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ABSTRACT

This report describes a study of gun- and rocket-emplaced alkali plasma
clouds in the 85-105 km altitude region of the ionosphere. The object of the inves-
tigation is to study the small-scale (tens-of-meters), short-term (fractions-of-
seconds) irregular motion of the magnetofluid in the lower E layer. Motions on this
spatial and temporal scale are known to be responsible for radiofrequency scatter-
ing at E-layer heights, and it has been suspected that they are important in the ap-
pearance and evolution of the sporadic-E layer. The resolution which is necessary
to discern motions on the scale indicated was afforded by decameter- and meter-
wavelength coherent-pulse-doppler radar.

As it is the object of this report to associate the results of the investigation
with sporadic E (and, indeed, to postulate an alternative to the popular, but deficient,
wind-shear theory of sporadic E), an effort is made to describe the origins, evolu-
tion, successes, and failures of this theory. It is found that the wind-shear theory
is capable of explaining the transport of metallic ions from high in the E layer down
to the 90-110 km region where sporadic E most frequently is found, but is not ca-
pable of explaining the mechanism by which sporadic-E layers are formed in this
altitude interval. A description of lower-E-layer chemistry and the thermochem-
istry of an alkali plasma cloud is also presented.

A description of a plasma cloud's evolution, drawn from experimental data,
indicates that four phases of development ensue:

1. Phase I is a blast-wave expansionphase in which the plasma cloud is formed
as an ellipsoidal bubble, oriented along the geomagnetic field, which expands rapidly
to a radius of several hundred meters.

2. Phase II is a period termed ordered diffusion in which the plasma cloud
retains a regular shape, and hence appears to the radar as a single scatterer.

3. Phase Il is a period termed irregular motion in which spectrally discrete
echoes from seemingly coherent, short-lived, scattering entities appear sporadi-
cally, superimposed upon the otherwise diffuse plasma cloud radar echo. (The
large apparent size and spectral discreteness of the echoes indicate that they rep-
resent collective scattering from a wave-like density structure, hence the term
coherent, encompassing nominally the entire plasma cloud.)

4, Phase IV is a period in which, in some cases, the plasma cloud is formed
into a sporadic-E-like reflecting layer (this phase is characterized by undulations
in spectral dispersion and signal amplitude with a period of tens to hundreds of
seconds, corresponding to motion which is symmetric relative to the geomagnetic
field direction).

A survey of possible instability mechanisms which can explain the spatial and
temporal scales of the irregular motion observed in Phase III of plasma cloud evo-
lution leads to the conclusion that a dissipative instability involving crossed elec-
tric and magnetic fields in the presence of a properly oriented plasma density
gradient is the most likely candidate. It is found that the observed tens-of-meters
instability wavelengths and tenths-of-seconds growth times are predicted by this
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mechanism, and curves of these parameters are presented for various altitudes,
electrostatic field intensities, and wavelengths. A more sophisticated, two-
dimensional, nonlinear instability analysis predicts a cyclic growth-and-decay
process for the instability in the lower E layer and is in remarkable agreement
with the Phase IV plasma cloud behavior. This circumstance is interpreted as
strong evidence that the instability is instrumental in the formation of temperate-
latitude nonblanketing sporadic E.

PROBLEM STATUS
This is an interim report on one phase of a continuing problem. Work is pro-
ceeding on this phase and on other allied subjects.
AUTHORIZATION

NRL Problem R02-23,501
Project FB 2835-70-X-0014

Manuscript submitted March 23, 1970.
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INSTABILITIES OBSERVED IN LOWER-E-LAYER
ALKALI-PLASMA-CLOUD RELEASES AND THEIR
IMPLICATIONS REGARDING SPORADIC E

PART I. INTRODUCTION AND DESCRIPTION OF THE EXPERIMENT

INTRODUCTION
Purpose of the Experiment

The presence of the sporadic-E layer has been a source of frustration to radio com-
municators since the advent of high-frequency skywave communications networks. The
adjective sporadic refers to the pattern of behavior which distinguishes sporadic E:
sudden and unpredictable appearance, unpredictable duration, and equally unpredictable,
and sudden, disappearance. Its morphology is at least partially understood. Sporadic E
appears as layers of intense ionization, often with plasma frequencies as high as 10 MHz,
at altitudes from 90 to 140 km. These layers normally are quite thin, with a width of a
few kilometers in the vertical dimension. They may be extensive in horizontal dimen-
sions, covering many thousands of square kilometers (termed "blanketing'’), or may be
patchy, consisting of several layerlets of much smaller dimensions (termed ''diffuse').

Sporadic E occurs in the lowest portion of what is traditionally considered to be the
ionosphere. (The D layer, which falls between 60 and 90 km, is of importance primarily
for kilometer ~wavelength radiowaves and was discovered more recently.) It was first
associated with blanketing of skywave communications when it appeared, with no apparent
cause, on ionosonde records used by communicators to evaluate their transmission
paths. These records simply display the time which elapses between the transmission
of a pulsed high-frequency (decameter-wavelength) radio wave and its reception after
being reflected from an ionospheric layer. Sporadic E manifests itself on these records
as intense reflections, from altitudes of 90 to 140 km, which often extend to such a high
radio frequency that no energy is able to penetrate to the 200 to 400-km region which
normally is used for skywave communications.

The effects which sporadic E can have upon communications can be devastating or
beneficial. Its blanketing effects can restrict shortwave broadcasts, which normally
serve large geographical regions at ranges of 2000 to 4000 mi, to effective maximum
ranges of a few hundred miles. Due to its highly intense character, however, sporadic E
can also be used to provide meter-wave communications (which normally are ineffective
for skywave propagation because meter wavelengths are not reflected by the normal
ionospheric layers) over short skywave distances of a few hundred miles. This service
is unreliable, however, due to the unpredictable nature of sporadic E.

Research in sporadic E has yielded the result that this layer is most likely com-
posed of metallic ions of meteoric origin, which are transported by some means to re-
gions which are favorable for their concentration into the pancake-like features which
constitute sporadic E. Three types of theories compete for prominence as the mechanism

Note: This report is substantially the same as the Ph.D. dissertation submitted in May 1970 by the
author to the Department of Physics, The Catholic University of America, Washington, D.C.
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by which these layers are formed: (a) the wind-shear theory in which there is invoked a
neutral-wind-associated plasma transport governed by the geomagnetic field; (b) fluid
turbulence theories in which hydrodynamic forces, which operate only in certain condi-
tions in a shear flow, are invoked; and (c) plasma instability theories in which magneto-
hydrodynamic forces, which depend both on the geomagnetic field and on the electrostatic
field in the lower ionosphere, are invoked. Each of these theories has achieved some
success, although only the wind-shear theory has received detailed theoretical and ex-
perimental attention. As will be shown below, this theory is capable of explaining the
transport of metallic ions from high in the E layer (140 to 160 km) to the 110 to 120 km
region. It is not capable of explaining the formation of sporadic E in the 90 to 110 km
region where most persistent sporadic E is found. This investigation is directed toward
this most important lower altitude extreme.

It is the object of this report to describe the results of an experiment which demon-
strates that plasma instabilities do occur in the E layer, to present a theoretical analysis
of a plasma instability which can explain the experimental results, and to associate these
findings with evidence that this plasma instability is instrumental in the formation of
sporadic E. The experiment involves the use of alkali plasma clouds emplaced in the
lower E layer to study the magnetofluid motions which are of importance for the forma-
tion of temperate-latitude sporadic E. The experimental tools are (a) a 7-in. extended
barrel gun, developed and operated by the U.S. Army Ballistic Research Laboratory,
which is capable of launching 2-kg payloads to altitudes as high as 100 km (1); (b) Nike-
Cajun rockets which are capable of conveying 18-kg payloads to altitudes above 100 km;
and (c) high-power, coherent-pulse-doppler, decameter- and meter-wavelength radars
which are used for observation of the plasma clouds.

The concept upon which this investigation is based is derived from the circumstance
that the behavior of an irregularly flowing fluid is described by its velocity spectrum.
Inasmuch as the lower E layer is known to exhibit highly irregular behavior, and its most
important feature is the motion of its charged constituents (i.e., its ions and electrons),
an attractive investigation is one in which the velocity spectrum displayed by the motion
of these charged constituents is measured. In the investigation described here, this pur-
pose is served by using decameter- and meter~-wavelength radar to observe the velocity
spectrum of internal motions in highly ionized cesium ''seed" or "tracer' clouds em-
placed in the 85-105 km altitude region.

Other chemical-release programs are directed at somewhat different purposes.
Project Firefly (2-15), which is the direct ancestor of this investigation, was conceived
as an effort to study the physics and chemistry of charged and uncharged gas molecules
liberated explosively in the upper atmosphere, including blast-wave, turbulent diffusion,
chemical consumption, and radiofrequency reflection effects. However, the instrumenta-
tion which was available in the late 1950's and early 1960's was incapable of resolving
small-scale internal motions of the plasma cloud, and very little information on physical
processes at spatial scales of less than a few hundred meters, and temporal scales of
less than several seconds, was acquired. Project Firefly was of great value for studying
neutral-gas blast-wave behavior (13), for assessing the degree of thermal and subsequent
solar ionization of the release products (5,7), and for obtaining initial information re-
garding plasma cloud persistence (10,11). The optical data were excellent for studying
those motions in the neutral atmosphere associated with hundreds-of-meters spatial
scale and tens-of-seconds temporal scale (14). The radiofrequency instrumentation
showed gross agreement with the optical results regarding cloud size and movement and
suggested that the charged constituents were indeed influenced by the magnetic field, and
hence expanded anisotropically (10,11).
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Most subsequent chemical release programs in the lower E layer have been directed
at investigating the neutral winds and their correlation with sporadic E* and have contin-
ued to concentrate on the hundreds-of-meters, and larger, scale of E-layer motions.

The investigation reported here differs from its predecessors principally in that the ad-
vanced decameter-wavelength radar which has been used as the primary instrumentation
is capable of resolving motions of tens-of-meters scale structure in the plasma clouds
at speeds of a few meters per second and less.

Organization of This Report

Part I of this report is of an introductory nature. The "Introduction,' which ends
with this section, seeks only to establish the barest foundation for the work to be reported
in subsequent sections and to indicate the order in which each topic of discussion appears.
This action is taken because, by virtue of the phenomenologically complex nature of the
lower E layer and sporadic E, it is believed that the introduction of each of the several
topics to be treated should be deferred until that topic is discussed in detail. The next
section on "Sporadic E..." is a description of both the theoretical and experimental re-
search regarding sporadic E, most of which has been concentrated in the last decade.

The description is undertaken in a chronological manner, with a stress upon (a) the par-
ticular observed characteristics of sporadic E which exhibit temporal and spatial scales
comparable to those studied in this investigation, (b) the development and refinement of
theories of sporadic-E formation which seek to explain these, and larger, scale charac-
teristics, and (c) the deficiencies of these theories and the aspects of sporadic E which
require further explanation. The section titled "Some Considerations of Chemistry" is a
description of the chemistry of the undisturbed E layer and of sporadic E, together with
an explanation of the thermochemistry of an explosively injected cesium plasma cloud in
the lower E layer. This latter section is intended to establish the validity for interpret-
ing the results of this investigation in terms of normal-E-layer processes.

Part II contains a description of the experimental data and their interpretation. The
section on "Experimental Data and Analysis'' is arranged so as to incorporate a presen-
tation of examples of the experimental data in various stages of plasma cloud evolution
into a phenomenological model of plasma cloud behavior. The section on '"Plasma Cloud
Radar Echo Statistics' presents a discussion of certain statistical properties of the ra-
dar data which are of importance for their interpretation in terms of collective behavior
in the plasma cloud.

Part III contains a diagnosis of the instability mechanisms which are possible in the
plasma cloud and an analytical application of the most attractive candidate mechanism to
the conditions under which the experiment is conducted. The section titled '"'Dynamics of
the Motion . .." contains a description of this environment, a development of the equations
of motion, and a survey of instability mechanisms which are possible in each phase of
plasma cloud evolution. The next section on "Application of the ExB Instability" contains
a development of the dispersion relation for the selected instability mechanism, and also
the results of several numerical computations of growth rates and wavelengths appropri-
ate to the altitude interval between 85 and 110 km. These results are compared with the
decameter radar data. It is concluded, on the basis of the favorable comparison between
theory and observations, that the selected instability mechanism is responsible for the
behavior of cesium plasma clouds. A possible explanation of sporadic-E formation in
terms of this instability is presented. The last section of Part III contains conclusions
which may be drawn from this investigation and recommendations for future study.

*The next section on ""Sporadic E..." and Refs. 16-68 describe these programs.
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SPORADIC E: A HISTORICAL SKETCH OF RESEARCH
DIRECTED TOWARD ITS EXPLANATION

Introduction

It is the purpose of this section to describe only one particular type of sporadic E
and, indeed, to consider only those aspects of this type which bear upon the investigation
at hand.

It has been recognized since Stewart's (16) studies in the nineteenth century that in-
tense currents flow in the earth's upper atmosphere. The aptly-named dynamo region in
which these currents flow is the altitude region around 100 km in which sporadic E ap-
pears, and sporadic E has been historically associated with the dynamo currents. The
intense, somewhat predictable, equatorial- and auroral-zone sporadic E have been asso-
ciated with charged particle fluxes and the dynamo current, and they no longer represent
a scientific challenge. Midlatitude sporadic E has not been satisfactorily explained de-
spite some ten years of concentrated effort, and it is this type (which can be further sub~
divided into blanketing and nonblanketing, or diffuse, species) which is the object of this
investigation.

Since the late 1950's, theoretical and experimental research into midlatitude spo-
radic E has centered on attempts to evaluate and refine a theory of sporadic-E behavior
in which neutral-gas winds act as a driving force for ions and, in conjunction with the
geomagnetic field, force them, and the free electrons tied to them by space charge, to
converge into high-charge-density layers. This theory is designated as the wind-shear
theory of sporadic E. It has evolved through a series of theoretical developments and
experimental tests into a highly refined chemical-hydrodynamic-electromagnetic model.
In the following sections there appears a historical description of this theory, together
with examples of its successes and failures (of which many of the latter stand unresolved),
and a description of competing theories.

Certain Observed Characteristics of Sporadic E

Sporadic E displays certain characteristics of importance for this investigation
which are not unique to a specific model or theory of behavior. These characteristics
will now be delineated to provide a background knowledge.

Rocket-carried magnetometers have confirmed the expectation that, even at midlati-
tudes, a substantial sheet current flows in the lower E layer. Typical data indicate that
the total magnetic induction changes by as much as 20 gammas within a narrow layer be-
tween 105 and 120 km altitude, and normally no more than about 6 to 10 km thick (17,18).
This result is consistent with the expected dynamo current intensity.

Rocket-carried Langmuir probes have found that charged particle densities within
this region display a spatial fine structure, with a characteristic thickness of some tens
to hundreds of meters, in which finger-like charge-density lamina are bounded by steep
gradients and are clustered irregularly in layers of a few kilometers thickness (19,20).
These layers nearly always are found to occur very near an altitude of 100 km with such
regularity that one author (19) speculates that a characteristic peculiar to that height is
responsible for triggering an ""avalanche' process of electron production. These rocket
flights indicate a tendency for sporadic-E layers, or lamina of relatively high charge
density which may not be dense enough to be called sporadic-E layers, to appear in pairs
with a separation of 5 to 10 km. They also confirm that substantial E-layer ionization
persists after sunset, when the cessation of photoionization by direct sunlight would sug-
gest a rapid disappearance of the predominant daytime ion species.



NRL REPORT 7105 5

Decameter-wavelength radar backscatter from sporadic E indicates that field-
aligned irregularities are common (21), and a theory of sporadic-E scattering by turbu~
lent irregularities, developed by Booker (22,23) before the advent of the wind-shear
theory, is consistent with these data if the scattering irregularities are considered to
have a characteristic scale of 80 to 570 m. Tao (24) developed a similar theory, in which
the turbulence might be a result of high shearing winds, and found that irregularities of
50 m on a vertical scale should be common. Thus far, then, the rocket and radiowave
measurements of charge-density fine structure are consistent with a theory of scattering
from turbulent irregularities. However, Austin and Manson (25) in some recent radio-
frequency partial-reflection experiments found that irregularities of tens of meters at an
altitude of 90 km can best be explained by scattering from a limited number of discrete
irregularities. These discrete scatterers are supposed to be sharply bounded, with a
change in electron density of 10% to 40% in a few tens of meters at the boundary, and to
be horizontally stratified.

In summary, measurements of charge-density fine structure and sporadic E in the
dynamo region indicate that scale sizes of tens of meters are common. Although a
theory of turbulent continuum scattering can be fit to some data, more recent results
indicate that this scattering results from a limited number of discrete horizontally
stratified irregularities., This circumstance is of concern here because (as will be ex-
plained more thoroughly below) certain failures of the wind-shear theory make an alter-
native theory based on some form of neutral or magnetohydrodynamic turbulence attrac-
tive. Some workers dispute even that turbulent flow can occur in the dynamo region,
except under very rare and extreme conditions of wind-shear; this matter also will be
treated below.

Elementary Wind-Shear Theory of Sporadic E

The wind~shear theory has undergone a decade of development. It began with a
primitive argument by Dungey (26) in which he pointed out that since charged particle
motion is affected by a magnetic field, then an effect of a wind in the neutral gas blowing
obliquely across the geomagnetic field would be to drive the charged constituents along
the direction of the magnetic field at a speed in proportion to the component of the wind
velocity which is parallel to the field. Dungey concluded that north-south wind shears
can produce layers of enhanced electron density at an altitude of about 110 km with en-
hancements of 5% over the undisturbed density.

The elementary wind-shear theory of sporadic E actually originated with Whitehead
(27) and Axford (28) who pointed out that due to the high ion-neutral collision frequency
(three to twenty times the ion gyrofrequency in the lower E region), it is actually the
component of neutral wind fransverse to the geomagnetic field (i.e., east-west rather
than north-south) which is of importance in causing the ion convergence mechanism. In
a region where the electron-neutral collision frequency is much lower than the electron
gyrofrequency, while the ions enjoy the opposite circumstance, a neutral wind blowing
across the magnetic field forces the ions to move with it, but leaves the electrons tied to
the field lines. The ion motion constitutes a current perpendicular to the magnetic field,
which is then subject to a j x B force perpendicular to both the magnetic field and the
neutral wind. For an east-west wind moving ions through the geomagnetic field, the ions
are forced in a vertical direction, form a space-charge field, and draw the electrons
along the magnetic field obliquely with the ions. A shearing wind can create a charge-
density layer by this means.
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Whitehead and Axford treated a horizontal east-west wind profile in which the wind
vector changed from east-directed to west-directed with altitude in a sinusoidal profile.*
Vertical winds were ignored, and currents in all directions were prohibited. Only a sin-
gle, positively charged, ionic species was allowed. Production and loss of ion-electron
pairs were ignored. The result of the elementary wind-shear theory was that ion con-
vergence due to east-west wind shear would lead to an enhancement of electron density
at a point near the wind-shear null where the shear is at its highest value. An electron-
density enhancement by a factor of ten or more above the ambient density would be per-
mitted in layers which typically would have gradually sloped boundaries. The electron
density in regions immediately adjacent to the enhanced layers would be depleted.

A second feature of the elementary theory, and possibly its most successful one, was
the recognition by its proponents that the type of wind profile required for sporadic-E
formation would be common in the upper atmosphere due to the internal gravity wave in-
fluence described by Hines (29), and that the behavior of this type of profile would be ex-
pected to have a pronounced influence on the formation and vertical motion of sporadic-E
layers. Axford (30) noted that motion of the neutral wind profile in a downward direction
would result from the gravity wave influence, and that ionization thus should be expected
to move gradually downward, in layers, to a lower limit estimated to be at about 110 km.
He noted also that standing waves can occur in the gravity wave spectrum, and that
sporadic-E layers would under these conditions remain stationary.

Observations and Criticisms Relevant to the Elementary
Wind-Shear Theory of Sporadic E

Rocket-emitted chemiluminescent trail releases immediately verified one aspect
vital to the elementary wind-shear theory: the neutral-wind velocity profile above about
105 km altitude displays an oscillatory behavior, with a two to four scale-height wave-
length, and a downward phase velocity of about one wavelength per 12 hr (31-34). The
behavior below 105 km is less regular.

Most other measurements yielded mixed or contrary results. An attempt by Heisler
and Whitehead (35) to associate certain characteristic parameters of sporadic E with
tilts in the reflecting layers, and then to associate these tilts with the horizontal compo-
nent of the geomagnetic field, met with some success. However, this result is two steps
removed from demonstrating the association of wind shear with sporadic E (and, indeed,
it would tend to corroborate any theory of sporadic E which would give rise to a layer
tilted upward at its leading edge). Other workers (36,37) used a direct comparison of the
probability of sporadic E occurrence with the horizontal component of the earth's mag-
netic field and found that there is a correlation favorable to the elementary wind-shear
theory, on the average, for only 7 hr each day. Indeed, these workers found that some
indicators showed no systematic relationship at all to the magnetic field.

Several combined observations of wind shear (using chemical trails deposited by
rockets) and sporadic E (using ionosondes and Langmuir probes) gave mixed, but par-
tially confirmatory, results (38,39). In most of these cases, as well as in a few others
(19,40), the wind profiles displayed properly oriented wind-shear nulls and sporadic E
within a few kilometers of these points, but almost invariably above an altitude of 110 km.
In most cases the sporadic E was found to form at an altitude of 120 to 140 km, and then
to descend at the same rate of descent as the wind profiles to an altitude between 110 and
120 km. At that altitude, all correlation between wind profile and sporadic-E-layer

*Whitehead's treatment suffered from a sign error which resulted in an oppositely directed shear
being required for ion convergence, but his results are otherwise correct.
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height disappeared, although the sporadic-E layers themselves often remained for sev-
eral hours longer. In many of these cases, sporadic-E layers appeared in the 90-100 km
region which were either randomly placed relative to the wind profile, or which appeared
at points of nominally unfavorable shear direction (19,41-44). Consistent with these in-
dications, some wind measurements indicated that the east-west wind component obeys
the gravity-wave-associated oscillatory altitude dependence and downward motion only
above about 120 km (43,45).

Finally, there are some examples of measurements which yield precisely the con-
trary result from those cited above. Bowen et al. (46) and Murphy et al. (47) report ob-
servations in which the predominance of data above 110 km showed sporadic-E layers at
shearing nulls of the nominally unfavorable sense, and data below 100 km showed
sporadic-E layers in nominally favored positions.

In summary, there seems to be a slight weight of evidence to indicate that sporadic E
can often be associated with properly oriented shearing nulls at altitudes above 110 to
120 km, and that when these conditions exist, the layers of enhanced ionization move
downward with the wind profile to an altitude of about 110 km. There are exceptions to
this behavior. In some cases, sporadic E forms at a nominally unfavored altitude, and in
some cases its motion is not systematically downward (43). Below 110 km, where most
sporadic E is found, there seems to be no discernible association with wind profile. It
can be concluded, however, that the bare fact that ionization normally is driven down-
ward, in layers, from higher in the E layer is indicative of the means by which a contin-
uing supply of ionization is transported to the 90-110 km altitude region. The means by
which it is formed into layers is not yet understood.

Layzer (48) formulated a generalization of the elementary wind-shear theory in
which he pointed out several characteristics of observed sporadic E which were at vari-
ance with those permitted by theory. In particular, Layzer noted that (a) the elementary
theory predicted layers of variable thickness, with thickness inversely proportional to
the square of maximum density, and (b) the elementary theory predicted that electron
density would be reduced in the region immediately adjacent to the layer. Observations
indicated that sporadic E layers are nearly always of a kilometer or so thickness, with a
wide variation in peak electron density, and are not surrounded by a depleted region.
Layzer also took note of the fact that the elementary theory requires sporadic-E layers
to form at points of high shear, which is contradicted by some observations, and that the
elementary theory permits a smaller fractional enhancement of electron density in a
layer than is commonly observed.

Layzer also took theoretical umbrage at inadequacies in certain of the assumptions
upon which the elementary theory was based, notably the failure to include possible ver-
tically varying, horizontal, electric polarization fields. (This point, together with the
additional uncertainty introduced by vertical motion of the entire wind profile, would
make it difficult to predict exactly where the sporadic-E layer should appear relative to
the wind profile, and hence complicates what previously had been thought to be a readily
verifiable theory.)

Refined Wind-Shear Theory of Sporadic E

Over the few years following Layzer's provocative critique of the elementary theory,
a great deal of further development took place. In particular, a two-ion theory, in which
a mixture of long-lived and short-lived ions was considered to be present in the E layer,
permitted the peak achievable electron density to be greatly increased (49-51). The
theory also answered Layzer's criticism regarding the predicted depletion of regions
adjacent to sporadic-E layers, in that the rapidly recombining (and, presumably, rapidly



8 J. R. DAVIS

photoionizing) species would keep these regions supplied while the long-lived ions were
transported toward the regions of high convergence. During their growth phase, layers
predicted from the two-ion theory would display a flat-topped electron density distribu-
tion with altitude, and hence would not be subject to the elementary theory's rule of
thickness inversely proportional to maximum density. The sharply bounded character of
observed sporadic~-E layers was allowed in the refined theory by permitting the electron
temperature in the boundaries to be elevated over ambient temperature by several tens
of degrees Kelvin (52-54). This elevation in temperature would arise from electron drift
in an electrostatic field parallel to the geomagnetic field. If the effective recombination
coefficient varied in inverse proportion to electron temperature, it would be decreased
in the layer boundaries, and the electron density thus would be increased. The effect of
this increase in electron density in the layer boundaries would be a steepened density
gradient.

Further refinements stressed that the effects of electrostatic fields and vertical
winds in the ambient medium, together with the superposition of steady horizontal wind
components upon the wind-shear profile, would all tend to displace the predicted position
of sporadic~E layer formation from the position of maximum favorable shear (55,56).
MacLeod (57) presented many characteristics of the refined theory in extensive detail
and illustrated his argument with several experimental observations. In MacLeod's data,
the '"successfully-predicted' sporadic-E layers fell within 2 km of the point of maximum
east-west shear, and hence these examples demonstrated that the influences which would
tend to displace the ion convergence maxima from this point were ineffective. (It is
amusing to note that while the proponents of the wind-shear theory accept the appearance
of sporadic E at or near the wind-shear maximum as evidence for their theory, they also
discard contrary evidence by stating that many possible unmeasured influences can ex-
plain displacement from this position.) MacLeod conceded that it is not possible to as-
sert conclusively at present whether the refined wind-shear theory properly describes
the mechanism by which sporadic E is actually formed; he simply stated that this mech-
anism is capable of forming such layers.

Observations and Criticisms Relevant to the Refined
Wind-Shear Theory of Sporadic E

Rocketborne mass spectrometers confirmed that sporadic-E layers can be composed
of long:klived metallic ions, and hence validated the two-ion refinement to the wind-shear
theory.

Measurements of electron temperature in the E layer have also been carried out by
rocket instrumentation, and their results are perhaps more mystifying than illuminating.
Daytime electron temperatures at altitudes between 90 and 120 km have been found to be
about three times the value predicted by the neutral-gas model, whereas analytical con-
siderations indicate that they should be very nearly the same as the neutral-gas temper-
ature (58). Electron temperatures measured in sporadic-E layers have been found to be
greater than the neutral-gas temperature as well, but there is no consistent evidence for
either an overall elevation of the electron temperature in sporadic E relative to the am-
bient electron temperature, or for a depression of the midlayer electron temperature
below that in the boundaries. Examples exist which tend both to confirm and to negate
the former (59).

*A description of the chemical composition of sporadic E is presented in the section titled ""Some
Considerations of Chemistry" which contains references to the mass-spectrometer experiments.
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A recent series of rocket measurements has provided what is probably the strongest
evidence against all current versions of the wind-shear theory. Dorling et al. (60) have
measured positive ion density and horizontal wind profiles through sporadic-E layers
and have found a layer at 108~km altitude which was located very near the unfavored
wind-shear maximum for ion convergence. Ionosonde data have confirmed the location
of a sporadic-E layer at that altitude. This result is of importance because it argues
against the possibility that the wind-shear mechanism is effective in creating sporadic E
above 100 km. (It has already been concluded that wind-shear is ineffective below this
level.)

Alternatives to the Wind-Shear Theory of Sporadic E

A brief reference has been made above to theories of scattering by turbulent irregu-
larities in sporadic E. Some experimental evidence exists which tends to confirm these
theories, and hence to suggest a role for turbulence in the formation of sporadic E. Evi-
dence to the contrary also exists but does not dispute the important circumstance for
this investigation that some type of irregular structure (turbulent or otherwise) with
characteristic scale sizes of tens to hundreds of meters does indeed exist in the E layer.

As will be discussed in the section titled '"Plasma Cloud Radar Echo Statistics'" in
Part II below, in connection with an interpretation of the radar echo statistics of the ce-
sium plasma cloud data gathered in this investigation, there is a large body of experi-
mental evidence which indicates that irregularity scales of tens to hundreds of meters in
the lower E region are characteristic of an inertial turbulent regime of fluid motion in
the E layer. Because motions of the neutral gas are of importance in this region, the
effect upon charged constituents of any such turbulence must be considered in the forma-
tion of sporadic E. An obvious possibility is that eddy currents in the ionic components,
caused by neutral-fluid vortex motion, may create space-charge electric fields of small
scale which can give rise to drift motions and, possibly, to plasma instabilities.

Some workers dispute even the possibility that turbulence exists in the E region,
except for extremely rare conditions of exceptionally high shearing winds (61,62).

A criterion may be determined for establishing the stability of plane parallel fluid
flow against shear-dependent turbulence. A Richardson number is defined by

T \dz
2

dv
&)

where g is the acceleration of gravity, T is the temperature, dT/dz is the atmospheric
temperature gradient, dv/d:z is the vertical shear of horizontal neutral winds, and T is
the adiabatic lapse rate. The atmospheric temperature in the E layer is an increasing
function of altitude. The parameter I is greater than zero. Shear-dependent turbulence
occurs when R; is sufficiently small, or negative, and hence (since all quantities are
positive) must occur only for sufficiently large values of the shear. It is contended by
these authors (61,62) that the magnitude of shear necessary to satisfy the Richardson
criterion at 100 km altitude is at least 0.1 sec™!. This value is seldom achieved (33). It
should be noted, however, that the critical Richardson number for turbulence in shear
flow is a subjective quantity and may be appropriate only to within an order of magnitude.
There may exist sufficient latitude within this uncertainty to allow turbulence more fre-
quently than is estimated by these workers.
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Of principal concern for this investigation is the fact that even if turbulent motion as
defined in conventional hydrodynamics does not occur in the lower E region, there is no
dispute that irregularities of tens- to hundreds-of-meters scale size do indeed exist.

Some observers report that, although the occurrence of sporadic E appears to bear
no relation to the positions of nulls in the wind velocity profile and to the positions of
maxima in the vertical gradient of horizontal wind velocity, it bears a strong relation to
the rate of change with altitude of the latter quantity. That is, sporadic~E layers occur
at or near positions in which either the direction of the horizontal wind gradient changes
radically over a small interval of altitude, or its magnitude changes discontinuously in a
small interval of altitude (12,61-66). Typical wind direction changes of 90° to 180° occur
over altitude intervals as small as 100 m and are found most frequently in the 100-110
km region where sporadic E is concentrated (61). Based upon these indications, Bedinger
et al. (65) postulate that sporadic E is associated with nonlinear laminar flow in which
discontinuities occur in gravity-wave phase fronts analogous to compression shocks in
acoustic waves. The points at which sporadic-E layers form (by some unspecified mech-
anism which depends upon the jump in density and temperature at the gravity shock) are
the surfaces of physical discontinuity prescribed by the nonlinear motion.

Kato (67) also concentrates on the points at which the wind direction changes sud-
denly with altitude. Postulating that (contrary to the theory described above) hydrody-
namic turbulence is induced at these positions, he analyzes the effect of the geomagnetic
field upon the resultant currents and predicts the formation of sporadic-E layers by this
mechanism,

Gershman et al. (68) describe an instability, dependent upon the existence of shear-
ing winds, which can occur in the period of formation of a sporadic-E layer and which
can lead to the appearance of irregularities of hundreds-of-meters scale size within
growth periods of about 100 sec. This type of irregularity would lead to fine structure
of hundreds-of-meters scale within sporadic-E layers.

Probably the most prominent alternative to the wind-shear theory as a mechanism
for sporadic-E layer formation is a drift-dissipative plasma instability which will be de
scribed in detail in the first two sections of Part III. This mechanism depends upon the
existence of a plasma density gradient in a particular geometrical relationship to ambi-
ent electrostatic and magnetic fields and can occur as a consequence of the wind-vector
discontinuities which are described above, whether or not the irregularities produced by
them are properly described by turbulence in the hydrodynamic sense. It requires
plasma-density gradient scales of tens to hundreds of meters and an electrostatic field
of thousandths to hundredths of a volt per meter. These conditions are entirely within
reason in the dynamo region. In addition, they will be seen below to be consistent with
the physical parameters which characterize the cesium plasma clouds upon which this
investigation is based.

Further amplification of this subject is deferred to later sections; it is sufficient to
note here that the mechanism treated in this investigation is a strong contender for the
explanation of ionospheric sporadic E, in competition with the wind-shear theory and
others described in this section,

SOME CONSIDERATIONS OF CHEMISTRY

Normal E Layer

The E layer is conventionally considered to be bounded from below by the mesopause
at 80-85 km altitude, where a temperature minimum of about 180°K is reached. Up to
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this level, the atmospheric constituents are in nearly the same proportions as at ground
level and are ionized to only a very small extent. In the lower E layer these same pro-
portions are represented in the neutral constituents, although at altitudes above about 110
km monatomic oxygen begins to be present in increasing amounts. Nitric oxide, although
it is a minor constituent of the neutral atmosphere, is of importance in the E layer be-
cause of its low ionization potential.

The processes of photodissociation and photoionization are primary causes for the
ionization in this region of the atmosphere and depend on solar radiation in the far ultra-
violet and shorter wavelengths. Table 1 lists the wavelengths of importance for dissoci-
ation and ionization of the most important molecular constituents.

Table 1
Ionization Threshold Wavelengths for E-Layer Constituents
Threshold Threshold
Constituent Process Wavelength Constituent Process Wavelength
&) A)
0, Dissociation 2400 o, Ionization 1026
NO Ionization 1340 0] Ionization 910

Of particular importance in these processes are the intense solar emission compo-
nents of hydrogen Lyman-a (1216 A), hydrogen Lyman-g3 (1026 %), amkthe hydrogen
Lyman continuum (911 to 840 A). Hard x rays of wavelengths from 4 A to 50 A also
penetrate to 90-110 km altitude and are important for ionization of O,, N,, and O. Wave-
lengths of the intervening region (nominally 50 A to 850 K) do not penetrate to the lower
E layer.

The principal ionic constituents which emerge from these processes are the diatomic
oxygen and nitric oxide ions. Nitrogen, although abundant among the neutral constituents,
is not an important ionic species. It is believed that molecular nitrogen ions either un-
dergo charge-exchange reactions with molecular oxygen to form molecular oxygen ions,
or combine with oxygen to form ionic nitric oxide. In the daytime E region, nitric oxide
and molecular oxygen ions are present in nearly equal proportion. At night, however,
there is strong evidence (69-71) that the proportion of nitric oxide ions to molecular
oxygen ions is quite high, indicating that molecular oxygen recombines more rapidly than
nitric oxide after sunset. The relative persistence of nitric oxide ions after sunset might
be explained by the presence of nightglow ultraviolet (69) of which hydrogen Lyman-~¢ is
a strong constituent.

The limiting process for E-layer ionization formation is generally conceded to be
dissociative recombination (69,72) in which an electron encounters a molecular ion and
combines with it to form an unstable neutral molecule, which then splits into two neutral
atoms. This process is believed to be dominant for both molecular oxygen and nitric
oxide ions. Electron attachment to molecular oxygen is considered to be negligible by
comparison. A great deal of work has been done in the laboratory to measure the dis-
sociative recombination coefficients of common molecular ions (73,74) and some results
are presented in Table 2.
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Table 2 If it is considered that average electron densi-
Dissociative Recombination Rate ties of no more than 105 cm™3 are common in the
Coefficients for Molecular Ions* lower E layer under sunlit conditions, than an

e-folding time for decay after sunset of about 100
Ton Rate Coefficient sec would be expected. In fact, however, substan-
(10"7 e¢m3/sec) tial E-layer ionization persists throughout the
" night, and the extent of nightglow ionization of nitric
0, 1.7+1 oxide is inadequate (69) to account for this persist-
. ence.
N, 2.9+0.2
+ It is now believed that long-lived metallic ions
NO 51 are responsible for the nighttime persistence of
the E layer (70). Such constituents would not only
*See Ref. 73. explain the large electron densities observed in

this region at night, but would provide a source for

the oxygen and nitric oxide ions found in darkness.
Charge exchange reactions of metallic ions with these molecules would permit continuous
production of molecular ions, and hence they would be detected throughout the night re-
gardless of their loss rates.

Metallic Ions and Sporadic E

Rocket probes launched into the E region have shown that metallic atoms and ions
exist there in substantial quantities. This circumstance has been found to hold both dur-
ing periods when sporadic-E layers have existed (75) and when they have not (76). The
metallic constituents have been found to be principally iron, magnesium, sodium, silicon,
calcium, and aluminum (in order of abundance), and they have been present in the approx-
imate proportions in which they occur in meteors (77). This fact supports the thesis that
metallic atoms and ions in the ionosphere are ablated from meteors. They may be ion-
ized readily by solar ultraviolet and may also participate in charge exchange reactions
with nitric oxide and oxygen ions. This latter process is particularly likely because
several experiments (75,76) have shown that nitric oxide and oxygen ion distributions
display density minima at the same altitudes at which the metallic ions display peaks.

Sporadic-E layers have often been found to consist largely of metallic ions, and it is
generally accepted that temperate-latitude sporadic E is nearly always so composed.
The atomic metal ions are long-lived, as opposed to molecular ions which are subject to
dissociative recombination. Indeed, it has been postulated that the ultimate consumption
of metallic ions is made possible only after a slow intervening reaction with ozone (76)
in which a metallic oxide ion is formed, which is then susceptible to dissociative re-
combination.

Others (78) have suggested that the consumption of metallic ions in the E layer, and
in particular of those in sporadic E, cannot be explained by any known chemical process.
The reaction between the metallic ion and ozone, they argue, is followed rapidly by a re-
action of the metallic oxide ion with monatomic oxygen which reforms the metal ion and
molecular oxygen. These authors maintain that chemistry is of very little consequence
for deionization in the E layer and that only diffusion need be considered. It might be
added that the alkali metals are even less susceptible to reactions with other molecular
constituents, including ozone, than are the alkaline earths, in particular, and the other
elements whose ions have partially filled valence shells. The cesium ion, which is of
interest for the plasma cloud study, and other alkali metal ions have full outer shells,
and hence do not readily form valence bonds with oxygen atoms, for example, Thus even
the first step of the ion-ozone reaction postulated above is unlikely for alkali metal ions.



NRL REPORT 7105 13

It can thus be seen that the cesium plasma cloud study bears a direct chemical rela-
tion to the behavior of sporadic E. The cesium ions are metallic and monatomic, as are,
it is believed, the constituents of sporadic E. The cesium ions formed in a plasma cloud
are at least as long-lived as the metallic ions which constitute sporadic E and are sub-
ject to the same influences. In addition, the demonstrated long lifetime of metallic ions
in the E layer in daytime makes it possible to ignore chemical processes, such as dis-
sociative recombination, as being important in the consumption of the cesium ions, and
permits diffusion to be considered as the primary mechanism for dissipation.

Chemistry of an Explosive Cesium Release

To a large extent, the thermochemistry of the cesium plasma cloud is determined by
the energy imposed upon its constituents during the detonation phase of the release. The
mixture of ingredients which has been used in all cesium releases in this program is one
which was developed as a result of Project Firefly in the late 1950's and early 1960's.
This mixture, a melt-cast combination of 34% cesium nitrate, 21% granulated aluminum,
26% trinitrotoluene (TNT), and 19% cyclonite (RDX), has been found (79) to yield almost
complete vaporization of the cesium, which composes approximately 6% of the mixture.
Radar data indicate that approximately 0.16% of the cesium is ionized in the detonation
wave, with a resultant net degree of ionization of 10™* of the total gaseous explosion
products. Other components of the detonation-produced gases are carbon monoxide, and
nitrogen and hydrogen in molecular form. The aluminum oxide is emitted in condensed
form.

That thermal processes are responsible for this initial ionization is evident, and so
some consideration of the thermochemistry of the detonation is of importance. Groves
(13) has adapted Brode's (80) treatment of blast waves in air to the circumstances which
obtain in the lower ionosphere.

Groves' treatment indicates that three phases of motion occur in the detonation. At
first, the gaseous explosion products expand rapidly until they sweep up enough ambient
air into a thin enough shell for a shock wave to be formed. This event occurs when the
ratio of density within the shock to that in the ambient is about 8.8:1 and the pressure
ratio is about 400. During this phase, the gases do work in accelerating and heating the
ambient air. There then begins a second phase in which expansion continues with no
change in shock density or pressure until the density and pressure of the gaseous explo-
sion products behind the shock equal those in the shock itself. At this point, approxi-
mately 63% of the total explosive energy has been transformed into kinetic energy. The
final phase involves return of this energy into internal energy of the explosion products
and ambient air.

Some simple thermodynamic considerations permit temperatures, which are of im-
portance for determining the degree of ionization of the cesium vapor, to be estimated.
The explosion releases approximately 5x10!3 ergs/kg of energy. Assuming that this
energy is initiall(y in the form of internal energy, the initial temperature in the explosion
products is 4000 K. After expansion to ambient pressure P_ ., Brode's numerical solu-
tion indicates that the radius r.,, of the cloud is given by

Qo

rd = 8x1073
exp Pamb

in terms of the initial energy E_ ,. By use of the perfect gas law, there results a mean
temperature in the expanded cloud of about 680°K.
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The general picture which emerges is that of a hot bubble of initial temperature
4000°K, which expands behind a shock of about 400 atmospheres overpressure until most
of the initial energy is converted into energy of motion. The decay which then follows
results in a decrease of bubble temperature to about 680°K. Since this temperature is
more than three times that of the ambient air, the bubble is at this point less dense than
its surroundings.

For thermal ionization of alkali metals, Pressman et al. (5) have determined the de-
gree of ionization in terms of temperature and ionization potential. For cesium, the most
easily ionized of all metallic atoms, the ionization potential is 3.9 eV. Assuming the re-
actions of importance to be

3Al+ CsNO; — Cs| + Al,0; + AIN + Q,

With Q, = 381 kcal and Q, = 224 kcal, these authors find that the temperature in the re-
action zone even for a deflagrative release (in which no explosive is mixed with the ce-
sium nitrate and aluminum) is about 3500°K. The principal difference between their low~
energy release and the explosive releases treated here is the chemical yield, which in
their case seemed to be only about 10%. Assuming, as seems reasonable from Groves'
analysis, that most of the explosive energy is expended in physical displacement of the
explosion products and, ultimately, in heating the ambient air, the reaction zone temper-
ature of 3500°K and pressure of 500 atmospheres treated by Pressman et al. are appro-
priate to the case of interest here. Their result — an estimate that 10”3 of the cesium
atoms would be thermally ionized — compares with the value of 1.6 1073 cited above as
indicated by radar data. For the 2-kg payloads of concern here, a total of about 3 x1021
electrons results, and these electrons are concentrated within volumes between 106

and 3x 107 m3 depending on altitude. Initial electron densities of 108 to 3x109 cm-3

thus are expected.

After the detonation phase, several processes begin to act simultaneously. Cesium
is photoionized by solar radiation of wavelength shorter than 3200 A and has a photoioni-
zation probability in sunlight of 3x10-4 sec~! (81) to 6.5x10"4 sec~! (3). Hence, daylight
releases would be expected to provide ionization continuously for many hundreds of sec-
onds. Calculation of the loss rates, both by chemical consumption and diffusion, is diffi-
cult. The considerations in the preceding subsection of this report indicate that diffusion
is the most important process in daytime when the continuous photoionization process
competes with, and probably overwhelms, the chemical loss mechanisms.

At night, however, the situation is not nearly so clear cut. Not only is photoionization
absent as a continuous source of new electrons, but a second mechanism of loss may ex-
ist which is not important during daytime. Narcisi (76) and Donahue (82) have both dis-
cussed measurements regarding sodium in the lower ionosphere. This element would be
expected to obey chemistry similar to cesium, since both are alkali metals, and hence
these measurements are of importance here. It is believed (82) that two serial processes
are important in governing the abundance of neutral and ionized sodium:

Na + O; — NaO + O,
followed by
NaO + O — Na + O, ,

and
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Na* + 0, — Na0O' + 0,
followed by
NaO' + e — Na + O (dissociative recombination).

This pair of reactions gives rise to an altitude dependence, with a ratio of sodium atom
to sodium ion concentration of 50:1 at 93 km, declining to unity at 110 km. Reaction
rates have been estimated for these processes, based upon measurements and upon the
postulated existence of a dust layer in the lower E layer to act as a sodium source.
These reaction rates, together with the rate at which cesium is photoionized by sunlight,
indicate that these loss processes would not be effective in daylight. At night, however,
these consumption mechanisms must be considered of importance. In addition, it is
noted that monatomic oxygen is converted to ozone after sunset, and hence the sodium
(or, in this investigation, cesium) ion-ozone reaction would be expected to be even faster
than in daylight.

It may be concluded that for releases in daylight, chemical consumption processes
play a minor part, and dissipation of a cesium plasma cloud can be considered to be a
result of diffusion. Sunlit cesium plasma clouds are probably an accurate simulation of
the source for sporadic E of the metallic~ion type. For releases in darkness, however,
the rapidity of the expected chemical consumption processes, and the absence of photo-
ionization for replenishment, is likely to result in short plasma cloud lifetimes. Night~
time sporadic E probably occurs only when a massive aerosol layer provides continuous
replenishment of the metallic ions by duffusion, and the relatively small cesium plasma
clouds probably do not persist long enough to permit the behavior of nighttime sporadic E
to be studied.

PART II. RESULTS OF THE EXPERIMENT

EXPERIMENTAL DATA AND ANALYSIS

Introduction

Most of the experimental data were acquired with the use of a high-power, coherent-
pulse-doppler, decameter~wavelength radar located at the Naval Research Laboratory's
Chesapeake Bay Division. Similar meter-wavelength data were also acquired for many
of the releases, but in all cases (except one) data ceased immediately after the blast-
wave phase and are thus of no interest in this investigation. The outstanding feature of
the type of data which was acquired is the extremely narrow frequency resolution which
is possible. Doppler shifts of the effective scattering elements (associated, in this in-
vestigation, with the phase velocities of the plasma irregularities) can be measured to a
precision limited only by their lifetimes. A typical scattering entity (defined here as a
large, persistent, monochromatic signal) in this investigation has a 1/e lifetime of 1 to
10 sec, and hence its phase velocity and spectral content may be measured to a precision
of 0.1 to 1.0 Hz in the frequency domain, or to a precision of a few meters per second in
velocity at a typical radar wavelength of 20 m. This resolution capability is based upon
the phase-coherent character of the radar signal; its significance for this investigation
is that the radar pulse spectrum is generated in a manner which preserves phase conti-
nuity among pulses and permits received data to be processed as though they consist of
segments of a continuous wave (with certain limitations, which are of little importance in
this investigation). The range or time-delay resolution which is afforded by pulsing the
radiation permits radar targets at other distances than the plasma cloud to be eliminated.
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The frequency resolution which results from phase coherence also permits radar targets
at any range, but at different apparent velocities than the plasma cloud, to be eliminated.
Thus, in addition to permitting high-resolution spectral analysis of motions in the plasma
cloud, this coherent-pulse-doppler characteristic allows the many types of potential con-
taminants to the data to be excluded. The high signal-to-noise ratio which results from
this technique is the essential feature which permits plasma cloud data to be given de-
tailed examination.

The data have been analyzed in several ways. Spectral analysis has permitted the
apparent velocities, sizes, lifetimes, and growth and decay rates of scattering entities to
be measured. Statistical analysis of the radar pulse data has permitted certain promi-
nent characteristics of the scattering entities to be discerned. Comparison of cross-
polarized receiving channels also has indicated certain important features of these scat-
terers. Autocorrelation has, in some cases, revealed notable temporal behavior. Finally,
the data from independent experiments have been compared, which permits a number of
distinctive characteristics to be associated with plasma cloud development. A phenome-
nological model has been constructed to describe these characteristics of behavior.

It will be the purpose of this section to present examples of the important character-
istics of plasma cloud development and to describe a model which embodies these fea-
tures. The bulk of the experimental data, much of which simply corroborates with
examples to be presented in this section, appears in the Appendix. Some results of these
data will be presented in tabular and graphical form.

A total of fifteen successful experiments have been conducted since October 1967.
Twelve of these experiments have involved 2-kg payloads of the cesium-~plus-high-
explosive mixture previously described in the section on chemistry considerations.

These packages have been launched to altitudes of 88 to 103 km by a 7-in. HARP* gun,
developed and operated by the U.S. Army Ballistic Research Laboratory and located at

the NASA Wallops Island Station in Virginia. This location is about 170 km southeast of
the radar site. Two 18-kg payloads of the same material have been carried by Nike/
Cajun rocket to an altitude of 101 km, also over Wallops Island. In a fifteenth experiment,
a 6-kg payload containing barium as the ionizable matter, and no high-explosive, has been
launched from Wallops Island by rocket. This latter experiment is included here as an
example of plasma cloud behavior similar to the cesium-seeded releases despite its dis-
similar material and deflagrative release mechanism. Thus it confirms that the observed
behavior is not peculiar to the material or method of deposition.

Table 3 lists the fifteen experiments conducted during this investigation. Three
launches occurred in total darkness and covered the altitude interval from 87.5 to 99 km.
Three launches occurred at the approximate time of E-layer sunrise and covered the al-
titude interval from 93 to 103 km. Three launches occurred near the E-region sunset and
covered the altitude interval from 93 to 102 km. The other six launches took place between
midday and evening and covered the altitude interval from 93 to 103 km. Launches took
place in all seasons but only in summer were the launches distributed through the day,
from sunrise to sunset. All winter launches were in the midnight~to-dawn interval, and
all autumn launches were in late afternoon to late evening. A well-distributed sample of
altitudes and times of day was achieved with the ten launches which were conducted be-
tween the months of June and September in 1968 and 1969. Nearly all of the important
observed characteristics of plasma clouds were detected during these experiments.

*The HARP gun is described in Ref. 1.
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Table 3
Digest of Plasma Cloud Experimental Results
Launch | Payload Alt Signatgre Character | Spectral | Apparent
Date Time Size (km) Duration . of Dispersion Size

(EST) kg) (sec) Signature (Hz) (m?2)
Oct. 4, 1967* 1815 6 102 45 S 15 104
Apr. 12, 1968 1323 2 95.5 100 P 5.5 ¥
Apr. 17, 1968 1545 2 94.0 65 S 5.0 104
Sep. 11, 1968-1 | 1615 2 92.7 40 S 2.7 T
Sep. 11, 1968-2 | 1815 2 93.3 360 L,S 4.0 104-105
Sep. 11, 1968-3 | 2227 2 87.5 45 S 3.2 i
Feb. 14, 1969-1 | 0007 2 99.1 230 P,D 5.0 105-10°6
Feb. 14, 1969-2 | 0207 2 96.8 150 P 5.5 105-~106
Feb. 14, 1969-3 | 0625 2 103.0 3000 L,E 10.0 106 -107
Jun. 3, 1969 1258 2 1102.0] 1400 L 10f i
Jul. 18, 1969 1216 2 95.5 1600 L 4.0 105
Jul. 23, 1969 1759 2 99.1 200 S 6.0 106
Jul. 25, 1969 0519 2 92.4 40 S 3.4 T
Aug. 28, 1969 1303 18 102.1 1500 L,E 6.0 108%
Aug. 29, 1969 0500 18 103.3 1200 L 10.0 107-108

*Deflagrative barium release, not to be compared quantitatively with the explosive releases.
TRadar clutter in range, doppler partially obscured this signature.
Some receiver saturation affected these data.

S—Highly irregular; several intense specular components of a few seconds duration.

L—Long duration; undulatory in amplitude and spectral dispersion with periods of less than 1 min to
several minutes.

P—Behaved as single stable reflector for several seconds immediately after blast phase.

D~Displayed sudden disappearance after stable period; returned a few seconds later,

E—Formed sporadic-E-like reflecting layer.

Some General Features of the Data

Figure 1 is a scatter plot of signature duration vs altitude. The trend of increasing
duration with altitude (except for the barium release) and the magnitudes represented in
Fig. 1 are consistent with the results of other series. The short duration of the barium
plasma cloud may be attributed to the circumstance that ionic barium forms a short-
lived ionic oxide much more readily than cesium does. Accompanying each point are the
symbols (from Table 3) which indicate its character. Of the seven cases in which a
highly irregular spectral behavior was discerned (labeled S in Table 3 and Fig. 1), five
occur at altitudes of 94 km and below. Four of the six long-duration signals (labeled L),
which display undulation in amplitude and spectral dispersion, occur at altitudes of 102
km and above. This circumstance probably does not indicate that the irregular behavior
is absent above 94 km. It is far more likely that it is simply more evident in the radar
data from lower altitudes. The plasma cloud is imbedded in a more rigid fluid mechani-
cal system (i.e., the atmospheric density and pressure are greater) toward the lower end
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Fig. 1 - Signature duration vs altitude. The 2-kg releases
are indicated by filled circles, the 18-kg by open circles,
and the 6-kg barium release by an open square.

of the altitude interval, and fewer degrees of freedom
or modes of oscillation are likely. Furthermore, the
plasma cloud is physically smaller at lower altitude.
It is probable that the irregular behavior below 94
km simply indicates that the fewer permitted modes
of vibration are more readily distinguished there than
at higher altitudes, where many more modes are
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superimposed.

It is of importance that the barium release is
also included among these examples designated as
irregular in behavior. The deflagrative release
mechanism is less efficient in the creation of ioniza-
tion than is the explosive mechanism, and this cir-
cumstance probably helps explain its short duration
and smaller size. The prominence of irregular
behavior, interpreted as above to indicate that only a few degrees of freedom exist in
the plasma cloud, is probably a result of the smaller less~dense plasma cloud formed in
this instance. :

o ! 1L |
85 le] 95 100 105
ALTITUDE (KILOMETERS)

There are several releases, most of them above 102 km altitude, designated by L in
Table 3 and Fig. 1 which lasted for 5 min or more and displayed a series of periodic un-
dulations in spectral dispersion and amplitude with periods of several tens of seconds to
several minutes. These periodic variations may have been evident in all releases, had
they lasted long enough. They are worthy of note because they appear in most cases at
less than the Vaissala-Brunt period which characterizes the natural frequency of atmos-
pheric oscillations, caused by density disturbances, and represents a short-period cutoff
for atmospheric internal gravity waves. This parameter has a magnitude of about 5 min
in the lower E layer.

Also indicated in Table 3 and Fig. 1 are two examples, labeled E, in which a
sporadic-E-like reflecting layer was formed by the cesium plasma cloud. This result
is of interest because it may permit some aspects of the formation of naturally occurring
sporadic E to be discerned; it will be discussed in greater detail below.

The designation P in Table 3 and Fig. 1 describes a phase of plasma cloud develop-
ment which all examples display for at least a few seconds, but which is extended to tens
of seconds for the three cases indicated. In this phase, which also will be treated below,
the plasma cloud displays a regularity of behavior in signal amplitude and discreteness
of spectral dispersion which suggests that it is an effective single scatterer for the radar
illumination. It is likely in this phase that the cloud is of a prolate spheroidal shape,
with no protuberances or re-entrants which would be discerned by their effect on the
radar data.

The single case labeled D in Table 3 and Fig. 1 is a curiosity — the signature disap-
peared completely after the first 20 sec, was absent for about 20 sec, and then returned
with its earlier intensity and remained for several minutes. This behavior is not fully
understood. It could not have been a lapse period after the decay of the initial thermal
ionization, lasting until the effects of solar ionization were felt, because this release
occurred at midnight. It could only have been indicative of a period in which the ioniza-
tion was so dispersed as to be subcritical for reflection of the radar wavelength until
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some reordering process compressed the plasma
into a small enough volume for reflection to oc-
cur. This likelihood is relevant to the discussion
of plasma instabilities to be presented below.

-©-G0—

Also indicated in Table 3 is the maximum
spectral dispersion, in Hertz, for each of the fif-
teen releases. This parameter is plotted in Fig. 2
for the fourteen explosive releases, as indicated
by open circles. There is displayed in Fig. 2 an

ALTITUDE (KILOMETERS)

obvious tendency for widened spectral dispersion 85 é ‘l) ('5 "3 a
with increasing altitude. This circumstance is SPECTRAL DISPERSION (Hz)
indicative of the likely greater freedom of motion © DENOTES ENTIRE SIGNATURE

N . D DENOTES LARGE SPECULAR COMPONENTS
(or greater number of modes of oscillation) al-
lowed for releases at higher altitudes. The open Fig. 2 ~ Maximum spectral
squares in Fig. 2, joined by straight lines for dispersion vs altitude

emphasis, indicate the spectral dispersion among

the intense spectrally narrow components in six

of the seven cases labeled S in Table 3 and Fig. 1.

These six cases displayed the most distinctive examples of this behavior, and their tend-
ency for increased spectral dispersion with altitude is pronounced.

The evolution of a plasma cloud deposited in the lower ionosphere has been found in
this investigation to display a clearly demarcated sequence of four phases. Phase I is a
period of blast~wave expansion which has been described partially in the last section of
Part I above, and which will be discussed in greater detail in the first section of Part IIT
to follow. This phase lasts from 4 to 8 sec and involves an ordered, or stable, expan-
sion of the slightly ellipsoidal fireball, oriented along the magnetic field, followed by a
few reverberations as a sequence of shocks encounters the contact surface. The behav-
ior in this phase is similar to Brode's hydrodynamic model except there is strong evi-
dence of magnetic field constraint. The decameter radar data indicate that the rever-
beration time is 1 to 2 sec and that after two or three reverberations the expansion is
complete. At that time pressure equilibrium with the ambient is achieved, and the fire-
ball has cooled from its initial temperature of 4000°K to about 700°K and is thus slightly
overexpanded. Data indicate that the geomagnetic field, excluded from the expanding
bubble until this time, now penetrates it and presumably achieves its unperturbed con-
figuration. Phase II is a period designated ordeved diffusion in which the ellipsoidal
plasma cloud remains a single scatterer to decameter radiation. This phase is exempli-
fied most clearly by the data labeled P in Table 3 and Fig. 1. Phase III is a period of
highly irregular motion, often of several minutes duration, in which some manner of
collective behavior involving the entire plasma cloud occurs. This phase is most pro-
nounced in the data labeled S in Table 3 and Fig. 1. Phase IV is a stage of development
which occurs only in the two cases labeled E in Table 3 and Fig. 1 and corresponds to
the formation of a stable sporadic-E-like reflecting layer for the decameter radiation.
This phase may last several tens of minutes.

In the next three sections, Phases II-IV will be described with the aid of examples
selected from the radar data.

Phase II: Ordered or Stable Diffusion

At the end of Phase I there begins a period (Phase II) in which the cloud continues to
expand, by diffusion, but remains more or less a single scatterer of the decameter radar
energy. Hence Phase II is called ordered or stable diffusion, although in all likelihood a
turbulent diffusion law must be cited to account for the rapidity with which it proceeds.
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It is supposed that a process of anisotropic ambipolar diffusion, including magnetic field
effects and neutral-gas turbulence, must be cited in an accounting of motion in Phase II
and probably underlies the disordered motion which is apparent in later phases. The
data indicate that Phase II lasts from a few seconds to as much as a minute and is char-
acterized by anticorrelation of the two antenna polarizations. Figure 3 illustrates this
behavior. The data are plotted as doppler shift vs time, with intensity (or whiteness)
indicative of signal amplitude. The two right-hand photographs, in which thresholding
has been used to accentuate signal amplitude peaks, illustrate the anticorrelated behavior
from 0707:20 to 0708:00 GMT; the upper trace has one dark band (indicating absence of
the echo) in the middle, whereas the lower one has a bright spot in the middle with dark
bands on either side. Thus in the case shown the ordered diffusion phase lasts for 40
sec. The anticorrelation of the data from cross-polarized receiving channels indicates
that the signal-intensity variations arise, not from interference among a number of com-
ponent scatterers, but from rotation of the plane of polarization due to the Faraday effect
in a more or less regularly shaped single-scattering entity.

Figure 4 is a plot of the apparent radar cross section vs time in which the copolar-
ized data are shown as a solid line connecting filled diamonds, and the cross=-polarized
data are shown by a dashed line connecting filled circles. This illustration does not cor-
respond to the example in Fig. 3 but to a second case in which the regularity of radar
cross=-section behavior in Phase II is more pronounced. Notice that from 0507:15 to
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Fig. 3 - Doppler shift vs time for co- and cross-polarized
data from cesium release No. 2, Feb. 14, 1969
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Fig. 4 ~ Apparent radar cross section vs time for cesium release
No. 1, Feb. 14, 1969, Copolarized data are shown by solid line;
cross-polarized data are shown by dashed line.

0507:30 GMT the four peaks in one curve correspond very closely to the four nulls in the
other. Thus, in this 15-sec period, two cycles of polarization rotation occur in each
channel, 90° out of phase with each other, indicating stable or ordered diffusion. At the
end of Phase II (0507:30 GMT) the signals in both channels disappear, and then reappear
20 sec later. For the remainder of the cloud's lifetime the two channels show no strong
evidence for either correlated or anticorrelated behavior, although several examples of
both can be discerned.

In Fig. 4 it is evident that the abrupt disappearance of the signal corresponds to the
end of Phase II. Other examples tend to confirm this tendency, although less strikingly.
Notice, for example, that in the right-hand pair of photographs in Fig. 3 there occurs an
abrupt lessening of intensity at about 0708 GMT, corresponding to the end of Phase II. In
this latter case the signals do not disappear completely but only lessen in amplitude.

Phase IO: Irregular Motion

During Phase III, in concert with the occurrence of no consistent tendency for cor-
related or anticorrelated behavior between the two polarizations, the signals both become
diffuse in spectral dispersion, with approximately the same overall appearance. As in-
dicated in Fig. 2 above, the total spectral dispersion is typically from 3 to 10 Hz, with
the latter extreme confined to altitudes above 102 km. In the 85-100 km region a spec-
tral dispersion of 3 to 6 Hz is prevalent, corresponding to equivalent scatterer velocities
of 30 to 60 m/sec.

Phase III may last from as little as 1 min, at the low end of the altitude interval un-
der nighttime conditions, to as much as 1 hr at the upper end of the altitude interval un-
der solar illumination. It is clear that the lifetime of this phase is controlled by envi-
ronmental conditions and cannot be analyzed in detail. The rather complicated ion
chemistry of the ionosphere, as well as a probable turbulent diffusion process, are
involved.

Of principal interest in Phase III is the appearance, repeatedly, of short-duration
highly specular scatterers. These apparently coherent reflectors display extremely
rapid growth, with e-folding time constants sometimes comparable to the widest-
bandwidth analysis filter (2.4 sec ™), lifetimes typically of 2 to 6 sec, and abrupt
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disappearance. They appear to be monochromatic and of an apparent size often as large
as the physical cloud's radar cross section itself. Data from a second receiving site,
symmetrically located relative to the geomagnetic field, indicate that the scatterers are
probably symmetric about the magnetic field direction.

Figures 5 through 7 illustrate the main features of these specular scatterers. In
Fig. 5 there appear two photographs of a doppler-shift vs time display. The upper two
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Fig. 5 - Doppler shift vs time for cesium
release No. 3, Sept. 11, 1968
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photographs show the plasma cloud echo at two levels of signal processor sensitivity,
separated by 12 dB. A small degree of thresholding is used in both photographs to sup-
press low-level noise and clutter. The grainy band which occurs across the top photo-
graph is a residue of the radar clutter echo and can be ignored. The drawing at the
bottom is a contour plot drawn to the same scale as the photographs, with contours 6 dB
apart. The predominance of three or four principal spectral components is evident, with
the largest at about +2 Hz and occurring at 0326:40 GMT.
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Fig. 6 ~ Time plot of computer-analyzer signal
intensity vs doppler shift for cesium release
No. 3, Sept. 11, 1968

Figure 6 contains the same information spectrum analyzed with a Fast Fourier
Transform technique on a large-scale digital computer. (Figure 5 was produced by the
special-purpose hybrid computer associated with the decameter radar.) Notice that the
time and doppler shift axes in Fig. 6 are rotated counter clockwise by 90° relative to
those in Fig. 5. The virtual third axis in Fig. 6, which appears to extend out of the page,
indicates signal amplitude. The three or four large spectral components are apparent in
Fig. 6 and clearly dominate the signature.

Figure 7 is a collection of spectral displays acquired by placing a 0.3-Hz resolution
analysis filter at a succession of points in time, separated by 3 sec each, during the life-
time of the plasma cloud. (This spacing is consistent with the 3.3-sec time resolution
afforded by the 0.3-Hz filter resolution bandwidth.) Figure 7 may be considered to be a
series of horizontal cuts across the portion of Fig. 6 from -2.4 to +3.8 Hz which permits
a more detailed inspection of the rapid growth and spectral discreteness of the dominant
signal components. The first photograph, at 0326:30 GMT, shows the prerelease condi-
tion, with a small radar clutter echo just above an apparent doppler shift of zero. The
time of burst is 0326:36 GMT, which occurs just at the end of the period included in the
second photograph. The blast-wave echo, and possibly a beginning portion of the first,
large, spectrally narrow component, are visible in this photograph. The photographs
from 0326:36 to 0326:42 GMT show this first, and largest, specular echo at about +2 Hz,
which then decays rapidly by 0326:45 GMT. The second large spectral component begins
to build up at 0326:42 GMT with an apparent doppler shift of +1.5 Hz. It persists until
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Fig. 7 - Amplitude spectra for cesium release No. 3, Sept. 11, 1968

0326:57 GMT, after which it decays quite abruptly. A third component, but lower in am-
plitude, also appears at -0.6 Hz in the photographs from 0326:45 until 0326:54 GMT.
There occurs a period of quiescence at 0327:00 GMT in which only the clutter echo is
evident. Finally, at 0327:03 a fourth spectrally narrow component appears suddenly,
grows to a peak at 0327:06, begins to decay at 0327:09, and disappears by 0327:21 GMT
when only the clutter echo remains. It should be emphasized that the 0.3-Hz resolution
bandwidth used for this illustration forces even a truly monochromatic signal to display
a bandwidth of 0.3 Hz. The four components described above all have, in Fig. 7, an ap-
pearance which closely approximates the filter characteristic, and hence must be nar-
rower than 0.3 Hz in their actual bandwidth. Similarly, the 3.3-sec time resolution
afforded by this filter bandwidth is inadequate to actually discern the growth rates of
these signals,* which are actually on the order of several tenths of seconds. The fortui-
tous temporal relation among the photographs from 0326:57 to 0327:03 GMT, in which the

*Wider-bandwidth filters have been used for such measurements but do not permit so concise and
illustrative a display as Fig. 7.
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0.3-sec overlap coincides with the rapid decay of one component and the beginning growth
of another, gives some indication of the rapidity with which growth and decay actually
occur. The four dominant spectral components display lifetimes of 6 to 10 sec, which
are somewhat longer than typical lifetimes.

It should be noted that although the first three spectral components are seen to decay
within the space of two photographs (less than the 3.3-sec temporal resolution), the fourth
one decays over a period of about 9 sec. Thus the decay process displays less consistent
behavior than the growth process.

The discrete spectral components in Figs. 5-7 are representative of the type of be-
havior which is discerned in nearly all of the plasma cloud releases, particularly those
labeled S in Table 3 and Fig. 1. Their apparent sizes, as indicated by signal amplitudes,
are typically at least as great as the apparent radar cross section of the entire plasma
cloud echo measured in its quiescent periods. (In this example, of course, they are much
greater.) This fact, together with their spectral discreteness, indicates that each of
them arises from a coherent scattering entity which (a) occupies a large fraction of the
plasma cloud's spatial volume, (b) is formed within tenths of seconds, (c) exists as an
ordered structure for a few seconds, and (d) decays within a period of a few tenths of
seconds to a few seconds. The explanation for this behavior can only lie in a collective
process involving nominally the entire plasma cloud.

Phase IV: Sporadic-E Formation

In releases which form plasma clouds that remain for more than about 5 min, most
commonly those above 100 km altitude, there is evident a long-period modulation in both
spectral dispersion and signal amplitude. Figure 8 contains data from a release of long
duration which displays this behavior. Once again, the data appear in an intensity-
modulated doppler shift vs time format with both receiver channels (the cross-polarized
one in the top half of each photograph, and the copolarized one below). The periodic
modulation in spectral dispersion is evident in both channels, which are readily seen to
be in phase. Thus this modulation is not indicative of magnetoionic polarization rotation
and is, indeed, a manifestation of true motion in the reflecting surface. The predominant
period of this fluctuation in spectral extent is about 50 sec. It persists from very shortly
after the burst (at 1125:20) until about 1150 GMT. There is also modulation in intensity
of a much longer period, which manifests itself in Fig. 8 as a lessening in intensity of the
signature at 1138, 1148, and 1153 GMT. The blank period between 1203 and 1206 GMT
represents an absence of data due to a radar malfunction. After this malfunction was
corrected at 1206 GMT, the receiver sensitivity was raised by 12 dB to accommodate a
weakening signal, and several local aircraft targets (indicated by intense wavy lines) ap-
pear. They are more intense in the copolarized channel, of course. Vertical bars which
occur on the photographs are caused by random errors in the digital data storage appa-
ratus and can be ignored. The important features of Fig. 8 are (a) the pronounced 50-sec
modulation in spectral dispersion, (b) the phase coincidence of this modulation in both
receiver channels, and (c) the sudden change in character of the signal at about 1150
GMT, when this modulation ceases and the signature becomes quite diffuse.

Figure 9 is a computer-processed version of most of the same data as Fig. 8, with
an axis rotation of 90° as before. The virtual third axis, which appears to extend out of
the page, represents intensity. The modulation in spectral extent is less evident than in
Fig. 8, but a strong modulation in intensity is obvious. This behavior is most striking in
the period from 1140 to 1146 GMT when sharp narrow spectral peaks appear in a manner
reminiscent of those in Fig. 6. In this higher altitude release (103 km vs 87.5 km in the
former example) the discrete spectral components are less apparent, but are present
nevertheless. The striking feature of Fig. 9 is their cyclically recurrent behavior.
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There are several specular components in the 1126-1130 GMT period also, where they
display a longer duration ridge-like appearance. The intensity dropouts at 1138, 1148,
and 1155 GMT are also apparent in Fig. 9, as is the broadened and diffused spectral char-
acter which begins to develop after about 1150 GMT. The sudden change in amplitude at
about 1200 GMT is an artifact of the data (which was compensated in Fig. 8) and can be
ignored.

Figure 10, which is a plot of the apparent radar cross section vs time for the same
release described in Figs. 8 and 9, permits the intensity variations to be displayed more
quantitatively. The 50-sec modulation is most pronounced in the 1136-1150 GMT period,
in which peak-to-null ratios as great as 20-dB may be discerned. The longer term mod-
ulation also is evident. These data were subjected to an autocorrelation calculation, and
its result is shown in Fig. 11. The correlation never drops to zero, due to the overall
irregularity of the signal, but the modulation-associated peak at 50 sec is apparent.

The characteristic of long-duration releases which makes them of such interest is
that on some occasions they can be seen to form themselves into sporadic-E-like re-
flecting layers. That is, they evolve in such a manner that decameter-wavelength radio
waves are reflected obliquely back to earth from them over a relatively broad area, and
hence illuminate the earth much as a short-wave broadcast station's signals are propa-
gated beyond the horizon. This condition has been effected in two of the fifteen releases
in this investigation with such efficiency of illumination that return signals from the
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earth have been received at the radar site via a second plasma cloud reflection. On
these occasions the earth-backscattered signals have displayed behavior similar to that
which is observed with sporadic-E illumination, and it is believed that these plasma
clouds have in fact formed themselves into artificial sporadic-E patches.

Figure 12 is an intensity-modulated doppler shift vs time display of the earth-
backscattered signal which was acquired for nearly a half-hour via the plasma cloud
described in Figs. 8-11. The time and frequency scales are the same as those in Fig. 8.
The earth-backscattered signal begins to appear in Fig. 12 at about 1132 GMT, but it is
partially obscured by a spurious spectral component at 0 Hz until about 1136 GMT. It
continues to build up in intensity, with gradual slight deviations in doppler shift, until
1159 GMT and then begins to disappear. By 1207 GMT it is once more obscured by the
spurious component at 0 Hz.

In contrast to the directly reflected plasma cloud echo in Fig. 8, there is no evidence
of periodic modulations in spectral dispersion. Secondly, the total spectral bandwidth is
at no time greater than about 2 Hz, whereas in the direct echo it often approaches 10 Hz.

Figure 13 is a computer-processed version of the earth~backscattered signal, simi-
lar to Fig. 9. (Notice, however, that only about 7 Hz of the spectral extent are shown in
Fig. 13, while 11 Hz are shown in Fig. 9.) The broad spectrum bands shown (those at
1138, 1145 and 1155 GMT are the most apparent) are meteor echoes and can be ignored.
The earth-backscattered data show no evidence of the 50-sec modulation in intensity;
they also show very little evidence of the longer period variations displayed by the direct
echo. The intensity builds up continuously until about 1159 GMT and has a single pre-
dominant spectral component at nearly all times. The signal reaches a peak at 1159 GMT
(once again, the sudden decrease at about 1200 GMT is an artifact, which has been cor-
rected in Fig. 12) and then begins to decay. Figure 14 is a radar cross-section plot
which shows this gradual buildup, and also shows scant evidence of the cyclic amplitude
variations which are so apparent in Fig. 10 between 1136 and 1150 GMT. The abrupt
dropouts at 1138, 1148, and 1155 GMT in Fig. 10 also are absent from Fig. 14.

It may be concluded that, in the circumstances which lead to formation of a plasma
cloud into a sporadic~E~like reflector, the motions which lead to periodic modulation in
amplitude and spectral extent take place chiefly in the horizontal direction. (A two-way
oblique path from radar to cloud to earth and back again is sensitive only to vertical
motions.) Thus the mechanism by which the plasma cloud is formed into such a layer
must act so as to spread it pancake-like, rather than isotropically, with a preferred
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horizontal motion (which is difficult to distinguish, at the 50° northern geomagnetic lati-
tude of Wallops Island, from motions perpendicular to the geomagnetic field). This indi-
cation is consistent with the characteristics of naturally occurring sporadic E, which is
believed to have a thin pancake~shaped configuration.

PLASMA CLOUD RADAR ECHO STATISTICS
Scattering Entity

The cesium cloud is a multiple scatterer. Its doppler spectrum is generally diffuse,
indicating that a distribution of velocities (or rates of motion of the effective reflecting
surfaces) exists. At times, its doppler spectrum becomes quite discrete, indicating that
either the motion has become temporarily ordered (i.e., that the multiple scatterers
have a coordinated rate of evolution or motion) or a dominant single scatterer has been
formed. The fact that the large, discrete, spectral components rise from the diffuse
spectral background extremely rapidly, live for a few seconds, and descend back into a
background which appears unchanged, and have an apparent size which often exceeds the
observed physical size of the cloud itself, argues decisively against the possibility of
such a large dominant single scatterer. It is likely, instead, that these short-lived, dis-
crete, spectral components are indicative of collective behavior in the plasma cloud
which temporarily forms nominally the entire cloud into an ordered distribution of scat-
tering centers with phase reinforcement of radar energy backscattered in the direction
of the radar. This formation is termed the scattering entity.
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A statistical feature of the radar data also bears upon this conclusion and suggests
that the plasma cloud motion is ordered to some extent throughout its lifetime. The ef-
fective scatterer for decameter radar energy displays certain characteristics which may
be ascribed to a collective entity, as indicated by the lognormal character of the radar
data.

Figure 15 is a cumulative distribution function determined from radar data. Matched
to the data (shown by small symbols) is a straight line which corresponds to lognormal
statistics. Over the 60-dB linear dynamic range of the radar receiver (three decades on
the abscissa, centered on about 2), the lognormal curve is seen to fit the data extremely
well. Attempts to fit Rayleigh and higher order Rice distributions have failed, and it is
concluded that the data are indeed lognormal. This circumstance confirms that the ef-
fective radar scattering elements are not completely independent (as would be indicated
by Rayleigh statistics), and that they do not consist of independent scatterers with cer-
tain of them dominant (as would be indicated by higher order Rice distributions).

Effects of Atmospheric Fluid Properties

It is postulated that the lognormal character of all plasma cloud radar echoes, in-
cluding even those corresponding to periods when no large discrete components appear
above the diffuse spectral background, indicates that the cloud displays some evidence of
collective behavior throughout its lifetime. Before this postulate can be justified, a brief
description of atmospheric fluid dynamics in the lower E layer must be made, due to the
influence of the highly irregular fluid motion in the lower E layer upon plasma cloud be-
havior. It has been mentioned in the earlier section on "Sporadic E..." that turbulent
theories of sporadic E are, at least to some degree, competitive with the wind-shear and
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plasma instability theories, and may even be compatible with the latter. It has been con-
sidered by many workers (83-86) that neutral turbulence (or, more intuitively, eddy di-
mensions) of decameter scale size in the lower E layer fall at the short-wavelength

- extreme of an inertial turbulent subrange as described originally by Kolmogorov (87,88).
This type of turbulence is characterized by a cascade of energy transfer in which the
largest eddies (i.e., those of a scale at which vorticity is created) continuously feed en-
ergy to smaller ones, which in turn pass it on to even smaller eddies, ultimately releas-
ing the energy into viscous dissipation at the small-scale (or short-wavelength) extreme.
The limited data available indicate that turbulence in the decameter-wavelength region
displays a decorrelation time of a few seconds at most. Blamont and Barat (86) give
examples in which maximum possible values of from 2.7 to 5 sec for this decorrelation
time were measured. However, the true values could well have been smaller, since
these times were measured at minimum resolution. It may be concluded that the effect
of neutral turbulence on scattering entities of decameter scale size is random over a
period of 2-5 sec, and possibly shorter. The predominant 2- to 6-sec lifetimes of the
large-amplitude spectral components (illustrated in Fig. 2) tend to confirm this decor-
relation time.

The time separation of radar data samples from which the cumulative probability
distributions were constructed, and of which Fig. 15 is typical, is about 2 sec; hence
data from one or two sample separations should be independent from the standpoint of
neutral turbulence. Furthermore, a typical cloud dimension is between 150 and 500 m,
as compared with the typical decameter radar wavelength of 20 m. Thus, spatial resolu-~
tion is adequate to insure that received data include independent samples from several
points on the irregularly shaped cloud.

Lognormal Statistics and an Analogy

The cumulative probability distributions were constructed from Fourier amplitudes
of the radar pulse data, and hence achieved resolution of the spectral components (and,
presumably, of spatial structure) as well as of time. The statistical variate then is the
size of a scatterer, at a particular time in the cloud's evolution, and moving at a partic-
ular velocity.

The lognormal probability distribution pertains to a variate whose logarithm obeys
the normal law of probability. Inasmuch as normal statistics arise from a theory of
elementary errors combined by addition, then lognormal statistics arise from a theory
of elementary errors combined by a multiplicative process. An illustrative development
is presented by Aitchison and Brown (89), who refer to Cramer's (90) example of biologi-
cal organ growth. If the variate is the size of an organ, which can be considered to de-
pend on a large number of mutually independent stimuli acting in sequence, and if the
response of the organ to each stimulus is proportional to its current size, then the vari-
ate will obey lognormal statistics.

In the case of the cesium plasma cloud data, the variate of spectral amplitude is
sampled both in time and in velocity, and hence a somewhat more sophisticated analogy
must be drawn. The cesium cloud acts as a diffraction grating in that its scattering pat-
tern is the result of a multiplicative effect of the scattering patterns of all the scattering
elements, just as the interference pattern created by a diffraction grating is a multipli-
cative effect of all its slits. If, in addition, the diffraction grating is composed of ran-
domly distributed slits, then the analogy with the cesium plasma cloud at any one time is
made even more complete. For either the plasma cloud or diffraction grating, if samples
are taken at random points in space, then their statistics are lognormal. Furthermore,
in view of the fact that the scattering elements (or analogous diffraction slits) are dis-
tributed randomly, the statistics will still be lognormal if samples are taken at regular
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intervals in space, or even if taken at regular intervals of time as the scatterer moves
by a single observing position.

Thus far the analogy is a simple one. Now, however, it is noted that the Fourier
amplitudes represent amplitudes sampled in a second dimension as well as space (or
time); they represent sampling in velocity as well. For lognormal statistics to be ex-
pected, then, the velocity of any one scattering element should be multiplicatively related
to the velocities of other scattering elements. The circumstances under which such be-
havior might be expected are simple to visualize in the diffraction grating analogy. Sup-
pose the grating is rotated in time about some axis, rather than simply moved past the
sampling point. Then the rate of motion of any slit is related to that of any other slit in
proportion to their radial distances from that axis; they will display multiplicatively re-
lated velocities. The grating need be considered neither planar nor rigid for this behav-
ior to be maintained, since a proportionate relation of velocities could result from
flexion, stretching, twisting, or other such deformations. The lognormal character of
the statistics simply requires an ordered deformation. And hence, extending this intuitive
picture to the cesium plasma cloud, the lognormal probability distribution of Fourier am-
plitudes suggests that the evolution of the scattering elements is ordered, with motion in
any part of the cloud related to motion in all other parts of the cloud.

It should be emphasized that this interpretation is but one possible analysis of the
lognormal character displayed by both the amplitudes and apparent velocities of the radar
data. This analysis permits an intuitive picture of the plasma cloud to be visualized, and
hence has some merit,

It would be naive to attempt to interpret the lognormal character of the radar data
as indicating the actual type of motion or evolution, since changes in scatterer size and
shape cannot be visualized in terms of this simple analogy.

PART I. PLASMA DIAGNOSTICS AND
INTERPRETATION OF THE RESULTS

DYNAMICS OF THE MOTION AND A SURVEY OF
POSSIBLE INSTABILITY MECHANISMS

Fluid Environment

Figure 16 contains profiles of atmospheric number density and pressure for the 70-
130 km altitude region, extracted from the ""U.S. Standard Atmosphere, 1962."" The two
curves at first draw closer together with altitude between 70 and 80 km, remain nearly
parallel up to about 95 km as the temperature remains nearly constant in this region,
and then at higher altitudes diverge at an increasing rate as temperature rises rapidly.
In the 90 to 110 km region of concern for this investigation, these quantities decrease by
more than an order of magnitude.

Figure 17 illustrates the unique characteristics which result from this variation in
pressure, temperature, and density in the lower E layer, and which are responsible for
the chaotic behavior which takes place there. The solid curves are collision profiles for
particles of molecular mass 29 (the approximate mean molecular mass of particles in
this altitude interval, labeled v,,), and for electrons (labeled v.,) with neutral particles.
The ion~-neutral collision frequency for the dominant molecular ion (of mass 30) is very
nearly the same as that for particles of mass 29 and is in general consistent with the
model proposed by Chapman (91) in which the ion-neutral collision frequency v;, obeys
the relation
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Vi = 2.6x10715 p W71/2

in

where p_ is the neutral particle density in m~3, and W is the molecular mass in atomic
mass units., Cesium ions of mass 133 would collide with neutrals at about 47% of the
rate shown as v,, in Fig. 17. The electron-neutral collision frequency is determined
from Chapman's model (91) by

Ven = 5.4x 10716 p T1/2

en
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where T is the temperature in degrees Kelvin, Thrane and Piggott (92) indicate that
measured values of this quantity are in general agreement with the model at altitudes
below 90 km. They state that measured electron-neutral collision frequencies frequently
exceed the model values at higher altitudes, however, and suggest that this behavior may
be explained by electron temperatures in excess of the neutral-gas temperature. For
such a circumstance to exist, the electrons could not be in thermal equilibrium with their
environment, although observed and predicted mean electron lifetimes would seem to
allow them to reach thermal equilibrium. This apparent contradiction must be consid-
ered as yet unresolved. For the purposes of this investigation, the model values will be
used, and it will be understood that they may be underestimates by a factor of as much
as two.

Also included in Fig. 17 are vertical bars which indicate the gyrofrequencies of
monovalent ions of masses 30 (labeled «;,) and 133 (labeled w,,,) and of electrons
(labeled w.) in the geomagnetic induction field of 6x10™° webers/m2. The v,, curve
has values well above w,;, and w;, for nearly the entire altitude region shown, while
the v, curve falls below «. everywhere. Thus, electron motions are predominantly
governed by the geomagnetic field, while at altitudes up to 120 km the ion motions are
governed by collisions with neutrals.

The dashed curves are profiles of mean free path for ions and electrons, labeled ¢,,
and {., respectively. These profiles were calculated simply by dividing the thermal
velocity of each constituent by its collision frequency with neutral particles. Due to the
fact that both of these quantities display a W !/2 dependence, the mean free path for ce-
sium ions is the same as that for ions of mass 30 at the same temperature.

Along the right-hand edge of Fig. 17 is an indication of the mean molecular mass
with altitude. The predominant neutral constituents are N,, O,, NO, and O, with an in-
creasing proportion of O with altitude. The predominant ionic species are O;' and NO*.

The region between 90 and 110 km is of principal concern for this investigation. It
is in this interval, known as the dynamo region because of the strong electric currents
which flow in it, that the principally hydrodynamic motions of the lower atmosphere
gradually give way to the principally magnetohydrodynamic (MHD) motions which pre-
dominate in higher regions. Evidence indicates that the mixed hydrodynamic-MHD mo-
tions which characterize this region display a highly irregular behavior, as has been
stated above. Phenomena which occur in this altitude region include (a) the flow of the
equatorial electrojet, (b) the formation of sporadic-E layers, and (c) the appearance of
aurorae.

Equations of Motion

The purpose of this survey is to select a likely mechanism for instability in the ce-
sium plasma cloud. Identification of a probable instability mechanism must rest upon
the growth rate, apparent characteristic size or wavelength, and apparent rate of motion
as discerned from radar measurements. For this reason, the survey has been based
upon a perturbation treatment which has utilized harmonic analysis of the linearized
equations of motion. Characteristic lengths, growth rates, and phase velocities have
been estimated from the resultant dispersion relations.

Beginning with the Boltzmann equation, there are two possible approaches. Farley
(93), in an analysis of plasma instabilities in the equatorial electrojet, allows small per-
turbations in the distribution function, magnetic induction, and electric field, and con-
ducts his analysis in those quantities. Farley's analysis concerns a two-stream plasma
instability, and hence he perturbs the velocity distribution of the constituent particles.
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Nearly all other workers precede their perturbation analysis with extraction of the first
two moments of the Boltzmann equation; this latter approach will be followed in this in-
vestigation.

The equation of continuity from the first moment is

ONS
ST S sty )

where SZ_,, is the rate at which particles of species s are created due to collisions,
and N*¥ is the number density of particles of species s. The rate Sg,;; includes all
ionization, attachment, and recombination processes; as indicated by the discussion of
chemistry above, this term is so small as to be negligible. The momentum equation re-
sults from the second moment, and is best written in component notation as
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where repeated indices indicate summation, (A;)_ ,, represents the rate of change of
momentum due to collisions, and ¢§; is the pressure tensor. (A;s®)__,, is written in
terms of a collision frequency v, of particles of species s with neutral particles as

(A#)

i = mstsz(viN—vis) .

coll

The quantity v;N, representing the velocity of the neutral gas, is neglected in analyses
which are directed toward investigating the effect of electromagnetic processes, but pre-
served in those whose object is an analysis of neutral-wind effects. The pressure tensor
yi; is defined to be a scalar quantity and to represent the rate at which momentum is
transferred across a surface moving at velocity v;s. If it is assumed in addition that
particles of species s are in collisional equilibrium with themselves (have a Maxwellian
velocity distribution), and hence may be assigned a temperature TS, then the remaining

constitutive relation necessary for solution is the perfect gas law
PS = NSKTS
where P®8;; = yi; is the hydrostatic pressure, and k is Boltzmann's constant.

With these definitions and simplifications, the momentum equation may be written in
vector form as

s
NSm$S (% + (vS °V)v5> + VPS + N5qS(E+ vSx B) = -Nsmssz(vN— vS) . (2)

The instabilities of interest for this investigation have frequencies » much less than
v,y Or v;y, and hence the inertia term in Eq. (2) may be neglected. Further, the Debye
length

1/2

e kT
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is typically a fraction of a centimeter in the altitude region of interest, while the insta-
bilities are of many meters in wavelength; hence the assumption of quasi-neutrality

Ne~ Ni~N,
and the quasi-static assumption
E=-Vg,

may be made. In most cases, it is assumed in addition that the collision frequencies and
the temperature do not vary spatially; hence

VPS = kTSUN .
Defining a particle flux 'S = NSv®, the equation of motion may be written

kT

m

s NqS
N - = (E+vixB) =~y (3)

Defining the coefficient of free diffusion by

DS = kTS
msVsN

the (longitudinal) mobility by

and the gyromagnetic frequency by

the equation for particle flux may be written

w
'S = -DSUN + NuSE - —= 5BXFS (4)
VsN

where eg is a unit vector in the direction of the magnetic field B. The continuity equa-
tion may be written

oN
—+V-Ts=0.
3¢ ()

Instability Mechanisms Related to the Thermodynamics of
the Blast Wave

The explosive release mechanism of the cesium plasma cloud results in the forma-
tion of a rapidly expanding high-temperature gas bubble. This bubble, as described by
Davis and Moore (94) grows within 4 to 8 sec to a radius of some hundreds of meters.
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Initial electron densities of greater than 1014 m~3 are encountered. Decameter- and
meter-wavelength radar data acquired during this 4- to 8-sec period indicate that the
blast-wave phase is most properly described by Brode's model of spherical high-
explosive detonations (80). Some results of the earlier investigation (94) are of interest
because they imply a set of initial conditions for later phases of motion.

Figure 18 contains plots of relative radar cross section vs time for four cesium-
seeded high-explosive detonations. Each partially connected row of dots contains an in-
dication of the peaks and nulls of apparent radar cross section for the first 10 sec follow-
ing each release. About 10 dB of dynamic range are represented on each curve, although
the data are not intended as an indication of absolute radar target size. The curves are
arranged on a vertical altitude scale to indicate the rate at which features on the various
curves appear to depend on altitude. It is evident that peaks and nulls occur less rapidly
with increasing altitude. The solid lines labeled P,, P,, and P, indicate the altitude
variation in the times of peak radar cross section expected from a sequence of shock-
induced undulations in the contact surface as predicted by Brode's model. The dashed
lines labeled N,, N,, and N, indicate the expected altitude-dependence in times of mini-
mum radar cross section (or nulls). This altitude dependence is simply a consequence
of the pressure/density variation with altitude. illustrated in Fig. 16. It is apparent that
the four curves show striking confirmation of the expected altitude dependence, at least
in the positions of the first two peaks and nulls. The important consequence of this cir-
cumstance is that the value of pressure necessary at each altitude to match the expected
behavior to the observations is one-half the value (see Fig. 1) which has been determined
by most measurements at that altitude.

It has been suggested that the above disparity is an indication of anisotropy of ex-
pansion in the blast wave, and that the effect of the geomagnetic field upon the ionized det-
onation products is responsible for this anisotropy (94). Because the radar energy im-
pinges upon the expanding plasma bubble from a direction more nearly along the
geomagnetic field than perpendicular to it, the effect of magnetic pressure acting on the
bubble would tend to elongate it toward the observer, and hence to delay encounters of
the sequence of shock waves with the contact surface relative to an isotropically expand-
ing case. Such a delay in the sequence of radar cross-section fluctuations would explain
the disparity between directly measured pressures and the cesium-seeded blast-wave
data. In view of this possible explanation of the radar data, it has been suggested that
the expanding plasma bubble at least partially excludes the geomagnetic field in the blast-

wave phase.

One further result is of interest. Figure 19 con-
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Fig. 19 - Apparent radar cross-section vs
time for co~ and cross-polarized decameter-
wave radar data (shown as solid lines con-
necting squares and circles, respectively)
and meter wave data (shown as dashed line)
for Phase I of cesium release No. 1, Feb, 14,
1969

7 sec after the detonation, when they become decorrelated. At the same time, the pre-
viously saturated meter-wave data drop by several orders of magnitude, presumably
from a level approximately the same as the decameter-wave data, in less than 1 sec.

The high degree of correlation between the cross- and co-polarized decameter-wave
data during the first 7 sec indicates that no rotation of the plane of polarization due to
the Faraday effect occurs during this period. Hence, either no penetration of the mag-
netic field into the ionized region from which the radar energy is reflected occurs, or
this energy is reflected in such a thin shell that no significant polarization rotation takes
place. It is probable that the meter-wave data result from the latter circumstance. The
extremely rapid decrease in meter-wave radar cross section at the presumed end of the
blast-wave phase is too fast to be reasonably explained by diffusion of a previously over-
dense concentration, and is more credibly interpreted as resulting from sudden disap-
pearance of a sharp electron density gradient as the detonation wave dissipates. Thus
the meter-wave data are probably explained by partial reflections from an electron den=-
sity gradient. The decameter-wave data show no such sudden decrease, however; it is
therefore suggested that their behavior is best explained by some combination of partial
and total reflection, in which at least some contribution may be made by a thin overdense
shell of electrons until 7 sec after the detonation. At this time the partially excluded
magnetic field begins to penetrate the reflecting shell, which also begins to diffuse.

With this description of the blast-wave phase, it is necessary to investigate possible
instability mechanisms which can occur during the expansion of the plasma bubble, and
also during the period immediately thereafter, before it reaches thermal equilibrium
with its environment. It should be added that such an investigation is also necessary to
ascertain whether some other explanation is possible for the radar data which were in-
terpreted in terms of Brode's model; that is, if an instability mechanism is found to be
possible during the expansion phase, and would lead to the magnitudes and periodicities
of the radar cross-section fluctuations observed, then their interpretation as manifesta-
tions of shock-wave perturbations of the contact surface would be suspect.
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The plasma bubble, at its instant of formation, is comprised of high-density gases at
a temperature of several thousand degrees Kelvin and several hundred times ambient
pressure. By the time the contact surface has expanded to its maximum radius, and
slightly before it is first buffeted by a shock wave (actually the second shock, since the
first one precedes the contact surface), its mean temperature is about three times that
of the ambient temperature of 200° to 250°K (13). By this time (less than 1 sec for most
of the cesium-seeded detonations discussed here), pressure equilibrium has been reached
between the detonation-produced gas bubble and the ambient atmosphere. Due to the dif-
ference in temperature, however, the mean density of the fully expanded bubble is about
one-third that of the environment.

An obvious candidate instability mechanism during this initial period is the purely
hydrodynamic Taylor instability (95). At the upper surface of the bubble, where a dense
gas lies above a less dense one in the earth's gravitational field, Taylor's analysis indi-
cates that a growth rate « for instabilities of wave number K is given by

1/2
Py = Py
= | Kg —2—"1
¢ [gp2+p1]

where g is the acceleration of gravity, o, is the density of the dense fluid, and o, is
the density of the less~dense fluid. Assuming that instabilities generated on the top of
the plasma bubble can be detected by radar either through the bubble or after propagating
along the interface to its lower surface, it may be hypothesized that irregularities of the
order of 20 m would be the dominant contributors to the decameter-wavelength radar
data. Letting o, ~ 3p,, there results a growth rate of 1.16 sec™! for instabilities of this
size. While this figure is enticingly close to the fluctuation rates of up to 1 sec™! in
Fig. 18, it does not allow the altitude dependence which is so evident in those data. It
should also be noted that the meter-wave radar data, which should display a characteris~
tic fluctuation rate, due to Taylor instability, of about three times that of the decameter-
wave data, give no indication of such behavior.

The plasma equivalent of the Taylor instability has been analyzed by Kruskal and
Schwarzchild (96) for a perfectly conducting completely ionized plasma, and by Furth,
et al. (97) for a plasma of finite conductivity. This type of instability requires a jump in
magnetic induction, at the boundary between two plasmas, of great enough magnitude to
support the denser fluid above the less-dense one against gravity. Thus evaluation of its
likelihood depends upon the partial exclusion of the geomagnetic field from the cesium
plasma bubble.

Based upon the decameter-wave radar data described above and reported by Davis
and Moore (94), it may be assumed that magnetic pressure acting transverse to the geo-
magnetic field is responsible for the anisotropic bubble expansion. If it is assumed that
all particles of the detonation-produced gases have the same initial energy, then it may
be estimated that they do the same amount of work in the expansion phase. If the equiva-
lent pressure indicated by the radar data for isotropic expansion at a point on the bubble
obliquely along the magnetic field from the detonation point is one-half of the estimated
ambient pressure, then the pressure at a point directly across the magnetic field may be
assumed to be about twice the ambient value., Thus, as a crude estimate, the magnetic
pressure required at 100 km altitude to explain the radar observations is approximately
10”4 mbar, or 0.01 N/m?2. The difference in magnetic induction necessary to provide
this pressure is determined from

P,

B = B2/2;1.0 = 0.01 N/m? ,



NRL REPORT 7105 43

which yields B = 1.5x10"*% w/m2. Thus, in order for the radar data to be accounted for
by magnetic field-associated anisotropy of expansion, there must be created in the deto-
nation a magnetic induction field of nearly three times the ambient field around the
plasma bubble.

To determine whether the cesium plasma bubble is capable of conducting a high
enough boundary current to permit such a magnetic induction jump, it may be assumed
that current flows about the ellipsoidal bubble in a ring of perhaps five-electron-mean-
free-paths thickness (about 5 m at 100 km altitude). Approximating the differential form
of Ampere's law

UxB = 1]
by the relation
OB,/Br = pyJy
with

AB, = 1.5x10"* w/m? and Ar = 5m,

gives a current density of J, = 24 A/m?2. The electron velocity at a charge density of
2x10'* electrons/m? necessary to yield this current is about 7.5x 105 m/sec. This
value is greater than the thermal velocity of electrons at the expected mean bubble tem=-
perature of 700°K. However, the repeated shocking of the electrons in the outer region
raises their temperature to greater than 1000°K (13) and probably results in a much
greater degree of ionization than in the rest of the bubble, Further, the assumption that
this ring current flows in a belt only five-electron-mean~free-paths thick is only conjec-~
ture. If a greater belt thickness is allowed, the current density and associated charge
velocities could be a good deal less.

Based upon these crude estimates, it can be concluded that the apparent anisotropy
of bubble expansion might be due to interaction with the geomagnetic field. As one final
exercise, a calculation may be made of the magnetic induction field which exists in the
expanded plasma bubble when enough magnetic flux is swept into a thin shell on the
boundary of the bubble to yield the required magnitude of magnetic induction. The fully
ex?anded bubble at 100 km altitude has an apparent radar cross section of about 47 x104
m*“. If the axial ratio is taken to be consistent with a two-to-one effective pressure
anisotropy, then the minor axis will be about 356 m. Taking a current ring radius of
178 m for J, and assuming the magnetic induction within the bubble to be constant, the
magnetic induction in the bubble is about 0.25X10-5 W/m?2 in the opposite direction to
the undisturbed induction field of about 6.0X10~5 W/m?2.

Thus, if these estimates are valid, a conceptual model may be constructed in which
the hot plasma bubble is bounded by an intense diamagnetic ring current which results in
near removal of the interior magnetic field, and in a highly concentrated shell of mag-
netic induction at its boundary.

The analysis by Furth et al. (97) is, at least outwardly, appropriate to this survey,
because the nonzero resistivity which distinguishes their treatment from Kruskal and
Schwarzchild's (96) is a prominent feature of charged-particle motion in the 90-110 km
altitude region. The mode which they term a "gravitational interchange' mode (because
it owes its existence to the interchange of gravitational potential energy and fluid kinetic
energy, as does Taylor's instability) is of concern here. The high-gravity extreme in
Furth's treatment, however, is appropriate for the environmental conditions and instabil-
ity wavelength appropriate to this investigation, and in this extreme the Kruskal and
Schwarzchild approach is probably equally valid. Accordingly, the latter's instability
criterion is
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Pamb
211+ — K2<h|K|
Py I 1

where P,,;, and Py are the pressure in the ambient atmosphere and that due to the mag-
netic field, respectively, K, and K, are the instability wave number components parallel
and perpendicular to the magnetic field, and h is an inverse scale parameter for mass
density variation in the plasma. Selecting P,,, = Ps, K appropriate to a plasma bubble
of 455 m length, and K, appropriate to the 20-m decameter radar illumination, there re-
sults the requirement that

h > 2.44x1073m™?!

or the atmospheric scale height h™! must be less than 400 m. This parameter is given
as

h-! = _1.:_2.
gP

Since the plasma bubble is at about three times ambient temperature (and hence the
quantity P,/p, is about three times that of the ambient), the quantity h™! must be larger
than the normal value of about 6 km for 100 km altitude. Thus the Kruskal-Schwarzchild
instability is probably not possible.

Instability Mechanisms which Require Anisotropy in the
Velocity Distribution

Most instabilities which rely upon anisotropy in velocity distribution are of only
academic interest here because their phase velocities are typically near the acoustic
velocity of the medium. This quantity is several hundred meters per second at 100 km
altitude, and would yield radar doppler shifts many times the observed values of less
than 10 Hz. However, the success which the two-stream instability described by Farley
(93) has met in explaining sporadic-E irregularities in the equatorial electrojet demands
that the distinction between that case and the present investigation be made clear.

Farley's analysis is based, in part, upon the same circumstance that is assumed to
prevail in the region studied in this investigation — the narrow interval of altitude in
which conductivity is adequate to support the flow of substantial electric current. In the
equatorial region, where the magnetic field is nearly horizontal, current flow (also hori-
zontal, but across the field) gives rise to a vertical Hall current. However, the rapid
decrease in conductivity with altitude just a few kilometers above and below the 100-km
level prohibits this current from flowing freely and creates a vertical electric polariza-
tion field. This field, in turn, interacts with the horizontal magnetic field to enhance
current flow horizontally across the magnetic field. The equatorial electrojet current
which results is estimated to flow at velocities as great as 500 m/sec according to
Farley, and exists only within 2° or 3° of latitude of the geomagnetic equator. The two-
stream instability arises from the circumstance that this current flows faster than the
ion thermal velocity. The instability which results has a phase velocity of approximately
the same magnitude and direction.

At temperate latitudes, the tilted character of the geomagnetic field prevents the
self-enhancing feature of the equatorial electrojet from operating, and the two-stream
instability cannot be triggered by normal ionospheric currents. It might be argued that
the rapid expansion of the cesium plasma bubble, which takes place within the first sec-
ond or so after detonation, and the intense ring current, which has been postulated as
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encircling the bubble until it achieves pressure equilibrium after 4 to 8 sec, could con-
stitute the proper streaming current for this instability. However, the fact that the radar
data display no doppler-shifted spectral components sufficiently displaced from that of
the stably expanding plasma bubble confirms that no such instability takes place.

The remaining possibility is that, at any time in the plasma cloud's lifetime, a
stream of energetic electrons could impinge upon it from, say, the direction of the sun
and trigger an instability. However, because any such particle flux would be constrained
to flow along the geomagnetic field, it would not provide the proper geometric conditions
for the two-stream instabilities.

Kadomtsev and Nedospasov (98) and Hoh (99) have analyzed instabilities in a cylin-
drical plasma column aligned along a magnetic field when a longitudinal current flows
through it. This case would correspond to the cesium plasma cloud being struck by a
stream of solar particles. In Hoh's treatment it is demonstrated that a helical perturba-
tion of plasma density would, due to the difference between the electron and ion Hall
mobilities, create an azimuthal space-charge field whose effect on radial electron drift
would tend to increase the perturbation. This instability relies on an axial electric field
to "lift' the electron component of the helical perturbation, and hence combat the stabi-
lizing effect of diffusion by accentuating the azimuthal electric field. The axial electric
field is, of course, created by the axial flow of current. However, this instability can
exist only for wavelengths much larger than the radius of the container (in the present
investigation, this radius would be the hundreds of meters radius of the plasma cloud),
and hence cannot correspond to the decameter-wavelength radar data. The instability
criterion postulated both by Hoh and by Kadomtsev and Nedospasov may be expressed as

4 VezR/.l,eX
le + lez + Gdl + G‘_1 £ 0.163m
0LODeI‘Li
where
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where .; and p, are the longitudinal ion and electron mobilities, respectively, «». and
v.Nn are the electron gyromagnetic and collision frequencies (the latter with neutrals)
respectively, D, is the coefficient of free diffusion for electrons, ¢, and o, are, re-
spectively, the first roots of the zero- and first-order Bessel functions

Jm(am—r-),

R is the radius of the container, K is the instability wavenumber, and v,, is the electron
streaming velocity along the earth's magnetic field.
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For the cesium plasma cloud at 100 km altitude, the values of the parameters are
w_ = 107 sec™!

VN = 4% 104 sec”1 |

1
pe/uy = 5 x 100,
and

D

e

i

7.5x% 10* m?/sec (after temperature equilibrium) .

Letting R = 200 m, and selecting K = 1/R as the largest wavenumber for which the in-
stability is likely to be possible, the required electron streaming velocity is 9.5x103
m/sec for the m = 1 mode. The necessary longitudinal electric field is only 2.14 V/km,
The rotational velocity of the electron helix is 0.157 sec™!. Hence the helical instability
would be expected to require only moderate electric field strengths and to be character-
ized by long wavelengths (hundreds of meters) and slow rotation rates (tenths of Hertz).

While this type of instability is unlikely to be responsible for the decameter-wave
radar data (which correspond to instability wavelengths of a few tens of meters, and
whose spectral behavior suggests growth and rotation rates of a few Hertz), it could
certainly be important in the larger-scale motions of the plasma cloud and might be dis-
cernible in photographs of resonance-scattered light from the ions in the cloud. Cesium
has no intense resonance lines in the visible spectrum (the brightest one is at 8521 A),
and no cloud photographs are available for the releases conducted in this investigation.

Figure 20 is a photograph taken during the 6-kg barium release previously discussed
in the first section of Part II. The barium cloud was released at dusk and at an altitude
of 102 km. Decameter-wavelength radar data displayed similar evidence of plasma in-
stabilities in this cloud as in the cesium clouds, and it is believed that the two different
materials and release mechanisms (the barium was not mixed with high explosive, but
was burned in a thermite mixture with cupric oxide, which resulted in a slightly slower
reaction rate and slightly lower temperature) did not materially aifect the plasma cloud
composition at the time this photograph was made (about 50 sec after the release). The
cloud shown in Fig. 20 was photographed in a resonance line of the barium ion and is
presumed to represent the configuration of the ion/electron pairs in the cloud. It is
oriented roughly along the magnetic field (indicated by the six parallel lines) and has a
length of about 5 km. This multiple-spiral character was seen to grow out of an initially
ellipsoidal bubble, somewhat smaller than the knoblike ring at the top of the picture, in a
period of a few tens of seconds. During this same period, but not obviously associated
with its development, decameter-wavelength radar data showed pronounced evidence of
the plasma instabilities which are the subject of this investigation. Figure 20 is pre-
sented to suggest that a larger-scale process, such as the helical instability discussed
here, may be operative simultaneously.

Instability Mechanisms Dependent Upon Plasma Inhomogeneity

There exist possible instabilities which depend on interactions between a plasma
density gradient and a magnetic or electric field (or both). Due to the importance of
collisions in the altitude region of concern for this investigation, only the dissipative
type need be considered. Timofeev (100) has analyzed what he terms a "dissipative-
drift" instability, in which a plasma density gradient exists perpendicular to the direction
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Fig. 20 - Photograph of barium cloud, Oct. 4, 1967, about
50 sec after release, showing direction of geomagnetic field

of the magnetic field. As has been pointed out by Self (101), the energy for this instability
arises from the potential energy of the inhomogeneous plasma and not from kinetic en-
ergy of the drifting particles due to the electric and magnetic fields. The analysis of

this instability differs slightly from that begun above, in the subsection on ""Equations of
Motion," in that the inertia term is not neglected in the equation for ion motion. Once
again, this mechanism may be of only academic interest because it is found that the
phase velocity of the instability is greater than the ion thermal velocity. The conditions
under which it can occur are critically dependent upon the relation of the characteristic
dimension of the instability to the ion mean free path and the ion Larmor radius. Timo-
feev defines the parameters

Uy
1

£;(1/N)(3N/3r)

and
m= wi/v

in

where (1/N) (9N/3r) is a characteristic length of the plasma inhomogeneity, and the other
parameters have their usual meaning. Figure 21 is a sketch of Timofeev's instability



48 J. R. DAVIS

diagram in which the cross-hatched region indicates insta-
' bility. For the cesium plasma cloud at 100 km altitude, the
°r pertinent values are
- 1 3N 1
¢ —— ~ —m

N or 200

10 —
o1 l— Vig ¥ 1.3x 103 sec™! |

0 OII |.lo ulo 100 w; = 45 sec™1 |
n

Fig. 21 - Sketch of and
Timofeev's diagram t. ~0.15m ,
for dissipative-drift !
instability from which

£=7.5x10"%

and
n = 46

The plasma is well out of the instability region and could only be brought into instability
if the plasma density gradient were made three orders of magnitude smaller. This cir-
cumstance would require the density gradient to be of the same magnitude as the ion
mean free path, which is clearly unreasonable.

The prominent remaining candidate is an instability in which crossed electric and
magnetic fields interact with a plasma inhomogeneity, leading to unlimited growth of a
density perturbation. This mechanism has been treated for laboratory plasmas by Simon
(102) and Hoh (103), and for conditions appropriate to the normal E layer by several
others (104-113). It results from Hall or Pedersen drift of the plasma in the presence of
a plasma density gradient. Because the ions and electrons drift at different speeds (and,
for Pedersen drift, in opposite directions), the drift motion gives rise to a space-charge
electric field which then interacts with the unperturbed magnetic field to cause what may
be termed a first-order drift. If the unperturbed electric and magnetic fields bear the
proper geometrical relation to each other and to the unperturbed plasma density gradi-
ent, then small perturbations in plasma density will be accentuated. In the lower E layer
the Hall mobility is much higher than the Pedersen mobility for electrons and is about
three thousand times the Hall mobility for ions. Thus only the Hall drift of electrons
need be considered. Under these circumstances the correct configuration for the drift
instability, which shall be called the E x B instability for brevity, requires the unperturbed
electron density gradient to be parallel to the unperturbed electric field, and requires
these two vectors to be perpendicular to the unperturbed magnetic field. Small pertur-
bations in electron density in a direction perpendicular to the magnetic field (i.e., in the
direction of the electron density gradient and the electric field) will be unstable, and the
irregularities which result will be aligned with the magnetic field.

In all analyses cited above it has been found necessary to postulate a specific shape
for the perturbation, and in some cases to impose a specific spatial dependence for other
parameters (such as electron production and loss rates) as well. Simon (102), and many
who have attempted to apply the treatment to the ionospheric E layer (104,108-110,112),
have used cartesian coordinates and have treated a plasma slab which has been perturbed
by a sinusoidal density perturbation. Hoh (103) has performed a dimensional analysis in
cylindrical geometry which has involved an unspecified functional dependence of density
upon radius (the stipulation was that 9/or — ta, /R, Where o, is defined as above).
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Whitehead (106,107), Reid (111), and Chimonas (113) have all used a horizontal slab ge-
ometry and have required the density perturbation to have an exponential height depend-
ence. In addition, Whitehead (106,107) has imposed an artificial height-dependence on
the production and loss rates of electrons. (Other workers have ignored these latter two
quantities.)

In most cases in which specific application to the lower E layer has been made, in-
stabilities of tens-of-meters wavelength have been predicted and have displayed growth
times of a few tenths of seconds to a few tens of seconds. Phase velocities have been a
few meters per second to a few tens of meters per second. These predicted values are
compatible with the decameter wavelength radar measurements, and it is thus concluded
that the E x B instability is the strongest likely candidate instability for the observations.
The next section below will include a specific application of this instability mechanism to
the geometry and initial conditions of the cesium plasma clouds which are the subject of
this investigation. Detailed quantitative analysis will be deferred to that section.

It should be noted that the Ex B instability has been postulated as a cause for
temperate-latitude sporadic E (104,108,110,112). Whitehead (106,107) claims that it is
ineffective for providing the principal impetus for sporadic-E formation, but finds that it
can accentuate an existing sporadic-E layer. His conclusions may be questioned, how-
ever, due to the artificialities inherent in his analysis.

The effect of all this work has been to introduce a plasma-instability theory of
sporadic E in competition with the wind-shear theory which has been found to fail in sev-
eral experimental tests (as indicated above in the section on "Sporadic E..."). The diffi-
culty of making a definitive experimental test of the plasma-instability theory has made
it a rather weak contender. This situation is perhaps a consequence of the researcher’'s
proclivity to concentrate on areas of investigation which he believes are readily amena-
ble to experimental investigation, and may not represent a true evaluation of the two
theories' relative potential. The results of this investigation may permit a more realis-
tic appraisal to be made.

APPLICATION OF THE Ex B INSTABILITY
E x B Instability Applied to Phase III in Plasma Cloud Evolution

It was previously indicated in the first section of Part III that several workers have
attempted, with some success, to apply the Ex B instability theory to E-layer irregu-
larities and sporadic E. It is the purpose of this chapter to describe an application of
the ExB instability theory to the cesium plasma clouds which are the object of this
investigation.

While the previous E-layer-directed studies have made use of a slab geometry, the
plasma clouds investigated here are more properly described in cylindrical coordinates.
Rao and Russell (114) have performed a perturbation analysis in this geometry specifi-
cally for application to high-altitude chemical releases. Although their analysis is in-
tended for use with barium releases at much higher altitude than the lower E layer, it
can be used, with some slight modifications, for cesium plasma clouds in the 80-120 km
altitude region. Their development will be described in moderate detail here (as it is
unpublished), but mathematical minutiae will be excluded.

The equation for the flux of particles of species s, as written in Eq. (4), is
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w
S ~
T, = -DSVN + NuSE + _V—s_l\; eg x Iy

In cylindrical coordinates the components may be written as

l"S:—Dsg-l\—I+NSE +3Fs (7a)
T r Ho5 VYsN ¢
_ DS BN @y
¢S— _—r£+N SE¢—V—F’_S (7b)
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Equations (7a) and (7b) may be solved simultaneously for I,s and I ® to give
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Egs. (8) may be written
oN Dy 3N
I*=-DF Pl py NE - — % + g NEg (9a)
DS 3 3
P ©oN N
I3° = Y #p NEy + D == = iy NE (9b)

The next step is to use Egs. (7c¢), (9a), and (9b), together with the equation of conti-
nuity, in a perturbation analysis. Small perturbations in N, E, and I'* of the form
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N = Ny(r) + Ny(r,t)
E=Ey(r) + E(r,t)
IS = TS(r) + T,5(r,t) ,

are introduced.

Due to the high value of longitudinal conductivity, E, is assumed to be zero, and N
is assumed to be independent of z. E, is taken to be a constant vector. The quantity N,
is taken, for convenience, to be of the form

-(r/ 2
N,(r) = N_e (r/7o)

This gaussian radial dependence may not conform to the plasma cloud's configuration
immediately after the end of the blast phase, but it is probably adequate after a few sec-
onds (perhaps 10 sec) when diffusion has operated to smear the initial plasma distribu-
tion. The perturbation in N is taken to be of the same form as N, i.e.,

N e-(r/ro)z REICL PO

1 c !

and is decomposed into a harmonic series of frequency «» and wave number k, appropri-
ate to waves traveling in an azimuthal direction. The irregularities, then, are aligned
with the magnetic field, which is taken to be in the z direction, and appear as flutes on
the cylindrical plasma cloud which rotate about the cloud's axis. The perturbed electric
field is assumed to be curl free and of the same form as the perturbed plasma density,
i.e.,

-(r/14)?% -i(wt-k,)
E1:—VV1:_V[V08 07 ¢ ¢ J

The equation of continuity

BNI
St— + V- (Fls) =0 (10)

is written for each species (ions and electrons), with the appropriate forms of Egs. (7c),
(9a), and (9b) inserted, and yields a pair of coupled algebraic equations whose determi-
nant is a dispersion relation.

This pair of equations may be written as
N, (~iaw+ AS + iBS) + V,(C5+DS) = 0 (11)

where

k 2
4 4r2 ® 2r . 2r
AS = DS —2——:+—2 +—;;AHSEosm¢——2-ppsE0cos¢
1'0 ro T 1'0 ro
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S s
<. le g M
BS = iy k¢E0 sing - T k¢ E, cos¢
2
4 8r2 kg
Cs = s [— - 4+ =
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and
2k
¢
DS = /‘LHS . 2
0
The condition for instability is
(CT-C*) (A"C* -BD*-A*C"+B*D") + (D"-D*) (B°C* +AD*-A'D"-B'C’) >0, (12

which reduces to a cubic equation in k2. A numerical method is used to solve for the
regions of instability in -k, space, in which k, is positive and real. This process, as
described in greater detail by Rao, yields the maximum and minimum values of k;, the
e-folding time constant [Im (w)]”?! for instability growth which is appropriate to these
values of k,, the e-folding time constant of the instability for a selected wave number
within the range of kg, and the instability wavelength (defined by A = 2nr/k ) at any
radius.*

The parameters E,, voy, and r, are specified independently. The v,y are deter-
mined by atmospheric conditions, and hence vary with altitude. They are selected, as
indicated in the first section of Part III above, from model values. The parameter r, is
taken to be the radius predicted by the blast-wave model consistent with the blast-wave
measurements reported in the same section and in Davis and Moore (94). Thus this pa-
rameter also varies with altitude. The wavelength X\ is selected as that wavelength cor-
responding to an irregularity propagating around the plasma cloud at a radius r. For
the gaussian radial dependence of electron density chosen, the instability growth rates
reach their maximum values in a broad range of r near r,. Hence a value r = r, is
selected as a basis for calculating wavelength. For calculations of e-folding growth
times for irregularities of particular characteristic sizes (wavelengths), it is assumed
that the decameter-wavelength radar data are most representative of scattering struc-
ture in the 5~ to 40-m scale range. Calculations are made for 5, 10, 20, 30, and 40 m.
The undisturbed electric field E, is perhaps the least well known of all input parameters.
Electric fields as large as 0.1 V/m have been measured in highly disturbed regions of
the E layer, and field strengths of 0.01 V/m are not uncommon. There is no way of know-
ing the exact magnitude of the electrostatic field appropriate to the cesium plasma cloud
case, especially in view of the likelihood that local electric fields due to decameter-
scale turbulence in the lower E layer certainly must exist.

If it is assumed (consistent with wind measurements) that a random component of
neutral wind velocity of 50 to 100 m/sec characterizes the lower E layer, and that the
irregular behavior which is discerned in this region is related to jx B forces generated
by charged particles moving with these winds, then fields of the order of 5x10°3 V/m
are possible even in the undisturbed atmosphere. If such fields exist, they would be ex-
pected to result in an increase of electron temperature above that of the neutral gas.

*This entire paragraph is abstracted from Rao and Russell (114) which should be consulted for
greater detail.
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Indeed, as indicated in the earlier section on "Sporadic E," electron temperatures are
often measured at levels several hundred degrees above neutral gas temperatures (58,
59,115). They would also give rise to the disparity between theoretically expected and
observed values of electron-neutral collision frequency above about 90 km, as mentioned
in the first section of Part III (92). Electric fields of this order are much larger than
would be expected from ambipolar diffusion of the release products (116) and must be
considered to predominate. Estimated values of 2X10°4 to 0.1 V/m have been used in
the Ex B instability calculations, with the understanding that specific values cannot be
assigned. The true electric field magnitudes probably fall somewhere in the middle of
the range selected.

Digital computer solutions for instability growth rates have been obtained for insta-
bility wavelengths of 5, 10, 20, 30, and 40 m at altitudes between 85 and 110 km. Electro-
static field intensities logarithmically spaced between 2x 10" % and 0.1 V/m have been
used in all cases. The instability growth rate for the fastest-growing instability wave-
length also has been calculated for these conditions (except the maximum electrostatic
field intensity for this case is 0.05 V/m). In addition, the threshold value of electro-
static field intensity for instability wavelengths of 5, 10, 20, and 40 m has been calculated
for altitudes within the 85-110 km interval, and the minimum instability wavelength for
electrostatic field intensities of 2x1074 to 0.05 V/m have been determined in the same
interval. The results appear in Figs. 22-29,

Perhaps the outstanding feature in all these illustrations is the strong tendency for
instabilities to be most favored in the 100-105 km altitude region. Thus, as suggested by
the data described in the first section of Part II, it would be expected that plasma clouds
in this interval would display a greater variety of instability modes than at lower alti-
tudes.

The predominance of the decameter radar data were acquired at a radar wavelength
of about 20 m. Assuming that the radiation was incident obliquely on the plasma cloud,
then phase reinforcement of the backscattered energy would require a lowest-order mode
of plasma-density variation of somewhat longer wavelength, possibly 30 to 40 m. Figures
22 and 23 indicate that instabilities of these wavelengths are possible at all altitudes
above 87.5 km (the lowest height at which
a release was made) for an electric field
intensity of 1073 V/m or greater. This ELECTROSTATIC FIELD INTENSITY (VOLTS/METER)
value is well within the range which can o252 901 0005 0002 000 00005 00002
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be accounted for by normal ionospheric winds. Instabilities of 3 to 4 m wavelength,
which would be required to explain similar behavior in the meter-wave radar data (if
such behavior had been detected), would have been supported only if electric fields of
0.05 V/m had existed. Electric fields of this intensity have been observed at auroral
latitudes, but not in the temperate zone of concern in this investigation. It is noted, how-
ever, that in one 94-km release, evidence of a plasma instability coincident with one in
the decameter-wave data was recorded on the meter-wave radar signal. This evidence
is not cited here as conclusive, however, because it has not been repeated (it is discussed
briefly in the Appendix). If it does indeed represent a manifestation of the ExB instabil-
ity with perhaps a wavelength of 3 to 4 m (these values would correspond to the same
geometry as that which would permit the decameter-wave radar to detect 30- to 40-m
wavelength irregularities), then Fig. 22 indicates that a local electric field of about 0.01
V/m must have existed. This value is probably slightly too high to be associated with
normal-E-layer processes and can only be explained by a more severe turbulence than
is ordinarily encountered. That this evidence of meter-wavelength plasma instability
was acquired only once in many releases is testament to the likelihood that it arose from
an uncommon source. However, this testimony is not conclusive - instabilities of the
proper wavelength may have existed in other cases but simply were too small in density
to be detected.

Figure 24 contains a collection of curves for the logarithmically spaced values of
electric field which indicate the e-folding growth time of the fastest-growing instability
at each altitude within the 85-110 km interval. Growth rates for the 10-3 to 10-2 V/m
interval considered as likely for the lower-E-layer range from as short as 0.03 sec to
longer than 100 sec. As indicated in the first section of Part II the decameter-wave data
indicate that instability growth times of a few tenths of a second are typical; these values
fall nicely within the midrange of the likely values on Fig. 24.

Figures 25-29 contain curves similar to Fig. 24 and show the growth times for in-
stability wavelengths of 40, 30, 20, 10, and 5 m, respectively. It should be noted that
Figs. 27-29 do not contain curves for some of the smaller values of electric field strength,
and that some of the curves which appear on them do not extend over the full altitude in-
terval. This circumstance results from the threshold effect indicated on Figs. 22 and 23.
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Fig. 24 - Growth time of fastest-growing Ex B
instability wavelength vs altitude for electro-
static field intensities between 0.0005 and
0.05 V/m
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Fig. 25 - Growth time of 40-m-wavelength
E x B instability vs altitude for electrostatic
field intensities between 0.0002 and 0.1 V/m
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Fig. 26 - Growth time of 30-m-wavelength

E x B instability vs altitude for electrostatic
field intensities between 0.0002 and 0.1 V/m
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Fig., 27 - Growth time of 20-m-wavelength
E x B instability vs altitude for electrostatic
field intensities between 0.0005 and 0.1 V/m
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Fig. 28 - Growth time of 10-m-wavelength
E x B instability vs altitude for electrostatic
field intensities between 0.001 and 0.1 V/m
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Fig. 29 - Growth time of 5-m-wavelength
E x B instability vs altitude for electrostatic
field intensities between 0.002 and 0.1 V/m

Figure 30 is a scatter plot of the measured growth times observed in the five re-
leases whose instability-associated spectrally discrete components were adequately re-
solvable. Shown as open circles in Fig. 30 are the e-fold growth times of individual
components. Those with left-pointing arrows attached to them are data which fell at or
below the time-resolution limit of the analysis filters; in these cases, the symbols are
placed at this limit to represent an upper bound to the actual growth times. The filled
squares are mean growth times calculated for each altitude from the observed data, with
the points weighted in proportion to their amplitudes. Thus a high-amplitude spectral
component is given more weight than a small one. The dashed line is included to indi-
cate, on an approximate least-squares basis, the general tendency of mean growth time
to decrease with altitude. This tendency is of the same sense as that displayed in calcu-
lations described above, but has a more gradual slope. Most values fall between 0.4 and
1.4 sec and are consistent with electric field values of 0.02 to 0.002 V/m.

Figure 31 is a scatter plot of the 1/e-lifetimes of the spectrally discrete components
observed on decameter radar for the same five releases. Some data which appear on
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Fig. 10 have no counterparts on Fig. 9; their growth rates were not measurable due to
radar clutter which partially obscured them. Mean lifetimes of 2 to 4 sec are predomi-
nant. It is believed that the normally irregular behavior of the lower E region, whether
or not it may properly be described as turbulent, is responsible for this circumstance.
The values certainly are compatible with those described above in the second section of
Part II as determined by other measurements.

A Possible Interpretation of Phase IV Behavior in Terms of the
Nonlinear Ex B Instability, and Implications for Sporadic E

The plasma cloud behavior in Phase IIl demonstrates that the Ex B instability does
indeed develop, under suitable conditions, in the lower E layer. The remaining step, and
certainly the most critical one, is to associate this behavior with the formation of
sporadic-E layers. By virtue of its hundreds-of-meters scale in this investigation,
which can be attributed to the limited effect that a few moles of cesium can be expected
to create in the atmosphere, a definitive association cannot be drawn with tens-of-
kilometers scale, blanketing sporadic E. However, in view of the tens-of-meters scale
of the fine structure in sporadic E which has been discerned in radiofrequency measure-
ments, and which has been previously described in the second section of Part I, it is
evident that events which occur in the cesium plasma clouds are directly related to the
smaller -scale aspects of sporadic E. Indeed, it is believed that diffuse, nonblanketing
sporadic E may well consist of a large number of scattering entities of the type which
are created by the Ex B instability described above. The intense blanketing species of
sporadic E may be an exaggerated version of this multiscatterer structure, with each
element dependent on its own local electric field and local plasma density gradient. And,
under these circumstances, the essential condition for formation of an extensive blanket-
ing layer may simply be the requirement that an electrostatic field above the threshold
value must exist everywhere within an atmospheric volume in which irregularity struc-
ture (which may be associated with neutral turbulence, or with nonlinear laminar flow) of
the appropriate gradient scale exists. In view of the fact that radiofrequency backscatter
from naturally occurring sporadic E displays a coherent spectral structure, it is likely
that some degree of order exists in the scattering volume, and hence the latter associa-
tion may be more likely.
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The growth rates and lifetimes of the instabilities described in the first section of
Part II, and this chapter, do not bear a direct relationship to the equivalent parameters
of sporadic E. These observed parameters are supposed to correspond to the small-
amplitude linear regime of instability development, and it is expected that under the con-
ditions in which formation of a persistent scattering structure is favored, a saturation
effect is likely. The behavior exhibited by the example of Phase IV development dis-
cussed in the above mentioned section is presented as evidence of just such behavior. In
that example, three unique features are discerned:

1. The signature duration is nearly twice that of any other release, and many times
the duration of a typical release.

2. The direct backscattered echo exhibits pronounced cyclical behavior in both spec-
tral dispersion and in intensity.

3. A persistent, sporadic-E-like reflecting surface is formed which is spectrally
discrete.

The cyclical behavior of this signature is characterized by the appearance of spectrally
discrete intense components of the type associated with Phase III, interspersed with in-
tervals of spectral broadening and flattening, with a total period of about 50 sec. This
behavior is consistent with a growth phase in which the decameter radar may detect a
single coherent mode of the instability, followed by a saturation phase in which mode-
mode coupling causes distortion of the modal structure and a consequent contamination
of the radar signal's spectral content. It is of particular importance to note that, in
addition, the motions associated with this evolution take place in a plane perpendicular to
the geomagnetic field and in a manner which is symmetric relative to the geomagnetic
field direction. This fact is consistent with both the behavior of midlatitude sporadic E
and the geometrical features of the E xB instability.

The indications of nonlinear limiting upon instability development described above
may be corroborated by a nonlinear analysis of the Ex B instability. Sato, Tsuda, and
Maeda (104,108,117), Sato and Tsuda (105,118), and Tsuda, Sato, and Matsushita (112)
have carried out an analysis of the Ex B instability in which both the linear and nonlinear
(one- and two-dimensional) regimes have been investigated in circumstances which are
appropriate to the lower E layer. Concentrating on sporadic E scattering irregularities
which are field-aligned, and which are characterized by wavelengths transverse to the
geomagnetic field of a few hundred meters and less, they have found that normal iono-
spheric conditions allow irregularities of as much as 50% enhancement in electron den-
sity to persist for tens of minutes. These authors have made very nearly the same
approximations as are described above in the first section of Part III, except that they
have treated a horizontally stratified medium. This seeming incompatibility with the
cylindrically symmetric case treated in the immediately preceding subsection is of little
consequence if the results are used only for an order-of-magnitude comparison W1th ob-
served temporal and spatial scales.

A criticism which has been made of the work in Refs. 104-106, 108, 112, 117, and
118 is that their postulated unperturbed background electron density is required to obey
boundary conditions which are appropriate to a contained laboratory plasma, but not to
the ionosphere (106). While this criticism is a matter of controversy, it should be men-
tioned that the plasma clouds studied in this investigation probably do obey boundary
conditions of that type. (Whether either the results of this investigation or the nonlinear
Ex B instability analysis may be applied to the normal ionosphere must rest on the sen-
sitivity of their behavior to these boundary conditions. The similarity of the plasma
cloud observations described here to sporadic E indicates that, in at least the former
case, no likely sensitivity exists.)
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In both the linear and nonlinear instability analyses, atmospheric parameters were
used (105,108) which are essentially identical to those assumed in this investigation.
However, the value of electrostatic field which was used is at the lower limit of values
considered here as most likely. The effect of introducing up to ten times the value used
by Sato and Tsuda (105,108) in their treatment would be a speedup in the expected tempo-
ral behavior by a factor as great as ten and a decrease in threshold wavelength from
their minimum of 25 m. With this provision, the results of the one-dimensional nonlinear
analysis for growth rate and instability size are compatible with those acquired in the
subsection above. It should be noted that the linear instability analysis in that subsection
is one dimensional — it treats wave propagation only in the azimuthal direction. Thus the
only essential difference between the two approaches is in selection of the direction of
propagation. Since Sato and Tsuda (105,108) selected the most favorable slab geometry
for instability growth, their results can be expected to be comparable to those for the
most favorable position on the cylindrical plasma boundary treated in the above subsec-
tion of this report. All the results described and illustrated in that subsection are for
just this position.

Two results of the nonlinear analysis are of interest. Sato and Tsuda continued their
one-dimensional nonlinear instability analysis (with a limited number of modes, encom-
passing wavelengths of 20 to 200 m) until mode-mode coupling caused a saturation effect.
The individual Fourier components ceased to grow monotonically after a period of about
30 sec (which could be equivalent to a time as short as 3 sec for the higher electric field
values treated in this investigation), whereupon instability growth was limited at 30% to
50% over the unperturbed state. It is of a great deal of interest to note that in the strong
plasma turbulence which resulted there occurred a continuous cascade of energy from
the longest-wavelength modes through the spectrum to that short-wavelength extreme at
which collisional diffusion caused their dissipation. Hence the picture that emerges is
one of a growth phase dominated by a few discrete modes, followed by a saturation (and
decay, if only limited energy is available) phase in which a broad spectrum of modes may
exist. This picture is consistent with the observed data if they are conceived as a series
of discrete spectral components whose few seconds of lifetime correspond to the growth
of the instabilities, succeeded by spectrally diffuse decaying components which corre-
spond to the mode-coupling saturation and decay of the instabilities.

Secondly, it is noted that in the ordered growth process described by these authors,
some modes begin to grow only after a lapse in time of up to 30 sec (which, of course,
would be compressed in the higher-field case). This circumstance is most pronounced
in the shorter-wavelength modes which actually decrease from their assumed initial
amplitude for several seconds. (This behavior arises from the fact that, in the case
treated by these authors, these shorter-wavelength modes are not actually unstable, but
gain energy only after they are fed it in the cascade process by longer-wavelength
modes.) Indeed, it is illustrated in one example (105) that a given mode may display an
interrupted growth period in which it grows at one rate for a few seconds, begins to de-
cay as it transfers energy to higher harmonics, then begins to grow once more at an
accelerated rate. Thus it is possible to envision that the radar data, which may reflect
the behavior only of certain modes, display distinct growing spectral features only during
certain periods of instability growth. They may also show evidence of interrupted
growth, or of repeated growth and decay. Much of the radar data contain examples in
which the development of some spectral components is delayed by several tens of sec-
onds, and hence may be indicative of these processes.

To summarize the comparison of the one-dimensional nonlinear instability analysis
in Refs. 104-106, 108, 112, 117, and 118 with the decameter radar data, the following
points are of importance:
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1. The analysis indicates that growth periods of 3 to 30 sec for decameter-scale
irregularities may be expected, during which a few dominant modes grow coherently.
This result is compatible with the growth rates and spectral discreteness of the specular
signatures obtained in Phase III of the cesium plasma cloud evolution.

2. The analysis indicates that some instability wavelengths, particularly those which
are shorter than the dominant modes, display an interrupted or delayed growth phase in
which more, rapid, short-term growth is displayed. The delay may be several tens of
seconds after the dominant mode begins to grow. This result is compatible with the de-
layed appearance of some spectral features in Phase III of the cesium plasma cloud evo-
lution, and with the fact that some of these features display more rapid growth than the
3-sec value cited above.

3. The analysis indicates that after the growth period, a state of plasma turbulence
is created in which mode-mode coupling destroys the phase-coherence which the growing
modes display and distorts the modal structure as energy is interchanged randomly
among modes. The overall tendency is for energy to cascade continuously downward
from long wavelengths into the short-wavelength dissipation regime. In the absence of a
continuous energy input, then, an ultimate decay of the plasma turbulence is predicted.
This result is consistent with the spectral broadening and decay displayed by the discrete
spectral features of the decameter radar data.

The two-dimensional extension of this nonlinear instability treatment provides the
essential link with sporadic E. Sato and Tsuda (118) and Tsuda, Sato, and Matsushita
(112) have extended the nonlinear analysis in such a way as to assess not only the inter-
action of the growing modes among themselves but also their interactions with the back-
ground density inhomogeneity which permits the initial instability growth to proceed.
The extension to two dimensions permits spatial Fourier transformation with the addi-
tional complexity necessary to accommodate this added interaction. The above authors
use the same physical model and boundary conditions as in the one-dimensional theory,
and hence preserve the close correspondence to the cesium plasma cloud case (except
for the geometry, which remains a horizontally stratified one).

The two-dimensional analysis confirms the initial growth rates cited above and
yields two other important results. In the first place, it indicates that in the growth
phase a localized spatially coherent density irregularity is formed. This result is of
importance because it tends to explain the highly monochromatic character of the deca-
meter radar echo's spectral features in Phase III. Secondly, this analysis confirms that
after saturation takes place there occurs a decay phase in which the turbulent, and hence
spatially noncoherent, modal structure decays toward the initial condition. It also sug-
gests that a cyclical process of growth, saturation, and decay can be expected, with
saturation occurring at about 75 sec (which could be as low as 7.5 sec for the cesium
plasma cloud case), followed by a decay phase of undetermined duration. The conditions
are then favorable for renewed instability growth, which would restart the cycle. The
physical explanation of this behavior is that the saturation which occurs in the two-
dimensional treatment is not strictly a result of modal coupling, as in the one-dimensional
case, but results partially from deformation of the background density structure. This
deformation occurs in such a manner as to partially cancel the driving electrostatic field
and hence to weaken the tendency for instability growth. In this altered environment, the
energy cascade from longer (and hence more unstable) to shorter (and hence less un-
stable, or even nominally stable) wavelengths causes the instability to disappear and re-
establishes the initial configuration, whereupon the process begins once more.

These results are of great significance for interpretation of the behavior of cesium
plasma clouds in Phase IV, when a cyclical growth and decay process in the discrete
spectral features discerned by decameter radar is accompanied by formation of a
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sporadic-E -like reflecting layer. The 50-sec period displayed by these data, as well as
their spectral appearance, are indisputably consistent with the results of the two-
dimensional nonlinear instability analysis. Although this cyclical behavior cannot now
be causally related to the formation of sporadic E beyond doubt, there can be no dispute
that it must be admitted as a prominent candidate.*

CONCLUSIONS AND RECOMMENDATIONS
Behavior of Plasma Clouds in the Lower E Layer

It has been found that explosively emitted cesium plasma clouds in the 85-105 km
altitude region display four phases of evolution:

Phase I is a blast-wave phase, of 4 to 8 sec duration, in which an ellipsoidal bubble
of some hundreds of meters dimensions is formed with its major axis aligned with the

geomagnetic field.

Phase II is a period of ordered diffusion, of up to several tens-of-seconds duration,
in which the cesium plasma cloud acts as a single-scatterer to decameter-wavelength
radar illumination.

Phase III is a period of highly irregular behavior in which intense nearly mono-
chromatic spectral features appear and decay with growth times of a few tenths of sec-
onds and lifetimes of a few seconds. This phase may last several minutes; its occur-
rence is not restricted to explosively emitted plasma clouds, but also has been discerned
in a deflagratively emitted barium release.

Phase IV is a period of up to tens of minutes in which cyclic growth and decay of
distinct spectral features and modulations of spectral dispersion are accompanied by
formation of a sporadic-E-like reflecting layer,

It also has been found that the statistics of decameter radar echoes from a plasma
cloud are lognormal, and hence that it evolves as an ordered entity in which each scatter-
ing center is related temporally and spatially to other regions in the cloud. This fact,
together with the spectral behavior exhibited in Phase IIl, is presented as evidence for
plasma instabilities in the cesium (and barium) clouds.

Ex B Instability

A survey of possible instability mechanisms showed that a dissipative plasma insta-
bility, in which crossed electric and magnetic fields interact with a properly oriented
plasma density gradient, is a prominent candidate for explanation of the growth rates,
wavelengths, and spectral characteristics of the plasma clouds in Phase III. Application
of this instability mechanism in a cylindrically symmetric, linear, perturbation analysis
showed that the observed values of these parameters are remarkably consistent with
such an instability in the 85-110 km altitude region for reasonable, estimated, electric
field intensities. The results of this analysis were presented in detail, with predicted
growth rates and thresholds for instability wavelengths of 5 to 40 m and electric field
intensities of 2x1074 to 0.01 V/m in the 85-110 km altitude interval.

*Because the ionosphere is an uncontrolled environment, it cannot be conclusively demonstrated,
short of many repetitions, that this behavior is solely responsible for formation of the release
products into a sporadic-E~like reflecting surface.
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Further remarkable confirmation of the Ex B instability as a probable explanation
for the plasma cloud behavior was found in comparison with a nonlinear instability analy-
sis. This analysis, in addition to corroborating the instability wavelengths and growth
rates observed and predicted above, provided an explanation for the delayed appearance,
and seemingly interrupted growth, which characterized the plasma cloud data. It also
predicted a nonlinear saturation effect in which modal intercoupling caused a distortion
of the spectral structure of the turbulence, and which was found to explain the spectral
broadening and noncoherence which appeared at the time of decay of Phase III spectral
features in the decameter radar data.

Finally, a second more-sophisticated version of the nonlinear instability analysis
predicted a cyclical growth, saturation, and decay process in the plasma instability evo-
lution, which corresponded to the Phase IV behavior of the plasma cloud. This corre-
spondence, together with the appearance in Phase IV of a sporadic-E-like reflecting
layer, was interpreted as strong evidence for the validity of the Ex B instability as a
cause for temperate latitude sporadic E.

Recommendations for Further Investigations

The 85-95 km interval is attractive for investigations directed at measuring the
characteristics of specific modes, including growth rates, lifetimes, and apparent sizes.
It is believed that three advancements can be made in investigations conducted in this
altitude interval:

1. The use of an advanced radar and spectral analysis combination can achieve
greater time resolution without serious degradation of the spectral and spatial resolution
which are necessary to preserve a high signal-to-noise ratio. This possibility can be
achieved only with a high-power radar of the coherent-pulse-doppler type, or with an
equivalent pulse-compression radar.

2. The use of several radar frequencies simultaneously, together with improved
time resolution, may permit instabilities of different wavelengths, and hence with differ-
ent growth rates, to be observed. Because the instability growth rates predicted in the
section on ""Application of the Ex B Instability' do not vary rapidly with wavelength, these
radar frequencies must be distributed widely in, say, the band from 5 to 50 MHz.

3. The location of radar transmitting and/or receiving stations at positions not
symmetrically oriented relative to the magnetic field (as opposed to the present investi-
gation) will permit the postulated symmetry of the instability mechanism to be confirmed
or negated.

The 100-110 km altitude interval has not been studied thoroughly. The linear insta-
bility analysis in the above mentioned section indicates that it is the most favorable re-
gion for the Ex B instability to operate, and indeed the two cases in which a sporadic-E-
like reflecting layer was formed both involved releases in this region. It is believed that
a repetition of the cyclical Phase IV behavior, which has been found to coincide with
formation of such a layer, is essential if the Ex B instability is ever to be causally asso-
ciated with sporadic E. Thus, it is recommended that the emphasis of future experiments
of this type be placed on the region above 100 km and that an attempt be made to achieve
such a repetition. It is noted that if the repetitive nonlinear saturation and decay de-
scribed in the subsection on the interpretation of Phase IV behavior is effective, its suc-
cess in any given instance may rely on there being enough persistent ionization to endure
many cycles of this process. Future experiments might well be directed toward finding
longer-~lived ions or toward emplacing larger payloads in the region of interest.
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Finally, some future work should be directed toward evaluating the role of neutral
winds in sporadic E. Because it is likely that '"sequential' sporadic E (the type of
broadly peaked layer which is observed to form at 120-140 km altitude and to descend
gradually to about 110 km before becoming indistinguishable) is explained by the wind-
shear theory, it might be possible to emplace a long-lived plasma cloud at an appropriate
position in the neutral wind structure and observe its subsequent descent and mergence
with the lower E layer. Secondly, a suitable plasma cloud release, emplaced in the 90-
110 km region just as a (natural) wind-shear-conveyed layer of ions reaches the same
height, might serve the double purpose of triggering the formation of sporadic E, involv-
ing both packages of ions, and permitting the growth rates and instability wavelengths
characteristic of this formation to be compared with the ExB theory.
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Appendix
ADDITIONAL PLASMA CLOUD DATA

INTRODUCTION

It is the purpose of this appendix to present further examples of the decameter=
wavelength radar data (plus one example of meter-wavelength data) obtained for other
plasma cloud releases than those discussed in the first section of Part I, All data from
all releases have not been given complete analysis, but the examples illustrated in this
appendix are adequate to corroborate the important features which were described in
that section of the report.

The data are presented in chronological order of the releases, and an attempt is
made in each case to describe the aspects which bear upon the phenomenological model
described in the above mentioned section

BARIUM RELEASE, OCTOBER 4, 1967

This plasma cloud was created at an aititude of 102 km by a deflagratively emitted
6-~-kg payload of barium and cupric oxide, and hence is atypical of the release mechanism
used for the other fourteen releases. Figure Al contains unthresholded and thresholded
photographs of the release signature, in an intensity-modulated doppler shift vs time for-
mat. The signature lasts less than 1 min and exhibits a maximum spectral bandwidth of
more than 15 Hz. This latter feature is its principal distinction in comparison with the
explosively emitted plasma clouds. The lower photograph shows two or three examples
of the intense "highlights'' representing the discrete spectral features which character-
ize Phase III, the instability growth phase of plasma cloud evolution. Figure A2 is a
computer-analyzed version of the same data, rotated counterclockwise by 90°, which
displays these features more prominently. It is apparent in Figs. Al and A2 that several
(ten to fifteen) such features occur in the cloud's lifetime, with two dominant ones in the
2319:30 to 2319:40 GMT period. Figure A3 is a collection of amplitude spectra (horizon-
tal cuts through Fig. A2) at 3 sec separation and with a 0.3-Hz resolution bandwidth. The
presence of several spectrally discrete components is apparent in all photographs after
the beginning of the signature at 2319:10 GMT, with typical lifetimes of 3 to 6 sec.

CESIUM RELEASE, APRIL 12, 1968

This release was explosively emitted by a 2-kg payload at an altitude of 95.5 km and
lasted about 100 sec. Figure A4 is a collection of unthresholded and thresholded photo-
graphs in doppler shift vs time format. The upper two photographs have small-amplitude
radar clutter bands near 0 Hz for their entire duration. The prominent features of the
signature are most evident in the middle photograph. The release at 1822:45 GMT is
followed by a bright, downward-curved trace for about 20 sec. This trace, whose spec-
tral narrowness is apparent in the bottom photograph, is indicative of the Phase II single-
scattering behavior. At about 1823:00 GMT the spectrum becomes diffuse, with some
highlights, and broadens to more than 5 Hz. No attempt was made to measure growth
rates or lifetimes of features in this signature due to the clutter contamination. Figure
A5 is a cumulative signal amplitude distribution for this signature, displaying excellent
fidelity to lognormal character. Comparison with the cumulative probability distribution
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cesium release, Apr. 12, 1968

shown in the section on '"Plasma Cloud Radar Echo Statistics'' illustrates that the wavi-
ness of the distribution about lognormalcy is very similar in extent and appearance, and
thus is probably a consequence of slight nonlinearity in the radar receiver at certain

levels.

CESIUM RELEASE, APRIL 17, 1968

This release was explosively emitted by a 2-kg payload at an altitude of 94 km and
lasted slightly longer than 1 min. Figure A6 is a collection of unthresholded and thresh-
olded photographs in doppler shift vs time format. A vertical bar occurs at the time of
release, 2044:40 GMT. A light horizontal band at 4 Hz and a zigzag band, which wobbles
back and forth in the upper part of the top photograph until 2045:10 GMT, then descends
through the cloud signature and reaches 0 Hz at 2045:40 GMT, are the result of small
interfering targets and can be ignored. The specular features of this signature are evi-
dent in the middle and lower photographs. Figure A7 is a computer-analyzed version of
these data, with a vertical clutter band at 0 Hz, which shows the four or five discrete
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Fig. A7 - Time plot of computer-analyzed signal
amplitude vs doppler shift for cesium release,
Apr. 17, 1968

specular components more clearly. Figure A8 contains a collection of amplitude spectra.
(Notice that in none of Figs. A6-A8 are the doppler shift scales exactly the same, al-
though all include the +2~ to +6-Hz interval where the plasma cloud signature appears.)
The photograph at 2044:42 GMT exhibits the single-scattering Phase II echo which disap-
pears immediately in this release, yielding to a gradually diffusing spectrum. Discrete
spectral features begin to appear at 2045:00 GMT, with two extremely large ones lasting
for 6 to 9 sec each. Several others, smaller but of comparable lifetime, appear until
2045:42 GMT, when the signature finally begins to disappear. Figure A9 is a plot of ap-
parent radar cross section vs time for this signature. All the features, about five in
number, which extend above 10% m? are due to these spectrally discrete components.
These components individually display apparent radar cross sections of greater magni-
tude than the 10* m? quiescent plasma cloud.

Figure A10 contains photographs of the signature acquired on meter-wave radar.
The upper photograph contains a bright zigzag line which corresponds to the rising pro-
jectile, and which disappears at 2044:00 GMT as the vehicle leaves the range interval for
which the photograph was taken. The wobbly line across the top of this photograph is a
contaminant. The lower photograph, at a different range, shows the zigzag projectile
signature growing in intensity as the vehicle enters the range interval, and a very bright
band at 2044:40 GMT corresponding to the burst. This photograph was taken with higher
signal processor sensitivity than the upper one, so all wobbly lines, which represent
contaminants, are much more intense. The left-hand scale is labeled ""relative'* doppler
shift because the meter-wave radar was not phase-locked to the signal processor and
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hence did not permit absolute doppler shift to be measured. The 2.0- to 22.2-Hz fre-
quency range shown represents nearly the entire available unambiguous spectral extent
(22.5 Hz), and of course the zigzag appearance of the projectile echo illustrates the pas-
sage of the target through several doppler ambiguities. The important features of the
lower photograph are:

1. As is typical of meter-wave data, the signature at burst is quite large and dissi-
pates rapidly after a few seconds.

2. The general noise level in the entire spectrum is raised, indicating that even after
the blast echo there remain low-level incoherent signal components.

3. At about 2045:00 GMT there appear, between 2.0 and 5.0 Hz, two or three bright
blobs. These traces represent coherent echoing entities, and can be seen by comparison
with Figs. A6-A8 to correspond to the appearance of large discrete spectral components
in the decameter-wave data. These blobs persist until about 2045:15 GMT, which corre-
sponds to the time at which the two largest discrete components in Figs. A6-A8 disappear.

Figure All contains amplitude spectra of the meter-wave data, with a resolution
bandwidth of 0.3 Hz. The first photograph contains an undulating spectrum which is the
echo from the still-accelerating projectile in the last 3 sec before burst. The blast wave
appears in the next three photographs, with spectral components filling the entire avail-
able spectrum. The highly peaked portion to the extreme left in these photographs is
probably the echo from the nearly stationary contact surface in the later stages of the
blast phase (Phase I). By 2044:49 GMT the meter-wave echo has nearly disappeared.
This datum is repeated at a 12-dB-higher signal processor sensitivity, and all subsequent
photographs correspond to this higher level. Notice that in all photographs after this in-
crease in sensitivity there exists a high-amplitude spike near the right-hand edge, which
moves in toward the central region as time proceeds. This component is a contaminant
and corresponds to the wobbly line which appears in Fig. A10 near the tops of the photo-
graphs. The objects of interest in Fig. All are the several spectral components between
0 and 5 Hz which appear at 2045:01 GMT and disappear at 2045:13 GMT. These relatively
discrete components occur in the same interval as the large spectral features of the
decameter data. It is difficult to identify individual members of this spectrum, but life-
times of 3 to 6 sec appear likely for each of them.

CESIUM RELEASE NO. 1, SEPTEMBER 11, 1968

This release was explosively emitted by a 2-kg payload at an altitude of 92.7 km and
lasted about 40 sec. Figure Al2 is a pair of unthresholded and thresholded doppler shift
vs time photographs of this signature, with a band of radar clutter between 0 and -1 Hz,
The vertical traces at 2114, 2115:30, and 2116 GMT in the upper photographs are meteor
echoes, The five blobs which appear between 0 and about 1.5 Hz in the lower photograph
are the specular features. Figure Al3 is a collection of amplitude spectra for this re=-
lease. The first photograph in Fig. A13 shows a single, relatively narrow, spectral
component which represents the clutter echo. Components at this doppler shift appear,
generally with somewhat lower amplitude, in all photographs and should be ignored. The
second photograph shows, in addition to the clutter echo, a pair of spectral components.
One of these is a remnant of Phase I/Phase II single-scattering, and the other (to the far
right) is a growing discrete spectral feature. Several other such features are seen to
grow and decay in the succeeding photographs, with two or three separate components
identifiable at many times. The last one to occur is probably the most easily resolved,
even though it is not the largest. This feature just begins to rise in the photograph taken
at 2115:12, reaches a peak at 2115:15, and descends into the clutter by 2115:18 GMT.
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CESIUM RELEASE NO. 2, SEPTEMBER 11, 1968

This release was explosively emitted by a 2-kg payload at 93.3 km and lasted about
6 min. Figure Al4 is a doppler shift vs time photograph of the signature, which displays
distinct evidence of modulation in spectral bandwidth, intensity, and apparent doppler
shift with a period of about 90 sec. Figure Al5 is a computer-analyzed version of these
data which shows the amplitude modulation more distinctly and also exhibits the occur-
rence of irregular spectral behavior which characterizes Phase III of plasma cloud evo-
lution. Although only three cycles of the long-period modulation occur in this case, its
similarity to the example of Phase IV behavior discussed in the first section of Part II is
compelling. No earth-backscatter echo was acquired for this release, however, and it is
likely that the cloud lifetime was too short at this relatively low altitude for a sporadic-
E-like layer to be formed in spite of every likelihood that the mechanism was operating.
It is noted that this release occurred very near local sunset, and the weakening solar
illumination probably did not provide ionization at the rate necessary to compensate for
diffusion and chemical loss processes.

> o+
Qo n »

DOPPLER SHIFT (Hz)
|

2314:40 2321:40
TIME (GMT)

Fig. Al4 - Doppler shift vs time for
cesium release No. 2, Sept. 11, 1968

Figure A16 is a plot of apparent radar cross section vs time showing the 90-sec
amplitude modulation in the presence of an irregular short-term behavior. Some of the
sharp peaks on Fig. A16 are readily attributed to meteor echoes, which are identifiable
on Figs. Al4 and Al5 as vertical bars of short duration. Figure Al7 is an autocorrela-
tion function computed for the data on this release. The 90-sec periodicity is evident but
may be exaggerated due to the brevity of the sample (90 sec in lag is one-fifth the total
sample length). A cumulative amplitude distribution for this release appeared as Fig. 15
of the section on '"Plasma Cloud Radar Echo Statistics."

CESIUM RELEASE NO. 3, SEPTEMBER 11, 1968

The data for this release appear in Figs. 5-7.
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AUTO CORRELATION
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Fig. Al7 - Cumulative amplitude distribution
of signal components for cesium release No.
2, Sept. 11, 1968

CESIUM RELEASE NO. 1, FEBRUARY 14, 1969

This release was explosively emitted by a 2-kg payload at an altitude of 99.1 km in
total darkness. The signature lasted nearly 4 min and displayed a sudden disappearance
immediately after Phase II, followed by reappearance a few seconds later and subsequent
Phase III behavior. Figure Al8 is a doppler shift vs time photograph of this release.
The irregular wobbly lines are interfering targets and should be ignored. The vertical
bar at about 0507:10 GMT is the blast-wave (Phase I) signature, followed by a wedge-
shaped trace which represents the Phase II echo. Notice that this trace is symmetric
about a frequency slightly below 0 Hz. The signature in this early interval represents a
combined signal from targets decelerating in a direction toward the radar (the upper
segment) and decelerating in a direction away from the radar (the lower segment). Hence
the expanding plasma bubble is probably partially transparent, and both the receding and
approaching surfaces are detected.

The signal disappears completely at the end of Phase II and reappears at a different
apparent velocity. This new apparent velocity is probably the drift velocity of the cloud,
while the former point of symmetry was probably a residual of the projectile motion.
Notice that the second portion of the signature is ragged in appearance and quite irregu-
lar. Figure Al9 is a computer-analyzed version of these data showing the irregular
spectral behavior more clearly. The many discrete components at this high altitude, and
several interfering targets, made it impossible to measure growth rates, lifetimes, and
decay rates of these components. A plot of apparent radar cross section for this release
appeared earlier as Fig. 4.



90

TIME (GMT)

0512

0]

05l

0509

0508

05077

0506

- DOPPLER SHIFT (Hz)

J. R, DAVIS

i

- 0505:10 0512:10

TIME (GMT)

Fig. A18 - Doppler shift vs time for cesium
release No. 1, Feb. 14, 1969

Fig. A19 - Time plot of
computer-analyzed sig-
nal amplitude vs doppler
shift for cesium release
No. 1, Feb. 14, 1969

+2 0 2 -4 -6
DOPPLER SHIFT (Hz)



NRL REPORT 7105 91

CESIUM RELEASE NO. 2, FEBRUARY 14, 1969

This release was explosively emitted by a 2-kg payload at an altitude of 96.8 km,
also in total darkness, and lasted about 2-1/2 min. Examples of its appearance were in-
cluded as Fig. 3 to illustrate Phase II behavior. Figure A20, which is a slightly different
doppler shift vs time display of these data, shows the irregular Phase III behavior more
clearly. (The doppler shift axis on Fig. A20 is ambiguous, and the scale value labeled
+10 actually represents -10 Hz.) A narrow band of clutter appears at the bottom of Fig.
A20, as well as an intense horizontal bar at +7.5 Hz which is a spurious signal. The
Phase III behavior which begins at 0708:00 GMT is once again characterized by a ragged
diffuse spectrum studded by small highlights. Figure A2l is a computer-analyzed ver-
sion of these data showing the ridge-like component which corresponds to Phase II, plus
the irregular Phase III components. It can be noted that there are fewer, more distinct,
discrete spectral features in this signature than in the previous higher-altitude case.
Figure A22 is a cumulative amplitude distribution for these data, displaying the usual
close conformity to lognormal characteristics and slight deviations from the straight line
similar to previous examples.

CESIUM RELEASE NO. 3, FEBRUARY 14, 1969

The data for this release appear in Figs. 8-14 in the first section of Part II of this
report.

CESIUM RELEASE, JUNE 3, 1969

This release was explosively emitted by a 2-kg payload at an altitude of 102 km and
lasted more than 20 min. It exhibited the common irregular spectrum characteristic of
Phase III and longer-term modulations characteristic of Phase IV. No sporadic-E-like
reflecting layer could be identified with a high confidence level, however, due to inad-
vertent nonlinearity in the radar receiver. An illustration of its spectral appearance
will appear in the last section of this Appendix below, in comparison with examples of all
the other long-duration signatures.
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Fig. A20 - Doppler shift vs time for
cesium release No. 2, Feb. 14, 1969
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Fig.A21 - Time plot of computer-
analyzed signal amplitude vs dopp-
ler shift for cesium release No. 2,
Feb. 14, 1969
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Fig. A22 - Cumulative amplitude distribution of signal
components for cesium release No. 2, Feb. 14, 1969
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CESIUM RELEASE, JULY 18, 1969

This release was explosively emitted by a 2-kg payload at an altitude of 95.5 km and
lasted nearly 1/2 hr. It was characterized by an unusually narrow spectral dispersion
with extreme modulations in intensity.

Figure A23 is a computer-analyzed illustration of doppler shift vs time, with ampli-
tude as the virtual third axis. It is evident from the very beginning that many discrete
spectral components, characteristic of Phase IIl behavior, appear throughout the cloud's
lifetime. There is also an evident long-period modulation, with a period of about 100 sec,
which is most evident on the right-hand portion of Fig. A23. Figure A24 is a plot of ra-
dar cross section vs time which illustrates this somewhat irregular long-period modu-
lation. It should be noted in Fig. A24 that short-term irregular behavior does not become
pronounced until about 1720 GMT, and then it appears to display less frequent excursions
than in other examples. The long-term modulation is irregular in period, with periods
of 40 to 120 sec, but is very strong.

CESIUM RELEASE, JULY 23, 1969

This release was explosively emitted by a 2-kg payload at an altitude of 99.1 km and
lasted more than 3 min. Figure A25 contains three doppler shift vs time photographs of
the signature showing several intense spectral features superimposed on the irregular
cloud echo spectrum. Figure A26 is a computer-analyzed version of these data showing
the two or three extremely-high-amplitude components, and several smaller ones. Fig-
ure A27 is a collection of amplitude spectra for the first 50 sec of this release; the pre-
release condition is shown in the first photograph, the blast-wave phase (Phase I) in the
second and third photographs, and the appearance of several spectral components of 3-
to 6-sec lifetimes (Phase III) thereafter. The signature lasted considerably longer, but
no truly distinctive examples of intense spectrally discrete components appeared.

CESIUM RELEASE, JULY 25, 1969

This release was explosively emitted by a 2-kg payload at an altitude of 92.4 km and
lasted about 40 sec. Figure A28 is a collection of three doppler shift vs time photographs
in which three distinct spectral features are apparent. Figure A29 is a computer-
analyzed version of these data. A comparison of Figs. A28 and A29 with Figs. 5 and 6
(which correspond to a release at 87.5 km) and with Fig. A12 (which corresponds to a
release at 92.7 km) reveals a notable similarity in number, appearance, intensity, and
relative position (in velocity/time space) of these features. There seems to be a con-
sistent tendency, at these lower altitudes, for a single initial spectral component to be
followed, after 10 sec or so, by a pair of components separated by less than 1 Hz. That
this behavior occurred in the three lowest releases, and was qualitatively similar in all
of them, may indicate a preferred manner of evolution (i.e., a preferred modal coupling
in the nonlinear regime). The theory is not adequately developed to permit a causal
relationship to be specified, of course.

Figure A30 contains amplitude spectra for this release, with discrete features ap-
pearing between 1018:31 (coincident with the latter part of the blast wave) and 1018:58
GMT.
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PHASE IV BEHAVIOR OF LONG-DURATION SIGNATURES

The two 18-kg releases (Aug. 28 and 29, 1969) were similar in many respects to the
other long-duration releases. Figure A31 contains six doppler shift vs time photographs
of these events, distributed on the page relative to their burst heights. To the right of
each photograph is an identifying label.

w9 2kg
i 103 km
DAWN
2/14/69

2kg

102 km
MID - DAY
6/3/69

i 1Bkg
B 101km
DAWN
8/29/69
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a 101 km
MID-DAY

B/28B/69

2 kg

97 km
MID-DAY
7/18/69

2kg
93 km
LATE AFTERNOON
9/11/68

Y

TIME AFTER BURST (MINUTES)

Fig. A31 - Doppler shift vs time for the six longest-duration cesium releases. Because
this illustration was composed from preliminary data, the altitudes shown are not correct;
the 6/3/69 release should fall below those for 8/28 and 8/29/69, which were at 102 and
103 km, respectively.
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There seems to be no consistent tendency for periodicity to vary with altitude. The
Feb. 14, 1969 release displayed 50-sec periodicity, but the Aug. 29, 1969 release (also
at dawn and at about 103 km) exhibited a pronounced 6-min periodicity. It should be
noted that the dawn releases are consistently more diffuse and studded with spectral fea-
tures of greater definition than the others. This fact may indicate that the rapidly chang-
ing ionospheric chemi-ionic balance at dawn is favorable for the occurrence of instabili-

ties.

There appears to be a tendency for spectral dispersion to increase with altitude, as
mentioned in the first section of Part II, but this tendency does not affect either the am-~
plitude modulations (which are strong in both of the lowest releases) or the tendency for
discrete spectral features to occur.

The Aug. 28, 1969 release resulted in the formation of a sporadic-E-like reflecting
layer. It appeared between 12 and 18 min after release (as in the Feb. 14, 1969 release),
but remained for only about 5 min. Its appearance was accompanied by amplitude and
spectral modulations of about 1-min periodicity, but these modulations were not nearly
so pronounced as in the case of the Feb. 14, 1969 release. Figure A32 contains apparent
radar cross section plots for the copolarized and the cross-polarized receiver channels.
Modulation of about 10 dB in depth, coincident in phase, is apparent in the plots through-
out the cloud's lifetime.
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Fig. A32 - Apparent radar cross section vs time for
copolarized (above) and cross-polarized (below) sig-
nal from cesium release, Aug. 28, 1969
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Figure A33 is a computer-analyzed doppler shift vs time display of the earth-
backscatter echo from the Aug. 28, 1969 release. It is apparent that the earth echo,
which arises at 1815:20 GMT and lasts for about 5 min, does not correspond in this case
to a single spectral component. (The vertical band at +4 Hz is spurious, and the irregu-
lar, horizontal bands at 1814 and 1820 GMT are meteor effects.) There exist three in-
terfering components, in fact, and it is concluded that in this case the plasma cloud
formed into several sublayers instead of one dominant one. This circumstance may ex-
plain both the short duration of the sporadic-E-like layer in this release and the smoother
appearance of the radar cross section plot in Fig. A32.
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+10 +5 (0] =5 -10
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Fig. A33 - Time plot of computer-analyzed signal
amplitude vs doppler shift for earth-backscattered
signal from cesium release, Aug. 28, 1969
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