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Resonancias giro-magnéticas
De la tesis de R. Woodman, pag. 110
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Excerpt from R. Woodman’s PhD Thesis, 1967

Transcription from the original pages 3-4

Despite the extensive amount of theoretical work on the problem of incoherent scattering, this is still
not complete. In the sense that, with the exception of two papers, one by Farley5 and the other by
Dougherty6 which we shall briefly discuss, no one has included the effect of ion-ion interactions or
so-called Coulomb collisions. Ionospheric plasmas, even in their most dense regions (Fmax peak) have
an affective ion-ion collision frequency of the order of 10 sec−1, which is small compared with to other
characteristic frequencies like the ion gyro-frequency and the thermal characteristic frequency (inverse
of the time it takes an ion to travel one wavelength). These frequencies are of the order of 160 and
2000 radians/second (for λ = 1.5 meters) respectively. Thus, initially it appeared that neglecting the
effect of this type of collision was justified. A more careful analysis shows that this is not the case,
especially in predicting the effects of the magnetic field and ion gyro-resonance phenomena. A more
careful analysis was stimulated by the fact that [O]+ ion-gyro-resonances predicted by the collisionless
model were not observed experimentally.

In the paper by Farley5 mentioned above, he estimated the amount of probabilistic diffusion that any
ion suffers after a gyro-period when subject to Coulomb collisions. From this he concluded, as we shall
also see, that the effect of Coulomb collisions is indeed important and responsible for the failure of the
experimental observations of oxygen gyro-resonances.

The other paper which considers the effect of Coulomb collisions is the one by Dougherty6. He
presents a Fokker-Planck type collision model for the Bltzmann equation and its analytical solution.
He considers a single component plasma with no self-consistent field. The incoherent scatter problem,
regardless of the approach, requires the solution of Boltzmann-type equations, but the inclusion of
at least two species (ions and electrons) and the inclusion of the self-consistent field. So in regards
to this problem this paper can be considered as an important step towards its solution, but yet not
complete. By discussing his solution, we also demonstrate the importance of the collision term for
typical ionospheric parameters.

We were motivated to study the incoherent scatter problem (and the associated one of plasma density
fluctuations) because of the incompleteness of the solutions offered so far in regard to the effect of
Coulomb collisions. Our main goal is to investigate the effect of such collisions, mainly on the ion-
gyro-resonances predicted by the collisionless theory. But, the contributions presented in this thesis
are not limited to the inclusion of the effects of such collisions in our solution. We present a solution to
the problem taking a new approach, starting from first principles, and removing in the process some
of the limitations of the other approaches taken so far. We present a technique which formally could
be used even in the case of non-homogeneous and non-stationary plasmas.
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Es acerca de la teoría de la dispersión incoherente 
de ondas electromagnéticas en un plasma.

La tesis de Ronald F. Woodman

Emplea un método nunca empleado (antes ni 
después): Cálculo de la función de correlación 
como un problema de valor inicial.

La contribución más resaltante: El efecto de las 
colisiones de Culombio entre iones que explica la 
ausencia de giro-resonancias en los espectros 
medidos.

Thursday, January 7, 2010



Medición de temperaturas de iones mucho 
mayores que la temperatura de electrones.

Durante los años 90 surgió un nuevo misterio:

Toma lenta de conciencia que el acertijo podía 
ser resuelto invocando colisiones de electrones.
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37 años más tarde, en 2004 . . .
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Journal of Atmospheric and Solar-Terrestrial Physics 66 (2004) 1521–1541

On a proper electron collision frequency for a Fokker–Planck
collision model with Jicamarca applications

Ronald F. Woodman

Instituto Geofı́sico del Perú, Lima, Peru

Available online 9 September 2004

Abstract

Recently, Sulzer and Gonzalez (J. Geophys. Res. 104 (22) (1999) 22, 535) showed that the previously neglected effect
of electron–electron and electron–ion Coulomb collisions has a significant impact on determining the incoherent scatter
autocorrelation functions (IS-ACFs) observed at Jicamarca. Considering the physically and mathematically
complicated nature of Coulomb collisions, they evaluated these effects with lengthy numerical computations which
actually simulated the random electron trajectories for different possible electron velocities and for different state
parameters of the medium, in a Monte Carlo-like simulation. Their conclusions have been readily accepted by the IS
community for Jicamarca pointing angles very close to perpendicular to the magnetic field, but a controversy arose
when the application of their results to angles around 3! off perpendicular to the magnetic field implied electron
effective collision frequencies larger than the accepted values published in existing literature. Here we have taken a more
analytical approach by using a simplified Fokker–Planck collision model with a velocity-independent collision
frequency. We can reproduce the results of Sulzer and Gonzalez with this simplified analytical model, provided that an
effective, velocity-independent collision frequency is used whose value depends upon the angle between the radar beam
direction and the magnetic field. The physical reason for this seemingly strange result is that, for incoherent scatter, the
relative importance of the Fokker–Planck friction and velocity diffusion terms changes with this angle. Furthermore,
we estimated values for the electron frictional collision coefficient based on the more precise velocity-dependent one and
found that, indeed, the large values are justified, supporting the previously controversial results of Sulzer and Gonzalez
(1999).
r 2004 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Some motivating history

Soon after the first successful ionospheric radar
incoherent scatter (IS) experiment performed by Bowles
(1958), using a 41MHz radar near Havana, IL, a fairly
complete and accurate theory was developed by
different authors (e.g., Dougherty and Farley, 1960;
Fejer, 1960; Salpeter, 1960; Hagfors, 1961) to explain the

shape of the frequency spectrum of the incoherently
backscattered signals. Moreover, the theories explained
the surprising discovery from this first experiment that
the dynamics of the ions controlled the shape of the
frequency spectrum of the backscattered signals rather
than the electrons. This was the opposite to what was
expected from the seminal paper by Gordon (1958). As
the theory rapidly developed, it became clear that state
parameters of ionospheric plasma, other than just
electron density and temperature, could be measured,
given the theoretically predictable effect of these state
parameters on the backscatter signal spectrum. The ions’

ARTICLE IN PRESS

www.elsevier.com/locate/jastp

1364-6826/$ - see front matter r 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jastp.2004.07.001

E-mail address: ron@geo.igp.gob.pe (R.F. Woodman).

2004
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Acerca de una apropiada frequencia de colisiones de electrones para un 
modelo de colisiones de Fokker-Planck con aplicaciones a Jicamarca
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discussions and their suggestions for improvement on
earlier manuscripts. My special additional thanks to
Wes Swartz for his very careful reading of my thesis,
catching many typos and plain errors. His corrections
have been incorporated in the appendices.

Appendix A

We have referred in the main text to Woodman’s
(1967) thesis as the basic reference for the incoherent
scatter theory and formulas when the effects of
Coulomb collisions and the magnetic field are included.
The formulas were also used in obtaining the numerical
results showing the correlation functions displayed in
the relevant figures. The cited thesis includes the
mathematical solution for the problem at hand:
evaluating the statistical dynamics of relevant electron
density fluctuations with a Fokker–Planck collision
model. But since the thesis is not readily available to
most readers, we reproduce here his approach to the
problem and the relevant conclusions, including the
computational algorithms used in producing the numer-
ical results. We avoid the derivations, except when they
help to obtain a better physical understanding of the
conclusions. We have added some discussions and a
figure, which was not in the original thesis, in order to
better understand some of the concepts introduced here
and in the main text.
The approach taken by Woodman (1967) differs from

all other approaches to solve the plasma fluctuation
problem. Using Lioville’s equation, he proves rigorously
that the space–time autocorrelation function of the
electron density fluctuations in a homogeneous station-
ary plasma, given by

r!r; t" # h _ne!x; t" _ne!x$ r; t$ t"i; !A:1"

where _ne!x; t" stands for the random microscopic density
of the medium, can be expressed as the product of two
densities, namely

r!r; t" # nen
0e!r; t" for t40: !A:2"

Here, ne is the density of the actual plasma, and n
0e!x; t"

is the density of a hypothetical plasma having the same
state parameters as the actual one, but which has been
disturbed by placing an electron at x, with a thermal
velocity distribution of je!v" at time t # 0. Then, one
only needs to replace the real space, x, and time, t,
domains by the displacement, r, and lag time, t,
respectively. For negative values of t, we use the
symmetrical properties of r!r; t" # r!r;%t". Notice the
conceptual diference between the microscopic random
fluctuating densities denoted by a dotted-n ( _n!x; t") and

the average densities, n!x; t", defined, in general, by

n!x; t" #
Z

dv f !x; v; t": !A:3"

The equivalence relationship represented by Eq. (A.2)
reminds us of Bayes’ theorem. Indeed, its derivation is
obtained using conditional probabilities but at the
Lioville’s equation level.
The equivalence property stated in Eq. (A.2) has the

advantage of reducing the problem of evaluating the
dynamics of a two-particle, two-time distribution func-
tion (e.g., theW 11 andW 12 of Rosenbluth and Rostoker
(1962)), formally required to evaluate r!r; t", to a more
familiar one involving particle densities and one-particle
distribution functions, f !x; v; t", for which one has much
more familiarity and for which there is extensive work in
the literature. Other approaches, like the use of the
Nyquist Theorem (Dougherty and Farley, 1960), also
involve the one-particle distribution function. But it
seems easier to have an intuitive physical picture for the
solution of an initial value problem than for the
frequency-dependent admittance of a plasma subjected
to an external electric field. Woodman’s (1967) approach
has some resemblance to the dressed particle approach
of Rosenbluth and Rostoker (1962), but the correspon-
dence to an initial value problem stated above is unique.
With the use of (A.2), the problem is reduced, in

mathematical terms, to an initial value problem invol-
ving the coupled integro-differential (Boltzmann-like)
kinetic equations which model the phase-space–time
evolution of the one-particle distribution functions,
f

0Z!x; v; t", for all constituents, Z, including the one for
electrons, f

0e!x; v; t" (see next section). In fact, they are
all defined by the time evolution of their first-order
perturbations, f

0Z
1 !x; v; t", such that

f
0Z!x; v; t" # nZjZ!v" $ f

0Z
1 !x; v; t": !A:4"

The first-order perturbation, under justifiable assump-
tions, satisfies the same kinetic equations as the total
one-particle distribution functions, except for negligible
second-order terms.
The initial conditions for the perturbations of the

hypothetical plasma (note the primes used to differenti-
ate hypothetical from real) are given by

f
0Z
1 !x; v; t"jt#0 # HZ!x"jZ!v" for all particles Z; !A:5"

where

HZ!x" # dZed!x" $ nZZZ
e2

KT

e%jxj=h

jxj

! "
!A:6"

and jZ!v" represents the Maxwellian velocity distribu-
tion. We use throughout c.g.s. units. The symbols, unless
specifically defined, are the same as in the main text and
are commonly used in the plasma literature. The charge
number, ZZ, is &1 in our case, but we keep it explicitly as
a convenient way to differentiate the negative and

ARTICLE IN PRESS
R.F. Woodman / Journal of Atmospheric and Solar-Terrestrial Physics 66 (2004) 1521–15411534
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ARTICLE IN PRESS
R.F. Woodman / Journal of Atmospheric and Solar-Terrestrial Physics 66 (2004) 1521–15411534

Nos hemos referido a la thesis de Woodman de 1967 
como la referencia básica para la teoria de dispersión 
incoherente bajo los efectos de colisiones cuando hay 
un  campo magnético presente.
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El trabajo de Woodman de 2004 cementó teóricamente 
resultados obtenidos por Sulzer y González (1999) basados 
en simulaciones numéricas y les dió credibilidad.

Epílogo (Provisionalmente)

Señala el camino a seguir para obtener una teoría satisfactoria 
(para los osados).
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Inclinación del Campo Geomagnético Medido por una Técnica basada en 
la Dispersión Incoherente.
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Las correspondientes inclinaciones obtenidas por el Centro de Vuelos 
Espaciales de Goddard (12/66) y por el Campo Geomagnético de 
Referencia Internacional tienen un error de aproximadamente de un grado.

Thursday, January 7, 2010



E = Eoe
−ikxr

Power ∝ EE∗ = E2
o

�

r

e−i(kxr−kxs)

2πL sin θ

λ

θ

E = Eoe
−ikxr

Power ∝ EE∗ = E2
o

�

r

e−i(kxr−kxs)

2πL sin θ

λ

θ
Thursday, January 7, 2010



10 años más tarde, en 1981 . . .
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1981
Interferometría de Radar: Una técnica Nueva para Estudiar la Turbulencia 

del Plasma en la Ionósfera
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La técnica es una extensión de un método descrito por 
Woodman (1971), quién demostró que un interferómetro 
de radar podía determinar muy exactamente la posición de 
una región dispersante muy pequeña. 
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Y aún 20 años más tarde, en 1991 . . .
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1991
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1991
Imágenes con Interferometría de Radar de Irregularidades del Plasma en el 

Electrochorro Ecuatorial
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La técnica de Imágenes Interferométricas con Radar (IIR) 
es una extensión natural de la técnica interferométrica con 
radar de Farley et al. (1981) y la técnica de apuntamiento 
post-estadístico de Kudeki y Woodman (1990).   
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Optimal aperture synthesis radar imaging

D. L. Hysell1 and J. L. Chau2

Received 16 September 2005; revised 29 November 2005; accepted 14 December 2005; published 25 March 2006.

[1] Aperture synthesis radar imaging has been used to investigate coherent backscatter
from ionospheric plasma irregularities at Jicamarca and elsewhere for several years.
Phenomena of interest include equatorial spread F, 150-km echoes, the equatorial
electrojet, range-spread meteor trails, and mesospheric echoes. The sought-after images
are related to spaced-receiver data mathematically through an integral transform, but direct
inversion is generally impractical or suboptimal. We instead turn to statistical inverse
theory, endeavoring to utilize fully all available information in the data inversion. The
imaging algorithm used at Jicamarca is based on an implementation of the MaxEnt method
developed for radio astronomy. Its strategy is to limit the space of candidate images to
those that are positive definite, consistent with data to the degree required by experimental
confidence limits; smooth (in some sense); and most representative of the class of possible
solutions. The algorithm was improved recently by (1) incorporating the antenna
radiation pattern in the prior probability and (2) estimating and including the full error
covariance matrix in the constraints. The revised algorithm is evaluated using new
28-baseline electrojet data from Jicamarca.

Citation: Hysell, D. L., and J. L. Chau (2006), Optimal aperture synthesis radar imaging, Radio Sci., 41, RS2003, doi:10.1029/
2005RS003383.

1. Introduction

[2] Coherent radar backscatter from field-aligned plas-
ma irregularities can be used to assess the stability of
ionospheric regions from the ground and study the
instability processes at work. Radars provide relatively
unambiguous information about the range to and Dopp-
ler shift of the irregularities. Information about the spatial
distribution of the irregularities in the transverse direc-
tions is more ambiguous; even steerable radars rely on
the stationarity of the target to some extent to construct
images of regional irregularity structure, and finite beam
width effects introduce additional ambiguity, particularly
when the targets are spatially intermittent and exhibit
high dynamic range. Many radars use fixed beams, and
the pseudoimages they produce (so-called ‘‘range time
intensity’’ images) are only accurate representations to
the extent that the flow being observed is uniform, frozen
in, and lacks important details at scale sizes comparable

to or smaller than the scattering volume. It is generally
not possible to assess the validity of these assumptions a
priori, calling the practice into question.
[3] Radar interferometry makes it possible to discern

the spatial distribution of scatterers within the radar
illuminated volume [Farley et al., 1981; Kudeki
et al., 1981]. Interferometry with two spaced antenna
receivers (a single baseline) yields three moments of
the distribution. A powerful generalization of interfer-
ometry involves using more receivers and baselines to
yield more moments, a sufficient number of moments
specifying an image of the scatterers in the illuminated
volume [Woodman, 1997]. The first true images of
ionospheric irregularities were formed this way by
Kudeki and Sürücü [1991] observing irregularities in
the equatorial electrojet over Jicamarca. A few years
later, Hysell [1996] and Hysell and Woodman [1997]
produced images of plasma irregularities in equatorial
spread F with higher definition by incorporating statisti-
cal inverse methods in the data inversion. The same basic
algorithm has since been applied to studies of large-scale
waves in the daytime and nighttime electrojet [Hysell and
Chau, 2002; Chau and Hysell, 2004], bottom-type spread
F layers [Hysell et al., 2004a], quasiperiodic echoes from
midlatitude sporadic E layers [Hysell et al., 2002,
2004b], and the radar aurora [Bahcivan et al., 2005].
Satisfactory performance of the original imaging algo-

RADIO SCIENCE, VOL. 41, RS2003, doi:10.1029/2005RS003383, 2006

1Department of Earth and Atmospheric Science, Cornell University,
Ithaca, New York, USA.

2Radio Observatorio de Jicamarca, Instituto Geofı́sico del Perú
Lima, Peru.

Copyright 2006 by the American Geophysical Union.
0048-6604/06/2005RS003383$11.00

RS2003 1 of 12

2006

Thursday, January 7, 2010



Optimal aperture synthesis radar imaging

D. L. Hysell1 and J. L. Chau2

Received 16 September 2005; revised 29 November 2005; accepted 14 December 2005; published 25 March 2006.

[1] Aperture synthesis radar imaging has been used to investigate coherent backscatter
from ionospheric plasma irregularities at Jicamarca and elsewhere for several years.
Phenomena of interest include equatorial spread F, 150-km echoes, the equatorial
electrojet, range-spread meteor trails, and mesospheric echoes. The sought-after images
are related to spaced-receiver data mathematically through an integral transform, but direct
inversion is generally impractical or suboptimal. We instead turn to statistical inverse
theory, endeavoring to utilize fully all available information in the data inversion. The
imaging algorithm used at Jicamarca is based on an implementation of the MaxEnt method
developed for radio astronomy. Its strategy is to limit the space of candidate images to
those that are positive definite, consistent with data to the degree required by experimental
confidence limits; smooth (in some sense); and most representative of the class of possible
solutions. The algorithm was improved recently by (1) incorporating the antenna
radiation pattern in the prior probability and (2) estimating and including the full error
covariance matrix in the constraints. The revised algorithm is evaluated using new
28-baseline electrojet data from Jicamarca.

Citation: Hysell, D. L., and J. L. Chau (2006), Optimal aperture synthesis radar imaging, Radio Sci., 41, RS2003, doi:10.1029/
2005RS003383.

1. Introduction

[2] Coherent radar backscatter from field-aligned plas-
ma irregularities can be used to assess the stability of
ionospheric regions from the ground and study the
instability processes at work. Radars provide relatively
unambiguous information about the range to and Dopp-
ler shift of the irregularities. Information about the spatial
distribution of the irregularities in the transverse direc-
tions is more ambiguous; even steerable radars rely on
the stationarity of the target to some extent to construct
images of regional irregularity structure, and finite beam
width effects introduce additional ambiguity, particularly
when the targets are spatially intermittent and exhibit
high dynamic range. Many radars use fixed beams, and
the pseudoimages they produce (so-called ‘‘range time
intensity’’ images) are only accurate representations to
the extent that the flow being observed is uniform, frozen
in, and lacks important details at scale sizes comparable

to or smaller than the scattering volume. It is generally
not possible to assess the validity of these assumptions a
priori, calling the practice into question.
[3] Radar interferometry makes it possible to discern

the spatial distribution of scatterers within the radar
illuminated volume [Farley et al., 1981; Kudeki
et al., 1981]. Interferometry with two spaced antenna
receivers (a single baseline) yields three moments of
the distribution. A powerful generalization of interfer-
ometry involves using more receivers and baselines to
yield more moments, a sufficient number of moments
specifying an image of the scatterers in the illuminated
volume [Woodman, 1997]. The first true images of
ionospheric irregularities were formed this way by
Kudeki and Sürücü [1991] observing irregularities in
the equatorial electrojet over Jicamarca. A few years
later, Hysell [1996] and Hysell and Woodman [1997]
produced images of plasma irregularities in equatorial
spread F with higher definition by incorporating statisti-
cal inverse methods in the data inversion. The same basic
algorithm has since been applied to studies of large-scale
waves in the daytime and nighttime electrojet [Hysell and
Chau, 2002; Chau and Hysell, 2004], bottom-type spread
F layers [Hysell et al., 2004a], quasiperiodic echoes from
midlatitude sporadic E layers [Hysell et al., 2002,
2004b], and the radar aurora [Bahcivan et al., 2005].
Satisfactory performance of the original imaging algo-
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Y todavía 45 años más tarde, en 2016 . . .
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•  Electron density inside aurora

•  NEIAL’s

•  PMSE, PMWE

•  Plasma structures induced by Heating

•  Meteors

•  Space debris

•  Atmospheric waves & turbulence:
   mesosphere, stratosphere, troposphere

What could you do with an IS IMAGING radar?
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Él también creó un campo entero, el de las mediciones de per!l de vientos en la Mesósfera, la Estratósfera y la 
Mesósfera (MST) con radares de VHF. Una gran red de per!ladores existe hoy día a travez de todo el mundo 
debido a su creatividad. 
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Radar Observations of F Region Equatorial Irregularities 
RONALD F. WOODMAN x 

Max-Planck-lnstitut fiir A eronomie, Katlenburg-Lindau, West Germany 

CI•SAR LA HOZ •' 

Radio Observatorio de Jicamarca, lnstituto Geofi'sico del Perd, Lima, Peru 

Experimental results obtained with the.Jicamarca radar and a new digital processing system during 
spread F conditions are presented. The data consist of two-dimensional maps showing backscatter power 
and samples of frequency spectra of the backscatter signals as a function of altitude and time. Almost 
simultaneous spread F backscatter power and incoherent scatter observations of electron density and 
vertical drifts are presented for one occasion. It is shown that spread F can occur at the bottomside, at the 
topside and the steep bottom of the F region, and in the valley between the F and E regions when the 
electric field is either positive, negative, or null. The existence of plumelike structures extending hundreds 
of kilometers in altitude and physically connecting the spread F on the topside with the bottomside is one 
of the highlights of the experimental results. They are interpreted as evidence of a Rayleigh-Taylor 
instability. A mechanism involving 'bubbles' or low-density plasma is proposed to extend the instability to 
the stable regions on the top. Other unstable processes are proposed for spread F at other altitude ranges. 
The frequency spectra show a large variety of shapes. Simple or multiple peak spectra from a few hertz to 
a few hundred hertz wide are found. An interpretation of the spectral shapes is presented in terms of 
turbulent motions and the angular extent of k vector angles of the fluctuation waves with respect to 
perpendicularity. A puzzling phenomenon, referred to as explosive spread F, which consists of the 
simultaneous onset of short time enhancements in the backscatter power and involves selected heights in 
an altitude range of the order of 100 kin, is presented. 

INTRODUCTION 

There has been a recent renewed interest in the equatorial F 
region electron density irregularities, which for many years 
have been detected by the spread nature of the echoes that they 
produce on ionosondes. This phenomenon has been termed 
equatorial spread F. The renewed interest results both from a 
natural unsatisfied scientific curiosity and from new practical 
implications. The scientific interest can be understood by the 
fact that this phenomenon, although it has been observed for 
more than 35 years [Booker and Wells, 1938], is still poorly 
understood. From a practical point of view, communication 
and space applications engineers and scientists are finding out 
that satellite communications are not as reliable at equatorial 
latitudes as had been originally expected. VHF signals emitted 
by satellites and received by ground-based equatorial region 
stations become almost useless during the occurrence of this 
phenomenon, since the irregularities produce deep and fre- 
quent fading (scintillations) of the signals. Strong effects are 
observed even at microwave frequencies; this presents some 
annoying problems to the designers and users of satellite com- 
munication, navigation, and geodetic systems. 

It is not our intention to review here either the large amount 
of work on F region irregularities or the different techniques 
used to date for their study, since that would result in a very 
large review paper in itself. It will be sufficient for our purpose 
to enumerate very briefly the different techniques and to men- 
tion some of the most important conclusions derived from 
them. 

A list of the more important techniques would include con- 
ventional ionosondes, topside ionosondes, in situ satellite 

• On leave from Radio Observatorio de Jicamarca, Instituto Geo- 
fisico del Peril, Lima, Peru. 

2 Now at Cornell University, Ithaca, New York 14850. 

Copyright ̧ 1976 by the American Geophysical Union. 

probes, and propagation of satellite beacons (phase and ampli- 
tude scintillation). Ionosondes and satellite scintillations have 
been used mainly to obtain statistical data regarding temporal 
and spatial (latitude and longitude) spread F behavior and its 
relationship to other geophysical phenomena (e.g., magnetic 
and solar activity). Freemouw and Rino [1971] have collected 
the satellite scintillation observations into an empirical mathe- 
matical model. Ionosonde observations have been reviewed by 
Skinner and Kelleher [1971]. Most of the results reported in the 
literature have made use of these techniques. That these tech- 
niques are limited is shown by the fact that despite the long 
and intensive effort to find a theoretical explanation for the 
physical nature of the phenomenon, this effort has been unsuc- 
cessful. 

Satellite in situ probes are powerful instruments, but they 
have been only recently used to study the irregularities in a 
systematic way [Dyson, 1969; Kelley and Mozer, 1972; 
McClure and Hanson, 1973; Dyson et al., 1974]. Although they 
are capable of observing many perturbed as well as back- 
ground properties, they have also failed to produce experimen- 
tal evidence for a generally accepted theory that would explain 
the physical process responsible for the formation of the equa- 
torial F region irregularities. The limitations of satellite probes 
come from the inability of the instruments to obgerve either 
the irregularities and the background ionospheric properties in 
the dimensions transverse to the satellite path, or their devel- 
opment as a function of time. 

Recently, special instrumental rockets have been flown to 
study spread F irregularities (M. C. Kelley, private communi- 
cation, 1975; F. A. Morse, private communication, 1975). 
These measurements, although similar in character to the ones 
obtained by satellites, have the advantage that they are per- 
formed along the more significant vertical dimensions. 

Additional information on the irregularities has been ob- 
tained by using HF [R&tger, 1973] and VHF [Cohen and 
Bowles, 1961] forward scatter techniques. The first has pro- 
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understood. From a practical point of view, communication 
and space applications engineers and scientists are finding out 
that satellite communications are not as reliable at equatorial 
latitudes as had been originally expected. VHF signals emitted 
by satellites and received by ground-based equatorial region 
stations become almost useless during the occurrence of this 
phenomenon, since the irregularities produce deep and fre- 
quent fading (scintillations) of the signals. Strong effects are 
observed even at microwave frequencies; this presents some 
annoying problems to the designers and users of satellite com- 
munication, navigation, and geodetic systems. 

It is not our intention to review here either the large amount 
of work on F region irregularities or the different techniques 
used to date for their study, since that would result in a very 
large review paper in itself. It will be sufficient for our purpose 
to enumerate very briefly the different techniques and to men- 
tion some of the most important conclusions derived from 
them. 
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Figure 7.  Range-time-intensity plot of backscattered echoes from Spread F irregularities.  
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Figure 8.  The left panel shows a Woodman and La Hoz (1976) sketch of how a low density 

bubble propagates to the stable top provided that the densities there are higher than those in 

the lower third.  The right panel shows the result of a computer simulation by Zalesak et al. 

(1982) of the same.  The westward tilt reproduces the tilt of the plumes and is produced by a 

eastward neutral wind, also in accord with the Woodman and La Hoz (1976) explanation. 

 

Fig. 8. The left panel shows a Woodman and La Hoz (1976) sketch of how a low density bubble propagates to the stable top provided that the
densities there are higher than those in the lower third. The right panel shows the result of a computer simulation by Zalesak et al. (1982) of
the same. The westward tilt reproduces the tilt of the plumes and is produced by a eastward neutral wind, also in accord with the Woodman
and La Hoz (1976) explanation.

introductions). The idea of a bubble “floating” to the top
was first presented by Woodman at the 1975 Gordon Confer-
ence on Space Plasma Physics where it was suggested that
the NRL code used to explain striations in Barium cloud
releases could simulate the bubble formation. Refinements
were made to the original simulation (see Ossakow, 1981,
for a review and references) and Fig. 8b shows later results
obtained numerically by Zalesak et al. (1982), for a 200 km
wave perturbation. The similarity with Fig. 8a is evident.
The tilt of the plume was not shown in the Woodman and
La Hoz (1976) sketch, but it was discussed and explained in
the text in terms of a vertical electric field in the frame of
the neutrals, i.e. a differential horizontal drift between the
plasma and the neutrals. Such an electric field was included
in the later numerical simulation of Zalesak et al. (1982).

The effect of the EW electric field responsible for the up-
lift of the F-region, shortly before Spread F appears, helps
to make any horizontal wave perturbation more unstable. In
fact, the frictional force produced by the relative vertical ve-
locity of the neutrals (W ), and the gravitational force propor-
tional to gravity (g), combine linearly as a single term in the
momentum equation and in the linear growth rate. The the-
ory involving both sources of instability is now referred to
as Generalized Rayleigh-Taylor (GRT) instability (e.g. Kel-
ley, 1989). Of course, what is an electric field and what is a
relative plasma drift velocity with respect to the neutrals de-
pends on the choice of the frame of reference. They are all
interchange instabilities, and they are often referred to under

that name. The name comes from the fact that density fluctu-
ations in a plasma, being incompressible in the plane trans-
verse to the magnetic field, can come about only by transport-
ing low density plasma into a higher density region and high
density into a lower density one, interchanging positions.

The Range-Time-Intensity (RTI) plots shown inWoodman
and La Hoz (1976), besides showing the plumes propagating
to the top side of the ionosphere, as we have already dis-
cussed, showed that, on many occasions, the radar would see
strong echoes that were confined only to the bottom side of
the F-region. The thickness of these echoes was often re-
duced, especially during their early appearance, to one or a
few range gates (5 km radar pulse length and sampling), at
the very bottom of the F-region. On occasions, the valley
region below the F-region would also go unstable. Wood-
man and La Hoz (1976) proposed that the different man-
ifestations should be classified into different types and re-
ferred to them as Top Side, Bottom Side, Bottom-type and
Valley-type Spread F, respectively, and that this classifica-
tion should be kept in mind when comparing with results ob-
tained using other instruments. For instance, Bottom-type
and Valley-type (VHF radar) Spread F does not produce sig-
nificant spread traces in ionograms or scintillations. They
warned that considering these manifestations as a single phe-
nomena responding to the same name, Spread F or FAIs,
could lead to confusion. It was very possible that the phys-
ical mechanisms and instabilities responsible for the echoes
could be different. The existence of different mechanisms
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Abstract. One of the oldest scientific topics in Equatorial
Aeronomy is related to Spread-F. It includes all our efforts
to understand the physical mechanisms responsible for the
existence of ionospheric F-region irregularities, the spread
of the traces in a night-time equatorial ionogram – hence its
name – and all other manifestations of the same. It was ob-
served for the first time as an abnormal ionogram in Huan-
cayo, about 70 years ago. But only recently are we coming
to understand the physical mechanisms responsible for its oc-
currence and its capricious day to day variability. Several ad-
ditional techniques have been used to reveal the spatial and
temporal characteristics of the F-region irregularities respon-
sible for the phenomenon. Among them we have, in chrono-
logical order, radio star scintillations, trans-equatorial radio
propagation, satellite scintillations, radar backscatter, satel-
lite and rocket in situ measurements, airglow, total electron
content techniques using the propagation of satellite radio
signals and, recently, radar imaging techniques. Theoretical
efforts are as old as the observations. Nevertheless, 32 years
after their discovery, Jicamarca radar observations showed
that none of the theories that had been put forward could ex-
plain them completely. The observations showed that irregu-
larities were detected at altitudes that were stable according
to the mechanisms proposed. A breakthrough came a few
years later, again from Jicamarca, by showing that some of
the “stable” regions had become unstable by the non-linear
propagation of the irregularities from the unstable to the sta-
ble region of the ionosphere in the form of bubbles of low
density plasma. A problem remained, however; the primary
instability mechanism proposed, an extended (generalized)
Rayleigh-Taylor instability, was too slow to explain the rapid
development seen by the observations. Gravity waves in the
neutral background have been proposed as a seeding mecha-
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nism to form irregularities from which the instability would
grow, but the former are difficult to observe as a controlling
parameter. Their actual role still needs to be determined.
More recently, radar observations again have shown the exis-
tence of horizontal plasma drift velocities counter streaming
the neutral wind at the steep bottom of the F-region which
produces a fast growing instability from which a generalized
Rayleigh-Taylor instability can grow. The mechanisms pro-
posed would explain the rapid development of the large and
medium scale irregularities that have been observed, includ-
ing some seen only by radars. Nevertheless, a proper quan-
titative theoretical mechanism that would explain how these
irregularities break into the very important meter scale ones,
responsible for the radar echoes, needs to be developed. This
paper makes a selective historical review of the observations
and proposed theories since the phenomenon was discovered
to our current understanding.

Keywords. Ionosphere (Equatorial ionosphere; Ionospheric
irregularities) – Space plasma physics (Waves and instabili-
ties)

1 Introduction

It is for me an honour to have been asked to contribute with
a tutorial review to this special issue dedicated to the mem-
ory of my good friend and colleague Tor Hagfors, whom I
consider to be the best radio scientist I have ever known. The
subject choosen for my review is appropriate, considering the
importance of the paper we co-authored together describing a
technique to measure ionospheric drift (Woodman and Hag-
fors, 1969), a crucial parameter for the understanding of the
physical mechanisms responsible for Spread F.
In this review I will take an historical approach, starting

with the first observations made in Huancayo (Booker and
Wells, 1938). But, considering its very long 70 year history
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A good theory in physics should be able to 
make good predictions, and we are not in that 
position yet.

Una buena teoría de física debería tener la 
capacidad de hacer buenas predicciones, pero 
no estamos en esa posición todavía.

R. F. Woodman, 2009
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Excerpt from R. Woodman’s PhD Thesis, 1967

Transcription from the original pages 3-4

Despite the extensive amount of theoretical work on the problem of incoherent scattering, this is still
not complete. In the sense that, with the exception of two papers, one by Farley5 and the other by
Dougherty6 which we shall briefly discuss, no one has included the effect of ion-ion interactions or
so-called Coulomb collisions. Ionospheric plasmas, even in their most dense regions (Fmax peak) have
an affective ion-ion collision frequency of the order of 10 sec−1, which is small compared with to other
characteristic frequencies like the ion gyro-frequency and the thermal characteristic frequency (inverse
of the time it takes an ion to travel one wavelength). These frequencies are of the order of 160 and
2000 radians/second (for λ = 1.5 meters) respectively. Thus, initially it appeared that neglecting the
effect of this type of collision was justified. A more careful analysis shows that this is not the case,
especially in predicting the effects of the magnetic field and ion gyro-resonance phenomena. A more
careful analysis was stimulated by the fact that [O]+ ion-gyro-resonances predicted by the collisionless
model were not observed experimentally.

In the paper by Farley5 mentioned above, he estimated the amount of probabilistic diffusion that any
ion suffers after a gyro-period when subject to Coulomb collisions. From this he concluded, as we shall
also see, that the effect of Coulomb collisions is indeed important and responsible for the failure of the
experimental observations of oxygen gyro-resonances.

The other paper which considers the effect of Coulomb collisions is the one by Dougherty6. He
presents a Fokker-Planck type collision model for the Bltzmann equation and its analytical solution.
He considers a single component plasma with no self-consistent field. The incoherent scatter problem,
regardless of the approach, requires the solution of Boltzmann-type equations, but the inclusion of
at least two species (ions and electrons) and the inclusion of the self-consistent field. So in regards
to this problem this paper can be considered as an important step towards its solution, but yet not
complete. By discussing his solution, we also demonstrate the importance of the collision term for
typical ionospheric parameters.

We were motivated to study the incoherent scatter problem (and the associated one of plasma density
fluctuations) because of the incompleteness of the solutions offered so far in regard to the effect of
Coulomb collisions. Our main goal is to investigate the effect of such collisions, mainly on the ion-
gyro-resonances predicted by the collisionless theory. But, the contributions presented in this thesis
are not limited to the inclusion of the effects of such collisions in our solution. We present a solution to
the problem taking a new approach, starting from first principles, and removing in the process some
of the limitations of the other approaches taken so far. We present a technique which formally could
be used even in the case of non-homogeneous and non-stationary plasmas.
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In the paper by Farley5 mentioned above, he estimated the amount of probabilistic diffusion that any
ion suffers after a gyro-period when subject to Coulomb collisions. From this he concluded, as we shall
also see, that the effect of Coulomb collisions is indeed important and responsible for the failure of the
experimental observations of oxygen gyro-resonances.

The other paper which considers the effect of Coulomb collisions is the one by Dougherty6. He
presents a Fokker-Planck type collision model for the Bltzmann equation and its analytical solution.
He considers a single component plasma with no self-consistent field. The incoherent scatter problem,
regardless of the approach, requires the solution of Boltzmann-type equations, but the inclusion of
at least two species (ions and electrons) and the inclusion of the self-consistent field. So in regards
to this problem this paper can be considered as an important step towards its solution, but yet not
complete. By discussing his solution, we also demonstrate the importance of the collision term for
typical ionospheric parameters.

We were motivated to study the incoherent scatter problem (and the associated one of plasma density
fluctuations) because of the incompleteness of the solutions offered so far in regard to the effect of
Coulomb collisions. Our main goal is to investigate the effect of such collisions, mainly on the ion-
gyro-resonances predicted by the collisionless theory. But, the contributions presented in this thesis
are not limited to the inclusion of the effects of such collisions in our solution. We present a solution to
the problem taking a new approach, starting from first principles, and removing in the process some
of the limitations of the other approaches taken so far. We present a technique which formally could
be used even in the case of non-homogeneous and non-stationary plasmas.
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Un análisis más cuidadoso fué estimulado debido a que las resonancias giro-magnéticas 
predichas por la teoría sin colisiones no fueron observadas en los experimentos.  
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2000 radians/second (for λ = 1.5 meters) respectively. Thus, initially it appeared that neglecting the
effect of this type of collision was justified. A more careful analysis shows that this is not the case,
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to this problem this paper can be considered as an important step towards its solution, but yet not
complete. By discussing his solution, we also demonstrate the importance of the collision term for
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fluctuations) because of the incompleteness of the solutions offered so far in regard to the effect of
Coulomb collisions. Our main goal is to investigate the effect of such collisions, mainly on the ion-
gyro-resonances predicted by the collisionless theory. But, the contributions presented in this thesis
are not limited to the inclusion of the effects of such collisions in our solution. We present a solution to
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not complete. In the sense that, with the exception of two papers, one by Farley5 and the other by
Dougherty6 which we shall briefly discuss, no one has included the effect of ion-ion interactions or
so-called Coulomb collisions. Ionospheric plasmas, even in their most dense regions (Fmax peak) have
an affective ion-ion collision frequency of the order of 10 sec−1, which is small compared with to other
characteristic frequencies like the ion gyro-frequency and the thermal characteristic frequency (inverse
of the time it takes an ion to travel one wavelength). These frequencies are of the order of 160 and
2000 radians/second (for λ = 1.5 meters) respectively. Thus, initially it appeared that neglecting the
effect of this type of collision was justified. A more careful analysis shows that this is not the case,
especially in predicting the effects of the magnetic field and ion gyro-resonance phenomena. A more
careful analysis was stimulated by the fact that [O]+ ion-gyro-resonances predicted by the collisionless
model were not observed experimentally.

In the paper by Farley5 mentioned above, he estimated the amount of probabilistic diffusion that any
ion suffers after a gyro-period when subject to Coulomb collisions. From this he concluded, as we shall
also see, that the effect of Coulomb collisions is indeed important and responsible for the failure of the
experimental observations of oxygen gyro-resonances.

The other paper which considers the effect of Coulomb collisions is the one by Dougherty6. He
presents a Fokker-Planck type collision model for the Bltzmann equation and its analytical solution.
He considers a single component plasma with no self-consistent field. The incoherent scatter problem,
regardless of the approach, requires the solution of Boltzmann-type equations, but the inclusion of
at least two species (ions and electrons) and the inclusion of the self-consistent field. So in regards
to this problem this paper can be considered as an important step towards its solution, but yet not
complete. By discussing his solution, we also demonstrate the importance of the collision term for
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We were motivated to study the incoherent scatter problem (and the associated one of plasma density
fluctuations) because of the incompleteness of the solutions offered so far in regard to the effect of
Coulomb collisions. Our main goal is to investigate the effect of such collisions, mainly on the ion-
gyro-resonances predicted by the collisionless theory. But, the contributions presented in this thesis
are not limited to the inclusion of the effects of such collisions in our solution. We present a solution to
the problem taking a new approach, starting from first principles, and removing in the process some
of the limitations of the other approaches taken so far. We present a technique which formally could
be used even in the case of non-homogeneous and non-stationary plasmas.
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El objetivo principal es la investigación de los efectos de las colisiones de Culombio, 
principalmente las giro-resonancias predichas por la teoría sin colisiones.
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an affective ion-ion collision frequency of the order of 10 sec−1, which is small compared with to other
characteristic frequencies like the ion gyro-frequency and the thermal characteristic frequency (inverse
of the time it takes an ion to travel one wavelength). These frequencies are of the order of 160 and
2000 radians/second (for λ = 1.5 meters) respectively. Thus, initially it appeared that neglecting the
effect of this type of collision was justified. A more careful analysis shows that this is not the case,
especially in predicting the effects of the magnetic field and ion gyro-resonance phenomena. A more
careful analysis was stimulated by the fact that [O]+ ion-gyro-resonances predicted by the collisionless
model were not observed experimentally.

In the paper by Farley5 mentioned above, he estimated the amount of probabilistic diffusion that any
ion suffers after a gyro-period when subject to Coulomb collisions. From this he concluded, as we shall
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Coulomb collisions. Our main goal is to investigate the effect of such collisions, mainly on the ion-
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the problem taking a new approach, starting from first principles, and removing in the process some
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not complete. In the sense that, with the exception of two papers, one by Farley5 and the other by
Dougherty6 which we shall briefly discuss, no one has included the effect of ion-ion interactions or
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ion suffers after a gyro-period when subject to Coulomb collisions. From this he concluded, as we shall
also see, that the effect of Coulomb collisions is indeed important and responsible for the failure of the
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to this problem this paper can be considered as an important step towards its solution, but yet not
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gyro-resonances predicted by the collisionless theory. But, the contributions presented in this thesis
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