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ABSTRACT

An Investigation of the dynamics and stability of a high-altitude 

radial barium plasma injection is performed using theoretical and 

numerical simulation methods. The barium plasma cloud, injection 

experiment xvas conducted on March 16, 1980 and produced several

interesting phenomena: (1) Three distinct rings of barium containing

irregularities exhibiting collective motion; (2) A region of plasma 

depletion at the location of injection; (3) A structure of approximately 

eighteen distinct barium ion rays emanating from the injection 

location. A collisionless, electrostatic particle simulation model is 

used to understand the behavior of the plasma, indicating that the 

initial plasma deformation develops due to an E x B azimuthal velocity 

shear instability. A theoretical model used for a stability analysis of 

the plasma is formulated based on the number density distributions of 

the electrons and ions obtained from the numerical simulation results. 

The linear stability analysis shows that the number of unstable 

azimuthal modes created by the velocity shear instability is dependent 

upon the amount of charge separation occurring in the expanding 

plasma.
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CHAPTER I 

INTRODUCTION

High altitude chemical releases have been made during the last 20 

years and are used as a diagnostic tool for investigating the phenomena 

and properties of the atmosphere, ionosphere and magnetosphere, 

including atmospheric winds and compositions as well as geoelectric and 

geomagnetic fields. Chemical releases have also been used to study re

entry phenomena, changes in ambient ionization levels and explosive wave 

generation and propagation. It has also been proposed that some high 

altitude nuclear detonation effects can be simulated with chemical 

releases.

The concept of releasing artificial plasma clouds as visible 

tracers of the ambient medium was first proposed by Biermann et al.

(1961) during an investigation of the interaction between ionized comet 

tails and the interplanetary medium. Since comets are rare and cometary 

ions (C0+ and N2+ ) have low oscillator strengths in the visible band, it 

was first decided to use alkaline earth metals, such as barium (Ba) and

strontium (Sr) , as well as the rare earth elements ytterbium (Yb) and

Europium (Eu) in the production of a visible ionized plasma cloud at 

high altitudes. These elements were chosen because they contain 

resonance lines in the visible spectrum for the neutral and ionized

atoms. The element barium, however, seemed the most promising element 

since its rate of ionization by solar photons was much higher than the 

other elements considered.
1
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1.1 Barium Cloud Release Experiments

The barium is initially released in the form of a vapor, and the 

neutral Ba cloud appears greenish, due to a strong line emission in the 

5535A green region, with a yellow-red core (forbidden lines). Because 

of the photo-ionization process, the green fades and the purple color of 

ionized barium is dominant, since Ba+ ions are radiating in the violet, 

blue and red regions of the spectrum. Strong Ba"̂  emissions occur at the 

wavelengths 4554A, 4934A, 5854A, 6142A and 6498A.  In order to observe 

the barium cloud, it must be viewed against the night sky; thus, the 

releases are made at early morning or evening twilight when the sun is 

shining on the release altitude, but not on the lower atmosphere.

After the neutral barium ionizes, it is restricted from moving 

across the geomagnetic field and preferentially expands in the direction 

parallel to it. The magnetized ion cloud appears very elongated in the 

magnetic field direction and, along with the difference in color, the 

ion and neutral cloud are distinguishable from one another. If there is 

an electric field present or if the neutral atmosphere is in motion in 

the vicinity of the release point, the two clouds will separate. Thus, 

the neutral and ion cloud provide convenient tracers of neutral winds 

and electric fields at high altitudes.

The first high altitude plasma releases were conducted in 1963 when 

a group of scientists from the Max-Planck-Institut fUr Physik und 

Astrophysik at Munich performed a series of rocket experiments 

attempting to release a few kilograms of strontium at altitudes between 

150 and 200 km. To their disappointment, only a nonionized strontium
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cloud appeared, so new techniques were developed to vaporize the heavier 

alkaline-earth element barium* Their experiments, conducted in the 

upper atmosphere above the Sahara desert and Sardinia, were performed in 

November 1964 and produced the first measurable amounts of evaporated

neutral and ionized barium atoms (FSppl et al., 1965)* Subsequent 

plasma cloud experiments by FBppl et al* (1967) and Haerendel et al*

(1968) were carried out in the Sahara desert and the east coast of the

United States at altitudes of up to 2000 km. These mid-latitude 

researchers had two basic goals in mind: to test new methods for

efficient evaporation of barium metal and to derive electric field 

strengths as well as neutral wind velocities at ionospheric levels.

The next series of experiments was conducted in the auroral zone, 

where the magnetic lines of force are linked to the tail region of the 

magnetosphere. In August, 1966 the first barium plasma releases were 

conducted over Fort Churchill, Canada in an attempt to understand the 

important characteristics of auroral electric fields, (Haerendel and 

L(lst, 1968) . The same group from the Max Planck Institute, performed 

their second auroral zone releases over Kiruna, Sweden and demonstrated 

the variability of the auroral electric field (FHppl et al., 1968). A 

third series of auroral zone barium releases were carried out by the 

Goddard Space Flight Center Group (NASA) from And^ya, Norway in August- 

September, 1967 (Wescott et al., 1969), during magnetically disturbed 

conditions at 200-300 km altitude.

Usually experiments to measure ionospheric effects are performed at 

altitudes of 90-300 km. However, some important effects can be examined
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only if the plasma cloud is released in collisionless regions of the 

ionosphere and magnetosphere. To prevent the heavy barium ions from 

simply falling along the lines of force to ionospheric levels, a method 

was proposed to inject the barium along the magnetic field at a velocity 

greater than the escape velocity to a point conjugate to its release 

altitude.

Using the ideas of shaped charges, developed in World War II for 

anti-tank weapons, it was proposed to produce a high velocity, 

unidirectional jet of barium vapor created by the collapse of a conical 

barium metal liner in contact with the hollowed out portion of the 

explosive (Birkhoff et al., 1948). It was found that a portion of the 

thin barium metal liner, placed in contact with a conical hole in an 

explosive, can be ejected as a high-speed jet caused by the high

pressure detonation wave travelling parallel to the cone axis up to

twice the speed of a plane detonation wave travelling from the rear of 

the assembly. Since explosives exist which produce detonation 

velocities of 9 km/sec, vapor jets approaching speeds of 18 km/sec were 

predicted. It was also found that the highest barium vapor velocities 

and most efficient vaporization occurs near a certain critical cone

collapse angle (Michel, 1974).

The first ground tests of shaped charges with barium metal liners 

were conducted in Great Britain by Hunter et al. (1969). Using

composition B explosives, barium jets in excess of 10 km/sec were 

achieved. Also, barium ions were found to be present in the 

detonation. The first successful production of a fast jet of barium
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ions in the ionosphere was observed during an experiment conducted in 

1971 by the Max Planck Institute (Haerendel, 1973). The detonation 

occurred at 340 km and produced an ion jet which was observed to extend 

along the magnetic field to 1000 km altitude. Three laboratories, the 

Universities of Sussex and Southampton, England (Hunter et al., 1969),

the Max Planck Institute (Haerendel et al. 1971), and the Los Alamos

Scientific Laboratory in cooperation with the Geophysical Institute, 

University of Alaska (Wescott et al., 1972) have been active in 

developing the shaped charge technique and performing experiments at

different altitudes. The power of this technique lies in the fact that 

simultaneous information along many points on the magnetic field line 

can be obtained. Thus, experiments, using shaped charges, have been 

performed to optically trace out geomagnetic field lines along certain L 

shells and to compare the results with known geomagnetic field line 

models (Wescott et al., 1972, 1974, 1975, 1978). Further, experiments

of this nature can be used to observe the action of electric fields

along the geomagnetic flux tubes on the fluorescent plasma jet, (Wescott 

et al., 1976).

The high altitude shaped charge barium plasma injections are not 

only used as probes of geoelectric and geomagnetic fields, but can also 

be used to perturb the space plasma distribution in velocity or 

configuration space. Thus, space physicists have been able to conduct 

'controlled' experiments in the ionosphere and magnetosphere using the 

shaped charge technique. These experiments are of great interest to the 

plasma physicist as well, particularly when conducted in the
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magnetosphere where the strength of the magnetic field is so low that 

the plasma can affect the field; a situation frequently encountered in 

experiments with laboratory plasmas- The controlled experiments in 

space plasmas are usually performed in such a way as to perturb the 

ambient medium surrounding the space vehicle with a material or signal 

of known properties or characteristics. In the area of chemical 

releases, this is achieved by injecting an element, such as barium or 

cesium, with known properties and with a large velocity perpendicular to 

the geomagnetic field (Kelley et al., 1974; Koons and Pongratz, 1979;

and Holmgren et al., 1979). If approximately one mole of barium vapor

is released at an altitude of 350-500 km, then only for t < 500 msec and

very close to the explosion (within 2 km), does the barium ion kinetic 

energy exceed the magnetic field energy density. Therefore, the barium 

plasma is, for the most part, a low beta plasma. The plasma injection 

would have {3 > 1 for a longer period of time at higher altitudes.

Two barium cloud experiments, performed at twelve earth radii

(Haerendel et al., 1970) and six earth radii (Mende, 1973), have 

demonstrated that large ambient field perturbations were created by the 

plasma release due to the formation of a diamagnetic core. Many 

experiments are now being proposed to further understand the effects of 

inducing such perturbations in the ambient medium.

1.2. Theoretical Approaches to the Plasma Injection Problem

The expansion of a plasma into a magnetic field has been treated by 

various methods. Katz (1961) found an exact analytical solution for a



uniformly expanding, neutral, infinitely conducting plasma sphere in an 

external uniform and constant magnetic field. Kruskal et al. (1965) and 

Poukey (1969), using different techniques, solved the problem of a 

spherical bubble of plasma expanding into an ambient, uniform magnetic 

field. Other authors, including O ’Neil and Fowler (1966), Bhadra 

(1968), Bernstein and Fader (1968) have treated the expansion of a 

laser-produced hot plasma expanding against a magnetic field with the 

inclusion of resistivity effects. The work of Zinn (1968) first 

considered the behavior of an infinite collisionless plasma created in a 

uniform magnetic field. He considered only the initial phase of the 

problem before charge separation effects had become important.

The beginnings of theoretical methods applied to barium releases is 

found in Haerendel et al. (1967). They made a number of simplifying 

assumptions on the equations of motion and obtained an expression for 

the ionospheric electric field in terms of the magnetic field, 

velocities of the neutral and ionised cloud, the ratio of integrated 

Pedersen conductivities in the cloud and in the atmosphere and the ratio 

of the gyrofrequency of barium atoms to their collision frequency. 

Their results were applied to six strontium and barium releases.

A problem of eaual importance to that of the barium cloud motion is 

the understanding of the internal dynamics or stability of the barium 

plasma cloud itself. Generally the types of instabilities which occur 

are macroscopic plasma instabilities which are associated with a 

configuration space nonequilibrium and microscopic instabilities which 

are those associated with a velocity space nonequilibrium. Experimental
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and theoretical evidence exists for each tyne and we briefly summarize

some of the main results.
One of the most intensely studied macroscopic plasma instabilities

is known as the barium plasma striations. Barium plasma releases in the 

magnetosphere and ionosphere have exhibited a common feature; the 

development of irregular density distributions which appear to an 

observer as magnetic field aligned striations. Since a great deal of 

effort has been given to the understanding of the mechanism causing the 

striated barium plasma, the following paragraphs summarize some of the

results.
Striations which occur during magnetospheric barium releases 

(Haerendel and Lflst, 1970, and Haerendel 1973), have been found to occur 

mainly in ions which were generated outside the diamagnetic core. A 

cause of this instability was suggested by Pillip (lq71) and is 

essentially the Rayleigh-Taylor instability with the gravitational force 

being replaced by the inertial force provided by the deceleration of the 

newly-formed barium ions in the magnetic field.

The cause of striations in low-altitude, E region ionospheric 

barium clouds is generally accepted as the E x B or gradient drift 

instability first discussed by Martyn (19SP). The linear theory of this 

instability was developed by Simon (1963) for laboratory plasmas and 

Linson and Workman (1970) adapted the theory to ionospheric barium 

clouds. The barium cloud release is essentially a perturbation on the 

ionospheric electrical circuit and the plasma will polarize to maintain 

divergence-free currents in the ionosphere/plasma cloud system. Since
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the barium cloud is a highly conducting region, the internal electric 

field is smaller than the ambient (Schutz et al., 1973), and hence the 

cloud drift will be smallest at the center. Material at the backside 

(portion of the ion cloud closest to the neutral cloud) will catch up to 

the center and will thus become very dense, developing a large gradient 

in plasma density. This steep gradient is unstable to the development 

of electrostatic waves. The linear theory can be applied only to this 

point and numerical simulations must be performed in order to understand 

the late time nonlinear development. Ossakow et al. (1°78) have 

extended the E region linear theory of E x 3 gradient drift 

instabilities to F region altitudes by including inertial terms in the 

ion fluid equations to account for the reduced ion-neutral collision

frequency•
Other macroscopic plasma phenomena include the formation of 

enhanced density ducts for ELF and VLF wave propagation, (Everhard- 

Bakker et al., 1976), and the generation of polarization electric fields 

(Holmgren et al., 1979). The polarization electric field may cause 

large currents to flow parallel to the magnetic field. The polarization 

electric field allows a sufficiently dense plasma to move across the 

magnetic field.
The suggestion that microscopic plasma instabilities could occur 

when a barium plasma is injected perpendicular to a magnetic field was 

made by Simons et al. (1980). The nearly perpendicular injection 

produces a highly peaked loss-cone velocity distribution which generates 

electromagnetic or electrostatic plasma instabilites. It has been

?H€ frLMER RASMUSON LIBRAR)
UNIVERSITY OF ALASKA



10

proposed that the development of these loss-cone type instabilities 

could cause striations to occur more rapidly.

Another microscopic instability which could occur during high 

altitude barium plasma releases results in the enhancement of energetic 

particle precipitation due to the injection of a dense, cold plasma 

(Brice, 1970). Brice suggested that the presence of a seeded cold 

plasma lowers the electromagnetic cyclotron wave phase speed and thus 

modifies the resonance condition for interaction of the natural 

energetic particle component with these waves. Thus wave amplification 

occurs and causes particles to precipitate.

Other microinstabilities found to occur include counterstreaming 

beam instabilities which produce heating of ions and electrons (Holmgren 

et al., 1979) and collisionless wave-partide pitch-angle diffusion of 

barium ions which was observed in the nearly perpendicular injection 

Loxia (Pongratz, 1975).

1.3 Numerical Simulation of Plasma Clouds

The numerical simulation of an expanding plasma cloud in the 

earth’s magnetosphere was first treated by Jenkins and Grauer (1971) in 

an attempt to model the results of the HEOS magnetospheric barium 

release (Haerendel and Lust, 1970). Their model assumed cylindrical 

symmetry and considered the ions and electrons as cylindrical shells of 

infinite length. A similar model employed by Ilohl (1973) was used to 

explain results of the NASA-MPI magnetospheric release. The results of 

these simulations demonstrated the existence of a diamagnetic core
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forming during the initial stages of plasma expansion and the rapid 

return of the magnetic field strength to its original value,

Subsequent numerical simulations were performed to understand the 

time-dependent deformation and striation of barium clouds in the 

ionosphere. The initial attempt was made by Zabusky et al. (1973), 

modeling barium cloud growth in the F region. Further simulations of 

plasma clouds in the E and F regions were performed by Lloyd and 

Haerendel (1973), Scannapieco et al. (1974), Goldman et al. (1974), 

Shiau and Simon (1974), Francis and Perkins (1975), Perkins and Doles 

(1975), Sachs et al. (1978), and McDonald et al. (1980) with the 

inclusion of such complicated effects as recombination chemistry (Doles 

et al., 1976). These simulation models have also taken into account the 

important coupling which exists between the plasma cloud/ionosphere 

system such as the effects of ion cloud coupling to the D, E and F 

regions (i.e. multilevel models).

The subject of this thesis is an experimental, theoretical and 

numerical simulation investigation into a high altitude radial barium 

plasma injection which occurred in March, 1980 (Wescott et al., 1980). 

Chapter two of this thesis is a detailed outline of the data obtained 

during the plasma injection experiment. Chapter three contains the 

results of numerical simulations of the radially expanding plasma cloud 

and Chapter four is a theoretical stability analysis of the numerical 

simulation and its applications to the experiment. The final chapter 

includes a discussion of the results and limitations of the model as 

well as aspects of the problem requiring further investigation.



CHAPTER II

EXPERIMENT: RADIAL INJECTION OF A BARIUM PLASMA

2*1 Purpose and Framework of the Experiment "KING CRAB"

In an attempt to understand the effects of a high altitude barium

release on the coupled ionosphere-magnetospheric system, a group at the

Geophysical Institute, University of Alaska, led by Dr# E.M. Wescott

conducted a 'controlled' experiment in space using a shaped charge

explosive device# The purpose of the experiment, named "KING CRAB," was

to inject a thin disk, or torus, of barium perpendicular to the

geomagnetic field and gain insight into the types of instabilities, 

waves, and optical and magnetic effects that would be produced from such 

a cylindrically symmetric initial configuration. Thus, theoretical and

numerical simulation methods could be applied with a greater 

understanding of the stability and dynamics of the system.

To investigate these effects a new radial shaped charge was 

developed and is illustrated in Figure 2.1. The simultaneous detonation 

of two caps located on the cylindrical axis, initiates explosive shock

waves which impinge on the barium liner halves, compressing and

vaporizing them. This creates a thin disk-shaped high-velocity jet of

barium directed radially outward in the plane perpendicular to the

axis. The mass of the high explosive charge was 5 kg and that of the

barium liner 1 kg. The barium liner halves were produced by casting the

12



Figure 2.1 Cross-section of a new type of high-explosive barium 

radial shaped charge.
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metal into the desired shape and matching the liners from them. The

expected yield of barium atoms, based on the size of the barium liner,
0 /is about 10 atoms#

This new type of barium radial shaped charge was launched on a 

Taurus-Tomahawk rocket from Poker Flat Research Range, Poker Flat, 

Alaska on March 16, 1980, For the sake of clarity, a schematic view of 

the experiment is shown in Figure 2.2. The detonation took place at 

12:02:10 UT (0202:10 LT) at an altitude of 571*4 km. The injection 

occurred within a band of diffuse pulsating aurora, very close to the 

magnetic zenith at Fort Yukon, Alaska. The axis of the payload was 

tilted 25° to the northeast with respect to the magnetic field direction 

at the time of the injection.

Optical observations were made with four low-light-level television 

systems, a TV-spectrograph, four photometers, and various photographic 

cameras from sites at Ester Dome, Poker Flat, and Fort Yukon, Alaska, 

and from a NASA Learjet flying over central California. Instruments to 

measure the ELF and VLF plasma induced emissions were located at Fort 

Yukon and Carib Peak, Alaska.

2.2 Observation of the Barium Injection

Figures 2.3—2.6 are a series of six TV images of the expanding 

barium disk as observed from Ester Dome (A, C, E, G) and Fort Yukon, 

Alaska (R, D, F, H). The times after injection are located in white 

lettering on each TV image. The frames in Figures 2.3 and 2.4 represent 

mainly neutral expanding barium while the images in Figure 2.5 represent
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Figure 2.2 A schematic view of the experiment "KING CRAB".
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Figure 2.3 TV images of the expanding barium,

(A) Ester Dome, Alaska at E + 5 seconds.

(B) Fort Yukon, Alaska at E + S seconds.
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Figure 2.4 TV images of the expanding barium disk.

(A) Ester Dome, Alaska at E + 10 seconds.

(B) Fort Yukon, Alaska at E + 9 seconds.
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Figure 2.5 TV images of the expanding barium,

(A) Ester Dome, Alaska at E + 35 seconds.

(B) Fort Yukon, Alaska at E + 20 seconds.
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Figure 2.6 TV images of the expanding barium,

(A) Ester Dome, Alaska at E + 40 seconds.

(B) Fort Yukon, Alaska at E Jr 3 minutes 25 seconds.
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a mixture of ionized and neutral barium. Frame H of Figure 2.6 was 

imaged through a filter for the barium ion line at 4554A and TV- 

spectrograohic data show the rayed structure to be formed by ions.

Analysis of TV frames depicting the morphology of the expanding 

barium disk reveal the appearance of five major observable phenomena. 

The first indications of an unstable process occurring is illustrated in 

Figure 2.3 by the appearance of an outer ring of jetting barium vapor 

labeled "wispy jets". They are clearly visible in Figure 2.3A at +5

seconds from Ester Dome and Figure 2.3B at +8 seconds from Fort Yukon 

but soon become indistinguishable seconds later. The bright

irregularities in the region labeled "b” are overexposed in the TV image 

and appear coalesced into a uniform glow. A hright inner disk, labeled 

"a” completely overdrives the TV detector and appears dark.

The indications of a second unstable process appear several seconds 

later when the outer ring of the barium disk appears to filament and 

forms a number of individual irregularities as shown in Figure 2.4, 

taken at lower TV sensitivity from the sites Ester Dome and Fort 

Yukon. These irregularities are mainly composed of neutral barium 

vapor.

A third interesting observed phenomena becomes evident when the 

brightness of the barium disk lessens and the presence of two more rings 

of barium are revealed as shown in Figure 2.5. Each of these rings 

shows a tendency to form individual irregxilarities with some collective 

motion. The spatial size of these irregularities is large in comparison 

to those formed in the second observed process.
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A fourth phenomena observed at a much later time is shown in Figure 

2.6 and is the most curious feature of the experiment. The TV frames 

indicate the presence of about 18 bright rays emanating outwards from a 

"black hole" or region of plasma depletion about 5 km in diameter.

Triangulation determines that the rays lie in the plane of the injection

nearly perpendicular to the geomagnetic field. This stellate structure 

consisting of barium ions was observed for many minutes, with very 

little S x B drift motion and very slow cross field diffusion. 

Approximately 11 minutes after injection the "black hole" fills in with 

barium ions but the rays are still quite distinct. Even after 25

minutes a few of the major dark rays can be observed.

The appearance of a plasma-depleted region within the barium disk 

("black hole”) is the fifth phenomena of interest and is clearly visible 

in Figure 2.6. Since there is an absence of barium plasma in a 2.5 km 

radius of the release point, it is probable the barium did not begin to 

ionize until it reached this radius. This would imply that very few

barium ions were produced from the initial explosive process.

The radial velocities of the irregularities were computed from 

measurements of their radial positions as a function of time in the 

plane of the injection. Figure 2.7 is a compilation of the velocities 

of various features contained in the barium disk. The wispy jets of 

barium, shown in Figure 2.3, have velocities of 6-8 km/sec. The outer 

ring of irregularities, in Figure 2.4, move with a velocity ranging From 

4-4.5 km/sec. The two inner rings of Figure 2.5 have velocities between 

0.0 and 2.6 km/sec. The individual irregularities of these three rings
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of barium maintain their shape and relative positions as they move out 

radially and stretch out due to velocity dispersion.

The scale size of the irregularities in the outer ring is time 

dependent hut an estimate of the diameter can be made. At +10 seconds 

the scalings of the apparent diameter of the irregularities yields a 

mean of 2.6 km with a standard deviation of 1.2 km. The scale size of 

the three rings when they were at the same radial distance of 50 km is 

(6 .8  ± 2.1) km, (7 .8  ± 1.5) km, (5 .9  ± 1.3) km, from the outer to the 

inner ring, respectively. The width of the barium ion rays is 

approximately 2 km.

2.3 TV Spectrographic and Photometric Data

An understanding of the various transitional processes occurring in 

a barium release can only be acquired from a thorough knowledge of its 

spectrum. Since the barium plasma cloud in the shadow of the earth is 

invisible, the emissions of the neutral and ionized atoms must be 

excited by fluorescence. Soon after injection the barium vapor is 

ionized by the ultraviolet in the sunlight at a certain rate. The 

reason not all the barium ionizes is due to the fact that part of the 

barium is in a metastable excited state (e.g. 6s5d^D state) as shown in 

Figure 2.8. To ionize the barium from this state a photon of wavelength 

3260A is sufficiently energetic and since the flux available from 3260A 

is larger than that at 2380A, which is the wavelength required to ionize 

barium from the ground state, only low lying energy levels with long 

lifetimes can be involved as lower states for the different
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transitions. Therefore, from the term diagram of Bal one can see the 

great importance of the two metastable levels B and P which are now 

well-accepted as playing the key role in the ionization of barium. The 

main reasons for considering the two metastable levels are as follows:

(i) the population in these metastable levels is high and the only 

depopulation mechanisms are the excitation to higher levels 

and de-excitation by collisions.

(ii) although there exist many higher energy levels, these all have 

allowed transitions to lower levels and at the temperatures 

encountered here these states do not attain large populations.

(iii) in the strontium cloud, which has no comparable metastable 

levels, no SrII has been observed.

When the sunTs rays are incident on the neutral barium vapor, five 

main barium ion lines are excited. These are shown in Figure 2.9. 

Television spectra with an exposure duration of about 1/30 second are 

shown in Figure 2.10 at selected intervals from burst until formation of 

the main barium plasma cloud.

The initial spectrum (top of figure), taken within the first 

second, shows a continuum which is probably sunlight scattered from 

explosive debris indicated by Fraunhofer absorption at the Balmer beta 

wavelength (4680A). This continuum disappeared after the first
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Figure 2.9 Energy level diagram for Ball.



Figure 2.10 TV spectra of the experiment taken at E + .5 seconds 

(top frame), E + 3 seconds, E + 7 seconds and E 4- 40 

seconds.
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second. There are several emission lines due to neutral Ba present

along with neutral strontium (Sr) at 4607A.

The second spectrum shows the same character (minus the continuum) 

for each side of the cross section of the expanding barium torus at +3 

seconds. After +7 seconds, the third spectrum, run at 30 frames per

second, continued to show the cloud expansion which was mainlv neutral 

Ba. At approximately 40 seconds after the hurst, one-second integrated 

exposures were begun, one of which is shown at the bottom of Figure 

2.10. The spectrum is that of the stellate structure in the center of 

the disk and shows the principal emissions of ionized barium (e.g., 

4.S54A, 4934A). The presence of neutral barium in the outer ring is

shown in this spectrum along with the uniformly- bright auroral forbidden 

oxygen line at 5377A. This is an indication of the diffuse aurora 

present during the course of the experiment.

Previous observations of pulsating aurora and ionization associated 

with explosive Ba releases, (Peehr and Romick, 1.977 and Stoffregen,

1970), indicated that stimulated pulsating auroral emissions may occur 

in the vicinity of the high altitude burst or at the foot of the burst 

field line (100 km altitude). For this reason photometers used for the 

detection of 4278A No+ emissions were directed to these regions. At the 

time of the burst, the natural aurora provided a relatively intense

background and was pulsating slightly. Neither photometers detected

pulsations correlated with the barium injection. The 4278A photometer, 

with a 6° field of view, did respond to the burst but the intensity

dependence with time was not significantly different from the neutral



barium emissions. Since there was a weak neutral barium emission at 

4283A, it is highly probable the photometer detected neutral barium 

contamination ratber than a stimulated auroral emission at 427RA.

Another photometer was used to detect ionized strontium emission at 

4070A at the burst point. This photometer was intended to monitor the 

anomalous ionization of strontium (a 0.1-1% minor contaminant of barium 

metal) by reaching the Alfv^n critical velocity. However, only the 

immediate rise and decay of the continuum was detected.

2.4 retermination of the Plasma Parameters

Photographic data are important for the determination of barium 

plasma cloud shape, growth and. location; in addition, when calibrated to 

give absolute intensity, photographic data can be used to obtain 

estimates of ion density and ion column density. If we assume the 

barium plasma cloud to be optically thin then the intensity is directly 

proportional to the column density integrated along the line of sight.

Since there are several unknowns, it is difficult to make absolute 

intensity determinations. However, it is possible to determine the 

relative intensity. One can measure the relative intensity by making 

intensity scans of various observed features on the television images at 

selected times. The different times were chosen because of the fact 

that some of the observed features are more clearly visible than others 

at a given time. Since the velocity of each of the observed features is 

known, a measure of the relative intensity is normalized to a selected 

time (in this case E + 7 sec) and a correction for the decrease in
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measure of the normalized brightness as a function of the initial radial

velocity is computed.

If we assume that the area under the relative brightness curve is

approximately equal to the total number of barium atoms produced 
2 4(roughly 10 atoms) then the relative brightness scale may be converted 

into a scale depicting the differential barium velocity distribution. 

This is illustrated in Figure 2.11. The small peak in the distribution 

at 8 km/sec represents the "wispy iets". The three subsequent peaks at 

4 km/sec, 2.2 km/sec and 1.3 km/sec correspond to rings A, B and C, 

respectively. The very slow material is shown to be at approximately 

0.6 km/sec. Also from this curve, the total energy of the barium atoms 

can be computed and is approximately 1.40 megaioules.

An estimate of the barium ion number density can be made by 

assuming an ion production rate given by

24 -t/20N(t) = 10 (1 - e ^ )  (2.1)

x^hicb is an empirical result derived from previous observations of 

barium injection experiments (e.g., Simons et al. , 1080). tje further

assume an ion spreading rate of 100 m/sec parallel to the geomagnetic 

field. This gives a theoretical determination of the barium plasma 

number density, illustrated in Figure 2.12, as a function of time.

intensity as the inverse of the radius squared is applied. Thus, a
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A

Table 2 

Drapatz

summary of the barium plasma cloud parameters is presented in 

•1. The barium ion and electron temperatures were obtained from 

(I960)-



Table 2.1 Barium Plasma Cloud Parameters

Altitude of Injection

Magnetic Field Strength

Mass of Barium Atom

Initial Radial Velocity 
of Barium

Electron Gyroradius

Ion Gyroradius

Electron Cyclotron 
Frequency

Ion Cyclotron 
Frequency

Electron Plasma 
Frequency

Temperature of Ions

Temperature of Electrons 

Debye Length

Magnetic Field 
Energy Density

Barium Ion-Neutral 
Collision Frequency

Ion Gyro-/Collision 
Frequency Ratio

H = 571.4 km

B = 0.44 Gauss

MRa = 2.28 x 10~22g

\7r = 6 - 8 km/sec 
(25-45 eV/ion)

r ^  = 0,10 cm

r ^  = 0.26 km

u) = 7.7 x lO^sec ce

cu . = 30.7 sec  ̂ci

0) = 3.5 x 107 sec ^
pe (at T = 3 sec)

T. « 1000 - 3000 °K
1 (0.08 - 0.25eV)

T0 = 5000°K (0.5eV)

= 0.77 cm
(at T = 3 sec)

2 , 3 B /8tt = 0.0077 ergs/cm

Vin = 0 . 5  sec-1

Kt = 60



NUMERICAL SIMULATION OF A RADIALLY INJECTED BARIUM PLASMA

CHAPTER III

The nonlinearity and many-body characteristics of a plasma have 

been understood quite successfully by the numerical simulation 

approach. One of the most highly developed techniques, used to follow 

the nonlinear plasma behavior, has been the electrostatic particle 

model. Since the exact temporal and spatial scales of an experiment are 

usually difficult to reproduce in the model, particle simulation methods 

are used in a qualitative, rather than a quantitative way. As a first 

step tox^ards understanding the dynamics and stability associated with a 

radially injected barium plasma cloud, a two and one-half dimensional 

(three velocity and two spatial coordinates) collisionless, 

electrostatic particle simulation is method is used.

In this chapter, a brief description of the computation sequence 

will be outlined (further details of the simulation code are described 

in Birdsall et al. (1970)). Then, results of the numerical simulation 

will be presented along with an interpretation of the plasma processes 

which occur.

3.1 Electrostatic Particle Simulation Method

Particle simulation codes are an effective technique for the study 

of the nonlinear behavior of a plasma. One simply considers a large

35
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collection of electrons and ions moving in their self-consistent

electrostatic or electromagnetic fields and any other externally imposed

fields. IXie to the long range of the Coulomb force, the net force on a

charge in a collisionless plasma is determined by multiple, long range

interactions rather than the short range, binary-type encounters. The

resulting collective modes of oscillation (waves) have wavelengths

usually greater than or equal to the electron Debye 
kTelengthX = ( —) , where T is the electron temperature, e is theDe # 2. o4ime

electron charge, n is the electron density, and k is Boltzmann’s

constant.

The starting point of the simulation code is to introduce a spatial

grid mesh and to compute all macroscopic quantities, i.e., force,

electric field and charge at the grid points. As illustrated

schematically in Figure 3.1, the position and velocities of the

particles determine the charge and current densities (for the

electromagnetic case). From Maxwell’s equations the electric and

magnetic fields are computed and this allows the positions and

velocities to be updated by the Lorentz equation. This basic cycle is

performed with a time step (At) small enough to resolve the fastest

behavior of the plasma which is usually the electron plasma frequency,
2 l/_a) = (4TTe n/m) , where m is the electron mass and n is the electron pe

number density.
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Figure 3.1 Basic computation cycle of the plasma simulation.

let us consider each step of this cycle in greater detail. There

are several ways to map the particles onto the spatial grid to obtain

the charge density. Since all macroscopic physical quantities are

defined on the grid, the particle position will be expressed in terms of 

its nearest grid location (n̂ . 6) and the displacement from that grid

location (Ax^)

x. = n.6 + Ax. (3.1)i l l

where 6 is the grid size and i is the particle being considered. The 

charge density of a cloud whose center Is at the origin is given by 

q5(x) where q is the total charge and 5(x) is the delta function. If
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we were to continue the development of our plasma model beyond this 

point one would find a great deal of rapid variation of the force 

between particles and particle scattering due to the singular nature of 

the force using this point particle model. What we would like to do is 

to reduce the force between particles when they are close together and 

yet retain their Coloumb character when far apart. One approach is to 

alter the structure of the particles to smooth the interaction. A 

particle of finite spatial extent will not support fluctuations over 

distances much less than its size (a). These newly structured particles 

have a spread out charge distribution and move rigidly without rotation 

or internal change but are able to pass freely through one another. 

This is the essence of the so-called finite-sized particle method where 

we use a system of charge clouds rather than point particles. The 

charge density of a cloud whose center is at the origin changes from 

q<5(x) to aS(x) where S is the shape factor or shape of the charge. The 

shape factor is generally symmetric and the Ouassian form is commonly 

used

(x-x ,)^-S/-1- e x n ------ (3.3)
a 2a

where x, is the center of the .j'th charge and a is its half-width.

We consider the electrostatic limit where the magnetic field 

generated by plasma currents is negligible. The charge densities of a 

system of particle clouds whose centers coincide with point particles is 

given by

s ( *  “  * 4 )  =

( 2 * / 2
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Pc (3 ,»0 = /dx' S(x - x ' )  pp( x ' , t )  (3.3">

where pp and pc are the charge densities of point charges and charge 

clouds, respectively. In the computation we replace the integral by a 

sum over all particles and use the nearest grid point method to 

determine the charge density at the grid locations.

The electric potential, <J>, is obtained from the charge density via

Poisson1s equation

r<t> = -p/eo (3 .4 )

and the electric field, E, is derived from the potential, <{> , using

E = -7* (3.5)

The force on a charge cloud with center position, x, and no

external magnetic field is given by

F(x,t) = qJdx'S(x'-x) E (x',t) (3.6)

The two equations (3 .3 ) and (3 .6 ) are convolutions and take on very

simple forms when Fourier tranformed to k-space

Pc(k,t) = S(k) pp(k,t) (3.7)
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F(k,t) = qS(-k) E(k,t) (3.8)

where

S(k) = fdx S(x) exp (-ik*x)■v ' v v v -V (3.9)

From this last expression it becomes clear that if we denote the size of 

the charge cloud by R, then in the point particle limit (R*fl), or long 

wavelength limit ( k-K)), the shape factor approaches unity (S(k)->*1). 

Therefore short range, binary type encounters are effectively suppressed 

and the long range Coloumb character of the plasma is retained.

The particle velocity, v, is obtained by solving the differential 

equation

where the external magnetic field is now included. Using a standard 

leapfrog difference technique (Birdsall et al., 1Q70), to solve the 

differential equation (3.10) gives us the particle displacement, x, as 

derived from the equation

dv
m —  « q ( E + v x B )  d t ^ ~ ^ (3.10)

dx
dt v (3.11)



41

All quantities have only x and y spatial variations; however, 

particles have velocity components in the x, y and z-directions. The 

simplest boundary conditions to use are periodic ones in the x-y plane 

and consequently particles leaving one side are reintroduced at the

other. A uniform static magnetic field is allowed to point in an 

arbitrary direction and the basic two and one-half dimensional plasma 

simulation model is illustrated in Figure 3.2. If the magnetic field is 

perpendicular to the x-y plane then the model is two dimensional, since 

the velocity component of the particles in the z-direction is not

considered. The charged particles move under the influence of their 

self consistent electric fields and the magnetic field.

3.2 Numerical Simulation Parameters and Results

The simulation model is initialized as the impulsive radial

injection of a low beta plasma directed perpendicular to a static

magnetic field. Finite-sized (Gaussian) particles are used with the

doubly-periodic boundary conditions. The periodic boundary conditions

are not essential to our specific problem since the particles do not

reach the boundary in the time scale of interest. A constant magnetic

field is applied in the z-direction. At T = 0, the ion-electron pairs

are assumed to be created and injected with radial velocities Vra = 2.0
1/. where V.. = (T^/n0  2 are the electron and ion thermal velocitiestha’ tna ot or

( i* T and itu are thermal energy and mass, respectively). Thev c j L y Ct

grid distance 6 is set equal to the electron Debye length and the

finite particle size used is a„ = a__ = 5. Other parameters used in thisx y



Figure 3.2 The two and one-half dimensional plasma simulation model.
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model are the ratio of electron cyclotron to plasma frequency wce/wpe ** 

2.0, the ion-electron mass ratio m^/me = 100, the ratio of electron to 

ion temperature T j = 10, the grid size Nx x Ny = 128 x 128 and the 

total particle number 32,768. The plasma frequency w is chosen as 

that corresponding to a uniform distribution of 32,768 particles over 

the 128 x 128 grid.

As mentioned earlier, the exact spatial and temporal scales of an 

experiment are usually difficult to reproduce in this simulation model. 

The mass ratio used in this model is chosen in such a way that the ion 

Larmor radius is within the simulation grid, hence, the ion dynamics can 

be understood. Similarly, the initial radial velocity and ratio of 

electron cyclotron to plasma frequency (magnetic field strength) are 

assigned values which restrict the plasma dynamics to occur within the 

simulation grid boundaries. The electron-ion temperature ratio for the 

plasma simulation is given as Te/T^ = 10 whereas in the experiment,

Te/Ti - 5. Simulation runs with a lower temperature ratio were

performed and it was found that there were no significant changes in the 

physical processes which resulted from using Te/T^ = 10. Although it is 

difficult to scale the plasma simulation parameters to experimental 

values, we may gain insight into the dominant plasma instability which 

occurs, with the given initial experimental conditions, and this leads 

us to construct a theoretical model allowing the use of experimental 

parameters. A summary of the experimental and numerical simulation 

parameters is given in Table 3.1.
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Table 3.1 Table of the barium cloud and numerical simulation

parameters.

Numerical Simulation

Barium Plasma Cloud Parameters Parameters

XD(cm) 0.77 (at T = 3 sec) 1.0

, -1%03 (sec ) pe 3.5 x 107 sec"^ (at T = 3 sec) 1.0

03 /o)ce pe 0.22 o•CM

V Ti 5.0 10.0

me/m1 3.8 x 10"6 0.1
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Figure 3.3 shows the time-dependent evolution of the expanding

plasma in x-y coordinate space. The representative times T = 2 a) ~ ,pe
8 (a) , and 20 03 were chosen to show the growth of an instability inpe pe J

the electron configuration space pattern. The electron-ion motions are

followed separately, with the electrons shown in the top set of frames A

and the ion motion in the second set of frames B. At T = 2 a)  ̂ thepe
electrons begin to develop an instability as evidenced by the formation

of lobes. Time step T = 8 u) clearly reveals six well-definedpe
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perturbations in the radial position of the electrons. The ions

continue to expand with little pronounced structure until T = 20 a) ^pe
when they concentrate in regions symmetrically located in the radial

plasma cloud. Because of the presence of azimuthal electric fields,

these ions develop into a number of narrow rays. The number of these

radial projections is equal to the number of lobes forming initially in

the electrons. It should be noted here that this instability occurs

within an ion cyclotron period. Therefore, in the experiment the

instability would occur in less than half a second.

The third set, C, of frames in Figure 3.3 shows the electric

equi potentials at T = 2 w \  8 u)  ̂ and 20 a) ^. They reveal the rapidpe pe pe J K
development of an inward-directed polarization electric field created by 

the faster radial expansion of ions than electrons across the magnetic 

field (the ion Larmor radius is 1006). The sudden creation of this 

radial electric field, from the impulsive injection, causes the 

electrons to move in the direction of the field by way of the

polarization drift expressed as

dE
Tip = ' ^T b dF <3 -l2>

C

Also, as the plasma expands the electrons drift in the azimuthal 

direction due to the E x B drift given by

V = E x B/B? (3.13)
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The azimuthal drift velocity of the electrons, V , is related to-e
charge separation e(Nio~Neo) by the following equation

3VA(r) E e(N -N )9 _ 9 o _ 10 eo' , ,x
3r 3r B ~  F I   (3’14)o o o

where E = E r is the zeroth order electric field, e is the electron vo o *
charge, eQ the permittivity constant, BQ the applied magnetic field and

Nao(oc=e,i) is the number density of each species. Thus, the velocity 

gradient in the azimuthal motion is proportional to the charge 

separation density. Such a shear in the E x B electron drift velocity 

is known to give rise to an electrostatic Kelvin-Helmholtz instability 

(or the diocotron instability). This instability is found to occur in 

many laboratory devices such as the magnetron (Janes et al., 1965) and 

causes the edge oscillations of Q machines (Kent et al., 1969 and Jassby 

and Perkins, 1970). There have been numerous theoretical works on this 

instability, Buneraan et al. (1960), Levy (1965), Knauer (1966), 

D’Ambrogio et al. (1969), Levy and Hockney (1968), and Byers (1966) have 

observed the development of the electrostatic Kelvin-Helmholtz 

instability in the simulation of a plasma slab. In our case a similar

instability is responsible for the six-lohed pattern forming initially

in electron configuration space, as shown in Figure 3.3A. The radial 

charge separation slows ions down, but the near straight orbits of the 

unmagnetized ions continue until the resultant instability goes into a 

nonlinear regime and develops large azimuthal electric fields causing 

the ions to remain in narrowly confine^ rays.
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The main physics of the plasma cloud expansion can he understood in 

the following way. During the initial radial expansion of the plasma a 

charge separation occurs which results in the formation of a radial 

electric field. The divergence of the electric field gives rise to a 

shear in the drift velocity and the magnitude of the shear can he 

determined from equation (3.14). The degree of charge separation was 

found to be different for several simulation runs with differing initial 

plasma parameters. It was discovered that the maximum number of 

unstable modes which formed initially in the electron configuration 

space could vary as the degree of charge separation was altered.

In Figure 3.4 an example of a simulation run with a lesser degree

of charge separation is shown. This was accomplished by altering the

number of particles per grid cell or, equivalently, changing the number

density. The frames in Figure 3.4A are coordinate space representations
-1 -1of the electrons at T - 20 a) and T = 30 a) . Figure 3.4B representspe pe

the ions at the same time steps. The parameters for this simulation run 

are identical to those described in the previous model except that in 

this case the plasma frequency is taken as that corresponding to 128 x 

128 particles distributed uniformly over a 256 x 256 grid. As one can

see from the simulation frames, the number of unstable modes occurring

in the electrons shifts from six to nine.
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B) 256 256

256 256

Figure 3.4 A simulation run with a lesser degree of charge separation 

in the plasma with (A) electrons at T = 200)^ and T = 30a>^

(B) ions at T = 20a)  ̂ and T = 30u)pe pe
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To quantitatively understand the relation between amount of charge 

separation and maximum number of unstable azimuthal modes, a stability 

analysis of the plasma is formulated in the next chapter and is based on 

an electron-ion density distribution obtained from the simulation 

results shown in Figure 3.3.



CHAPTER IV

THEORETICAL FORMULATION AND STABILITY ANALYSIS

In this chapter we present a simplified set of equations which

govern the dynamics of the barium plasma cloud. Then a linear stability

analysis is performed on these equations to determine the growth rate

and e-folding time of the plasma instability. Ion and electron number

density profiles, obtained from the computer simulation results of 

chapter three, are used in this analysis. Finally, the results of the 

stability analysis are applied to-., the experiment in order to determine 

the growth rate and maximum number of unstable azimuthal modes of the 

radial expansion.

4.1 Basic Assumptions of the Plasma Cloud Dynamics

In order to produce a macroscopic description of the physical 

processes in the barium plasma, a set of magnetohydrodynamic equations 

are used. Many assumptions made about the barium plasma, when 

simplifying the theoretical analysis, are based on the estimated plasma 

parameters at the release altitude.

The barium plasma cloud is a partially ionized plasma and contains 

three components; neutral barium atoms, barium ions and electrons. The 

altitude of the plasma cloud determines the dominance of the collision 

processes. Since we are interested in a high altitude model, the
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following relations are valid:

where

nei «  " lo  «  1

v . v._ ei _ io
ei “ G ’ nio = Q. e 1

and p is the ratio of collision frequency to gyrofrequency. The

subscripts e, i, and o refer to the electrons, ions and neutrals,

respectively.

For plasma clouds in the F region the currents perpendicular to the 

magnetic field are provided by the Pedersen drift of the ions which is 

proportional to niQ. At very high altitudes this drift is very small 

and to a first approximation we may neglect the effect of the integrated 

Pedersen conductivity. One can further assume that the correction

resulting from the inclusion of the effects of the background electric 

field is very small. This is due to the fact that the time scale for 

instability to occur is short in comparison to the modification of the 

plasma cloud stability with the background electric field included.

Finally, the time dependent ionization process is neglected in this 

theoretical model since the equations become highly nonlinear. 

Therefore, it is assumed that the ion-electron pairs are created at a

time T = 2 sec after the release.
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4.2 Stability Analysis

In this section x/e present a theoretical model for a linear

stability analysis of the plasma. The numerical simulation results

serve as the initial guide to the basic plasma processes which occur and

assists us in determining the plasma distribution at a given time. The

following assumptions are invoked in order to simplify our analysis.

First, the initial electron and ion density profiles are those

computed for time step T = 2 a) 1 in the simulation analysis. It shouldpe J

be emphasized that the change of the density distribution with time, 

during the course of the simulation, produces a time dependent value of 

the amount of charge separation as shown in Figure 4.1. Thus our static 

model serves to approximate the number of unstable modes before 

instability has begun to occur in the simulation. The second assumption 

is density profiles, shown in Figure 4.2A, will be approximated by step 

functions:

N (r) - <eo

No < r < (r2 - sp

2N (rj - s p  < r < r2 (4.1)o
n elsewhere

s2)

elsewhere
(4.2)

where N is a constant number density, r-̂  and r? are, respectively, the 

inner and outer radii of the electron density distribution, is the 

thickness of the outermost electron ring and s0 is the distance from the



Figure 4.1 Ion and electron number density (N.,N ) profiles as ai e
-1 -1function of radius taken at (A) T = lto , (B) 2co andpe pe

(C) 3a) . The radius is specified in terms of the unitpe
grid length (6 = X ).
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RADIUS (8)
Figure 4.2 (A) Ion and electron number density (N.,N ) nrofiles as1 e

a function of radius taken at T = 2m * (6 = X^).pe D
(B) The electric field amplitude as a function of radius 

at T = 2a)pe . The units of E(R) are specified in terms of

e/mm2  ̂pe 0 •
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outer edge of the electron ring to the outer edge of the ion ring. 

Third, the frame of reference is fixed to the ions whose density and 

velocity is assumed constant during the initial development of the 

instability (within 1-3 a> * , i.e., many plasma periods before the ions 

become unstable). A cylindrical coordinate system is used throughout 

this analysis.

The electric field and electron density profiles can be described 

by the following equations under the electrostatic approximation:

3N
6 + V • (N V ) = 0 (A.3)

V = E x B /B 2 (4.4)~ -o o

V • E = e(N, - N )/e (4.5)'■> 1 e o

where N is the electron number density, V the electron velocity, E the e e
electric field, ZQ is the permittivity constant, and B^ the magnetic

field. From equations (4.1), (4.2) and (4.5) the zeroth order electric

field profile can be written as E = E (r) r, where:o
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« .  , 2  2 
■ 2 T 7  (r - (r2 ■ sl> 1

eN
2e

0

-  [r ' - 2r2 + (r2 - Sĵ ) ] ,

r2 - sx < r < r2

r„ < r < r„ + s2 2

, elsewhere.

(4.6)

This expression for the electric field profile is in agreement with the

electric field as a function of radius illustrated in Figure A.2B, as

computed from the simulation run at T = 2 cx> ^. The zeroth orderpe
velocity profile is related to by:

V = E x B /B 2 (4.7)^eo *~o ^o o

eN
Note that Veo(r2) = I F l T r - f r  2" (r2 _ Sl)2] H Vm where Vm is theo o 2

maximum of the velocity profile.

We write

l = E, + (4.8a)

V = V + V. (4.8b)^e ^eo ^1 v y
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N = N + N (4.Be)e eo 1

where and ^  are the perturbed electric field, velocity and

density, respectively. Substituting these expressions into equations

(4.3)-(4.5), we obtain the following equations describing the

perturbations:

— 1 +  V • (N. V ) + 7 • (N V ) = o (4.9)v x ~eo eci 1at

d /v 2 C4.10)V = E, x B /B ~1 ~1 ~o o

V2 *! * -Z • ̂  * eV Eo <4'U >

where +1 is the perturbed electric potential. It can be shown, under 

the assumption of electrostatic perturbations, that the surface wave 

generated by charges at the surface Is Incompressible (7 • 7j - 0) and 

(4.11) becomes:

V2 ^  = 0 (4.12)

everywhere except near the boundaries (i.e., r - r^, rj s^, r^) 

surface waves propagating along the boundary of the plasma layer the

solution to (4.12) can be written as:

, m . a -ra. i(m0 - 0)t) <’4.13')$ = (ar + Br ) e ia.u;
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where m is the azimuthal mode number, a and 6 are constants and go is the 

wave frequency. Since the perturbation in the electric potential is 

required to decay away from the plasma layers, the perturbed electric 

potential solutions for each region can be expressed as:

, , x  , m i(ra0 - cot) . / / i/,<j>̂ (r) = Ar e r < r^ (4.14a)

<|»1 (r) = (B1rm + B2r"m ) el(m9 “ ^  < r < r2 - (4.14b)

>1 (r) = (C^r™ + C2r_m) el(m9 Ut) r? - s: < r < r2 (4.14c)

<(>1 ( r ) = Dr"1" e 1(Tn9 “ ‘°t )  r > r 2 (4 .1 4 d )

At the surface of the electron layers the density perturbation Nj does 

not vanish and using equations (4.9)-(4.11) it can be written as:

-m* (r) 3N (r)
N (T) =  i  —  . 1  • -  — —   (4.15)1V  ' m V (r) B r ,0)  eo o dr

Therefore, the surface charge densities at each interface are expressed, 

using (4.1), (4.2) and (4.15), as:

0) noc ( ( 4 . 1 6 a )
1

a) m
0(r2 - s l> ■ “ S • *l(r2 • sl> <4'16b)
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— 2 0) m
o(r2) = m V co m

r 2
(A.16c)

eNo 2 2where u>_ = eN,/e^B_ and V_ = V „ ( r 0) = [r2 - (r2 - s ^ ] .o o o in eo 2 2e B . 0 o o 2

The dispersion relation can be obtained by using the following 

boundary conditions:

*i (ri } ■ +i (r.i>

3<j>̂
3 T

a<()_1
3r

j

-a(rj)

r rj

(4.17a)

(4.17b)

at r^ = r^, - s^, r? where r^ , r^ refer to the values of the

perturbed potential approaching from the right and left side of the 

three interfaces, respectively. From (4.14), (4.16) and (4.17) the

disnersion relation can be written in the following form as

(— ) + a (— ) + a (— ) + a7 1 0) 2 0) 3o o o
= 0 (4.18)

= - mA 1 -
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a 2 = mA
-2 r 2m , . 2m .2m

' € >  - f e r )  - G l )  - < & )
+ 3

mA
a3 ' 4 - © t o

2m
- 1

»2m . . 2m * 2m

( A )  - f t )  * ( ^ )
- 1

where the quantity A =
2 , v 2

r2 ' 2 - S l>
2 2 

2 <r 2 -  "I  5
is a measure of the degree of

charge separation in the plasma. It is approximately the ratio of the 

area of the ion ring expanded beyond the electrons to the area of the 

electron rings.

From this dispersion relation the roots can easily be obtained and 

we write u)(m) = 0) + a)̂  where u)̂  and 0)̂  are the real and imaginary parts

of the wave frequency, respectively. The imaginary part gives the 

growth rate of the instability. Figure 4.3 shows the growth rate as 

a function of the azimuthal mode number m for A = 0.1, 0.2, 0.3, 0.5, as 

obtained from (4.18). For decreasing values of A the growth rate 

increases slightly and from this figure one can see that as the charge 

separation is decreased, the number of unstable azimuthal modes at 

maximum growth rate increases. Figure 4.4 is an illustration of the 

growth rate of the plasma instability as a function of the azimuthal



Figure 4.3 The growth rate (m./to ) is shown as a function of the azimuthal mode number (m) 

for the various values of the amount of charge separation (A), and for electron 

ring thickness =



Figure 4.4 The growth rate (u k /cjO  is shown as a function of the 

azimuthal mode number (m) for various values of the 

electron ring thickness
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mode number for various electron ring thicknesses at a fixed value of 

the degree of charge separation, A = 0.2. From this figure it is 

observed that a smaller value of the electron ring thickness produces a 

greater number of azimuthal modes and the maximum growth rate remains 

approximately constant for the varying thicknesses.

A comparison of our theoretical model with the simulation results 

is now made. From the simulation results shown in Figure 4.2A we obtain 

Tl = 4.6, r0 = 9.2, and Sj * 1.0 at T * 2 cop*, giving a value for the 

degree of charge separation A - 0.14 where r^ and - s^ are the inner

and outer radii of the first electron ring while r, is the outer radius

of the second electron ring. From Figure 4.3 the maximum growth rate 

occurs at m = 12 for the value of A - 0.14 and this is not in agreement

with the m = 6 observed in the simulation. The reason for this

discrepancy stems from the fact that our model is only a static one and 

does not include the time dependence of the degree of charge

separation. As the plasma expands the value of A is found to increase

with time and approaches A =0.3 at T = 4—5 Wpe* ^ further check of our

model with the simulation will be to determine the e-folding time for

the instability. From Figure 4.2A we obtain t0Q = 25 iope and from Figure

4.3 the e-folding time is given as

f2d) l"1 = 5 cd _1 - .2 uf1 for A = 0.14 . At the later time ofv iJ o pe
T = 5 of1 where A = 0.3, one obtains to * 2 to and the e-folding time pe ° Pe
becomes (2u) )_1 = 6 to _1 = 3 to"1 . Therefore we see that the approximate i o pe
time for instability to occur is .2-3 uf* in agreement with that of the

time T = -̂pe obtained from the simulation results. Simulation runs
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were made to check the relation between the number of unstable modes and

electron ring thickness. It was found that the smaller the value of the

electron ring thickness, the higher the mode number (m).

4.3 Application of the Results to the Experiment

The results of the stability analysis of the previous section can

be used to estimate the growth rate of the plasma instability occurring

in the experiment. Since the usable data is primarily observational an 

accurate determination of the number density distribution and plasma 

parameters, at the time of the experiment, could not be made, hence our 

results are applied with marginal accuracy.

The olasma beta at the time of burst is approximately unity but in 

less than a second 0 «  1. Therefore, to a first approximation, the 

barium plasma is a low beta, radially flowing collisionless cold plasma 

(T. ~ .1 eV) moving at high velocity perpendicular to the ambient 

geomagnetic field. In the electrostatic limit the simulation and theory 

indicate an instability occurs in the plasma due to an azimuthal E x B 

drift velocity shear of the electrons. The growth of this instability, 

in the nonlinear stages leads to the formation of stable, narrowly 

confined regions of ion density wbich resembles a stellate pattern. It 

is proposed that the electrostatic Kelvin-Helroholtz shear instability is 

the initial dominant, unstable plasma process occurring during the first 

few seconds of the plasma expansion.

In the previous section it was found that the growth of the plasma 

instability was related to the degree of charge separation occurring
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initially in the plasma. An estimate of the quantity A, which is a 

measure of the charge separation, is made as follows. The maximum 

azimuthal drift velocity of an electron is estimated by assuming the 

maximum kinetic energy of the electron is less than or equal to the 

initial kinetic energy of an ion. This gives

o
V - V. / m./ra km/sec = 4.n x 10 km/sec (4.10)em to l e

where V is the maximum azimuthal drift velocity of an electron, V. is em xu
the ion velocity, and m. and m are the barium ion and electron mass, J ’ l e
respectively. The relation between the charge separation and the 

electron azimuthal drift velocity is given by

eM A 9 9
V = ° s r ~  (r, - r ) = 0.49 oj Ar0 (4.20)em 2e B r. 2 1 o 2o 2

2where we assume r0 = 10 r-, and w = u> /<D (a) is the electron plasma2 1 o pe ce pe
frequency and to the electron cyclotron frequency). Therefore, using a

5 -3value of N - 10 cm for the average number density and magnetic field o
strength, B = .44 G, we obtain

20) 7 ,
a) = — 22- = 3.6 x 10 sec (4.21)o 0)ce

which gives a measure of the charge separation as

2.2 x 1 0 - 4 r ~ l krn (4.22)
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If we assume instability occurs within an ion gyroradii, then for a 

value of r^ - 0.01 km, instability occurs at 0.1-0.5 sec and gives

A = 0.022 (A.23)

From Figure 4.3 this predicts the maximum value of the mode number to be 

m a 30.

The observed number of ion rays, which is conjectured to be the 

nonlinear development of the plasma evolving from the initial surface 

plasma density perturbations, was approximately 18 and is roughly 

consistent with the theoretical result. However, we do not know the 

ratio rl^r2 very accurately and it has been demonstrated that for small

values of this ratio, or the greater the thickness of the electron 

rings, the fewer the number of unstable azimuthal modes which occur. 

Since the growth rate and number of unstable azimuthal modes predicted 

to occur are within the same bounds as the experimental data, the 

electrostatic Kelvin-Helmholtz shear instability may be the initial 

dominant unstable plasma process.



CHAPTER V 

SUMMARY AND DISCUSSION

5.1 General Discussion and Summary

In this section, several important questions, pertaining to 

disturbances of the E region caused by the barium injection and ambient 

plasma perturbations, are addressed before giving a general summary of 

our results.

Theoretical studies have found that, following the release of ion 

clouds at F region heights, the density of the E region is disturbed due 

to electron transfer between the plasma cloud and its electrostatic 

image. The attempts to detect these disturbances experimentally, using 

optical techniques to search for visible emissions from molecules 

excited by the down-coming electrons, have been inconclusive. However, 

using sensitive radio wave techniques, localized E region disturbances 

have been detected by Jones and Spracklen (1978).

When the plasma cloud polarizes, electrons will move from one end 

of the plasma cloud to an electrostatic image cloud found in the highly 

conducting E region. Then electrons will move back up along the field 

lines to the opposite end of the injected plasma. The electrons will 

move along the magnetic field lines because of their high mobility, 

while the horizontal Pedersen current in the E region is mainly carried

69
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by the ions. Therefore, the down-coming electrons and ion flow will 

locally enhance the electron density in the E region.

A great deal of theoretical work has been done to understand the 

behavior of the coupled barium cloud-ionospheric system (Lloyd and 

Haerendel, 1973 and Scannapieco et al., 1976). These are mainly

simulation studies and they account for striation formation and E region 

image disturbances which last for several minutes. Examples of E region 

disturbances for a range of plasma cloud models are presented by Doles 

et al. (1976). It is found that the image process takes about one

minute to become fully established.

During the course of the radial shaped charge experiment, no marked 

E region anomalies were detected from the associated optical 

emissions. Since the experiment was performed under disturbed

conditions, it is possible that the background particle precipitation 

masked any E region responses to the plasma injection. These responses

could have taken up to several minutes to occur.

The numerical simulation study presented in chapter three predicts 

the formation of a large polarization electric field. This electric

field forms very rapidly and, hence, the dynamics and stability of the 

plasma cloud are not effectively modified by E region coupling due to 

the long time scales involved. Therefore we are justified in neglecting 

ionospheric coupling for our study of the short time behavior of the 

plasma cloud.

Xt is interesting to note here that radiowave techniques for 

detecting down—coming electron flow is a very useful method for
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supporting optical emission data from E region disturbances. By 

measuring the Doppler shifted signal, downward electron fluxes of 0.54- 

0.73 km/sec have been detected (Jones and Spracklen, 1978).

Another interesting problem of artificial plasma injections has 

been the theoretical and experimental determination of plasma waves as 

well as the mechanisms which generate them. Three of the most 

successful experiments to measure plasma waves in the vicinity of the 

plasma cloud injection are found in Koons and Pongratz (1979), Kelley et 

al. (1974), and Holmgren et al. (1979).

In the experiment described by Koons et al. (1Q79) electrostatic 

waves were detected at the ion cyclotron frequency. It was suggested by 

Simons et al. (1980) that these waves were created by the highly peaked 

loss-cone velocity distribution following the nearly perpendicular 

injection of barium plasma. The experiment Trigger (Holmgren et al., 

1979) has measured a wave electric field which was parallel to the 

magnetic field, electrostatic and propagated in the ion acoustic mode. 

An ion two stream instability has been suggested as a possible source of 

instabilty. Also, in the Trigger experiment, a cesium plasma injection, 

a large polarization electric field measuring 200 mV/m (E field prior to 

injection was a 10 mV/ra) was detected by the instrument package 150 msec 

after the explosion. The electric field pulse was associated with the 

rapid initial expansion of the plasma and propagated in the 

electromagnetic or hydromagnetic mode.
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The radial barium plasma injection experiment contained no 

instrumented payload section for release in the yicinity of the

injection altitude and ground based stations were unable to detect 

induced magnetic perturbations because of the high level of magnetic 

activity.

Preliminary analysis of the electrostatic wave spectrum derived

from the numerical simulation results of chapter three, indicates the 

excitation of electrostatic ion cyclotron waves caused by the

anisotropic velocity distribution. It is predicted that these waves 

x^ould be measured by an instrumented payload section near the radial 

barium injection.

In summary, this thesis is an investigation into the dynamics and

stability of a high altitude, radially injected barium plasma using

theoretical and numerical simulation techniques. Experimental

observations reveal the presence of instabilities occurring from burst 

to formation of the main barium plasma cloud. These include the 

existence of three distinct rings of barium each containing 

irregularities in density or density ’blobs1, high velocity jets of 

barium moving radially outward and approximately eighteen distinct rays 

of barium ions emanating from a central region of plasma depletion at 

the location of detonation. The ion rays appear to extend from the

injection point to the high density ’blobs’ of the two inner barium

rings and were found to lie in a plane nearly perpendicular to the 

geomagnetic field.
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To understand the initial plasma instabilities and deformations 

following the injection of the disk shaped barium plasma, a numerical 

simulation technique, in the particle limit, is used. The particle 

simulation method follows the motion of many thousands of ions and 

electrons in their self-consistent electrostatic fields. The results of 

the simulation of a radial plasma injection indicate the formation of a 

large polarization electric field which causes an instability in the 

electrons initially; the electrostatic Kelvin-Helmholtz shear 

instability. It is proposed this shear instability is responsible for 

the initial deformation of the partially ionized barium plasma. A 

linear stability analysis is performed in order to determine the growth 

rate of the plasma instability and it is found that the azimuthal mode 

number with maximum growth rate is dependent on the amount of charge 

separation occurring in the plasma.

The presence of rings of barium plasma has not been observed in the 

numerical simulation experiment. It is highly probable, though, that 

the rings form as a result of the ionization process. As the partially 

ionized barium plasma exnands, the newly formed barium ions will couple 

to the magnetic field and the neutral barium will continue to expand 

radially. Since the collision frequency is so low, the barium cloud can 

attain scale lengths many times the ion gyroradius. The reason for the 

number of rings which did form still remains a question.

Finally, much of the physical picture obtained in this study has

been derived from numerical simulation of the plasma. The particle

simulation code is essentially a microscale code and has the advantages
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of simulating the rapid development of microscopic instabilities. 

Furthermore, with this technique a study of the associated wave spectrum 

can he undertaken to determine growth rates of the unstable plasma 

waves.

S.? Future Study

There exist several remaining problems to be solved in the further 

study of this project.

(i> A future experiment of this type should be performed under

magnetically quiet conditions with ELF and VLF recorders placed 

at the foot of the magnetic field line on x^hich the release

took place. Also, an instrumented payload section should he 

positioned a short distance away from the release point to

detect ambient plasma perturbations.

(ii) Electrostatic particle simulations with the inclusion of the

neutral particle motion and conversion of the exact electron 

dynamics to the guiding center approximation. This would allow 

the study of the lox* frequency behavior of plasma.
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(iii) Realistic magnetobydrodynamic simulations with parameters

chosen to correspond to those at the time of plasma

injection. A two fluid model, for neutrals and plasma, would

be adequate to study the plasma processes on a larger 

macrosocpic scale.

(iv) A stability analysis of the Rayleigh-Taylor instability caused

by the dense barium plasma moving radially into the much less 

dense ionosphere. This analysis would be useful in determining 

the growth rate of the instability and number of modes

excited.

(v) A simulation and theoretical study of the formation of

partially ionized plasma rings in a radially expanding barium 

cloud.
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