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ABSTRACT 

INDUCED HEATING EFFECTS IN AN IRREGULAR IONOSPHERE 

by 

Sharon Lynn Misener 

It is possible to observe and control to a limited 

extent the changes in characteristic ionospheric parameters 

such as temperature and density by sending high power, high 

frequency radio waves into the ionosphere and studying the 

subsequent effects through incoherent scatter techniques. 

The high frequency wave deposits energy in the ionosphere 

through absorption and acceleration of the free electrons; 

the subsequent collisions of the electrons with ions and 

neutrals; and Landau damping. 

Focusing and defocusing of the HP rays may arise be¬ 

cause of the existence of two or three dimensional gradients 

in density in the ionosphere. There can be and are, there¬ 

fore, two and three dimensional irregularities in the elec¬ 

tron density distribution causing local alterations in the 

index of refraction and, consequently, local deviation of 

the ray paths of the wave in the vicinity of the perturbation. 

Relative hot or cold temperature spots should result. These 

density irregularities may be either natural or induced by 

the presence of the incident radio wave. 

It is the purpose of this work to look, in two dimen¬ 

sions, at this focusing effect and to estimate the expected 

electron temperature changes resulting from it by compari¬ 

son to calculated changes in a horizontally stratified 

ionosphere. 



Calculated temperature changes for two kilometer height 

intervals with and without density perturbations are found 

to be from 50% to 250% greater than previously calculated 

results. However, in order to compare the calculated results 

of this work with measured temperatures, the calculated 

changes must be averaged over the height resolution of the 

radar. Excellent agreement is found between the two when 

this is done. 
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Summary of the major symbols 

ni " 
m. = 
i 

Ti = 

^ - 
ne " 
me = 
T = e 

= 
nn ~ 
Tn = 
B = 

n = 

M = 

t = 
f = 

fH = 

9 = 

°e = 

= 

°i = 
°2 - 
I = 

D = 

k = 

A = 
Q = 

Q' = 

E = 

Ke = 
*Te= 

X = 

X* = 

ion number density 

ion mass 

ion temperature 

ion collision frequency 

electron number density 

electron mass 

electron temperature 

electron collision frequency 

neutral number density 

neutral temperature 

magnetic field 

complex Appleton-Hartree index of refraction 

real part of n 

imaginary part of n 

plasma frequency 

HF frequency 

gyro frequency 

angle between the wave normal and the x-direction (N-S 
direction) 

Thomson scattering cross-section for electrons 

zero field conductivity 

Pedersen conductivity 

Hall conductivity 

dip angle of the magnetic field 

Debye length 

wave number 

wavelength of HF wave 

energy deposited per unit volume per mit time 

total columnar heating rate 

electric field strength of the incident wave 

electron thermal conductivity 

electron temperature change 

distance in the N-S meridian from HF source 

distancé along the magnetic field line 



PHF= Power of HF transmitter 

AQ = absorption coefficient 

A0 = effective aperature of the antenna 

7? = local impedance 

Ÿ — zenith angle 

d = diameter of reflecting dish = 305 m for AO 

0 = mass density of ions and neutrals 
’ _ 2 /_2 
X = f /f 

p ; 
Y - f^f 

Z = Vg/2-ïïf 

Nmax = e^ectron density of F layer peak 
A = amplitude of the irregularity 

HL , 0 = scale lengths 
U 9 J- 9 * —19 

e « charge on the electron = 1.6x10 coulombs 

c = speed of light 

I. . = collisional losses of electrons and ions 
e * 
9 = angle between ray and the magnetic field 
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CHAPTER 1 

Introduction 

In considering the problem of heating an irregular 

ionosphere and calculating the corresponding induced temp¬ 

erature changes, there are several theories (backscatter 

theory, heating theory, ray-tracing theory, plasma theory) 

which must be considered. In the remainder of this chap¬ 

ter, a general description of the ionosphere - its com¬ 

position, absorption and index of refraction - is given 

as well as a brief sketch of the experiment performed and 

the equipment used in obtaining the heating data. 

Chapter 2 gives a summary of the backscatter tech¬ 

niques and the quantities that can be experimentally 

measured by this method. Heating theory is also discussed 

and the explicit ecruation of volumetric heating 

is derived. In addition the one dimensional plasma con¬ 

servation equations are used in deriving the equation for 

Chapter 3 deals with the details of how focusing of 

the radio waves occurs, discussing first the importance 

of the role of the complex Appleton-Hartree index of ref¬ 

raction and then the contribution and explanation of the 

two-dimensional Haselgrove equations. The solution to 

these equations (derived from Snell's law) gives the co¬ 

ordinates of the ray path with increasing height. In order 

to solve Haselgrove's equations, an ionospheric profile 

must be chosen. In this work, the actual ionosphere is 

modeled to fit a quasi-parabolic profile with two-dimen¬ 

sional irregularities (in the magnetic meridian plane); 

and the scale heights, and sizes for any irregularities must 

•Tl-x' h*- A2- 
(cr sinl + cr.cosl) 
O X 

where x = distance along the magnetic field line. 
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be estimated from the measured profiles. Sections 3-2.2 

and 3-2.3 deal with this aspect of the problem. Finally, 

all of these elements - the variation of the index of re¬ 

fraction, the Haselgrove equations, and the modeled ionos¬ 

phere with irregularities - combine to give rise to a 

focusing or defocusing of the heating beam ( Section 3.3). 

The data discussed in this thesis is given and ana¬ 

lyzed in Chapter 4. Comparisions between actual and model 

ionospheres are shown as are the ray paths and volumetric 

heating patterns through various ionospheres. For each of 

these ionosphere profiles, the expected temperature changes 

are calculated and comparison to experimental results is 

made. A discussion of the various approximations used in 

arriving at these results is given,and where possible a 

numerical estimate of the error contribution from each 

approximation is made. 

Conclusions, predictions and suggestions for further 

study are given in Chapter 5. 

Appendices I and II contain discussions of the main 

computer programs used in obtaining the results in Chapter 

4. Appendix I deals with the solution of the Haselgrove 

equations for ray tracing and the calculation of the volu¬ 

metric heating rate. Appendix II discusses the solution 

method used in solving the temperature change equation and 

the approximations and assumptions used in obtaining the 

desired solution. 
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Section 1-1: The Ionosphere 

The existence of a conducting layer in the upper 

atmosphere was first postulated by Balfour Stewart in 

1878 in order to explain the magnetic field variations in 

the earth. The ionosphere is a weakly ionized plasma 

surrounding the earth produced primarily by the ultra¬ 

violet and X-ray radiation from the sun. The plasma is 

essentially neutral (electron density = ion density) and 

the electron-ion production is roughly balanced by the 

recombination and diffusion. Therefore, a rough equil¬ 

ibrium exists. Variations from equilibrium in the ionos¬ 

phere can be studied because of the regular diurnal, sea¬ 

sonal, and solar cycles and occasional solar eclipses and 

magnetic storms. These are natural variations. However, 

there are artificial variations which can also be used to 

learn about the ionosphere such as those induced by the 

heating experiment described here or the explosion of 

atomic devices or chemicals released from rockets. Average 

day and night ionosphereic conditions are shown in Figures 

1-1 and 1-2. The neutral atmospheric temperature is from 

CIRA curves for summer mean solar conditions and collision 

frequencies are from the Satellite Enviornment Handbook 

(Johnson et al., 1964)* 

The electron and ion temperatures exhibit diurnal and 

seasonal variations also. At night the undisturbed electron 

ion and neutral temperatures can be taken to be approxi¬ 

mately equal (Evans,1969); however, during the day they are 

not. The ion and neutral temperatures are approximately 

equal for altitudes below *~350 km-400 km and the electron to 

ion temperature ratio, Te/T^2-3 during the day over the 

heights corresponding to the F-region. 



4 

Section 1-2: The Experiment 

The experimental data used in this thesis was all 

gathered at the Arecibo Observatory in Arecibo, Puerto 

Rico, utilizing incoherent scatter techniques. A mod¬ 

ifying wave is produced by a 160kw transmitter with fre¬ 

quency range between 5-12 MHz and is fed into the 305ra 

diameter spherical reflecting antenna. The diagnostic 

equipment consists of a 430MHz radar, photometers and 

ionosondes. 

The 430 MHz radar transmits a pulse and a weak signal 

is returned, scattered incoherently from ionospheric 

density fluctuations at various heights. These returned 

signals are digitally sampled at regular intervals until 

enough samples are taken to assure the desired statistical 

accuracy. From these samples it is possible to deduce 

electron density, electron temperature and ion temperature 

simultaneously assuming the ion mass is known. 

When considering ionospheric heating, the ionosphere 

may be divided into two regions: 1) the non-deviative 

absorption region; 2) the deviative absorption region 

(Davies, 1965). Region (1) is the lower portion of the ionos¬ 

phere (with a lower limit of *~50km) where the radio rays, 

although suffering some absorption, are not deviated from 

their path (ie they travel in straight lines)(Budden,1966) 

while in region (2), the rays are bent because of the 

variation of the index of refraction away from unity, the 

value in the non-deviative absorption region. The lower 

boundary for region (2) is frequency dependent. A more 

detailed description may be found in Chapter 3. 

It should be realized that the ionospheric paramters 

are, in general, highly variable; and therefore, in talking 

about artificial modifications of the ionosphere, it is 

necessary to be able to differentiate between natural and 

induced variations. 



Figure î-1 Average ionospheric Conditions 
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In magneto-ionic theory (Ratcliffe, 1959) for a medium 

which is electrically non-isotropic, there are two charac¬ 

teristic waves - i/3. waves which can propagate along any 

given direction without changing their polarizations. The 

polarization is given by, , where z is altitude (Ex, 

E , and E are the components of the electric field). 
y z 

One of the characteristic modes - the ordinary mode - 

represents the path a wave would follow through a medium 

in the absence of a magnetic field. The extra-ordinary 

mode is present only in the presence of a magnetic field. 

If a wave starts to travel in a magneto-ionic medium in the 

z direction with a polarization different from one of the 

two characteristic polarizations, it will be split into 

these characteristic waves. Each wave will then travel 

with its own characteristic velocity and attenuation. 

These two components will add to give a resulting polari¬ 

zation which changes as the wave travels. ' 

For the purposes of this work, only the ordinary mode 

and the deviative absorption region are considered since 

for the frequencies used, reflection or maximum absorption 

occurs well into this region. All data studied was taken 

at night because.,as will be seen in Chapter 2,the heating 

effects are larger during the nighttime. 

Section 1-3; The Deviative Absorption Region 

Presented here is only a brief sketch of the general 

characteristics of the region of the ionosphere to be studied. 

1-3.1 : Index of Refraction 

The lower limit of the deviative absorption region is 

frequency dependent but for frequencies around 6 MHz, the 

boundary may be set around 170km altitude. Above this 

altitude the radio wave from the HF transmitter is bent 

significantly from its straight path. 



6 

Because of the presence of the earth's magnetic field, 

the ionosphere is a biréfringent medium - that is a high 

frequency wave entering the ionosphere is split into two 

components. An expression for the complex index of refrac¬ 

tion is provided from Appleton-Hartree theory (Budden, 1966) 

where 

n2=l- 
X(l-X-iZ) 

(1-iZ)(l-X-iZ)-Y^/2± 

1-1 

£(l-x-iz)2 

x = f£/f2 

Y = fH/f 

z = ^e/2irf 

Yl= YCOS 0 

Yt= Ysin© 

; fp=plasma frequency; f=HF frequency 

» fH= gyrofrequency & 1.06 MHz for 
Arecibo 

; ye=electron collision frequency 

; 8 = angle between ray and the mag¬ 
netic field 

The + and - signs indicate the ordinary and extra-ordinary 

modes respectively. It is the change from unity of the 

real part of this index of refraction of the ionospheric 

plasma which causes the bending of the radio waves and the 

imaginary component that is responsible for the absorption 

of the wave. 

1-3.2 : Collisions 

In the deviative absorption region there are three 

different kinds of collisions to be considered: the electron 

collision frequency; the ion collision frequency; and the 

neutral collision frequency. Because the neutrals do not 

interact with the EM field of the wave, ^)n is not very 

important as far as the passage of any HF modifying wave is 

concerned. Rather, because of the large density of the 

neutrals relative to the ions or electrons, they act as a 

heat sink. Even at the electron density peak, the neutral 

density is still about two orders of magnitude larger than 
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that of the ions or electrons. 

Both the ion and electron collision frequencies are 

composed of three terms: 

V. = ’i). . + ’i). + 
i ii ie »in 

where = ion-ion collision frequency; '^ie = ion-electron 

collision frequency; = ion-neutral collision frequency. 

Similarly for the electrons 

“ ^ee + ^ei + ^en 

Consider the ions. is unimportant because of the 

small ion density compared to the neutral density. Similarly 

for ion-electron collisions, the difference in mass between 

the two species is so large, the effect on the ion is negli¬ 

gible. Hence « ^in* A roore explicit expression is given 

by (Chapman, 1956): 

Vin = 2*6xl0”5(nn 
+ n^fT1/2 

where nn = neutral number density; n^ = ion number density; 

M = molecular weight of the atom and ion which are assumed 

equal. Figure l-3a shows versus altitude for different 

times and solar conditions. It should be noted that contrary 

to physical evidence, even for n^-> 0, \)^n # 0 and may, in 

fact be substantial if nn is large using this formula. The 

explanation lies in the fact that this formula for the 

collision frequency is good only in regions where n^ is large 

enough not to be ignored in comparison to nn (ie z 60km). 

For the electrons, ‘V is unimportant because of the 

small relative electron densities compared to the neutrals. 

However, both the electron-ion and electron-neutral frequen¬ 

cies are appreciable. In the deviative absorption region, 

there are many more ions than in the non-deviative absorption 

region and since the neutral atmosphere is less dense in the 

upper region,the electron neutral collision frequency is 



Ion collision frequency v« versus attitude. 

(a) 

Electron collision frequency v« versus altitude. 

_(b_) 
Figure 1-3 
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smaller and \) . dominates. Expressions for V . and V 
ai * ei en 

are given by (Ratcliffe, 1959)î 

''k = 3.8xlO-7neT;
3/2 

Ven = 8.9xlO-
X8nnTel/2 

Figure l-3b shows plots of versus altitude for night and 

day, sunspot minimum and sunspot maximum. In comparing 

Figures l-3a and l-3b, it is found that in the 200-400km 

region, V. varies from .1-1.0 sec-3- and V varies between 
2 1 2 e 

10 and 5x10 for nighttime conditions and moderate solar 

activity. 

1-3.3 : Composition 

For the region of interest ,200-400km, the composition 

is essentially oxygen and molecular nitrogen - the dominant 

atoms being 0 and N2 and the dominant ion being 0
+. Figures 

l-4a and l-4b illustrate theoretical concentrations of the 

neutral gas for nighttime sunspot minimum and daytime sun¬ 

spot maximum respectively (Johnson, 1965). For purposes Of 

this work the ion composition of the atmosphere is taken to 

be pure oxygen between 200 and 400 km. 

1-3.4 : Absorption 

In the non-deviative absorption region, the absorption 

of the incident HF wave is negligible at night because of 

the disappearance of the D layer. In the deviative region, 

however, absorption cannot be ignored and is more effective 

(Davies, 1965). Because of the decrease in the index of 

refraction in the deviative absorption region, the wave's 

group velocity is decreased (see Chapter 3) and hence it 

spends more time in the region and the absorption/^, is 

greater (See Figures 1-5 and 1-6). 

For a wave with frequency, f, greater than the plasma 
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frequency, f , the wave is partially absorbed but penetrates 
P 

(ie it is not refracted back to the ground). If f<f^ the 

wave is reflected when the index of refraction reaches zero. 

(For all work done in this thesis vertical incidence on the 

bottom of the ionosphere is assumed.) The absorption 

coefficient is given by k = where % is the imaginary 
part of the complex index of refraction. Figures 1-5 and 

1-6 show the behavior of the real and imaginary parts of 

the index of refraction, n =><-i^ , for the following 

typical parameters: f = 6 MHz; X = variable; Y = .173; 

Z = variable with height; 8 = 40° for a wave launched 

vertically (Diaz, 1971). The layer height for these fig¬ 

ures is taken to be 320 km. 



CHAPTER 2 

Section 2.1: Backscatter Theory 

The conditions under which incoherent scatter may take 

place were first discussed by Gordon(1958). He found 

incoherent scattering to occur if the electron mean free 

path was greater than the radio wavelengths and the scale 

size of irregularities occuring statistically in an electron 

gas due to random thermal motions. Subsequent papers by 

Fejer(1960), Salpeter(1960) and Dougerty and Farley(1960) 

and others have developed the basic theory of incoherent 

scatter. An excellent review of this theory is found in 

an article by Evans(1969). 

In incoherent scatter theory, the relationship of the 

radar electromagnetic wavelength to the Debye length of the 

ionosphere is extremely important. For wavelengths much 

greater than the Debye length, the radar wave views the 

plasma as a continuum rather than discrete particles, and 

scattering can, therefore, be thought of as caused by 

fluctuations of the electron number density. In this regime 

the electron motions are controlled by the ions* thermal 

motion (due to Coulomb forces) and the amplitude of these 

fluctuations determines the magnitude of the backscattered 

signal. The received scattered power spectrum, therefore, 

depends mainly on the ion thermal velocities. 

When the Debye length is much greater than the probing 

wavelength, the waves see the plasma as individual particles 

rather than a continuum, and scatter mainly from the elec¬ 

trons (since the ions are comparatively much more massive). 

Hence only electrons contribute to the returned power and 

the received scattered power spectrum corresponds to the 

electron thermal velocities. 

As a practical matter, incoherent scatter radars 

operate in the regime where the Debye length is much smaller 



11 

than the radar wavelength in order to keep the signal to 

noise ratio as high as possible. A radar pulse with freq¬ 

uency far above the plasma frequency (f = 430 MHz for 

Arecibo) is sent up , the electrons in the ionosphere 

scattering the signals. The electrons have time varying 

phases and bare no relation to one another - ie. random 

phases due to random thermal motion of the electrons. 

Part of the scattered signal is returned to the ground 

and the antenna where the signal powers will add (volt¬ 

ages will cancel due to random phases). On the average 

the scattering cross-section per unit volume for free 

electrons is simply 

0* = n tf“ 
e e 

where or = Thomson scattering cross-section for one elec¬ 

tron (Evans,1969). The presence of the ions and Coulomb 

forces between electrons and ions in the ionosphere serves 

to narrow the effective returned power spectrum width. The 

ions• presence also alters the scattering cross-section 

and introduces a dependence upon the electron-ion tempera¬ 

ture ratio, Te/
T£* 

An approximation to the unnormalized scattered power 

returned is given by Moorecroft(1963)s 

°< ne
<3ei e e^ 

12SÜL 
l+(kD) [1+ (kD) 2] [l+(kD)2+Te/ri] 7} 2-1 

where n = electron number density; k = 4ir/A(Noteî k is 
e 

twice the usual expression because of the round trip the 
1/2 

signal makes); D = Debye length = 69[Te/ne] ' meters. 

Expression 2-1 is valid only for a small range of 

Te/T^. Figure 2-1 gives the values of <T(z)/<J^(z) versus 

Te/T^ for k
-^» 4irD as in the deviative absorption region. 

This figure shows expression 2-1 is valid only for Te/T^ 

in the range .1 < T _/T. < 3 where kD « 1. The dashed 
w L 



CT = Observed Electron Cross Section 

0^= Radar Cross Section 

(UTe/Tj T' 

Numerical — 
Integration 
Of Spectrum 

Figure 2-1 
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curve shows the variation predicted by 2-1.(Moorecroft, 

1963) The first term on the right of 2-1 is called the 

electronic component which dominates for kD->«> (ie 

Pc*neo^) . The second term is the ionic component and 

dominates in most practical cases (fl>^ D). Then kD « 1 

and equation 2-1 becomes approximately 

Poc n^/fl+T^/TJ 2-2 

In the practical regime (^»D) the contribution of the 

electrons is two lines at frequencies f = f + f (f ^ o — p o 
being the transmitted frequency) generally containing 

little power. 

If you then measure the power before and after a 

heating pulse, the electron temperature change, ATe, can 

be obtained. By measuring the shape of the returned 

signal, T^, Te/T^, and then Tfî may be measured, if the 

ionic composition is known. A typical returned power spec¬ 

trum is shown in Figure 2-2 for various T ratios. 

The zero represents the transmitted frequency. There is 

also present a corresponding "wing" for a downshifted 

return signal (negative Af^). These two wings corres¬ 

pond to two ion acoustic waves, one travelling towards the 

receiver and another travelling away from the receiver. 

From plots similar to Figure 2-2 and 2-3, it is in 

principle,possible to obtain the composition of the 

atmosphere, although for more than a couple of constituents 

it becomes extremely complicated. Figure 2-3 shows an 

array of spectrum shapes for a mixture of O , He , and 

H+ for a temperature ratio, T /T. = 2.0 (Evans, 1969) 
C JL 

and how the spectrum width varies according to composition. 

Fortunately, compositions for all regions accessible to 

the Arecibo facility have been determined. Figure 2-4 

gives the ionic composition in the deviative absorption 

region (Johnson, 1965), for mid latitudes at midday.... 



Figure 2-2 
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The height resolution of the returned spectrum is 

limited by the signal to noise ratio. The resolution could 

be improved by unlimited integration times? however, for 

integration times too long the ionospheric parameters them¬ 

selves change. For the data-taking techniques employed at 

Arecibo, a pulse width of 300 ^4<sec was used resulting in a 

45 km height resolution. . . 

From Figures such as 2-2 or their Fourier transforms 

(the auto-correlation functions), T^ may be calculated 

for known ion mass, m.. The half width of the returned 
1 1/2 

spectrum is proportional to (T^/m^) ' (Moorecroft,1964)? 

m. being the mass of the oxygen ion in this work. Then 

T^ may be found from the measured Doppler shift of the 

returned signal since 

= -|(8kBTi/mi)
1/'2 Hz 2-3 

where A.= radar wavelength; kB = Boltzmann constant. 

Once the T^ is known, Tg may be found from the wing to 

centre amplitude which depends upon T /T. (Evans, 1969). 
w «L 

Section 2-2? Heating Theory 

The problem essentially is to calculate the power 

deposited (absorbed from the wave) along the ray path of 

the incident wave and from this to calculate the expected 

modifications in the ionospheric parameters in the dev- 

iative absorption region. The incident electromagnetic 

wave is radiated from an HF feed at the focus of the 

reflecting dish at Arecibo. The feed consists of a pair of 

crossed dipoles oriented so that the radiation is directed 

into the reflector and then towards the zenith. The 

radiated wave may be in either the ordinary or the extra¬ 

ordinary magneto-ionic modes by simply introducing a 90° 

relative phase delay between the crossed dipoles. 
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Although artificial modification of the ionosphere can 

take place at any time, for the purpose of this work only 

nighttime observations were used. Nighttime observations 

provide certain simplifications and advantages over day¬ 

time data? 1) the three temperatures - neutral, Tn; ion 

T^; and electron, Tg - are approximately equal at night. 

2) The D region disappears at night and the absorption in 

the non-deviative absorption region becomes small and can 

be neglected. Because of the lower at night and less 

absorption in the lower regions of the ionosphere, more 

power reaches the region of interest; a larger change in 

TQ results and is more easily detected. 

The absorption which causes heating arises because 

of a non-zero collision frequency which depends upon T0. 

Section 1-3.2 gives this TQ dependence for the different 

collision frequencies. The T dependence of V • domin- 
-3/2 e ei 

ates (<* T ' ) ; therefore, as T is decreased in the ' e G 

region of interest, increases and the corresponding 

AT ’s should be bigger. In addition the conduction losses 
e 5 /2 

(©cT ) are greatly increased during the day time further 

decreasing detectable heating effects (Meltz & Lelevier, 

1970). Heating at night is, therefore, more effective. 

The primary effect of sending an HP beam into the 

ionosphere is the deposition of radio wave energy in the 

surrounding plasma. Since the ions are much more massive 

than the electrons, the energy necessary to significantly 

change the ion temperature is much larger than that re¬ 

quired to change the electron temperature by the same per¬ 

centage. Therefore, the effect of the incident wave on 

the ions may be neglected and only the electrons considered. 

The electrons are heated because of accelerations by the 

HF wave and collisions. The kinetic energy of the electrons 

is raised, thus increasing their temperature. Also the 

electron density is likely to decrease because of the 
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increased thermal motion of the electrons along the mag¬ 

netic field lines caused by thermal expansion (Meltz & 

Lelevier, 1970). 

In the remaining sections of this chapter, the equation 

for energy deposition per unit volume is given as well as 

the derivation of the equation used to calculate the 

electron temperature change under steady state conditions. 

The major equation for the heating is the volumetric Ohm's 

laws 

Q = |Re(£E2) 

where <r is the conductivity and E is the electric field of 

the wave. The EM wave is assumed to be sinusoidally vary¬ 

ing. In the derivation of the temperature change equation 

the plasma is restricted to expand along the magnetic field 

lines only. Variations in the East-West meridian are ig¬ 

nored and ideal gas laws are assumed to be valid. Only 

elastic collisions are considered - the final result of this 

derivation beings 

K<ù&. 
6dx'2 

3n
e
fcBn,eVei Te = -Q 

where KQ - electron thermal conductivity; x*= distance 

along the magnetic field lines; AT = change in temperature 
w 

from the undisturbed value; Q = heat deposited / unit volume. 

2-2.Is Energy Deposition 

The rate at which energy from the wave is deposited in 

the plasma is most easily calculated from the volumetric 

Ohm's law equation 

Q = -| Re (CTE2 ) 2-4 

where çr = conductivity tensor in mhos/m; E = root-mean- 

square value of the local electric: field in volts/m; Q = 

power absorbed per unit volume in watts/m . The factor 
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of 1/2 arises when considering a sinusoidally varying field 

and averaging over one period. In general, the conductivity 

is a complex quantity - the real part contributing to the 

Ohmic losses or absorption and the imaginary part propa¬ 

gating the wave. In its most general form, the conductivi¬ 

ty is a tensor quantity? however, if the gyrofrequency is 

much smaller than the frequency of the heating wave, the 

electron will complete only a small portion of a gyration 

before the impinging E field reverses polarity and the 

magnetic field effects may be ifnored, (i.e. the conduc¬ 

tivity is now a scalar). Hence equation 2-4 becomes 

Q = \ E2Re: (ol 2-5 

The quantity Er depends upon the antenna and ionospher¬ 

ic parameters, the frequency and zenit angle of the HF wave 

and is given by 

E2 = 

h2A2 
2-6 

where Aq= absorption? 
pjjp= transmitter power in volts? Ae= 

effective area of the reflector in m2? Ÿ\ = local impedance 

as seen by the wave (=377 ohms in free space)? wavelength 

of the incident wave? h = range along the ray path? y - 
2 

zenith angle. The cos (T ) term is an approximate expres¬ 

sion for the directivity of the antenna (Silver, 1949). 

The value of T may be obtained from the fact that the first 

null in the radiation pattern of the high frequency beam 

occurs at 10° on either side of the beam centre? there- 
2 

fore, at this angle there is no heating and the cos tern 

must be zero. Solving for T yields T = 9.0 for angles mea¬ 

sured in radians or degrees. For the Arecibo radar the effec- 



17 

tive aperature of the reflector is about one half of the 

physical area. 

The conductivity tensor has the following form: 

CTt ~Cs. O cr = crz c; o 
0-0 <x0 

where is the conductivity along the magnetic field or 

the zero field conductivity? <T^ is the Pedersen conductivity 

across the magnetic field lines. When there are both 

E and B fields present, the resulting current in the ExB 

direction due to different ion and electron collision 

frequencies is caused by - the Hall conductivity. 

Explicit expressions forer ,<j^,and are (Whitten & 

Poppoff, 1971): 

^o 
= e. iJ2 

 EÜL. 
<J+i\) 

iGJ2. 
 EL. 

t*)+iV. 

cr, = £ 

cr0 » £ 

. <w+ive> 2-4e 

"^peHfe  

2-t*He 

x-j 

(U+i^) 2-U)2 
'HiJ 

+ cJpi^i 

^wi>'2-4i . 

2-7 

2-8 

2-9 

where U)pe=electron plasma radian frequency? OJp£=ion plasma 

radian frequency?^ andii are the electron and ion collision 

frequencies and <*>He and 0^ are the electron and ion gyro 

radian frequencies with OJ as the HF radian frequency = 2irf. 

Now because of the mass difference between the electrons 

and ions LJpe and The collision frequency 

of the ions as seen in Figure l-3a is approximately .1-1.0 

sec whereas is of the order of 10 -10 sec . Compared 

to the heating frequency of several megahertz, the 'll can 
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then be ignored and kept as a small correction. There¬ 

fore, the right hand terms (the ions contributions) can be 

essentially ignored and the conductivities being considered 

in 2-5 become: 

Re: (o^) — Re: 
G. icj2 
o pe 

10+ iV 
e J 

2-10 

Re:(o^) = Re: 
l6o^e<^iVe> 

_^W)2^e 

Re: (CT2) = Re: 
~*&Mîe€o 

fd+i'O ) 2-iOr
2

T e7 H 

2-11 

2-12 

In this work both CT, and o' are considered. Then the 

heat deposited into the ionosphere is the sum of the con¬ 

tributions due to these two conductivities projected along 

the range. Figure 2-5 gives the values of these conductiv¬ 

ities in the ionosphere for various ionospheric conditions 

and for OJ = o. Equation 2-5 then becomes: 

Q =ÏÏAo^HFAecos ( cr0sin I + o^cos I) 2-13 

where I is the dip angle of the magnetic field. 

The quantity 7^ local impedance, is not a constant in 

the deviative absorption region as it is in the lower por- 
2 2 

tions of the atmosphere. Rather it varies with X=f^/f 

and is different for the ordinary and extra-ordinary modes. 

For the ordinary mode the value of is approximated by 

(Budden, 1966); 

W, 377. 
Jl-X 

1 



(a) 

(M 

Figure 2-5 
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For the extra-ordinary modes 
b 377. 

x <1- X 1 

V 1-Y 
Since only the ordinary mode is considered here, equation 

2-13 becomes: 

Q = 377-AoPHF*eoos ftrsinl + cr.cosl) 2-14 
 h2"2 Jl-x'  ° 1 

Q is a function of both range and the zenith angle at 

launch point. The deposition will be a maximum for the 

ordinary mode at the height of maximum electron density 

for a wave with f^f . For a wave with f<f the maximum 
P P 

energy deposited occurs just below the reflection point. 

More generally, the energy deposition per unit volume 

increases as X->1 at which point the equation for is 

invalid, and a full wave theory approach is needed. 

The power absorbed at any particular point can be 

determined exactly only if the ray path is known for 

each zenith angle. Program RAY 4 generates such ray paths 

as well as calculating the heat deposited per unit volume 

at points along the ray path (see Appendix I). 

2-2.2: Electron Temperature Change 

As energy is pumped into the surrounding plasma by 

the wave, the electron temperature rises. To obtain an 

equation for the change in electron temperature, one 

must consider the plasma equations governing its motion. 

For this derivation we assume the plasma can expand and 

contract only along the magnetic field lines (Meltz & 

Lelevier, 1970). The spacial co-ordinate, x1, is taken to 

be the distance along the magnetic field and is related 

to the altitude by 

x'= z/sin I 
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where I is the dip angle of the magnetic field. For this 

equation only the North-South meridian plane will be taken 

into account. The East-West plane correction will be dis¬ 

cussed in Chapter 3. For any plasma, the conservation 

equations are ; 

Mass: ^>dx' = dM = constant 

Momentum §t = "(^ ^ + *nu + gsinVj 

Le + §2 Ke^] 2*17 

2-18 

Energy: 

electrons: 

ions 

DE 
Dt€ 

DE. . D 1 
Dt1 + PiDt 

, D_ 1. _1 
PeDt fe fe L 

= fiLi 

2-15 

2-16 

where p = plasma mass density 

p&»p^ = electron,ion mass densities 
u = plasma bulk velocity 

p = pressure = Pe 
+ P^ 

E ,E. = electron, ion specific energy 
G JL 

g = acceleration of gravity 

Le»Ii£ = electron,ion losses due mainly to collisions 

The $ refers to perturbations from the ambient values 
immediately before heating. The variation in the electron 

temperature is ATg = T - T where T is the temperature 

before heating. 

The ideal gas laws are also assumed to be valid: 

= n k T. e B i P = n k T *e e Be 
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p. - m.n P - m n ✓ lie /e e e 
Sp = Spi + Spe Sf =(mi+rae)^ne 

Ei = S^T./^m.) Ee = 3kBTe/(2me) 

For the ions, the losses are due mainly to elastic 

collisions between the neutrals and ions and the ions 

and electrons. The loss coeficient, L^, is given by 

(Meltz & Lelevier, 1970) 

Li - - {lne''eiSei<ATe-ATi> “ K^iJ 2’19 

where S . is the fractional energy loss per collision. 
©1 

For the electrons, collisional losses are due to elastic 

collisions with neutrals and ions and inelastic collisions 

between electrons and 0+ (Dalgarno & Degges, 1968). Le 

is given by 

Le - KkB {VeiSei<ATe-OTi>+ »en «S> nATej 2-20 

where 8en is the fractional energy loss per collision 

between electrons and neutrals. For elastic collisions 

these fractional losses are given by (Farley, 1963) 

8 ■ = 2m /m. 8 = 2m /m °ei & i °en e' n 

The last term in the L0 expression is due to fine struc¬ 

ture transitions in atomic oxygen. 

There is also energy transported away from the heat¬ 

ed region to higher or lower regions by convection and 

thermal conduction in the electron gas. The thermal 

conductivity of the ion gas is smaller than the electron 

gas whose conductivity is given by (Whitten & Poppov, 

1971) 

K = 1.23xl0_11T 5/2 2-21 e e 

When a gas expands or is compressed there is a certain 

amount of thermal energy either invested or gained. 
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This energy is given by the terms in equations 2-17 and 

2-18: 

D /I \ D ,1 » 
peDt'/>e' 

PiDt7y 

where §t = It + * ^ 

The electron temperature change is determined from 

equation 2-17 while the momentun changes arise from 2-16. 

By assuming that a steady-state condition has already 
DE 

been reached, i,e,g-£ = 0» and *>Y supposing that the elec¬ 

tron losses are elastic and can be approximated by the 

losses to the ions, then the expression for becomes 

Le = 2~22 

mi 

The energy used for compression or expansion is small, 

since the heat supplied is small. For this condition 

PeDt(P > = 0 J e 

As long as the expected variations in temperature are 

small (£50%), Ke may be considered as a constant and 

its gradient with respect to x ignored. Hence equation 

2-17 becomes: 

Keè^e - = ‘Q 2'23 

It is from this equation that the electron temperature 

variation is calculated, after a steady state has been 

reached. The solution process is described in Appendix 

II and solutions shown in Chapter 4 for nighttime condi¬ 

tions . 



CHAPTER 3 

Section 3-1: Appleton-Hartree equation 

The Appleton-Hartree theory gives equation 1-1 as 

the index of refraction-repeated here for references 

n2 = 1 X(l-X-.i2j  v 3-1 
(1-iZ)(1-X-iz)-Y£/2±JY£/4+Y£(1-X-iZ)2 

The electron collision frequency used in Z = 'ù^/2'nt, as 

demonstrated by Sen & Wyller (1960), is 5/2 of the orig¬ 

inal previously discussed - the physical reason for 

this being that Appleton-Hartree considered only collisions 

by mono-energetic electrons while Sen-Wyller used a Max¬ 

wellian distribution for the electron energies. It was 

found that the contribution of the electrons in the high 

energy tail is substantially bigger than the contribution 

to collisions from the electrons near the peak of the 

distribution or in the low energy tail; therefore, V = 

5/2^. 

Equation 3-1 has both a real and imaginary component 

and can be written 

n = J4- i% 3-2 

The real part of n is responsible for the propagation of 

the wave and the imaginary component results in absorption 

of the HF wave. To demonstrate this, a wave in a medium 

with refractive index n is represented by 

E = EQexp(iCtXt-
S|) ) 

This may be written with 3-2 as 

E = EQexp (-?*> exp(i<*>(t-^) ) 3-3 

where represents the absorption of the wave. It is 

this coefficient which determines the amount of energy 

gained by the electrons at any height,z; and is, there¬ 

fore responsible for the temperature increase measured 
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after the HF wave passes through the medium. The real 

part of n and its derivatives determine the ray path of 

the wave (see Section 3-2). 

The absorption of the incident wave which arises 

from the Appleton-Hartree formula is due only to losses 

through collisions with electrons or ions. There are, 

however, other loss mechanisms present - the most impor¬ 

tant being Landau damping. Landau damping becomes impor¬ 

tant when the frequency of a wave is near the resonant 

frequency of the electrons. This is a collisionless 

damping. In this work)one is justified in neglecting 

the added absorption due to Landau damping even for 

reflected waves because at the point of maximum absorp¬ 

tion, the heating wave is approximately transverse and there 

is little or no Landau damping for a transverse wave (Mont¬ 

gomery & Tidman, 1964). 

Section 3-2: Ray Tracing Theory 

3-2.1: The Haselgrove Equations 

In order to follow the ray path of a given radio wave, 

the equations derived by Haselgrove using the differential 

form of Snell's law are used (Haselgrove, 1954). The 

equations will merely be stated here)but a complete deri¬ 

vation may be found in Mathews (1972), Kline & Kay (1965), 

or the original Haselgrove paper (1954). The form of 

these equations used for two dimensional ray tracing is: 

— - k#(ncos<J> + n^sinCp) 

= k^nsinCp - n^cosep) 

= kf(nacoscp+ n^sincp) 

3-4 
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where n is the phase index of refraction; <p= angle 

between the wave normal and the x direction (note x 

is now the distance from the HP source along the N-S 

meridian) as shown in Figure 3-1; n = dn ; n = dn ; 
* d <p z

 dz 

x ; and k = c/n with t being the phase time of 

propagation. The form that is most easily solvable 

involves the derivative with respect to a group path 

increment dP'. Equations 3-4 must, therefore, be re¬ 

written. 

Phase and group paths may be defined with reference 

to the transit times of a surface of constant phase and 

of a wave packet, respectively, between a sender and a 

receiver. These are not actual paths in space but are 

distances that would have been covered had the wave 

travelled with free space velocity. Therefore, what is 

necessary is an expression for the wave packet transit 

time (or group propagation time)dT . If V is the group 

velocity, then from Figure 3-2 

dT == ds cos<X 

9 vg 
The quantity V /coso( is the velocity of the wave packet 

y 
along the ray path. But 

V = c/n' 
g 

where n' is the group index of refraction. Hence 

dT = ds coso( = cosoç[x^+z^l ^^dt 3-5 
g c c 

Letting dP' = cdT 
9 

dP' 
dt 

n' cos<x[x2+z2J1/'2 3-6 

2 2 1/2 
but from the derivation of 3-4, cos«[x +z ] 

/
 was 

in order to fix k#(=constant). Finally 3-4 becomes 

used 
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dx 1 
dP* = nn'

(ncosCP+ iVpSirxp) 

d7 1 
dP* = nn'^nsin(P“ n<pCos(p) 3-7 

dP* = nn' (n cos(P+ n sin?> 

which is the form of the Haselgrove equations used in 

the ray-tracing program (see Appendix I). The above 

discussion follows that given in Mathews(1972). The 

solution to these equations gives the ray path of the 

wave. 

It must be remembered that these are the two-dimen¬ 

sional ray path equations. Only ray tracing in the 

magnetic meridian is considered in this work, i,e. varia¬ 

tions either North or South of the initial incidence 

direction. In her original paper, Haselgrove discusses 

the three dimensional case including East-west deviations 

and corrections for a curved ionosphere. In order to 

consider the three dimensional case the full blown wave 

equations must be solved. Here, however, it is assumed 

there are no East-West gradients leading to East-west 

deviations in the ray path as far as the detailed calcu¬ 

lations are concerned and that the curvature of the 

earth may be ignored for the heights of interest. In 

Section 3-2.3, East-west gradients are discussed as well as 

any first order correction factors resulting from their 

presence. 

3-2.2: Generating a Model Ionosphere 

The ray-tracing scheme discussed in the previous 

section and in Appendix I employs a standard fourth 

order Runge-Kutta method for solving the differential 
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equations with a third order series expansion of the phase 

and group refractive indices for treating reflection 

points. For this program the ionospheric density profile 

must be modeled and the quasi-parabolic profile is found 

to give a good fit with the average measured profiles. 

The undisturbed profile has the form: 

where z and N . are the altitude and electron number 
o max 

density of the peak and HQ is the scale size of the mod¬ 

el F-region. The parameters zQ and 
N
max n&ay be mea¬ 

sured and HQ inferred from the measured profile . 

When an irregularity is present it may be seen as a 

ledge in the number density profile. Figure 3-3 illus¬ 

trates this for a zero B field case (Budden, 1961). With 

a two dimensional irregularity present, the profile used is 

. N = N W 
O 

where 2 2 

W = 1 - Aexp[-3 (^1-) 1 3-9 

with A = amplitude of the irregularity 

z^ = peak altitude of the irregularity 

x = horizontal displacement from vertical of the 
° irregularity 

H1'H2 = vert^cal an<* horizontal scale sizes of the 1 irregularity 

B = 1 for a 2 dimensional irregularity 

= 0 for horizontal stratification 

When the ionosphere is horizontally stratified (B=0) 

then any irregularity which may exist is an infinite sheet 

since there can be only a vertical gradient. When a wave 

passes through the ionosphere, the ray paths in the beam 

are essentially all parallel (over the interval 200-400km) 

and remain so through the irregularity because there are 
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no horizontal gradients. Focusing or defocusing, therefore, 

can only occur where there are horizontal gradients, either 

natural or induced by the heating beam. Hence, for this 

work B=l. 

To estimate a value for H2,it is assumed that the 

width of the irregularity is the size of the illumined 

volume-defined as the half-power beam width of the heat¬ 

ing beam at the irregularity height (Rufenach, 1973). 

In order to actually measure the horizontal extent of the 

irregularity,simultaneous measurements of the heated vol¬ 

ume at various zenith angles must be made. This is not 

practically possible. It is believed that by depositing 

energy into a region, the heated electrons in that area 

will diffuse along the magnetic field lines thus causing 

sparce or dense regions. (Meltz & Lelevier, 1970). Hence 

the choice of H2 as the half power beam width of the HF 

(in this case 10°). 

The ionosphere has many natural motions - much like 

the ocean. These motions are natural irregularities - 

analogous to waves or ripples on an ocean surface. It 

turns out that, like the ocean surface, the dynamic be¬ 

havior of the ionosphere is random but can be treated 

for the most part as a summation of quasi-periodic var¬ 

iations (D'Angelo, 1969). Figure 3-4 shows schematically 

quasi-periodicities found by Fourier analyzing the time 

behavior of the electron density at a fixed location. 

The long term structural changes greater than w*10 minutes 

are not important to the heating experiment and from 

Figure 3-4 it is seen the short time irregularities are 

quite small in amplitude (A £.05) and have dimensions of 

only 1-4 km (Rufenach, 1973), whereas the irregularities 

dealt with in Chapter 4 all have amplitudes à.05. There¬ 

fore, for the profile irregularities studied, a part of the 

amplitude may be due to the natural ionospheric motions] 
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however, it is not known how much may be attributed to 

natural irregularities and how much to the heating beam 

for amplitudes near .05. 

The ledge structure in the density profile occurs 

for both positive and negative value of A - a positive 

value indicating a depletion of density and a negative 

value indicating an enhancement of density. Figure 

3-5 illustrates such a profile. Profiles such as in 

Figure 3-5 are generated by the model ionosphere, 

equation 3-9, for various values of A and are then plot¬ 

ted and compared to the measured density profiles. The 

closest model is then chosen. It is this model that is 

used in the ray-tracing program RAY 4. 

3-2.3: East-West Gradients 

In all computer calculations presented in this work, 

the variation in the East-West plane has been ignored 

and only the magnetic meridian and altitude variation 

used. In order to accurately make a comparison of ex¬ 

perimentally measured and computed parameters, the neg¬ 

lected component must be considered. 

The impinging HF beam has a uniform cross-section; 

therefore, at any altitude the beam will be depositing 

equal energies on the zenith angle cone (dje. a specified 

zenith angle at any azimuth) for a horizontally strati¬ 

fied ionosphere. 

If an irregularity is present and the gradients in 

all directions are the same (the irregularity is assumed 

to be Gaussian with the same half width in all directions 

in the horizontal plane), then there is still a radial depen¬ 

dence on the energy deposited for a zero B field. In 

three dimensions, the power density will be greater than 

that of a two dimensional power density. 
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When a magnetic field is considered, however, the 

picture is altered. In the presence of the magnetic field 

the irregularities tend to be field aligned (Thome & 

perkins, 1974) - i.e. aligned in the N-S meridian plane. 

Hence a cylindrical symmetry is indicated rather than the 

spherical symmetry for the no field case. In the ion¬ 

ospheric F-region, cylindrical irregularities are of the 

greatest importance. Scattering from spherically sym¬ 

metric irregularities can play a role in the ionosphere 

but only for those irregularities whose linear size is 

smaller than the mean free path of the particles and 

whose lifetime is short (Al'pert, 1973). With density 

perturbations field aligned in the N-S plane, the ver¬ 

tical and N-S dimensions are the most important and the 

E-W dimension is typically the smallest for individual 

irregularities. The size of these irregularities is 

typically less than 5 km transverse to the magnetic field 

(Herman, 1966). Hence, in the E-W plane, the dimensions 

are typically less than 5 km and when compared to N-S 

dimensions of 50 km and vertical dimensions of about 

20-30 km can be essentially neglected. 

Additional evidence supporting the relatively 

small size of the irregularities in the E-W plane is pro¬ 

vided by Herman. From radio star scintillations, the size 

ratio of field aligned irregularities range from 5:1 to 

7.5:1 or even as large as 100:1 at times (N-S:E-W) de¬ 

pending on latitude. It may also be argued that the 

characteristic sizes of measured irregularities depend 

upon the observational techniques used and the radio 

frequencies employed. In actuality, many different sizes 

may simultaneously exist in the ionosphere in the same 

region of space (Herman, 1966). The E-W extent of the 

irregularity is, therefore, ignored and no correction 

factor used to the two-dimensional results. 
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Section 3-3: How Focusing & Defocusing Arise 

To investigate how focusing comes about, it is 

perhaps easiest to consider first a simple form of the 

phase index of refraction. If the magnetic field and 

the collisional losses are temporarily ignored, the 

index of refraction has the form: 

3-10 
b e 

From this equation it is seen that as the density in- 
o 

creases, the index of refraction decreases until n * 0 
2 2. 

or f -f at which point the radio wave is reflected 

and penetrates no farther. Alternatively, as ng de¬ 

creases, n increases to a limiting value of 1 - the free 

space value - and the wave travels unabsorbed and un¬ 

deviated from its incident direction. This same be¬ 

havior applies using the entire Appleton-Hartree equa¬ 

tion including magnetic field and collisional effects. 

The only difference is that the value of n never reaches 

1 when collisions are considered. 

The deviation of the incident wave away from vertical 

given by the solution to the Haselgrove equations is a 

direct result of the frequency of the incident wave being 

in the vicinity of the local plasma frequency. At these 

heights the ray deviates very noticably from vertical. 

If there is present a two or three dimensional irr- 

egularitiy of over-dense or under-dense electrons then 

defocusing or focusing respectively can occur. The beam 

of incident energy has a half beam width of 10° for the case 

considered. Then when the beam reaches the deviative 

absorption region (*180km), it has an horizontal extent 

of about 35 km. For an irregularity present in the path 

of the beam, the ray paths at different zenith angles will 

follow essentially parallel paths(for altutudes far above 
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the beam source until they reach the vicinity of the 

irregularity where some of the rays will pass through the 

irregularity and some will not? hence, the gradients 

in the number density (ie the index of refraction)will 

not be the same for all zenith angles. Therefore, the 

solution to the Haselgrove equations will depend on the 

zenith angle and the gradients of number density with 

respect to the horizontal co-ordinate as well as with 

altitude. 

Very simply, the ray path will tend to bend away 

from the over-dense regions and towards the less dense 

regions. The group velocity in a less dense area is 

faster than in an over-dense area because there aren't as 

many electrons present to impede the wave. Figures 3-6 and 

3-7 show calculated ray paths around the vicinity of an irr¬ 

egularity for incident waves with frequency greater than the 

local plasma frequency in the irregularity. A is positive in 

3-7 and negative in 3-6. The perturbation density is 

assumed to have a Gaussian distribution with its maximum 

or minimum density at the centre of the irregularity. 

The important feature to be gained from plots like 

Figures 3-6 and 3-7 is the energy or power density (that is 

the spacing between adjacent rays). In Figure 3-6, the 

rays are more closely packed at and above the edges of the 

irregularity than near the area at and above the centre. 

Therefore, at the edges there is more energy/volume passing 

through and being absorbed than at the centre of the irreg¬ 

ularity. When the equation computing the electron temp¬ 

erature change over a unit volume is considered,the greatest 

ATe's due to the focusing will occur at the edges. (Note: 

this does not mean the largest change will occur at the 

edges. Rather, the largest temperature change occurs at 

a zero zenith angle.) One could then say that there are 

relative hot spots at the edges of the irregularity and 



A
lt

it
ud

e 
(k

m
) 



A
lt

it
u
d
e 

(k
m

) 



33 

a cold spot at the centre as a result of the passage of 

the EM wave (as compared to the case for no focusing at 

the same heights). 

The situation is reversed in Figure 3-7 but the 

reasoning is the same. Hence, there would be relative 

cold spots expected around the edges of the irregularity 

and a hot spot around the centre. 

Figure 3-8 shows computed theoretical results for 

the ray paths at various frequencies passing through a 

periodic or wavelike perturbation. The basic model for 

this figure was a horizontally stratified Chapman layerj 

the perturbation in electron density varying sinusoidally 

in the horizontal direction with wave amplitudes exhibit¬ 

ing a Gaussian height variation (Georges, 1970). The 

irregularity is also assumed to be field aligned as would 

be expected at F-region heights. 

In the presence of an irregularity a megawatt trans¬ 

mitter would be expected to produce a quasi-random array 

of small intensely heated regions rather than a more uni¬ 

form energy distribution expected for a smooth ionosphere. 

It is expected that electron diffusion up and down the 

magnetic field lines from these heated regions would cause 

ionozation depletions which would further enhance any 

focusing and in effect amplify the original irregularity. 

As the amplitude or height of the irregularity is lowered 

the amount of focusing decreases (Georges, 1970). 



Horizontal Range, km 

(a) Ray paths for a 12° cone of 6.9-MHz 
rays through the wave-like irregularities with 
&Xe/Nto = 1.5% centered at the 250-km height. 

300 

100 0 100 
Horizontal Range, km 

(c) 6.1-MHz rav paths for a 40° 
cone ot raj’s launched through the same irregu¬ 
larity as in (6), to illustrate the distribution of 
landing points on the ground. 

b. 

(6) 6.9-MHz ray plots for a 40° cone of rays 
through the wave-like model irregularity with 5% 
iXf/Nm centered at 270 km. The scale has been 
changed from that for (a), and downcoming rays 
have been added. 

Figure 3-8 



CHAPTER 4 

Section 4-1: Determining the Ionosphere 

In order to determine if irregularities are present, 

a plot of the measured density profiles is used to examine 

any ledge structuring. Figure 4-1 shows such a plot for 

the two cases to be studied in detail. The cases to be 

considered in this work are from data taken during the 

heating experiment at Arecibo, Puerto Rico on July 22, 

1971 between 2000 and 2400 hours. 

From Figure 4-1, it can be seen that there are several 

significant deviations from a smooth quasi-parabolic profile. 

These deviations represent irregularities. It should be 

noted that for all irregularities studied during heating 

the structure is similar. That is, there are two or more 

irregularities in sequence - the lower and larger one is 

over-dense and the upper perturbation is an under-dense 

irregularity. These density perturbations were caused 

largely by the HF transmitter. When it is on, a redis¬ 

tribution of electrons occurs - specifically a depleted 

ionospheric volume is displaced upward along the magnetic 

field lines and away from the positions of most intense 

heating (Utlaut & Cohen, 1971). This leads to the ob¬ 

served form of the profiles during heating. 

In some cases, ionospheric heating and irregularities 

are visible on ionograms as artificial spread F. This phen¬ 

omenon was observed during heating experiments at Boulder, 

Colorado, but not at the Arecibo facility. If the irreg¬ 

ularities generated by the HF modification are assumed to 

be located at the true heights at which a spread echo 
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appears on the ionogram, then it is believed that the 

first irregularities produced by the HF are formed at 

the height of maximum energy deposition - which is near 

the reflection height of the wave (Utlaut & Cohen, 1971). 

In the actual data used, the irregularities were centred 

just above the reflection point of the HF wave. 

Section 4-2: Ray Paths and Volumetric Deposition 

In order to do the ray-tracing and energy calcula¬ 

tions, the profiles in Figure 4-1 must be modeled ac¬ 

cording to Section 3-2.2. Figures 4-2 and 4-3 show the 

model profiles chosen and the fit of these profiles to the 

actual ones. The largest discrepancy (~5%) in the profile 

model is most likely to occur at those heights near the 

transition from the lower irregularity to the upper one; 

however, for the frequencies used here the HF beam is 

reflected before reaching the second irregularity. 

Once the profiles have been selected, the ray-tracing 

of the HF beam can be done using program RAY 4 described 

in Appendix I. This program also calculates the energy 

deposited per unit volume as discussed in Chapter 2. 

Figures 4-4 and 4-5 show the results of these calculations 

for an ambient electron temperature of 1100°K. The extent 

of the irregularity is marked and the deposited energy per 

unit volume is shown. Also shown on these figures is the 

degree of focusing. A 30-40% decrease in the ray spacing 

occurs at the edge of the irregularity in both cases. 

Focusing effects are best seen if the HF beam penetrates 

the irregularity as is illustrated in Figures 3-7 and 3-6 

The more drastic focusing does not occur until 10-20 km 

above the irregularity itself. 
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When focusing occurs the power density increases in 

the focused areas. In the two-dimensional case, for a 

doubling of the ray density,approximately a doubling of 

the power density occurs (ignoring the zenith angle 

dependence on the radiation). Therefore, in the areas 

where the ray paths are 25% focused, that is,the ray 

spacing is 25% closer together than when they were at 

200 km,the power density is accordingly increased as is 

the energy deposition per unit volume. In Figures 4-4 

and 4-5 the energy pattern shown has been corrected for 

focusing at the outer edges. Near reflection and at points 

where the ray paths cross, full wave theory must be used 

and the WKB approximation implicitly used in the deposi¬ 

tion calculations is invalid. 

Figure 4-6 shows the calculated ray paths and the 

energy deposition for a horizontally stratified ionosphere. 

The rays penetrate to a higher altitude and the absorption 

is greater near reflection. As the incident frequency of 

the HF wave nears the penetration frequency more energy 

is absorbed from the incident beam (utlaut & Cohen, 1971). 

Section 4-3: Induced Temperature Changes 

4-3.1; Numerical results 

From the ray paths and the energy deposition calcu¬ 

lations, the expected change in electron temperature is 

calculated according to equation 2-23, using the method 

described in Appendix II. The basic solution to equation 

2-23 as derived in Appendix II (assuming that the energy 

is deposited over a length small compared to the thermal 

length scale of the ionospheric plasma near reflection) is 

given by; 
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ATo = exp[- |x-x^| /L] 4-1 

where 2L= (m.k_T.) is the plasma thermal length scale. 

x'Q = distance along the magnetic field line that 

the energy is concentrated at. 

Q' = Columnar heating rate per unit horizontal area 

as defined in Appendix II. 

The width of the heating beam as previously stated is 

20°. It is launched vertically. There is, therefore, a 

node in the radiation pattern of the beam at ten degrees on 

either side of vertical. At 200km this node falls at a 

horizontal range of approximately 32km north and south of 

the launch point,neglecting refraction. It is expected 

that the heating will be maximum in the vertical column at 

a horizontal distance of 5km north from vertical (for the 

ordinary mode)and will decrease with increasing horizontal 

range until r w'35-40 km. At zenith angles beyond 10°, or 

for horizontal ranges greater than^35 km, the energy depos¬ 

ited into the ionosphere depends upon the power in the sec¬ 

ond radiation lobe of the antenna pattern. Although the 

exact amount of power in this lobe depends on the parameters 

of the particular physical system used and the aperature 

field distribution, there is a large decrease in the maximum 

power radiated from the second lobe as compared to the pri¬ 

mary lobe. This reduction factor is between one and two orders 
. . 2 

of magnitude and is then Multiplied by the cos directivity 

function. The temperature changes resulting from absorption 

of energy for angles greater than 10° are subsequently great¬ 

ly reduced (by approximately the same factor as the power) 

and these are not calculated. It should be remembered that 

the larger focusing effects are at the edges of the primary 
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lobe and in the secondary radiation lobe. Theoretically 

the increase in the ATS'S due to focusing is still pres¬ 

ent at these angles but reduced greatly in magnitude and i-s 

correspondingly harder to deduce because of the relatively 

low gain of the side lobe compared to the main lobe of 

the antenna pattern. 

Figures 4-7 and 4-8 show the changes in electron 

temperature versus altitude for vertical columns ranging 

from 5-35 km in horizontal range. The height of maximum 

temperature change in each column varies as the rays pass¬ 

ing at the edges of the irregularities penetrate higher. 

The maximum absorption of these rays (and the maximum 

temperature change), therefore, occurs at higher altitudes 

than for areas covering the central regions of the irr¬ 

egularity. 

In order to examine the effects of focusing, the 

temperature change caused by the absorption of an HF wave 

in a horizontally stratified ionosphere must be calculated. 

Figure 4-9 show this variation for an F-layer peak of 343 

km; a scale height of 140km; an ambient undisturbed 

electron temperature of 1100°K and the same HF parameters 

as in Figure 4-8. Comparison between Figures 4-8 and 4-9 

show that the expected electron temperature change in a 

horizontally stratified ionosphere is not only at a higher 

altitude but the maximum 2VT is about twice as large as that 

calculated in the presence of the irregularity. As would be 

expected from the equation 2-14, the largest ATQ occurs for 

a zero zenith angle in all cases (for vertical incidence). 

It should be noted that all cases studied in this work are 

from actual data and for each, reflection of the HF wave 

occurs. 

Table 4-1 shows a comparison of the maximum calculated 

ATe's with and without an irregularity (all other parameters 
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TABLE 4-1 

MAXIMUM EXPECTED ELECTRON TEMPERATURE CHANGES 

FOR TWO IONOSPHERES* 

Yl = 290km 

r (km) 

A = - 

Te(°K) 

.095 

z (km) 

A = 

Te (°K) 

0.0 

z(km) 

5 462° 282.5 895° 292.5 

10 375° 282.5 790° It 

15 335° 283. 665° II 

20 242° 283. 520° II 

25 145° 284. 345° It 

30 78° 284.2 182° II 

35 30° 284.5 75° II 

* the layer height and scale height for both ionospheres 
are the same: YO = 343 km and HO = 140 km. 
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being held constant) for columns with horizontal ranges 

from 5-35 km north. The heights at which these tempera¬ 

ture changes occur are also shown. Table 4-1I shows a 

comparison of the ATe's with and without an irregularity 

at equal heights for these same columns. From Figure 

4-5 it can be seen that the maximum focusing effects in 

the first lobe occur in the columns at 30 and 35 km. 

From these tables and Figures 4-8 and 4-9 it may be seen 

that up to the height of reflection of the HF wave in the 

presence of a density perturbation, the AT 's with an 

irregularity are larger than those without an irregularity. 

Beyond that height, the ATe's for the beam passing through 

a perturbation decrease as a simple exponential while 

without an irregularity the columnar heating rate (and 

hence the ATe's) is still increasing until reflection of 

the HF wave at ^292.5 km. 

With and without a profile perturbation the change in 

electron temperature decreases with increasing zenith. 
. . 2 This decrease is a direct result of the cos (TTfO term in 

the equation for the deposited energy. Should the focus¬ 

ing effects become very great (as in Figures 3-6 and 3-7) 

it is expected that there may be increases in the ATe's 

with increasing horizontal range at the points where the 

ray paths cross and that the change in temperature at these 

points could be very great. 

Comparison of Figures 4-7,4-8, and 4-9 show that as 

the amplitude of an irregularity is increased and its 

height is decreased, the corresponding maximum ATe's de¬ 

crease.1 Further, the height of maximum ATg varies with 

zenith angle because the rays penetrating at the edges of 

the irregularities can go higher (the reverse is true if 

the irregularity is an underdense one). This effect is seen 

in these figures in columns centred at 25-35 km N from 

vertical. 
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From Table 4-II at the reflection of the HF beam in 

the irregularity, there is a maximum increase in ATe of 

240°K (located in the column centered at 5km N of vertical) 

over that change at the same height without an irregularity. 

The difference in this area is due to the large absorption 

that takes place near the reflection altitude of a wave. 

In the columns centered at 20-35km N of vertical, however, 

there is some focusing taking place, and the maximum 

difference in the ATe's with and without an irregularity 

present is 138°K, 96°K, 54°K, and 17°K at columns at 20, 

25,30, and 35km N of vertical respectively. Again most 

of this difference is due to the lower reflection altitude 

of the HF waves; however, there is a 15-30% focusing effect 

in this region. Part of the temperature difference is 

then due to this focusing. A decrease in the ray spacing 

will cause an increase in the columnar heating rate. If 

the illumination were uniform (ie no cos (T70 dependence) 

then with a 30% focusing effect, the columnar heating rate 

should be increased by around the same factor ( in actual¬ 

ity the density gradient in the column under consideration 

would vary this increase away from 30%) and the electron 

temperature changes would be correspondingly increased by 

the same factor as Q'. With the zenith angle dependence 

the effect is not quite as large. Exactly what propor¬ 

tion of the ATe differences is due to the focusing and 

what is due to a lower reflection altitude is difficult 

to estimate and will not be done in this work. 

All of the temperature changes previously discussed 

were calculated with an ambient undisturbed exospheric 

temperature of 1100°K. When this ambient temperature 

is decreased to 900°K, the calculated ATfi's increase by 

approximately 35% at maximum over the ATfî at 1100°K. 

The ray paths of the HF beam as calculated by RAY 4 
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are not altered by a change in the ambient electron temp¬ 

erature, Teo* however, the volumetric energy deposition 

(and subsequently the columnar heating rate) is dependent 

upon Teo through the collisions,^AS the temp¬ 

erature is decreased, is increased and, therefore, the 

absorption and heating are increased. The AT 's are 
1/2 e 

proportional to Q'L/K <* Q'/To • Then as the ambient 

temperature is decreased,Q' increases and the AT 1s are 
w 

increased by an even greater amount than Q'. 

For the irregularity at 290km with an amplitude of 

-.095, the maximum AT increases from 434°K to 595°K, and 
6 

for the undisturbed ionosphere, the maximum change in 

temperature increases to 1206°K from 884°K ( note this is 

over a 100% change from the ambient temperature). Sim¬ 

ilar increases are also observed for the irregularity at 

298km with A=-.05. The maximum AT increases from 615°K e 
to 838°K when T is decreased from 1100°K to 900°K. 

eo 
When these induced temperature changes become greater 

than ~50% the dK term that is ignored in equation 2-23 
dxe 

becomes important. 

1. A comparison was also made for two irregularities at 
the same height with the same dimensions and ionospheric 
parameters but different amplitudes. (The beam still re¬ 
flects in the vicinity of the irregularity in both cases.) 
It was found that the maximum AT 's for the irregularity 
with the larger amplitude were still smaller. The beam 
was also reflected from a lower altitude in the larger 
amplitude irregularity and for VA20km below that altitude 
the AT 1s for this irregularity were larger at correspond¬ 
ing heights. 
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4-3.2: The Correction for Large Temperature Changes 

With a steady state assumed and the gradient in the 

thermal conductivity with respect to distance included, 

equation 2-23 may be written as 

4- IK —Tel - 
<5x,\eàx' / m. 

x 

= -Q 4-2 

, *eo# and the change in temperature, ATe< 

The electron thermal conductivity has the form Ke=1.23 

xlO”^T3/^2 where T is now the sum of the undisturbed 
e e 

temperature, T 

Therefore, equation 4-2 becomes: 

d^AT 
+ ffe - 3neye.kBne^ 

m. 
x 

= -Q 4-3 

The gradient of the undisturbed temperature is still 

small and may still be ignored. 

Ke^T® +(l-23xl0“11)|(Teo+ATe)
3/2 (^f 

- 3n V .k_m AT e ex Be e 
m. 
x 

- -Q 4-4 

This is now the equation which must be solved when large 

changes in temperature (>50%) are allowed. The new term 
. . . 2 
xs always positive. The conductivity term, K d AT . in 

- dx*® 

equations 2-23 and 4-4 serves to decrease the predicted heat¬ 

ing in the most intense regions and to increase the predicted 
. . . dAT heating above the reflection height. When the ■-e term is 

included, its effect will be to increase the expectedATfî's 

in all regions except at the height of maximum heating when 
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~^e=0. In this work equation 2-23 is used through out. 

Therefore, as long as the assumptions made in Appendix II 

are valid, the results presented here may be considered as 

a lower limit estimate to the expected temperature change. 

Section 4-4: Comparison to Experimental Measurements 

The results presented in the previous section differ 

significantly from previously published results. Figure 

4-10 shows the results of Meltz & Lelevier giving the 

expected fractional change in temperature for heating done 

at Boulder, Colorado for a penetrating wave. Figure 

4-11, 4-12, and 4-13 show similar contour plots for the 

irregularities discussed in Section 4-2 and also for a hor¬ 

izontally stratified ionosphere. 

The expected temperature changes calculated in this 

work are as much as two times larger than previously 

calculated changes (in some cases the changes are even 

greater). Figure 4-10 from Meltz and Lelevier assumed 

horizontal stratification and, therefore, should be similar 

to Figure 4-13. However, there seems to be more than a 

factor of two difference in the expected maximum temperature 

changes. Although the changes shown with irregularities 

present in Figures 4-11 and 4-12 are smaller, they are still 

50-100% larger than previously calculated changes. 

In Figures 4-11 - 4-13, there appears to be no 

elongation along the magnetic field lines of the heating 

due to the thermal conductivity, K . This elongation 

becomes visibly apparent at higher altitudes where the KQ 

term in equation 2-23 begins to dominate (above the peak 

of the layer) and these graphs do not extend to these 

altitudes. This effect can be seen, however, in Figure 

4-10. 
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Typical values of actual temperature changes that 

are measured at the Arecibo facility range up to ^300°K 

(changes of this magnitude occur near the level of max¬ 

imum absorption). The gross discrepancy between the two 

results may be rectified by considering the physical system 

used to measure the temperature changes. At the Arecibo 

facility when the profiles shown in Figure 4-1 were measured, 

the pulse width of the radar was ~300 jisec - leading to a 

height resolution of 45 km. The radar, therefore, unable to 

determine any fine structure changes (less than 45 km in ex¬ 

tent) in the temperature profile. In order to be able to 

make any comparison between experimentally measured changes 

and the calculated expected changes in temperature, the 

temperatures presented in the previous section must be 

averaged over a 45 km height interval. These results for the 

maximum averaged changes at columns centered from 5-35 km 

N are given in Table 4-III for a plane ionosphere and for 

the two perturbations being discussed - with an undisturbed 

temperature of 1100°K 

The 430 MHz probing beam intersects the heating 

beam at about the centre of the HF beam in the F-region 

and near the reflection atlitude of the HF wave. Therefore, 

the temperatures measured by the 430 beam should corres¬ 

pond to the maximum temperature changes calculated (ie to 

the temperatures in columns at 5 or 10 km). 

When the calculated ATg
1s are averaged over the ex¬ 

perimental height resolution of the radar, excellent 

agreement is reached with experimental measurements. 

In the absence of any irregularities, maximum averaged 

^Te's of ^328°K are found. With irregularities present, 

ATemax = 182°K for ^=-.095 and ATemax = 253°K for A=-.05. 
All of these averaged values are in good agreement with 

typically measured changes. 
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In addition, it should be noted that when the ATe's 

shown in Figures 4-7, 4-8 and 4-9 are averaged, the .height 

of maximum change is raised by approximately 2-4 km from 

the unaveraged maximum. 

Section 4-5: Accuracy Estimates 

In order to be able to give even a rough estimate of 

the accuracy of the results given in the previous sections 

the errors in the approximations and models used and the 

statistical errors in the physical system must be consider¬ 

ed. These sources of error are listed below and where 

possible the % error is also estimated. 

1. The statistical error in the received backscatter sig¬ 

nal is given by 1/7#samples taken*v* 1/2%. From this signal 

the experimental values for the electron density and temp¬ 

erature may be found from equations 2-2 and 2-3 with an 

accuracy ^2%. (It should be remembered what is being 

measured has a height resolution of v‘45km0) 

2. The error introduced by using a model ionosphere rather 

than a measured ionosphere may be estimated from Figures 

4-2 and 4-3. The maximum error is less than 5% at the regions 

of greatest descrepancy between the real and model profiles. 

The 5% error leads to an error in the absorption. 

An estimate of how the profile error propagates into the 

absorption may be most easily illustrated by considering 

the index of refraction with no magnetic field. In this case 

the absorption is: 
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If there is an error of 5% in the electron density, then 
2 

both the X and Z factors have a 5% error. The Z factor 

in the denominator when compared with 1 may be ignored 

(Z c~10"4) . With both Z and X containing a 5% error, JL 

will have an error of about 10%. However, it should be 

noted that this 5% error in the density profile occurs 

at the height near transition from the lower to the up¬ 

per irregularity in Figures 4-2 and 4-3. Elsewhere on 

the profiles the error is smaller. In addition the HF 

wave is reflected well below this transition altitude 

and there is then no more absorption of the wave beyond 

the reflection altutude. Hence an estimated error in the 

absorption of ‘■'*10% is given. 

3. In the RAY 4 program discussed in Appendix I, the two 

dimensional Haselgrove equations are used to calculate the 

ray paths of the HF beam through a two-dimensional ionosphere 

(only profile variations in the magnetic meridian plane 

are considered). As discussed in Section 3-2.3, the irreg¬ 

ularities, both natural and induced, are field aligned with 

scale ratios ranging from ^5:1 up to as large as 100si - the 

larger this ratio the more accurate the two-dimensional 

approximation. In order to gain some idea of the actual 

East-West dimensions of the irregularities a scan by the 

radar (on a short time scale) in the East-West plane must 

be made. This is not physically a feasible solution. 

With an additional East-West gradient considered, 

the total columnar heating rate would be increased only 

slightly (with a N-SsE-W scale ratio of 5:1 and the E-W 

profile being Gaussian, the contribution would be small). 

An actual numerical estimate of the error would require a 

more detailed analysis in three dimensions (with three 

dimensional gradients) of the ray tracing and columnar 

heating rate and a comparison with the two-dimensional 
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results. This estimate is not attempted in this work. 

4. As already discussed in Section 4-2.2, in the deriva¬ 

tion of equation 2-23 for the electron temperature change, 

the gradient of the thermal conductivity with respect to 

the distance along the magnetic field line, dK , has been 
dxe 

ignored. The contribution of this term will increase the 

predicted temperature changes at all heights. It is dif¬ 

ficult to give an estimate of the error introduced in ig¬ 

noring this gradient term without first solving equation 

4-4 which includes the dK term and then comparing the two 
dx 

results. Equation 4-4 may be solved by a numerical iter¬ 

ation technique, but this comparison is not done here. 

When the 's are small the errors are small in ignoring 

the gradient term; however, as ATebecomes greater the 50% 

of the ambient, the errors may become large. Therefore, 

the calculated values of AT must be considered as a lower e 
limit value provided the approximation of Q as an impulse 

function is valid. 

5. Again with respect to the derivation of equation 2-23 

the one dimensional plasma conservation equations were used 

This can be justified because the magnetic pressure greatly 

exceeds the plasma pressure in the region of interest. The 

analysis of the plasma can then be restricted to the field 

aligned plasma motion and energy transport with small cross 

field drift>and the one-dimensional conservation equations 

are a good approximation (Meltz & Lelevier, 1970). 
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6. In solving equation 2-23, the heating is assumed to have 

the form of an impulse function. This essentially assumes 

all the heat is deposited in a very thin layer centred at x^. 

The criteria for this assumption (Appendix II) is fairly well 

met; however, there is still an implicit error introduced 

when using an approximation. In using a delta function de¬ 

pendence, the calculated ATe's are over-estimated around x
1. 

and under-estimated in the regions below x^. 

By far the largest contributing error would come from 

#4 and #6, the actual extent of the error being undetermined 

as yet. Excluding these two sources (which to some extent 

will counteract each other), the maximum error could be esti¬ 

mated around 15% taking into consideration the modeling of 

the density profile and the subsequent errors in and also 

L (<5%). 



CHAPTER 5 

Conclusions and Suggestions for Further Study 

From the results presented in Chapter 4, it is seen 

that for irregularities induced by the HF beam (ie having 

the horizontal dimensions of the HF) the focusing effects 

in the presence of a two-dimensional irregularity are most 

easily visible near the edges of the primary lobe of the 

radiation pattern, and in the secondary lobe where the power 

is reduced by a factor of 10-100, for A<0. The resulting 

temperature changes in the secondary lobes are small without 

focusing present, the expected increase in ATQ due to 

focusing being even smaller. 

The over-all effects of the presence of these irreg¬ 

ularities is 1) to increase the power density at the edges 

of the perturbation (for A<0)j and 2) to lower the altitude 

of reflection thereby increasing absorption in the vicinity 

of the reflection of the wave over that for a planar 

ionosphere (at corresponding heights up to reflection). 

The combination of these two effects leads to higher temp¬ 

erature changes with an irregularity than without one at 

altitudes around and below the irregularity height. 

The maximum change in temperature with an irregular¬ 

ity present is less than the maximum change without an 

irregularity. The reason for this may be seen by consider¬ 

ing the total columnar heating rates for the two cases. 

These are shown in Table 5-1 for two ionospheres- one 

with and one without perturbations, all other parameters 

being identical. Until the HF wave is near the height of 

reflection and in the neighborhood of the irregularity, 

the columnar heating rates are the same for a smooth and 

disturbed ionosphere as would be expected. However, in the 

vicinity of reflection of the wave in the irregularity* the 

Q' for the disturbed profile is larger. After reflection, 

the Q' remains constant for the irregular profile while the 



TABLE 5-1 

COMPARISON OF THE TOTAL COLUMNAR HEATING RATES FOR A 

PLANAR AND DISTURBED IONOSPHERE FOR r = 5 KM 

Q*(mho/m2) Q* 
o 

(mho/m ) 
z (km) Yl = 290 km 

A = ■"*1 • 095 A = 0. 0 

240 3.18 X 10-7 3.18 X 10-7 

245 5.05 X 10-7 5.05 X 10“ 7 

250 ‘ 7.9 X icf7 7.9 X io“7 

255 1.18 X 10-
6 1.18 X 10"6 

260 1.7 X 10-6 1.7 X 10"6 

265 2.46 X 10'6 2.44 X 10“6 

270 3.78 X 10-6 3.6 X 10"6 

275 5.34 X lo"6 5.2 X 10"6 

280 7.53 X 10*6 7.42 X 10"6 

285 1.1 X lo"5 1.0 X 10“5 

290 II 1.64 X 10“5 

295 II l 1.92 X io“5 

300 II I II 
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waves travelling in the smooth ionosphere penetrate 

farther thus depositing more energy and increasing Q' beyond 

the value for the irregular ionosphere. 

The most important observation presented in this 

work is the idea that the expected electron temperature 

changes calculated and presented here are larger than those 

calculated previously by as much as 2-3 times. However, 

when these large changes (which occur in a relatively thin 

layer) are averaged over the height resolution of the radar 

they are in good agreement with experimentally measured 

changes. 

Since most of the energy is deposited over a small 

altitude range (see Figures 4-4 to 4-6), <30 km, the largest 

temperature changes are expected to occur in this area 

around reflection. Further, the range where the energy is 

deposited is less than the height resolution of the radar, 

and any "fine structure” changes in ATfi around reflection 

have not yet been experimentally measured. 

At the Arecibo facility, data taking techniques are 

being developed which will allow a finer height resolution 

in the F-region without losing the crucial time resolution. 

When this is implemented, it is believed that induced temper¬ 

ature changes larger (from 50% - 200%) than previously 

predicted or measured will be found. 

A more accurate calculation of these expected "fine 

structure" Te's may be obtained by 1) using a full wave 

theory approach; 2) using an actual density profile rather 

than a modeled one; 3) using three-dimensional ray-tracing 

with three-dimensional irregularities; 4) taking careful 

account of the dK term in the temperature change equation. 
dxP 

As mentioned in Chapter 4, the 430 MHz beam intersects 

the heated volume near the centre (in the F-region) and 

measures only a small portion of the temperature changes at 
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a timeo In order to make a more careful comparison (ie for 

more zenith angles than just vertical), the radar must 

be able to look at a number of zenith angles at once. This 

would involve more than one probing beam and receiver. A 

less accurate means of comparison is to assume the ionosphere 

drifts across the probing beam. The problem here is that the 

ambient ionosphere may be changing as time passes? there¬ 

fore, a high time and height resolution and a high drift 

velocity would be needed and all these factors cannot always 

be controlled. In addition, if the HF is on, as the ionos¬ 

phere drifts by, it is altered further before it reaches 

the probing beam. If it is off, the heating effects begin 

to decay, and the ionosphere is still altered somewhat 

before reaching the probing beam. At the present time, 

therefore, comparison with experimental measurements is 

limited to the vertical and near vertical rays and their 

induced changes. 



APPENDIX I 

Program RAY 4 

The RAY 4 program serves two functions : 1) a two 

dimensional ray trace through two dimensional irregular¬ 

ities in the ionosphere; 2)a computation of the energy 

deposited per unit volume at points along the ray path 

for various zenith angles. The results presented in Chapter 

4 are based on this program. Only a brief sketch of the 

program and its subroutines is given. A more complete 

discussion of the ray tracing portion of RAY 4 may be found 

in Mathews (1972). The RAY 4 program used in this thesis 

is a slightly modified version of Mathews original program. 

A. RAY 4 

The main program in RAY 4 is essentially the control 

routine. It inputs, outputs and controls all DO loops. 

The only direct calculations done in the main program are 

simple coefficients. Providing the density profile is 

specified in PROFIL, only 14 parameters need to be read in: 

1) the initial frequency of the HF beam in Hz; 2) the num¬ 

ber of frequency steps; 3) the size of the frequency steps 

in Hz; 4) a print-out option card: if 0PTN=1 then vertical 

and horizontal co-ordinates in km of the ray, the angle 

between the wave normal and horizontal, the group path in 

km, X, and the product of the phase and group index of re¬ 

fraction are printed out. Otherwise for OPTN^l only the 

frequency and group path (ie ionogram parameters) are 

printed; 5) MESH = step size in km of the independent 

variable (group path). For the cases studied MESH=2.0; 

6) RATYP is 00 for O and X modes done consecutively, and 

is 01 for the X mode alone and 02 for the O mode alone; 

7) ITER is the maximum number of iterations allowed for a 

given ray path. For the case in point ITER=300; 
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8) YIN is the starting altitude for a ray trace, typically 

the bottom of the ionosphere F-region ('-'180km) ? 9) FOCRT 

= measured plasma frequency of the F layer peak in Hz? 

10) BNOT= field strength in gauss. For Arecibo BNOT=.38? 

11) DA = magnetic field dip angle. For Arecibo DA = 50°? 

12) NSTEP=number of iterations in zenith angle. For each 

angle a complete ray trace is done? 13)PHF=heating power 

of the HF bean in volts? 14)DIVHT permits the program to 

handle more than one irregularity. DIVHT give the division 

height where the profile for one irregularity ends and the 

other begins. 

B. Subroutine DERFUN 

The subroutine contains the Haselgrove equations 

discussed in Chapter 3. 

C. Subroutine RKAMSU 

To solve the Haselgrove equations a fourth order 

Runge-Kutta technique is used (Jones,1966). This routine 

supplies the solution to the equations using the Runge- 

Kutta method. 

D. Subroutine IRWC 

This subroutine calculates the full Appleton-Hartree 

index of refraction with collisions and gives the imaginary 

part necessary for the energy calculations. 

E. Subroutine DPOSIT 

Subroutine DPOSIT uses the volumetric Ohm's law and 

equations discussed in Chapter 2 to calculate the unnormal¬ 

ized energy deposited per unit volume along the ray path. 

The calculations are accurate to within approximately l-2km 

of reflection or maximum density. 



P. Subroutine PROFIL 

This routine contains the model ionosphere to be 

used (see Chapter 3) and supplies a profile number,P, such 

that 0&P£l. The electron number density is, therefore, 

N=N P PROFIL also supplies horizontal and vertical 
lucix • 

gradients of P as a function of position. The parameters: 

YO = peak altitude of F layer 

HO = vertical scale size of the F layer. 

Y1 = peak altitude of the irregularity. 

Hi = vertical scale size of the irregularity. 

XD = horizontal displacement of the irreg¬ 

ularity centre from vertical. 

H2 = horizontal scale size of the irregularity. 

A = amplitude of the irregularity, 

must be specified in this subroutine. Figure 1-1 shows 

some of these parameters. 

Figure 1-1 

G. Subroutine APPLE 

This subroutine supplies the collisionless phase index 

of refraction used in the Haselgrove equations. APPLE also 

gives the vertical and horizontal derivatives of the index 

of refraction as well as the derivative with respect to (p , 

the angle between the wave normal and the horizontal. The 

group refractive index is also calculated. The group index 

of refraction is found from the Appleton-Hartree phase 

index by performing the operation 

d 
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where cJ is the angular frequency of the heating beam. We 

find from Davies(1966;eqn.2.119) 

n" = n4 
(1-n2)2 J 1 YT 
n \x 2 (1-X) 

3.,2 

2 ± 
2(l-x) Y£ - XY„ 

2 (1-X) 
2
XJY£+4(1-X)

2
Y
2 1 i 

for the collisionless case. Additionally (Davies, 1966) 

dn _ ±n(n2-l)Y Y 
d? ~ f ~ — 

JY*+4. (1-X) "Y. 
2„2 

and 
dn _ dn dX 
d€, 5 dX d^ % = x,: 

but from the definition of X: 

f 2 

dX _ p dP 
- f d$ 

while ^ can be directly calculated from the Appleton- 

Hartree equation: 

dX nD \J- 
2X^M[U

2(
^.X).YL. 

D
 LJY;+4(I-X)X 

■Ï 

where D = 2 (1-X) -Y2±JY^+4 (1-X) 
2
Y
2
 * 

All of these equations appear in APPLE and are accurate 

except at and near the reflection points where n goes to zero 

and n' goes to infinity, in which case the product of nn' 

generates nearly random numbers in the computer. We expect 

nn' to be always real and bounded at the reflection points; 

therefore, the area around the reflection point must be 

treated specially. This is done by ejqpanding nn* about the 

reflection points (occuring at X=1 for the ordinary mode and 

at X*l-Y for the extra-ordinary mode) . 
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H. Subroutines PACHO and PACHX 

It is these programs which handle the nn' expansion 

about reflection points. For purposes of this work, only 

the O-mode is used, and hence, only these equations will be 

stated. ( For derivations of 0 and X mode expansions see 

Mathews,1972) 

The product of nn' is calculated accurately to order 
3 

(1—X) in PACHO and is used when (1-X)< 0.01 for the ordinary 

ray. The nn' expansion is then given by: 

nn'= aS + b£2 + c'82 + (a+2bS+3c52+4d8^) 0^) 

+ 8 3 dc'i 
du>J 

where 8 = 1-X 

k = 

•P ■ 

a = 

b = 
i 

c = 

d = 

_ 
d<x> “ 

dc'_ 
dü) 

2TTA 

angle between the wave normal and the magnetic 
field direction 

1/sin2.p 

-acot2 

cotljp (l-Y~2-cot^p) 

Y“2 cot^ (l+2cot^(?) + acot^î 

&a-s) 
-2cotAs 

03Y2 

When the phase index of refraction approaches zero and 

the group index of refraction infinity, the question of the 

convergence of a ray trace to the correct group path value 

becomes a delicate problem. It can be shown (Mathews,1972) 

that absolute convergence will occur whenever the vertical 

electron density gradient is greater than zero at reflection. 



APPENDIX II 

The Solution to the Temperature Change Equation 

The program solving equation 2-23 is called DELTE. 

This program provides the expected electron temperature 

increase as well as the total columnar heating rate. 

The equation to be solved is 
j2Am 

-1 

l 

If the Ohmic losses are concentrated at a height 

h0(=xQtan 50°), that is if,the energy is deposited over a 

length that is small compared to the thermal scale length 

L = (m.k_T. ) ^2/iaV. (Meltz & Lelevier, 1970), then the 
1 D 1 € 61 

Q in equation II-l can be approximated by an impulse func¬ 

tion 8(x-x^) and II-l becomes approximately 

K 
- 3neVeikBVSre 

m. 

= -Q II 

MF* ” IZ~2 dxT IT e ÏT e 

where Q* is now the total oolumnar heating rate per unit 

horizontal area given by 

Q' = [-^HF;
OS

--exp(-jXdr) du II-3 

where JU is the cosine of the polar zenith angle? y\= absorp¬ 

tion and r=horizontal displacement of a vertical 

column of radial depth Ar (J, Thomson, 1970). The cos (Ty) 

takes account of the beam shape. 

From the results of RAY 4 calculations of volumetric 

energy deposition, it is found that the majority of the 

energy is deposited within ''•8km of the point of maximum 

deposition whereas the corresponding thermal length scale 

is about 30 km. Therefore equation II-2 is an adequate 

approximation. 

Equation II-3 is numerically integrated for vertical 
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columns 5km apart. Each column has a diameter (radial depth) 

of 5km. Only those rays passing through a specified column 

contribute to the heating rate. It is assumed that for 

adjacent rays passing through a column at each height, the 

contributions add. Further the contributions to Q' for 

all heights lower than the height being considered must be 

added in. This method will slightly underestimate the 

electron temperature change. There will be heat conducted 

down along the magnetic field lines from heights above that 

under consideration,but this is being ignored here to give 

a lower estimate of ATe. 

Once the Q' is calculated, equation II-2 may be solved. 

The solution is straight forward 

ATe = exp[- |x'-x^)/L] 11-4 
e 

The change in electron temperature is calculated in 2km 

height intervals for 12 zenith angles. These values are 

then averaged over the height resolution of the radar 

(45km) and compared to experimental results. 
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