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ABSTRACT 

A strong high-frequency radio wave incident on the 

ionosphere is capable of exciting enhanced electron plasma 

waves via a parametric wave-plasma coupling interaction. 

Incoherent backscatter radar is used to obtain detailed 

power spectra of these enhanced plasma waves. Power and 

frequency asymmetries are detected between spectra of 

enhanced plasma waves propagating parallel and antiparallel 

to the radar line-of-sight at the altitude of observation. 

The power spectra are corrected for the antenna gain fre¬ 

quency dependence. The power asymmetry is attributed to 

linear convective amplification of the plasma waves, so 

that waves observed propagating parallel and antiparallel 

to the radar line-of-sight have originated at different 

altitudes, above and below the observation height. The 

frequency asymmetry is interpreted as a Doppler shift of 

the power spectra resulting from a downward static drift 

of the thermal electrons. This drift is necessary to 

maintain charge neutrality within the wave-plasma inter¬ 

action region, replacing upward-escaping energetic elec¬ 

trons which have been bootstrap accelerated by the enhanced 

plasma waves. 
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CHAPTER 1 

INTRODUCTION 

The vast majority of our host universe is in the plasma 

state and a good plasma laboratory is essential for investi¬ 

gating and understanding its many diverse phenomena. There 

are of course several ways one might envision a functional 

plasma laboratory. One method would be to model a chosen 

astrophysical plasma in a well-controlled conventional 

laboratory setting. This confined plasma is manageable 

and obedient to changes in the forces of constraint or to 

any additional forces applied to achieve desired plasma 

modifications and associated effects. 

Unfortunately some important plasma phenomena such as 

parametric instabilities do not do well in confinement. 

They represent a delicate wave-particle interaction process 

which is destroyed when the attendant unstable plasma waves 

encounter a sharp boundary. There is however another type 

of plasma laboratory, utilizing an existing natural plasma 

in residence, absent from what is normally thought of as 

laboratory confinements. The ionosphere is an excellent 

such laboratory-without-walls. The principal problems in 

this strategy are providing sufficient experimenter control 

over the natural plasma, at least locally, to produce 

significant plasma changes, while including an accurate 

diagnostic means of determining just how the plasma is 

reacting to these modulations. 
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Ionospheric modification is an interdisciplinary 

experiment embracing several fundamental fields of physics. 

A powerful high-frequency radio wave incident on the iono¬ 

sphere deposits enough energy to locally perturb the normal 

energy balance. The interaction of this electromagnetic 

wave with the ionosphere is a basic plasma physics problem. 

In particular, if the incident radio wave is strong enough 

it is capable of exciting parametric instabilities in the 

form of unstable electrostatic plasma waves. In addition, 

the incident electromagnetic wave substantially heats the 

ionosphere near its reflection altitude. How the plasma 

reacts to this heating, and with what time constants, has 

direct application to ionospheric physics. The plasma 

behavior is monitored using a 430-MHz incoherent scatter 

radar, photometers, and an ionosonde. Incoherent scatter 

radar is an ideal means of observing ionospheric behavior 

since it returns a wealth of information while exerting a 

negligible influence on the plasma. Given the means to 

disturb and observe the plasma, the ionospheric modification 

experiment thus qualifies the ionosphere as a natural plasma 

laboratory. 

This thesis is concerned with the observation and 

interpretation of frequency and power asymmetries within 

incoherent backscatter spectra of parametrically enhanced 

plasma waves. Although these asymmetries are small they 

are notable indications of parametric plasma processes 

at work within the ionosphere. As such, it is important 
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to understand how these observable processes reflect the 

overall plasma interaction phenomena. One uses a bootstrap 

procedure; accepting the observable results, one asks what 

the ionosphere must be doing to produce those results, and 

then searches for processes which cause the ionosphere to 

act in that particular manner. The following chapters are 

designed to give a brief introduction to the theoretical 

foundation of the observations, the detailed experimental 

technique used in data acquisition, and an interpretation 

of the data in terms of ionospheric phenomena attending 

the wave-plasma interaction. 
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1.1 INCOHERENT SCATTER THEORY 

The basic theory of incoherent scatter as applied to 

atmospheric density fluctuations was first developed by 

Booker and Gordon (1950) and revised later by Booker (1956). 

Its feasibility for studying the ionosphere was first 

suggested by Gordon (1958) and a powerful new diagnostic 

technique was born. Since then a great deal of theoretical 

work has achieved a general understanding of the standard 

ionospheric backscatter spectrum. An excellent review of 

incoherent scatter theory as it relates to the study of the 

ionosphere is given by Evans (1969). The following short 

introduction to incoherent scatter theory, although not 

mathematically rigorous, attempts to emphasize the physical 

processes from which incoherent backscatter derives its 

dominant spectral features. It will be important to keep 

these physical processes in mind. 

A radio wave incident upon randomly distributed free 

electrons will be scattered incoherently. This is because 

each electron has associated with it a Thomson scattering 

cross-section ae of approximately 10“
28 meters2. Since 

the phases of the various scattered waves are random, the 

scattering is incoherent and the total signal is simply 

the sum of the individually scattered powers. In addition, 

random thermal motions of the electrons should Doppler 

broaden the scattered signal into a Gaussian with a width 

characteristic of the electron temperature. 

Allowing for ions in the plasma introduces several 
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complications. Ions, acting through Coulomb forces, 

restrict the electrons to maintain charge neutrality over 

distances larger than the plasma Debye length X^, 

X^ = (e0kTe/4îrNe2)35 meters 

= 69(Te/N)
!s meters 

where e0 = permittivity of free space (8.85 x 10“
12f/m), 

k = Boltzmann's constant (1.38 x 10-23J/°K), Te = electron 

temperature (°K), N = electron number density (electrons/m3) 

and e = electron charge (1.6 x 10”19C). Because of their 

Coulomb coupling to the ions, the electrons can no longer 

be considered as purely incoherent scatterers. Instead, 

the scatter is better interpreted as coming from electron 

density fluctuations controlled by the ion distribution 

within the plasma medium. Temporal variations in these 

fluctuations produce a spectral distribution in the back- 

scattered signal. 

For a backscatter geometry the return power depends 

primarily on the Fourier content of the scattering irre¬ 

gularities in the mirror direction. In particular, the 

important Fourier component corresponds to a corrugation- 

wavelength such as to produce constructive interference 

of the backscattered signals. For incident and reflected 

radio waves of a fixed wave number, this corrugation- 

wavelength is just X/2, where X is the radar wavelength, 

so that partial reflections from each phase front add 

coherently. The corresponding corrugation wave number 

is then K = 4ir/X. 
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The corrugation-wavelength is essentially the spatial 

scale size of the observable electron density fluctuations. 

Critical in determining the backscatter spectrum is how 

this scale size compares to the plasma Debye length, since 

this reflects to what extent the ions regulate the behavior 

of the electrons. The comparison is aided by defining a 

parameter a = KX^ = 4TTX(J/X. In terms of a and the electron 

to ion temperature ratio, Te/T^, one can describe the back¬ 

scatter signal by adopting an effective scattering cross- 

section for the electron. For temperature ratios appropriate 

to the ionosphere, Buneman (1962) has expressed this 

effective scattering cross-section to be 

a
eff = " (1+a2)-1 + {(l+a2+Te/Ti)}

-1). 

For radar wavelengths much smaller than the Debye length 

the electrons behave independently of the ions and the 

effective scattering cross-section reduces as expected to 

the familiar Thomson scattering cross-section o&. However, 

for radar wavelengths larger than the Debye length the 

motion of the electrons correlates with the ions and creff 

approaches ce/(1+Te/T^), or %oQ when Te = T^. 

The Arecibo 430-MHz radar operates in the regime of 

the exploring wavelength being large compared to the F-region 

plasma Debye length (a « 0.07). The incoherent backscatter 

is therefore thought of as arising from longitudinal 

electrostatic plasma oscillations within the ionosphere. 

The nature of these plasma waves determines the resulting 

spectra. 
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As a result of the requirement for charge neutrality 

the electrons assume almost the same average spatial dis¬ 

tribution as the ions. However, because of their higher 

thermal velocities, the electrons will be continually 

adjusting to any density variations and will never have 

exactly the same distribution as the ions. This small 

spatial difference creates an electric field restoring 

force acting on the ions. This electron pressure on the 

ions then generates plasma density oscillations with an 

acoustic velocity given approximately by the term 

(k (Te+T^)/(me+m^) )?5. Such a collisionless acoustic wave 

would appear in the backscatter spectrum as two spikes 

at Doppler shifts corresponding to ± the acoustic velocity. 

However, for the ion temperature close to the electron 

temperature, the random thermal velocity of the ions is 

comparable to this acoustic wave velocity and the ions 

interact strongly with the wave. Severe Landau damping 

of the wave results. In this non-collisional damping 

interaction the periodicity of the density wave is destroyed 

by the thermal velocity distribution of the interacting 

ions. The resulting equilibrium spectrum is given in 

Figure 1.1 where the double-humped appearance shows the 

remains of the acoustic velocity spikes. As Te/T^ increases 

the acoustic wave velocity also increases, diminishing the 

number of ions which interact with the wave. The consequent 

reduction in Landau damping thus results in the spectral 

shoulders becoming more sharply peaked. The largest part 
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of the backscatter power is in this so-called ion component 

of the spectrum. 

A second component of the backscatter spectrum comes 

from weakly-damped plasma oscillations near the electron 

plasma frequency (Salpeter, 1960). The electron resonance 

frequency fr is given by Yngvesson and Perkins (1968), 

fr
2 = fp2 + 12kTe/X

2me + fc
2sin20 

where fp = the electron plasma frequency, X = the radar 

wavelength, f_ = the electron gyrofrequency, and 0 = the 

angle between the radar wave vector and the magnetic field. 

For a plasma frequency of 5 MHz and typical Arecibo values 

of T ^ 1000°K, X = 70 cm, f = 1.05 MHz and 0 = 44°, then 

fp2 = 25 x 1012 Hz, 12kTe/X
2me * 3.7 x 10

11 Hz and 

fc
2sin20 =: 5.3 x 1011 Hz, yielding fr =; 5.1 MHz. These 

observable plasma waves have a frequency fr, a corrugation- 

wavelength of X/2, and a phase velocity Vp^ = frX/2. The 

spectral features associated with this electron component 

are then spikes located at Doppler shifts Af corresponding 

to ± Vp^. For a given radar frequency f and Vp^ positive 

directed away from the radar, Af = -2v^£/c, where c is 

the velocity of light (3 x 1010 cm/sec). Thus upgoing 

plasma waves are represented in the backscatter spectrum 

as a plasma line downshifted in frequency, centered at 

f - 2fr(X/2)(f/c) = f - fr. Similarly, downgoing plasma 

waves appear in the spectrum upshifted in frequency at 

f + fr. A relatively small portion of the total backscatter 

power is in the electron plasma line component of the 
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spectrum as compared to the ion component. An incoherent 

backscatter spectrum as discussed in the theory is shown 

in Figure 1.2. The attention of the following study is 

focused primarily on the behavior of the electron plasma 

wave component of this spectrum. 
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ION VELOCITY DISTRIBUTION * 

Figure 1.1 Sample ion component of the incoherent 

backscatter spectrum. Typical frequency shifts for 

the icn spectral peaks are of the order of a'few klls r 

corresponding to the ion-acoustic frequency of the plasma. 



IX. 

Figure 1.2 ..An incoherent backscatter spectrum. 

The electron component is Doppler shifted by the electron 

resonance frequency. 
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1.2 IONOSPHERIC MODIFICATION AND PARAMETRIC INSTABILITIES 

Modifications to the normal ionospheric backscatter 

spectrum have been achiéved using a powerful O-mode high 

frequency (HF) radio wave. In particular the HF radio 

wave couples with the plasma to induce amplified longi¬ 

tudinal oscillations representing enhanced acoustic and 

electron plasma waves. The backscatter result, enhanced 

plasma lines, was first detected by Carlson et al. (1972). 

A summary of the important observations to date is given 

by Kantor (1972). Figure 1.3 illustrates an enhanced 

electron plasma line spectrum. The interpretation and 

explanation of the excited spectra has attracted a great deal 

of attention for its application to the more general problem 

of intense electromagnetic wave interaction with a plasma. 

Study of this interaction is motivated not only by iono¬ 

spheric modification results but also by laser fusion 

research and investigations of astrophysical plasma dynamics. 

The phenomenon of special interest in this plasma 

interaction is the generation of parametric instabilities. 

These electrostatic instabilities are due to a coupling 

of the incident electromagnetic wave, or pump wave, into 

the ion and electron plasma oscillations. The damping 

of the enhanced oscillations then leads to an anomalous 

absorption of the incident pump wave by the plasma. 

The theory of parametric excitation of plasma waves 

predicts two distinct instabilities for the pump frequency 

near the electron plasma frequency. Both an electron 
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plasma oscillation and an ion oscillation become unstable 

and exponentiate for either instability. The primary 

difference between the two is the frequency for which the 

excited ion wave becomes unstable. The purely growing 

instability excites an electron plasma wave at fHF, the 

HF frequency, and an unstable ion wave at zero frequency, 

i.e. a static ion fluctuation. The decay instability in 

contrast corresponds to an unstable ion wave oscillation 

at the ion-acoustic frequency f^&, and an electron plasma 

wave with frequency fHfl - f^a* 

The theory for parametric coupling of a high frequency 

electromagnetic wave with ion and electron plasma waves 

has been treated by many authors. Silin (1965) first 

predicted the existence of the decay instability using 

an approach based on the hydrodynamic equations for a 

cold plasma. A more complete Green's function analysis 

by DuBois and Goldman (1965) calculated the decay insta¬ 

bility threshold for coupling of the incident high fre¬ 

quency pump wave with low frequency ion-acoustic plasma 

oscillations. These results were reproduced by Lee and 

Su (1966) from a fluid model with phenomenological damping 

constants and by Jackson (1967) from a kinetic theory 

treatment. Using a two-fluid analysis Nishikawa (1968a,b) 

developed a general formalism for the parametric inter¬ 

action of a strong electromagnetic wave with a plasma and 

in the process became the first to predict the purely 

growing mode, or oscillating two-stream instability. 
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Kaw and Dawson (1969) verified this result with their own 

generalized treatment while Sanmartin (1970) repeated the 

argument using kinetic theory. 

What follows attempts to introduce briefly the para¬ 

metric instability phenomenon in terms of the fundamental 

physical forces acting within the plasma. Consider a 

large amplitude plane polarized electromagnetic pump wave 

with wave number K0 incident upon an ionospheric plasma. 

The pump frequency w0 is close to but smaller than the 

ionosphere's maximum electron plasma frequency. This con¬ 

dition then assures that the pump wave will not penetrate 

the ionosphere, but will be reflected at that altitude 

where the local plasma frequency just equals the pump 

frequency. Near this reflection height the wavelength 

of the incident pump wave becomes very large and the inter¬ 

action of interest may be simplified to that of a uniform 

oscillating electric field acting on the plasma. 

Consider now a plasma density fluctuation associated 

with an electrostatic plasma wave (W,K). When the incident 

electromagnetic wave frequency does not exceed the electron 

oscillation frequency of the plasma then the interacting 

electrons are driven at the pump frequency. This produces 

currents at (o±w0, K±K0. These currents form sideband 

plasma modes which in turn interact with the pump field 

introducing a ponderomotive bunching force (ŒVE2). This 

drives more plasma into the higher density regions of the 

fluctuations and strengthens the amplification even further 
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(Wong and Schmidt, 1973). The resulting run-away density 

enhancements correspond to the purely growing instability. 

Now consider the alternative situation of the pump 

frequency exceeding the electron oscillation frequency. 

The phase of the driven electron oscillations is then 

shifted by TT and the resultant ponderomotive force is of 

opposite sign. This force now drives an ion wave with 

the oscillation frequency of the density perturbation, 

the ion-acoustic frequency. This is the decay instability. 

It should be remembered that both of the above in¬ 

stabilities correspond to longitudinal electrostatic 

oscillations while the pump field comes from a transverse 

electromagnetic wave. Therefore both the decay and growing 

instabilities are three-wave interaction processes which 

must satisfy the frequency and wave number matching con¬ 

ditions 

C00 = (üj + OJ2 , K0 = KX + K2 

where (IO^KJ) and (W2,K2) are the induced plasma modes 

of oscillation. Also note that these need not be the 

normal oscillation modes of the plasma and thus may not 

satisfy the plasma dispersion relation in the absence of 

the pump. 

For either of these instabilities to be excited the 

rate of energy transfer into the growing or decay modes 

must exceed their natural damping rates. Neglecting all 

damping allows the instability to occur for arbitrarily 

small amounts of incident pump intensity. However, because 
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of various damping mechanisms there exists a threshold pump 

intensity which is required for a net growth of the density 

oscillations. A brief description of the principal damping 

processes follows. 

The leading collisional damping mechanism is ohmic 

damping. A particle is coupled to an electrostatic wave 

when its thermal velocity component parallel to the wave 

direction is comparable to the phase velocity of the wave. 

If the particle then suffers a collision it will impart 

some of this energy to the particle with which it collides. 

Additionally the particle motion should be sufficiently 

redirected so that it will no longer be effectively coupled 

to the electrostatic wave with which it was previously 

sharing energy. Thus any wave energy retained by the 

particle at the time of collision is also damped away. 

Linear Landau damping, which was mentioned before, 

is a non-collisional damping process in which the periodicity 

of the electrostatic density wave is undermined by the 

thermal velocity distribution of its component particles. 

Nonlinear Landau damping results when two high-frequency 

waves beat to form a low-frequency response which is then 

dissipative by linear damping mechanisms. This becomes 

important in the ionosphere when the phase velocity of the 

low-frequency beat wave corresponds to the ion thermal 

velocity. The energy damped away by any of these mechanisms 

goes into a local heating of the ionosphere. 
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CHAPTER 2 

THE EXPERIMENT 

The ionospheric modification experiment, in addition 

to its other objectives, is designed to investigate para¬ 

metric instabilities. Study of these parametric wave-plasma 

interactions demands detailed enhanced plasma line spectra. 

The following chapter describes how these spectra are 

obtained. 

The ionosphere constitutes a unique plasma laboratory. 

Before presenting the detailed data-acquisition procedures 

used in this particular experiment it is perhaps worthwhile 

to briefly describe a few important properties of this 

extraordinary natural plasma. 

The ionosphere is commonly characterized by an electron 

density profile which represents an equilibrium between 

production, loss and transport processes. The electron 

density may be expressed equivalently through the electron 

plasma frequency fp, 

(2TTfp)
2 = up

2 = Ne2/mee0 

where N = electron number density, e = electron charge 

(1.6 * 1(T19C), me = electron mass (9.1 x 10_31kg) and 

eQ = permittivity of free space (8.85 x 10”
12f/m). Incident 

radio signals of frequency f will reflect at that altitude 

where the plasma frequency just matches the radio frequency, 

i.e. f = f . The maximum electron density, usually at the 
r 

F2 region peak, then defines the ionosphere's penetration 
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frequency or critical frequency. As observed at Arecibo, 

the F2 peak typically occurs at an altitude of 240-320 km 

with a typical maximum electron density of Nmax = 10
11 to 

1012 electrons/m3, corresponding to a critical frequency 

of fQF2 * 3 to 9 MHz. Assuming a linear ionospheric model 

near the F2 peak, one can approximate the electron density 

a distance x below this peak by N (x) = Nmaxd “ x/H) , where 

H is the electron number density scale height, typically 

30 to 50 km. Fixing the HF pump frequency slightly below 

the ionosphere's critical frequency, determined using an 

ionosonde, then assures that the HF reflection and asso¬ 

ciated plasma effects develop in the F2 layer. This layer 

is characterized by an electron-ion collision frequency 

ve^ * 10
3 sec”1, ion and electron daytime temperatures of 

T^ =* 1000°K and TQ - 1500°K, and a composition dominated 

by 0+ ions (Rishbeth and Garriott, 1969). These values 

then imply a typical F2 region plasma Debye length of 

X^ * 2.8 mm. Furthermore, the ionosphere is permeated by 

a magnetic field B, defining the electron gyrofrequency 

f_ by f_ - w /2TT = Be/2 inn = 1.05 MHz. 

The ionosphere's behavior is modulated in general by 

diurnal and seasonal variations while perturbed in detail 

by local irregular fluctuations with time scales of seconds 

to hours. Since the experimenter has only limited control 

even locally over the ionosphere, the information recovered 

from backscatter spectra is enriched by observations under 

as wide a range of ionospheric conditions and incident HF 
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power densities as is possible. However, because of this 

intended divergence in observational conditions, special 

care must be taken in comparing the detailed backscatter 

spectra obtained for different observation times. 
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2.1 THE EXPERIMENTAL FACILITY 

The data contained in this thesis was obtained during 

the ionospheric modification experiment performed at the 

National Astronomy and Ionospheric Center (NAIC) from 

31 March through 14 April, 1975. The NAIC facility is 

located approximately 12 km south of Arecibo, Puerto Rico, 

at geographic coordinates 18.3°N and 66.75°W, or 30°N 

geomagnetic lattitude corresponding to a 1.4-1.5 L-shell. 

The antenna is a section of a sphere with radius of curvature 

of 265 meters and a circular aperture 305 meters in diameter. 

The HF pump wave is produced by a 160 kw transmitter with 

an operating frequency range of 5-12 MHz. Because of 

considerable arcing for the higher powers the transmitter 

was usually limited to 100 kw. The incoherent scatter 

diagnostic radar operates at 430 MHz with a beamwidth of 

1/6°. The 2.5 Mwatts peak pulse power is distributed 

consistent with a 6% transmitter duty cycle. The return 

backscatter signal is digitally sampled, recorded and 

analyzed according to a procedure described later in this 

chapter. Complementing the backscatter radar is an ionosonde 

and photometers observing at 5577 A and 6300 &. Further 

details of the mechanics of the Arecibo facility are given 

by Gordon and LaLonde (1961), Gordon (1964) , and Carlson 

(1965) . Antenna characteristics which are important to the 

interpretation of the backscattered signals are discussed 

in the following chapter on the antenna gain calibration. 

For the purpose of obtaining enhanced plasma line 
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spectra the 430-MHz radar line-of-sight was directed 4° north 

of vertical, intersecting the center of the modified volume 

corresponding to an O-mode HF pump. The HF signal was 

radiated in the O-mode for all of the enhanced spectra since 

X-mode HF radio waves reflect before reaching altitudes 

where the parametric coupling can occur, i.e. altitudes 

where the instability matching conditions are satisfied. 

The experimental configuration is shown schematically in 

Figure 2.1. 
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Figure 2.1 A schematic representation of the experimental 

configuration. 
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2.2 DATA PROCESSING 

The following is a brief description of the digital 

data processing method used to obtain the incoherent scatter 

power spectrum. The procedure begins with the transmission 

of a 430-MHz radar pulse of duration x. Similar pulses are 

then repeated with a fixed interpulse period determined 

primarily by the transmitter duty cycle. After each pulse 

the computer waits a specified time defined as the gate 

delay before beginning to sample the return signal. This 

signal is then digitally sampled in a sequence of small, 

uniform time intervals of specified gate width. The number 

of samples is a programmed variable. This procedure is 

illustrated in Figure 2.2. The frequency spectrum is thus 

initially recorded for each pulse as a sequence of signed 

digits corresponding to receiver-computer interface voltages 

as a function of time. In this format the data may be 

averaged over many radar pulses to reduce the effects of 

random signal fluctuations. As a numerical series the data 

is capable of yielding the power profile simply by squaring 

the signal (the real and imaginary parts), or the power 

spectrum by performing a Fourier transform. 

Before ever reaching the receiver-computer interface, 

the backscatter signal undergoes several changes within 

the receiver system. A block diagram of this receiver 

system is shown in Figure 2.3. The frequency spectrum 

cannot be accurately determined over the full range of 

possible signal frequencies with a practical time resolution. 
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Instead, a few particular regions of small bandwidth are 

selected. The center frequency of each such region is 

represented by a programmed local oscillator frequency 

which is used to mix down initially the RF incoherent signal 

to an intermediate frequency of 30 MHz. Different local 

oscillator frequencies for consecutive pulses provide 

virtually simultaneous data over several sampling windows. 

The spectral bandwidth of the window resolved is determined 

by the sampling rate, equivalent to l/(gate width). To 

limit the noise and minimize aliasing, interference from 

frequencies outside of the spectral bandwidth, the return 

signal is band limited by a filter with bandwidth smaller 

than the sampling frequency window. This signal is then 

mixed with an intermediate frequency of 30 MHz, leaving 

only the signal of interest. Both the real and imaginary 

parts of the signal are retained as the sine and cosine 

components of the receiver output. Thus each sample is 

actually recorded as a pair of numbers read at the computer 

interface. 

The frequency resolution of the data is defined as 

the inverse of the total pulse length, 1/x. The maximum 

pulse duration is limited by the altitude being observed. 

The backscattered signal cannot be received while the 

transmitter is operating or for a short period thereafter 

while the pulse is scattering from nearby mountains. As 

an example, the maximum pulse length corresponding to an 

observation altitude of 300 km is 2 msec, implying a best 
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possible frequency resolution of 0.5 kHz and an altitude 

resolution of 150 km. In comparison, the enhanced plasma 

waves are experimentally observed over an altitude range 

no greater than 600 m (Section 5.1). 

The basic procedure is to send out a radar pulse, 

pick the region to be studied, record the scatter from that 

region, and process the data. The gate delay determines 

when sampling of the backscatter signal begins, and thus 

is the means by which the experimenter controls the altitude 

observed. The processing of data requires more time than 

is available in between the radar pulses so that the raw 

spectral data is immediately dumped onto tape to await 

analysis at a later time. 

The problem of calculating the power spectrum of a 

signal from a sequence of samples has been examined in 

detail by Blackman and Tukey (1959). The method employed 

here is a fast Fourier analysis (Cochran et al., 1967) which 

requires that the number of samples in each sequence be a 

power of 2. The frequency resolution of the power spectrum 

computed in this manner then becomes just the bandwidth of 

the frequency window divided by the number of samples taken 

across this window. To calculate a signal-to-noise ratio 

the data is filter corrected by subtracting and dividing 

by a noise spectrum measured with the receiver on a dummy 

load. Interpolation of the data is accomplished using a 

convolution of the spectrum with sinx/x, yielding both the 

peak frequency and amplitude of the dominant spectral 
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plasma line. The peak frequency can also be estimated using 

a parabolic fit to data points averaged over many radar 

pulses. The standard deviation by either technique is about 

0.1 kHz. 

The specific experiment responsible for the spectral 

data contained within this thesis typically used a pulse 

length of 1000 ysec, an interpulse period of 21.300 msec, 

and a gate width of 7 ysec. The gate delay was set so as 

to sample data over an altitude range embracing the insta¬ 

bility region as monitored visually on an oscilloscope. 

The receiver system employed a 30 MHz Butterworth (square) 

filter with a bandwidth of 125 kHz, which as desired is 

smaller than the sampling frequency window of 143 kHz 

implied by the 7 ysec gate width. For each radar pulse 

150 samples were recorded in each data sequence, from which 

128 consecutive samples were designated and analyzed to 

yield the power spectrum, with a resultant frequency 

resolution of 1.12 kHz. 

These spectral data were accumulated in conjunction 

with a systematic search for diplàsma lines (at *2fHF) 

and gyrolines (Dias and Gordon, 1973). A repeàting sequence 

of seven local oscillator frequencies was used, detecting 

power spectra corresponding to the ion line, ± plasma line, 

± diplasma line, and ± gyroline. The data presented here 

are restricted to the enhanced plasma line portion of this 

search. 
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Signal ptocessing within the receiver system. Figure 2.3 
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CHAPTER 3 

ANTENNA GAIN CALIBRATION 

A valid comparison of enhanced plasma line spectral 

powers must allow for the frequency dependence of the 

antenna gain as used in the incoherent backscatter radar. 

A new line feed and the recently completed resurfacing 

of the Arecibo antenna dish left previous calibration 

measurements out-dated. A new calibration was made. 

For the purpose of determining the absolute backscatter 

gain as a function of frequency, the radioastronomical 

sources 3C215, 3C228, 3C277.2, 3C324 and 3C386 were observed 

on the nights of 29 April, 2 May and 19 July 1975. These 

particular sources were chosen because they passed near 

zenith during the observation period and their power flux 

density at the radar frequency 430 MHz had been previously 

measured by Kellermann, Pauliny-Toth, and Williams (1969). 

Radioastronomical sources used in the antenna gain cali¬ 

bration are broad band in frequency and also of narrow 

angular extent. Because these sources have a known power 

flux density at 430 MHz, it is possible to determine the 

absolute antenna gain at that frequency. Measuring the 

gain simultaneously at several additional frequencies 

resolves the antenna gain as a function of frequency 

relative to 430 MHz. This curve can then be calibrated 

using the absolute gain as determined for 430 MHz to yield 

the desired absolute antenna gain as a function of frequency. 
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Special care must be taken in deriving the correct 

gain from the data since radioastronomical sources are 

spatially discrete radiation sources while the plasma line 

spectral data comes from a spatially extended region. For 

the HF enhanced plasma line signal, this is a consequence 

of the exciting HF beamwidth being much larger than the 

430 MHz radar beamwidth. Thus the applicable antenna gain 

depends not only on the observed radio signal intensity 

but also on the angular width of the antenna's directional 

pattern. This then defines a three-dimensional main lobe 

volume which as a function of frequency describes the 

antenna gain relevant to the backscatter radar. 

The radar transmits at 430 MHz, illuminating the 

ionospheric plasma within the three-dimensional main lobe 

volume at the monochromatic transmitter frequency. The 

radar subsequently receives a broad band ionospheric echo 

at 430 MHz ± fr, where fr is the observed plasma wave fre¬ 

quency. Therefore the two-way antenna gain important to 

the incoherent scatter radar is determined by the product 

of the main lobe volume at 430 MHz with the main lobe volume 

at the received backscatter frequency, 430 MHz ± fr. 

The beam at zenith and 430 MHz is well approximated 

by a circular gaussian with an 8.7 ± 0.2 arc min half power 

width. However, for non-zero zenith angles the beam becomes 

an elliptical gaussian. Antenna spillover results in beam 

broadening in the azimuthal direction. In addition, phase 

mismatches in the line feed cause a general broadening at 
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frequencies away from 430 MHz, as shown in Figure 3.1. 

Assuming the beam shape to be gaussian, the volume within 

the three-dimensional main lobe was determined using two- 

dimensional orthogonal cross-sections of the beam pattern. 

Alternating techniques, the source was allowed to drift 

through the beam, or the beam was swept across the source 

perpendicular to its drift motion, thus providing both 

the peak value and the elliptical axes of the gaussian 

volume. 

The actual calibration procedure, shown schematically 

in Figure 3.2, recorded six channels of data, corresponding 

to six one-megahertz wide intermediate frequency filters. 

From the antenna the incoming signal was passed through a 

30 MHz amplifier and on to the 1 MHz bandwidth filter bank. 

Six discrete channels were then passed through 30 MHz 

square law detectors and an integrator panel set to .5 

seconds. Finally the signal was converted to interpretable 

data using a six-channel chart recorder. The local 

oscillator frequency was externally controlled to vary 

the observed intermediate frequencies. 

The 1 MHz bandwidth filter bank consisted of eight 

intermediate frequency filters equally spaced at 1 MHz 

intervals centered from 26.5 to 33.5 MHz. Thus in con¬ 

junction with local oscillator frequencies of 396.5 MHz, 

399.5 MHz and 403.5 MHz these filters span an observable 

frequency range of 423 to 437 MHz. All data was analyzed 

for 4 degrees zenith angle to duplicate the data-taking 
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conditions of the enhanced plasma line spectra. 

The two-way relative gain, GB(v,z), was calculated 

using the spherical volume integral, 

with the function G(v,z,0) assumed to be an elliptical 

gaussian, i.e. G(v,z,0) = G (v, z) exp (-0 Z/Q±_* 0j|) , and 

where v0 = transmitted frequency (430 MHz), v = received 

frequency, z = zenith angle (4 degrees), G(v,z) is the 

on-axis absolute gain, and 0j.*9|| are the half power beam- 

widths as a function of frequency, perpendicular and 

parallel, respectively, to the azimuthal direction. 

Performing the above integration and normalizing to the 

gain at 430 MHz yields the relative gain as a function of 

frequency, 

The experimental results are plotted in Figure 3.3, 

calibrated according to the absolute backscatter gain 

as computed below for 430 MHz. 

The absolute gain, G, is related to the antenna's 

effective aperture, A, by G = 4TTA/A2 where A is the measured 

radiation wavelength. Thus to evaluate the gain it suffices 

to determine the effective aperture. This fortunately can 

be measured directly through the expression T& = SA/2k, 

(Kuz'min and Salomonovich, 1966), where Ta = the measured 

GB(V,Z) = (1/4TT) / /G(VO,Z,0)G(V,Z,0) sin0d0d<J> 

- (1/2)|G(V„,Z,0)G(V,Z,0)sin0d0 
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antenna temperature, S = the standard source's flux density, 

and k = Boltzmann's constant. The antenna temperature was 

measured by comparison to a calibration noise pulse of 

known temperature. For this experiment the noise pulse 

temperatures used were 58°K, 63°K, and 108°K, with an 

accuracy of ±1°K. In terms of measurable and known quan¬ 

tities, G = 8-rrkT/SX2 = (7.125 x 104) T/S, and thus 
a a 

G(dB) = 10 log10 (7.125 x 10
4) Ta/S. Received power is 

typically expressed in terms of the power flowing across 

a square meter (m2) per cycle/sec (Hz) of receiver band¬ 

width. The units of power flux density are therefore 

watts per square meter per Hz. Since typical radioastro- 

nomical power flux densities are very small, their magnitude 

is more conveniently expressed in terms of the flux unit 

(f.u.), equal to 10“26 Wm”2Hz_1. Then, using the experi¬ 

mental data, the absolute gain at 430 MHz solves to 

G(dB) = (60.9±0.l} dB or (17.3±0.4)°K/f.u.. This compares 

to 14.7°K/f.u. for the old surface and new line feed, and 

6.1°K/f.u. for the old surface and old line feed. 

The absolute gain calculated above corresponds to 

the antenna aperture efficiency, nA, which is related to 

the main beam efficiency, nB, by nA = nB (4X2/1.133ir0j0||D2 ) 

(Mezger et al., 1966), where D is the antenna's largest 

linear dimension. For an extended source such as the HF- 

illuminated ionosphere it is this main beam efficiency 

which is important. For the Arecibo data parameters, 

nA = (0.85±0.02)nB. Thus the extended source absolute 
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gain at 430 MHz is G(dB) = (61.6±0.2) dB which translates 

into (20.3±1.0}°K/f.u.. This absolute gain for 430 MHz 

was then used to calibrate the relative antenna gain as 

a function of frequency curve shown in Figure 3.3. 
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Figure 3.2 Antenna gain calibration data acquisition 

procedure. 
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CHAPTER 4 

THE SPECTRAL DATA 

Apparent frequency and power asymmetries between up- 

shifted and downshifted experimental plasma lines were first 

noted by Carlson et al. (1972) and discussed by Kantor 

(1972) in a detailed structural comparison of the enhanced 

spectra. Additional structural distinctions exist but have 

not resisted explanation as vigorously as the spectral 

asymmetries. This chapter presents enhanced plasma line 

data as they apply to the investigation of these frequency 

and power asymmetries. 

An experimental enhanced plasma line spectrum is given 

in Figure 4.1. This spectrum is in general agreement with 

its schematic counterpart of the first chapter. In par¬ 

ticular both the decay and growing mode plasma lines are 

identifiable. The additional structure within these spectra 

will not be discussed here. 

According to parametric instability theory, the growing 

mode is excited at the pump frequency fHF* For a radar 

frequency f, the enhanced plasma waves excited at fHf1 appear 

in the backscatter spectrum as plasma lines at f ± fHF* The 

decay mode develops at frequencies fHF - f^a, where f^a is 

the ion-acoustic frequency, given by Perkins et al. (1974), 

f ia = wia/2ir = K(Te+3Ti/MjL)V2ir 

with K = the corrugation wave number = 4TT/X , X = the radar 

wavelength, Te = the electron temperature, T^ = the ion 
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temperature, and = the ion mass. A typical ion-acoustic 

frequency for Arecibo calculated using the preceding ex¬ 

pression is f^ = 4.5 kHz. The decay line theoretically 

occurs in the backscatter spectrum at the frequencies 

f ± (fjjp - f^a) * However, the ion-acoustic frequency 

experimentally measured as the decay line displacement 

from the HF frequency is typically 3.4 ± 0.1 kHz, in clear 

disagreement with the previous estimate computed above. 

The power asymmetry is simply defined as the difference 

in the peak amplitudes of the upshifted and downshifted 

decay lines. These amplitudes are most easily expressed 

in terms of their signal-to-noise ratio. The power asym¬ 

metry is most evident in the comparison of individual plasma 

line spectra. The results of all such comparisons are 

accumulated in Figure 4.2. The antenna gain correction 

to the plasma line, amplitudes proves critical in evaluating 

the power asymmetry. This correction was neglected in 

previous comparisons of the spectral powers. As the data 

shows, the gain-corrected power asymmetry appears uniformly 

distributed without any clear preference for either the 

upshifted or downshifted decay line. The spectral plasma 

lines may exhibit enhancements of more than three orders 

of magnitude over the normal thermal noise level. The 

separate decay line amplitudes fluctuate significantly 

over short time scales. Enhancement fluctuations within 

individual data runs may exceed one order of magnitude. 

These fluctuations are displayed in Figure 4.3 which 
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summarizes the results of a single data run taken over 

a 20 minute period. Each spectrum was averaged over 30 

seconds so that random signal fluctuations should be 

insignificant. 

The frequency asymmetry is defined in terms of the 

frequency displacement Af of the decay line from the pump 

frequency, i.e. Af = fHf1 - f^a. Thus if the upshifted and 

downshifted decay lines were symmetrical about the radar 

frequency then the difference between their respective 

Af's would be zero. The experimental frequency asymmetry 

is illustrated in Figure 4.4, which corresponds to the 

same data run as used in the preceding example of power 

amplitude fluctuations. Figure 4.5 accumulates the fre¬ 

quency asymmetry data from all such data runs over the 

course of the experiment. There is one important feature 

of the frequency asymmetry which is immediately obvious. 

The frequency displacement of the downshifted decay line 

is always greater than or equal to that of the upshifted 

line. Kantor (1972) evaluated this frequency displacement 

to be (0.4±0.1) kHz greater for the downshifted decay line. 

The present data confirms the existence of the asymmetry 

as observed by Kantor, but also detects a much greater 

range for the experimental frequency displacements. The 

difference between the frequency displacements of the 

upshifted and downshifted decay lines is observed to vary 

from 0 to 1.5 kHz, with a typical value of 0.4 kHz. Within 

individual data runs this frequency asymmetry usually 
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remains constant to within ± 0.1 kHz. There are several 

exceptional instances, however, when the frequency asym¬ 

metry does change radically. 

Additional experimental data will be introduced in 

the following chapter to support or refute possible 

explanations and interpretations of the described spectral 

asymmetries. 
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CHAPTER 5 

DATA INTERPRETATION 

As stated in the introduction, it is the goal of this 

thesis to apply the experimental data toward a better 

understanding of the parametric coupling of an electro¬ 

magnetic HF pump wave to the ionospheric plasma. In par¬ 

ticular, it is the objective of this chapter to propose 

explanations for the observed power and frequency asym¬ 

metries which are consistant with the experimental evidence. 

This chapter does not pursue theoretical manipulations 

of the parametric wave-plasma interaction physics. Instead, 

the search for explanations of the spectral asymmetries 

centers around physical processes which occur within the 

interaction region. The power and frequency asymmetries 

are treated separately since no distinct connection between 

the two is evidenced by the experimental data. 

There are many potential sources of the power asymmetry. 

From the available data it is not possible to resolve any 

one of these as the single responsible mechanism. In fact, 

it is probably more likely that several of these mechanisms 

make important contributions and should share responsibility 

for the observed asymmetry. With this in mind, the follow¬ 

ing discussion is designed to be a general, descriptive 

interpretation of the observations. A previously suggested 

mechanism is reviewed and found inconsistent with the 

experimental data. 



The frequency asymmetry offers a much more limited 

flexibility in its interpretation. A single mechanism 

seems to be responsible for the experimental observations 

Such a mechanism is proposed and examined in detail for 

its role in the wave-plasma interaction process. 
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5.1 THE POWER ASYMMETRY 

The observed enhanced plasma waves are electrostatic 

density enhancements propagating along the radar line-of- 

sight. These density fluctuations are observable over 

only a limited altitude range even though they are excited 

over the full wave-plasma interaction region. Convective 

amplification through this excitation region is probably 

responsible for the observed power asymmetry. 

Recall that plasma waves are detected only at that 

altitude where their propagation wave vector exactly matches 

the 430-MHz radar corrugation wave vector, i.e. propagation 

along the radar line-of-sight and K = 0.18 cm-1. As shown 

in Figure 5.1, this corresponds to a very narrow altitude 

range, smaller than the height resolution of the best 

available data. Using this data and several nominal 

assumptions concerning an experimentally detected, uniform 

drift of the observation altitude, it is possible to 

estimate the width of the observable altitude range to 

be 300 meters or less. 

How does this compare to the entire excitation region 

for the parametrically enhanced waves? This interaction 

region extends from the altitude of HF reflection down to 

an altitude where Landau damping causes a sharp rise in the 

threshold field necessary to excite the enhanced plasma 

waves. This condition is equivalent to =* 1/4 (Perkins 

et al., 1974). Approximating the local ionosphere with a 

linear density gradient and using the parametric frequency 
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matching condition leads to an expression for the distance 

Ax below reflection corresponding to the lower boundary 

of the interaction region, 

Ax = (H/fHF
2) (3 (K/2TT) 2 (kTe/me) + fc

2sin2e) 

where all symbols have been previously defined. For a 

typical HF pump frequency of 5.1 MHz and a scale height 

H - 30 km, this yields Ax = 11.2 km. Thus the observable 

altitude range is only a very small height interval which 

is embedded in the much larger interaction region. 

It is now necessary to consider to what extent the 

whole interaction region will contribute to the observed 

spectra. The enhanced plasma waves propagate until they 

are damped away. This may involve a local detailed balance 

between linear growth and nonlinear saturation mechanisms 

(Valeo et al., 1972; Kuo and Fejer, 1972; DuBois and Goldman, 

1972; Weinstock and Bezzerides, 1972; Perkins et al., 1974). 

Alternatively, the linear growth may in part be balanced by 

wave propagation out of the spatial region of linear ampli¬ 

fication and then linearly damped (Arnush et al., 1974). 

Both models describe a linear parametric convective ampli¬ 

fication of the observed electron plasma waves. The dis¬ 

tance Az that a plasma wave propagates in refracting an 

angle A0 is given by Perkins et al. (1974), 

Az = 12HK2X(J
2 (tantji) (A0) 

where <j> = the magnetic dip angle = 50° for Arecibo. The 

nonlinear damping processes are predicted by Perkins et al., 

(1974) to dominate the wave intensities when A0 ^ 10°. 
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This corresponds to a wave convective distance of Az * 300 

meters. On the other hand, if wave saturation is achieved 

by wave propagation out of the excitation region, then the 

observed enhanced plasma waves correspond to A0 = 44° and 

the convective distance Az ^ 1.32 km. The important result 

here is that regardless of which of these models correctly 

describes the wave saturation process, the enhanced plasma 

waves are convective over distances which are significant 

in comparison to the observable altitude range. 

There is one further complication which has yet to 

be introduced. The incident and reflected pump electric 

fields near the reflection altitude interact to form a 

standing wave field which in the absence of acute losses 

is described by the Airy function (Budden, 1966). This 

function is graphed in Figure 5.2. A necessary condition 

for the existence of the Airy structure in the interaction 

region is that the HF pump field must not be completely 

absorbed by the ionospheric plasma before reflection. As 

will be mentioned in the following section, this absorption 

may at times be quite intense. Even so, the Airy function 

serves at least as a rough approximation to the electric 

field structure near reflection, and the distance over which 

the modifier electric field shows substantial variation 

within the interaction region is approximately on the order 

of 200 meters. Thus each enhanced plasma wave is capable 

of being amplified and attenuated several times as it pro¬ 

pagates through successive lobes of the electric field 



53 

Airy structure. 

Returning now to the interpretation of the power asym¬ 

metry, it is important to remember that the plasma line 

upshifted in frequency corresponds only to downgoing plasma 

waves while the downshifted plasma line represents only 

upgoing plasma waves. Thus the upshifted plasma line 

describes enhanced plasma waves which have been generated 

above the observation altitude. Similarly, the downshifted 

plasma line describes plasma waves which have been excited 

below the altitude of observation. The difference between 

the enhancements of the upshifted and downshifted plasma 

lines can then be attributed to their different excitation 

regions, either above or below the observation altitude, 

respectively. 

Because of the convective nature of the enhanced plasma 

waves, one must consider the HF pump field as spatially 

averaged over several of the Airy function lobes. As a 

result of this spatial averaging, it is not likely that 

the Airy structure alone is capable of producing the ob¬ 

served large order fluctuations in wave intensity. This 

Airy function effect was originally proposed by Fejer (1972) 

as a possible explanation for the observed power asymmetry. 

The present analysis concludes that this explanation for 

the asymmetry is unlikely. Figure 5.3 presents what is 

considered as an experimental observation of the Airy 

structure, obtained as the ionosphere's critical frequency 

drifted through the pump frequency. The interesting feature 
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of this figure is the exact coincidence of the upshifted 

and downshifted plasma lines as they change with time. 

If the Airy structure mechanism proposed by Fejer were 

correct, one would expect the upshifted and downshifted 

plasma lines to be suggestively out of phase. The absolute 

power asymmetry between the two observed plasma line inten¬ 

sities in this figure is probably due to the fact that no 

antenna gain correction was made to the data. 

The antenna gain correction dismisses the systematic 

power asymmetry which is present in the initial data. 

The observed power asymmetry then takes on the appearance 

of the natural fluctuations of the plasma wave enhancements. 

That is not to say these fluctuations are well understood. 

However, they are probably a product of dissimilar, tur¬ 

bulent excitation regions above and below the observation 

altitude. This difference is perhaps associated with 

localized turbulent damping of the enhanced plasma waves. 

A more detailed study of the spectral power fluctuations 

on shorter time scales is a logical next step for satis¬ 

factorily explaining the observed power asymmetry. 
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5.2 THE FREQUENCY ASYMMETRY 

The spectral plasma line frequencies are theoretically 

symmetric about the radar frequency, displaced by Doppler 

shifts corresponding to the phase velocity of the observable 

plasma waves (Section 1.1). The frequency displacement 

of the enhanced decay line from the pump frequency is given 

by Af = fjjF - f^a. However, this frequency displacement 

is experimentally observed to always be greater for the 

downshifted decay line compared to the upshifted decay line, 

typically greater by about 0.4 ± 0.1 kHz. This amounts 

to an additional upward frequency shift for both lines of 

approximately 0.2 kHz. The additional frequency displace- 

ment is interpreted as a second Doppler shift superimposed 

on the normal plasma line spectrum. A Doppler shift of 

0.2 kHz upwards in frequency at 430 MHz corresponds to a 

downward drift velocity of about 70 m/sec. The following 

section investigates possible explanations and the asso¬ 

ciated implications of this apparent motion. 

If the drift motion responsible for the observed fre¬ 

quency asymmetry is attributed to mass ionospheric transport, 

the driving mechanism must be highly localized in the 

neighborhood of the wave-plasma interaction region. Normal 

Arecibo ionospheric drifts are much smaller than the 

70 m/sec suggested here (c.f. Behnke, 1971). In addition, 

if not a local phenomenon, a mass ionospheric transport 

of this magnitude would initiate significant structural 

changes in the ionosphere within a time scale of minutes. 
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The leading problem with this argument seems to be in 

finding a mechanism which could drive this mass transport. 

The best candidate is thermal diffusion. A sufficiently 

large vertical electron temperature gradient/ established 

near the interaction region, could drive the desired plasma 

diffusion. This requires a temperature gradient for the 

induced heating of about 100°K/km. Meltz and LeLevier 

(1970) experimentally determined that this is not a reason¬ 

able expectation. The heat deposited in the interaction 

region is distributed over too great an altitude range. 

This is dramatically shown in Figure 5.1. Recall that the 

effective electron scattering cross-section for the 430-MHz 

radar is roughly cr/(1+T _/T. ). As the electron-to-ion 

temperature ratio increases, the effective scattering cross- 

section decreases, reducing the total backscatter power. 

This effect is clearly demonstrated by the comparison of 

the two curves, one obtained with the HF pump on, the other 

with the HF off. Since the ionospheric heating is spread 

over a large altitude range, it is concluded that thermal 

diffusion is not capable of driving the ionospheric mass 

transport process. Furthermore, since no other such driving 

mechanisms are apparent, the proposed drift motion should 

not be attributed to ionospheric mass movement. 

Observation of the drift motion does not require that 

the entire ionospheric plasma be moving. Even though the 

ions moderate the backscatter spectrum through their Coulomb 

coupling to the electrons, it is still only the thermal 
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electrons which contribute significantly to the backscatter 

plasma line signal. Thus a static drift of thermal elec¬ 

trons moving through a stationary ion-neutral background 

is sufficient to provide a Doppler shift in the plasma line 

power spectrum. 

Where is the energy deposited once withdrawn by the 

parametric instabilities from the incident pump field? 

The enhanced plasma waves suffer continuous linear damping, 

surrendering their energy into the electrons. If colli- 

sional damping dominates, this energy goes into the thermal 

electrons, producing an anomalous heating of the plasma. 

However, if Landau damping is the primary energy loss 

mechanism, then the enhanced plasma waves heat high-energy 

electrons, giving rise to a high-energy tail in the electron 

velocity distribution. 

Anomalous heating of the ionosphere has been observed 

using an O-mode HF pump wave (Gordon et al., 1971). This 

heating is largest at night, when the ionospheric Landau 

damping is minimized. However, airglow emission is also 

observed coming from the ionosphere when the HF is trans¬ 

mitting in the O-mode, implying that at least some of the 

incident pump energy is converted into the energetic elec¬ 

trons which produce the visible emission. In fact, Kruer 

et al. (1970) conclude that HF heating should occur prin¬ 

cipally in the high-energy tail of the electron velocity 

distribution. 

Enhanced airglow at 6300 Â has been observed coming 
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from the night ionosphere when illuminated by the reflecting 

HF pump wave tSipler and Biondi, 1972). This enhancement 

is interpreted as energetic electron impact excitation of 

the 0(1D) state of atomic oxygen, requiring an excitation 

energy of 1.96 ev. In addition, the 5577 R emission from 

the OC^S) state, with an excitation energy of 4.17 ev, is 

also modulated by the HF pump. 

The energetic electrons responsible for the airglow 

are accelerated to these energies via a Landau damping 

interaction with the HF enhanced plasma waves. These 

electrons are therefore accelerated both upwards and down¬ 

wards along the magnetic field lines passing through the 

interaction region. The airglow emission is generally 

observed to come from below this interaction region (Haslett 

and Megill, 1974), thus accounting for the downgoing 

energetic electrons. The upgoing energetic electrons have 

a less definite fate. At ionospheric densities, electrons 

of one electron volt or more realize mean free paths against 

Coulomb collisions which may exceed 100 km. Thus the 

electrons accelerated upwards should either escape the 

atmosphere or suffer collisions over such extended distances 

as to produce no observable effects. 

According to the above analysis, energetic electrons 

accelerated upwards out of the interaction region should 

escape the local ionosphere. This implies a net flux of 

energetic electrons leaving the interaction region. In 

order to maintain charge neutrality within the interaction 
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altitude range, a counter flow of thermal electrons is 

driven along the field lines. Such a counter flow was 

first suggested by Haslett and Megill (1974) but lacked 

any supporting experimental evidence. It is here proposed 

that it is just this counter flow of thermal electrons, 

moving downward to replace upward-escaping energetic elec¬ 

trons, which constitutes the static drift responsible for 

the observed frequency asymmetry, 

There are several details of this model which must 

be checked. The counter flow of thermal electrons, as 

shown in Figure 5.4, is always toward the interaction 

region. But where in this altitude range of approximately 

10 km does our 300 meters of observed altitude occur? 

Using the expression given in the previous section for 

the distance Ax below reflection of plasma waves with 

wave number K, and redefining ic = the radar corrugation 

wave number = 0.18 cm-1, yields Ax - 1.1 km. Thus the 

observation altitude is in the uppermost part of the 

interaction region, and a downward flow of thermal electrons 

is completely consistent with the above model. 

To estimate the magnitude of this downward flow is 

more difficult. The acceleration of the thermal electrons 

to high energies may be by a "bootstrap effect" as suggested 

by Perkins et al. (1974). The electron is accelerated in 

steps by successively faster enhanced plasma waves. Alter¬ 

natively, sufficiently intense pump electric fields may 

achieve enhancements capable of a strong single acceleration 
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such as described by Fejer and Graham (1974). 

The interpolation of airglow data into a downgoing 

energetic electron flux is in itself a difficult problem. 

Nevertheless, Haslett and Megill (1974) have attempted 

such a calculation for airglow observations made at Boulder, 

Colorado in association with an ionospheric modification 

experiment similar to that performed at Arecibo. Their 

study estimated a downward energetic electron flux of 

109 el cm™2 sec™1, in agreement with the theoretically 

predicted flux of Weinstock (1974), computed using a 

turbulent wave diffusion tensor analysis. Using this 

same analysis, Weinstock also approximated the downward 

energetic electron flux at Arecibo to be 1/8 of that for 

Boulder, again in rough agreement with the comparable 

airglow data. 

For the downward-accelerated electrons to fully exploit 

the bootstrap acceleration mechanism, it is necessary that 

the enhanced plasma waves have a sufficiently wide range 

of phase velocities such as to produce the predicted accele¬ 

rations within a small altitude interval. This is because 

a downgoing electron will encounter slower rather than 

faster plasma waves at lower altitudes. Airglow observed 

at Boulder is greater than that seen at Arecibo either 

because Boulder's more powerful HF pump wave allows for 

a strong single acceleration of the electrons, or because 

their enhanced plasma waves have a greater phase velocity 

spread capable of supporting bootstrap acceleration. 
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Upward-accelerated electrons qualify for bootstrap 

acceleration without assumptions about the range of enhanced 

plasma wave phase velocities available at any particular 

altitude. Thus the upward energetic electron flux near 

the top of the interaction region is probably greater than, 

and possibly much greater than, the estimated downward flux 

at both Arecibo and Boulder. Theréfore a minimal value 

for the flux of upgoing bootstrap-accelerated energetic 

electrons is probably the estimated flux of downgoing 

energetic electrons as calculated by Haslett and Megill 

(1974), 109 el cm”2 sec-1. How does this compare to the 

thermal electron flux needed to explain the observed fre¬ 

quency asymmetry? The ionospheric electron density which 

corresponds to a plasma frequency of 5 MHz is approximately 

3 x 105 el cm”3. Thus a downward drift velocity of 70 m/sec 

implies a downward thermal electron flux of about 2.9 x lo9 

el cm”2 sec”1. Considering the general lack of understand¬ 

ing about the acceleration mechanisms involved, the agree¬ 

ment is reasonable. 

To summarize the proposed model, the frequency asym¬ 

metry is interpreted as a Doppler shift resulting from a 

downward static drift of thermal electrons. This drift 

is necessary to maintain charge neutrality within the 

interaction region, replacing the escaping energetic 

electrons which have been bootstrap accelerated by the 

enhanced plasma waves. 
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Figure 5.1 
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