequency. The solid line 

represents the polynomial fit used- in the calculations. It 

should be noted that because the filter cannot be normalized 

to O' and i|t , in calculations involving those parameters, a 

rectangular filter of half bandwidth 0 ^ = 46 was used, which 

corresponds to about 40 kHz. But they are not used to reduce 

the data. 

3.4 Total Cross Section Dependence on Temperature 

When the ionosphere is illuminated by the 40 MHz transmitter 

the electron temperature increases and the ion temperature 
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stays almost the same, so the electron to ion temperature 

2 2 
ratio 3 increases. It is supposed that below 130 km 3 

is unity (Wand, 1970) when the ionosphere is not affected 

by the 40 MHz. In the following the index zero will denote 

the variable for which 3=1 (heater transmitter off), and 

variables without the zero index, when 3^1 (heater transmitter 

on). From (3.6), (3.7) and (3.8) 

a = o^/3 

0. = 9 
i io 

e = e 
e ao^ 

ve(Te) 
ve eo) 

+eo 

3 
= Pteo 

♦i H^eo' *10 = *1° 

The electron density is assumed constant. The ion collision 

frequency is independent of temperature (Rishbeth and Garriot, 

1969) and the electron collision frequency is directly pro¬ 

portional to the electron temperature (Thrane, 1966; Phelps, 

1960). 

Figures 3.5, 3.6 and 3.'7 show the dependence of CTT with 

2 
3 for some combinations of a. and i|r , o T eo 

from which it is 



Dependence of aT with for a = 
o 

Fig. 3.5 3 



Fig. 3.6 Dependence of CT with 3^ 
T 

for a = 

o 
1 



Fig. 3.7 Dependence of cr^ with j3 for aQ = 0.3 
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possible to see that 0T increases with an increase of 3 

for some combinations of parameters. A useful parameter 

to measure the change of CT,p is the fractional change of it. 

Fortunately one parameter that can be measured with the 

backscatter radar is the fractional received power change 

which is proportional to cr , so that 

AP _ P - Po 
“F ~ "p  

aT ”aTo (3 

Figure 3.8 shows a contour map of the variation of 

Ap/P with 
a
0 and 1f

eo when 3^ changes from 3^ = 1 (unheated) 

to 2(heated). As it is supposed that 3 is unity when .the 

ionosphere is unheated, it is only necessary to refer to 

2 *■ 

3 when the ionosphere is heated. Notice that there are 

positive and negative regions of AP/P. 

For each altitude of the ionosphere it is possible to 

calculate O',-, and \|r , supposing we have the Ap/p contour 

2 
map for 3 change calculated from the heating equations 

(Section 1.2), it gives the value expected of AP/P. The 

locus of all altitudes in the contour map will be called 

the 0$ track. The dashed line in Fig. 3.8 represents a 

possible air track. 

.10) 



Fig. 3.8 Contour map of ~p (o^, i ). See text. 
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Experimental values give ^ =- (JK/10 at all heights, 

in fact this ratio is not at all critical to the calculations, 

as Table 4.1 shows. In this case for <0.1, Fig. 3.8 

has uncertain validity, although it is very similar to a 

collisionless result, but it shall not be used in the 

calculations anyway. 



Fig. 4.1 Total backscatter cross section versus 
T0/T. using. (1.9) in terms of O' 
1 ■ * * o 

Calculated AP/P using (1.9) as a function 
of Of 

o 

Fig. 4.2 
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4. EXPERIMENTAL RESULTS 

4.1 Heating Paradox 

As is often the case with a paradox, a simple explanation 

can be formed. It is conventional to present the total cross 

section versus Te/T^ for a given a., as in Fig. 1.3. The 

critical distinction is that in the case in question here, 

the other parameters remain fixed and a change in TQ/T^ 

must lead to a change in a. and t|t . Using (1.9), maintaining 

T^ fixed and having = a(Te = T^) as a parameter, the total 

cross section versus T0/T^ will look as in Fig. 4.1, which 

shows, in contrast to conventional forms of presentation, 

that aT can even increase with-'an increase of T0/T^. Figure 

4.2 shows the fractional variation of power, AP/P, given by 

2 
(1.9) when 3 changes from one (unheated) to two (heated) 

versus aQ. The sign reversal happens at o? ~ 1.5, which 

corresponds to an altitude around 87 km. But it would imply 

that the reversal should always happen at lower heights, 

which was not always observed. 

More precisely (3.1) has to be used and Fig. 3.8 shows 

the same behavior. Although this figure is calculated for 

the heated T = 2T., it can illustrate the same behavior 



-28- 

of the data. Prom the track shown, Ap/p has its maximum 

negative excursion at 92 km, it is zero at 84 km and has a 

maximum positive value at 80 km. 

If we suppose conditions when the electron density is 

lower (such as night time), maintaining the electron col¬ 

lision frequency, the track is shifted down, giving no 

positive maxima in the range of values shown. 

The positive maximum of AP/P happens in the range where 

aQ= 0.7, almost independent of the track. Assuming , N 

can be calculated by 

4nfet> 3 

N = He © ( ce ) Tj 

For f = 430 MHz, the numerical 'expression is 

N.(cm-3) =0.76 T^K) 

which gives reasonable values for N from the data. (Point 

at 75 km for 6 January data in Fig. 4.5.) 

4.2 Data Compatibility 

It is possible to measure with the backscatter radar 

the power of the backscattered signal, with a height resolution 

dependent on the emitted pulse length, which is given by 
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the radar equation 

where c is a constant dependent on the transmitter parameters, 

not important here, and R is the range, which in our case 

where the antenna points up,R coincides with the height. 

Knowing the altitude, cr^ is determined. At altitudes below 

2 
120 km, the 1/R dependence is not valid any more and a near 

field correction has to be made (Wand, 1970), and is still 

a not very well known function, so that the power received 

below a certain altitude is not entirely reliable. It 

should also be mentioned that the 430 MHz transmitter even 

after being turned off may disturb the gain of the receivers. 

The system recovery, as it is called, is corrected by 

receiving signal at a separate frequency so that the variation 

of the gain can be accounted for. This correction is more 

imprecise for echoes from lower altitudes because they are 

received in a shorter period of time after the transmitter 

is turned off. 

As described in Section 2.1 the power was measured im¬ 

mediately after the.40 MHz transmitter heated the ionosphere, 
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P, and before P . The value of AP/P (3.10) is then 

independent of the transmitter and near field corrections, 

or at least is much less affected by unknown corrections, 

and should be a more precise measurement. However it is 

not possible to estimate the error because most of the 

systematic errors at low altitudes in (4.1) are not well 

known. 

With data taken from some experiments the thesis establishes 

that a reasonable electron density and electron collision 

frequency profile is obtained for some heights and a compat¬ 

ibility between data and theory is obtained for other alti¬ 

tudes where one lacks confidence in power data. 

Each altitude furnishes a P and PG, that can be expressed 

as a using (4.1) with near field correction andAp/p. 

The critical frequency has to be used to calibrate the 

-3/2 
CTTQ curve. Assuming proportional to Tn (Thrane, 

1966) and solving (1.6) it gives Tg (Showen, 1969). As we 

are interested in long pulses T^ can be calculated using 

(1.7), for data below 95 km when t^Q = 5 ms, and below 90 km 

when t^Q = 2 ms. Using known values of ion collision fre¬ 

quency, neutral temperature, mean ion molecular mass and 



I04 I05 I06 I07 y c-1 10® 

Fig. 4.3 N-v0 diagram, containing data from 73 and 
92 km. See text. 
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the assumption that T^ = Tn, the value of cr^Q and AP/P 

were calculated for a combined range of values of electron 

densities and collision frequencies. 

Figure 4.3 shows a contour map of aT0 and AP/P, being 

the shaded area the region where A p/p and has values 

corresponding to the data within the error, for the 6 January 

data. In order to make the figure simpler, only two altitudes 

are shown. 

At the altitude of 92 km the power data is reasonable 

and the intersection between both contour areas gives a 

strip of pairs of electron density and collision frequency. 

There are two ranges of N and v^, one of which can be ruled 

out because it is out of the range of possible electron col¬ 

lision frequency at that altitude. The electron density and 

collision frequency profile above 92 km was obtained in this 

way (Fig. 4.4). Below this altitude the values of cr are 

unreasonable and only a compatibility test is possible. 

Assuming that the AP/P data is not as degraded as PQ, 

the contour lines of AP/P in the N-v^ diagram give possible 

values of N and This is shown in Fig. 4.3 for the 73 km 

altitude. The case shown gives a range for N and a lower 
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boundary fOr V]y[. 

Note that although the or^ contour line looks straight 

at 92 km, it is an effect of the compressed scale of the 

figure. The variability of CTTQ can be estimated looking 

at the values of CTTQ in Fig. 3.3. 

The obtained values or boundaries of collision fre¬ 

quency and electron density are shown in Fig. 4.4 and 4.5 

for the data given in Fig. 2.2, when it was possible. The 

boundary values of v^ that were obtained tend to be much 

larger than those measured by some more convenient method. 

The values and boundaries of electron density are within 

reported measurements by Mechtly and Smith (1965, 1968). 

To satisfy curiosity, Fig. 4.7 shows the differential 

cross section for some heights for the heated and unheated 

ionosphere. The increase in power when 3 increases comes 

from the tail of the spectrum. 

The N-v^maps of (?T0 ard AP/P are dependent on the 

values of the ionosphere model chosen. Table 4.1 shows 

the fractional variation in percent of an increase of 20% 

in the ionospheric parameter indicated, for some heights 

(using a model ionosphere). 



Electron collision frequency results. 
Arrows represent boundaries of values. 

Fig. 4.4 



Electron density results. Arrows represent 
boundary of values. 

Fig. 4.5 
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TABLE 4.1 

VARIATION IN AP/P AND aT0 WITH AN INCREASE OF 20% 

IN THE PARAMETER, IN %. 

A P/P PARAMETER 
HEIGHT (KM) T. N V V M. G l e i l M 

96 -22 -.5 i .7 .8 -ii 

92 -16 -.3 i .2 .2 -10 

89 -23 4 6 .1 -.2 -10 

85 -13 8 -8 

i—
1 

o
 • 1 -9 - 6 

81 -62 -12 88 .02 84 -50 

77 -18 -5 4 .02 4 -12 
' •' 

a 
TO PARAMETER 

HEIGHT(KM) T. V V M. l e i l 

96 8 -.i .002 -8 

92 8 -.3 .001 -8 

89 8 - 2 .001 -8 

85 2 ‘ ‘ •' .6 -.005 -7 

81 3 6 -.002 -3 

77 5 6 -.004 -2 
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The particularly high values at the height of 81 km are 

because the nominal value of Ap/p is very low, which tends 

to increase the fractional variation. The Table shows that 

Ap/p and O^Q are almost independent of the ion collision 

frequency value. But Ap/p is very dependent on T^ and G^, 

although they are coupled together in (1.6) by changing T0. 

The value of G^ is not well determined as discussed by Fejer 

(1970), limiting the precision in the data reduction. Values 

for G», were taken from Kissick (1970) . If better data could 
M 

be available the value of G^ could be measured by calibrating 

the maximum of the negative excursion of AP/P, iteratively. 

The variability of N and v0 can be visualized using Fig. 3.8. 

For heights above 90 km it is expected that can vary over 

a wide range without affecting Ap/p, being the same true under 

the height of its maximum positive value. This also means that 

the electron collision frequency can only be determined with 

precision between the two maxima. 

The discrepancy between the calculated with measure¬ 

ments by other methods can come from contamination by system¬ 

atic errors of the data. If the power alone is unreasonable 

for very low altitude there is no support to AP/P being 
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entirely correct, although multiplying factors in the power 

where eliminated. Possibility of reflection mechanisms 

other than incoherent backscatter exists in the lower iono¬ 

sphere. Turbulent, coherent echoes and ground clutter as 

well as receiver recovery distortion may add to the reflected 

power. There is evidence of occurrence of strong echoes 

below 93 km, some of which were associated with reflections 

from airplanes. 

As the predicted electron temperature change due to the 

heater is much larger than the ion temperature (Table 4.2), 

increasing at lower altitudes, the condition of quasi¬ 

equilibrium may not apply making (3.1) more invalid as the 

height decreases. 

TABLE 4.2 

PREDICTED VALUES OF |32 FOR 6 JAN 70 DATA 

h(km) 96 92 89 85 81 77 73 

02 2.43 2.79 2.90 3.07 3.28 3.55 3.98 

The results might be' affected by the presence of negative 

ions, which were not considered in the admittance function 
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used to calculate (3.1). 

The time dependent behavior of the ionosphere may not 

be well described by (3.1), but this cannot be verified as 

a time dependent backscatter theory has not been made yet. Also the 

fluctuations causing the backscatter might not be expected 

to exactly follow the changing electron.temperature on a 

time scale shorter than the damping time of the fluctuations. 

The collisions may, by increasing the auto-correlation time 

of the plasma, show the response of the plasma to changing 

conditions. 

The positive excursion of AP/P was seen in most of the 

heater pulses of 5 ms, which'is much larger than the thermal 

relaxation time at low height but it did not occur in the much 

shorter pulse of less than 0.5 ms. This may indicate that 

a time dependent backscatter theory should be used. Data 

taken in the morning when the electron density is much lower 

in the D region showed no positive AP/P (Fig. 2.2). This 

could be explained considering a o; —t track (Fig. 3.8) with 

lower a values, as N is smaller. But the predicted AP/P 

cannot explain well the nominal values of the data. 

The altutide where AP/P begins to turn positive in 
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-some of the data is not compatible with (3.1), which is an 

indication of weakness in the equation. Also in much of 

the data the negative and positive excursion of AP/P is 

too big to be accounted by the theory. 

Only data under 100 km was tested here because the 

equation (3.1) is not valid above 100 km where I|N < 1; 

and being a > 1, the equation (1.9) gives the correct results 

even with the simplification 

CT
T = TTJ2 

As a 40 MHz heater transmitter is no longer available 

at Arecibo , the experiment cannot be redone to 

improve the results obtained. 

Better results should be obtained if the systematic 

errors in the power data are reduced. The temperature decay 

after heating should be measured at lower heights. Also the 

experiment should be done such that it would be possible to 

verify the existence of the different regions in the theoretical 

AP/P(N,ve), by running the experiment in a variable ionosphere 

in which the direction of the change is known. It would be 

instructive to use different frequencies and filters for 
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the backscattering in conditions where the ionosphere does 

not change for the purpose of checking (3.1). Decreasing 

the backscatter frequency would increase the normalized 

parameters giving data to check (3.1). 

4.3 Conclusion 

Although Seasholtz and Tanenbaum (1969) equations do 

not give a perfect fit to the data they do indicate the 

existence of an increase in the total cross section, as 

observed in the data, making possible to measure electron 

density and collision frequency at the D region using a 

radar system. . ~ ■<- 

From the calculated library of AP/P(N,VM) and 

°m~(N,v ) for the various altitudes a reasonable electron 
To M 

density and collision frequency profile is obtained above 

90 km and a compatibility between data and theory is 

obtained below 90 km. The library can be used in future 

experiments. 
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APPENDIX 

This appendix presents the essential subroutines used 

in the calculations. It is written in FORTRAN for a CDC 3300 

computer. 

2 
The function POWER gives the value of a,p/Nre and the 

parameters are Tq/ T^, N, vg , vi ' 

Function FILTER simulates the receiver filter attenuation 

at a frequency F in kHz, multiplying its value to the dif¬ 

ferential backscatter cross section. 

Subroutine N0RMA transform TQ, T.j_, N, into 

ljtg, i|r^, a. The entry TRANSF gives the factor to trans¬ 

form frequency into 9.. ‘ ^ 
v. 

Function SIGMA calculates the differential backscatter 

cross section of (3.1). It must be initialized by the entry 

SIGMA0. 

Function SIMPSON calculates the integral of a function 

F, adapting the steps of the variable so that each step of 

integration does not have points widely separated. 

A library of calculated AP/P(N,ve) and crTo(N,ve) is 

available at Arecibo. 
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LIST OF SYMBOLS 

antenna effective aperture 

electron charge 

peak electric field 

force 

fractional excess electron energy loss factor 

height 

imaginary number ( -1) 

imaginary part of (...) 

twice the wave number 

electron mass 

ion mass - > 

v. 

neutral mass 

ion mass in atomic units 

electron density 

backscatter power 

40 MHz. transmitted power 

430 MHz transmitted power 

power absorbed per unit volume 

classical electron radius 



real part of (...) 

index indicating electrons or ions 

time 

pulse length of 40 MHz transmitter 

electron temperature 

ion temperature 

neutral temperature 

undisturbed electron temperature 

steady state disturbed electron temperature 

thermal energy density (U = 3NH TQ/2) 

most probable speed in the particle distribution 
(Vs = pj 2HTs/ms) 

admittance function t 

impedance of free space (ZQ = 377^) 

normalized Debye length (3.6) 

electron to ion temperature ratio (3 = Tg/lh ) 

electric permittivity 

normalized Doppler shift (3.7) 

Boltzman constant 

wave length - • 

Debye length (3.6) 
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M 

a 

cr, 

T 

03 

0) 

0) 

same as VM 

ion collision frequency- 

electron neutral collision frequency for mono- 
energetic electrons 

conductivity 

differential backscatter cross section 

total backscatter cross section 

thermal relaxation time 

normalized collision frequency (3.8) 

Doppler shift angular frequency? angular frequency 

transmitter angular frequency of backscatter radar 

plasma angular frequency 
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