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ABSTRACT 

A SHORT STUDY OF THE PLASMA SHEET IN THE GEOMAGNETIC TAIL 

FreAs.nc.k' 3". T^ick 

This thesis approaches two theoretical problems asso¬ 

ciated with the plasma sheet in the geomagnetic tail. The 

first problem is the structure of the plasma sheet. It is 

approached by considering the plasma sheet as a sheet of 

collisionless plasma with isotropic gas pressure that is in 

a state of balance between the macroscopic forces. Only the 

forces due to the plasma gas pressure and the magnetic field 

forces are considered. The calculations are done in two 

dimensions by neglecting any Y component of the geomagnetic 
ojyi 

tail field. The discussion of force balance argues that, 

unless there is a significant contribution to the forces in 

the tail from some neglected source, the normal component of 

field must be on the average positive in all parts of the 

plasma sheet. A model configuration is computed as an ex¬ 

ample of force balance and yield the relation B /(d *B ) « 
zo p xx 

0.72 where B is the normal component of field in the center 
zo 

of the sheet (gammas), d is the sheet half thickness (R ), 
^ p e 

and B is the radial gradient of the external field strength 
XX 

Also, the z-variation of the plasma sheet field strength show 
3 

no presence of a neutral sheet, a thin (~ 10 km) reversing 

layer with a field strength of several gammas on either side, 

within the plasma sheet. Indeed, a neutral sheet may be in¬ 

consistent with a force balance plasma sheet unless additions 

balancing forces or anisotropies of the plasma pressure are 

considered. 

The second problem is a study of the effect of a 



geomagnetic-like neutral sheet, a thin current sheet where 

ionic, and maybe electronic, motions are non-adiabatic, on 

plasma. The results of previous studies by Speiser [1965, 

1967, 3.968, 1970] are found to be basically correct but 

limited. It is shown that the energy, pitch angle and phase 

angle dependence of the change in pitch angle of ions trav¬ 

eling through the neutral sheet makes it unlikely that the 

neutral sheet is responsible for direct precipitation of 

plasma sheet ions into the auroral ionosphere as suggested 

by Speiser [1967], The effective conductivities of the 

neutral sheet [Speiser, 1970] needed to describe the neutral 

sheet with MHD are found to be useful but accurate only as 

a rough estimate of the time effective conductivity which 

may be a function of position and other parameters. 



Tell me, moon, thou pale and grey 
pilgrim of heaven's homeless way, 
In what depth of night or day 
Seekest thou repose now? 

Weary Wind, who wanderest 
Like the world's rejected guest, 
Hast thou still some secret nest 

On the tree or billow? 

from "The world's wanderers" 
Percy Bysshe Shelley 
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I 

INTRODUCTION 

The existence of a hot (a few keV) plasma, called 

the plasma sheet, in the outer magnetosphere and geomagnetic 

tail has been established for several years as a permanent 

feature of the magnetosphere. The existence of the plasma 

sheet was a bit of a surprise when first detected because 

there was not, and still is not, a satisfactory explanation 

as to why there should be a region of "quasi-trapped" plasma 

in the tail. "Quasi" because most of the plasma resides on 

field lines that cross the equatorial plane well beyond the 

trapping boundary where particles can execute a longitudinal 

drift motion without encountering the magnetopause and being 

lost in the magnetosheath. "Trapped" because the measured 

fluxes are almost completely isotropic, e.g. the plasma sheet 

is composed of a stationary plasma or a plasma flowing slowly 

with respect to the magnetoacoustic velocity instead of a 

streaming plasma. 

Most of the plasma sheet lies along field lines in 

the tail that are approximately parallel to the earth-sun 

line and cross the equatorial plane (or, more accurately, 

the neutral sheet) either at great distances from the earth 

[Axford, 1969; Behannon, 1970] or extend the entire length 

of the tail and connect to the interplanetary medium [Dessler, 

1968]. The plasma sheet in the equatorial plane extends 

toward the earth as close as and just inside of the trapping 

boundary [Frank, 1971a]. The plasma sheet plasma follows 

field lines from the outer magnetosphere and geomagnetic tail 



-2- 

.into the inner magnetosphere and down to the ionosphere, in 

approximately the auroral zones. Formations and movement 

of auroral features thus have been used to infer things about 

the structure and dynamics of the plasma sheet in the tail. 

A detailed description of the general characteristics of the 

plasma sheet in the geomagnetic tail from experimental data 

is not really possible at this time. Efforts to describe the 

plasma sheet from i_n situ data are frustrated by uncertainties 

of satellite positions with respect to the plasma sheet, high 

thresholds of plasma detectors used with respect to normal 

plasma sheet fluxes, hydromagnetic noise within the sheet, 

and other problems. Efforts to infer characteristics of the 

plasma sheet from ground-based and low-altitude auroral zone 

observations are frustrated by uncertainties in mapping field 

lines onto the equatorial plane and into the tail. 

This thesis represents a theoretical study of two 

problems involving the plasma sheet in an effort to fit to¬ 

gether and better understand the implications of the descrip¬ 

tion of the experimental data made by other investigators. 

The first topic is an attempt to understand the 

description of the plasma sheet if it is an almost stationary 

plasma with isotropic fluxes.. Since there is a radial gradi¬ 

ent in the total, (gas plus magnetic) pressure, something must 

be applying an opposing force to prevent the plasma sheet 

plasma from freely expanding and escaping into the distant 

tail. The magnetic tension is considered as the only balanc¬ 

ing force available. A "force balance" equation is obtained 

from tlxe MHD equation of motion by setting the acceleration 

of the plasma to zero and disregarding all other terms except 
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the gas pressure gradient and J x B. This "force balance" 

equation-, is used to investigate relationships such as B 

vexsts Z„,„, B versus Z_ and the magnitude and sign of B 

'across the center of the plasma sheet. These relationships 

can be .compared the same relationships derived from experi- 

mental data to help determine the degree to which magnetic 

tension provides the balancing force required. 

The second topic is a study of the trajectories of 

particles (ions) passing through a magnetic field configura¬ 

tion, Similar to the neutral sheet, where the particles are 

unable to conserve their magnetic moments. The particles are 

started in an adiabatic region just outside side of the model 

neutfral sheet and their trajectories into and back out of the 

model neutral sheet are followed by means of a forward inte¬ 

gration of the equations of motion of a charged particle in 

the presence of electric and magnetic fields. Such work was 

first done by Speiser [1965, 1967, and 1970] by means of both 

analysis and forward integration of a few trajectories. In 

this thesis, wider ranges of initial conditions for the par¬ 

ticles and for the electric and magnetic fields are used in 

an attempt to verify Speiser1s conclusions and to find limita¬ 

tions to those conclusions. No attempt is made to use or to 

..-find a self consistent field configuration in this thesis. 

Instead, like in Speiser1s work, a simple model which approxi- 

_ rnately fits the experimental data is used in the belief that 

the behavior of particles under non-adiabatic conditions must 

•be understood better before a neutral sheet model can be built 

with confidence. 

This thesis is organized into sections. Section II is 
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..a brief review of information relating to existence of the 

pbatema. sheet and geomagnetic tail. Some of the material in 

Section II--serves as the basis of the experimental informa¬ 

tion jihat the thesis attempts to interpret, but most is only 

"for the general information of anyone not well acquainted 

with magnetospheric physics. The next couple of sections 

are a statement of the problem for the first topic, the 

solution of that problem and a discussion of the relevance 

of-the, solution to the plasma sheet. The last sections deal 

with, the second topic. Of particular interest is the possi¬ 

bility of collectively treating non-adiabatic motions in an 

.MUD-like formalism. 
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II 

THE EARTH'S MAGNETOSPHERE AND THE GEOMAGNETIC TAIL 

The purpose of this section is to give a brief descrip¬ 

tion of the earth's magnetosphere and magnetic tail of which 

the plasma sheet is a part. Although most of the relation¬ 

ships described in this section are not explicitly treated in 

later sections of this thesis, an understanding of the rela¬ 

tionship of the plasma sheet to the other elements of the 

magnetosphere is necessary for a complete understanding of the 

plasma sheet. For a more complete description one is referred 

to the review papers from which most of. the material follow¬ 

ing has been taken: Behannon (1970), Ness (1969), Vasyliunas 

(1970), Axford (1969), Frank (1971a), Gringauz (1969), 

Feldstein (1969) and their bibliographies. 

The earth possesses a dipole magnetic field whose cen¬ 

ter is offset from the earth's center by 436 km. and whose 

axis is slightly skewed with respect to the earth's rotational 

axis. This internal field, v/ith small but detectable higher 

order components, account for 99% of the earth's surface 

magnetic field. As a result of skewness and perturbations, 

the intersection of the magnetic dipole axis with the earth's 

surface does not coincide with the magnetic dip poles, the 

places where the horizontal component of B goes to zero. From 

a solar fixed coordinate frame, the unperturbed geomagnetic 

field would look like an ordinary dipole that wobbles with a 

24 hour period. In order to define things in the near earth 

environment in a convenient coordinate system in which the 

wobble almost does not exist, the solar magnetospheric 
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.'coordinate .is-defined to be geocentric, with the x-axis di- 

"rexrbed toward.rthe sun, the z-axis perpendicular to x and in 

the-plane of x and the dipole axis, and the y-axis pointed 

toward the dusk sector, completing the right-handed system. 

It -fs this coordinate system, or an idealized form of it, that 

:is used throughout this thesis. 

The dipole-field configuration is approximately accu¬ 

rate dbnly-i-out to a distance of 6 earth radii (R^) where the 

-field- is 'distorted by a flow of supersonic, high 8 plasma from 

the'"-sun called the solar wind. The following parameters for 

the aolai;* wind are taken from Brandt (1970). The bulk velo- 

.city ranges from 200 to 900 km/sec with an overall average of 

400 to 500 km/sec and a "quiet time" average of 300-350 km/ 

sec. ..The ion or electron number density ranges from 0.4 to 
-3 -3 

80 cm- with an average of 5 cm . The proton temperature 

ranges from 5 x 10 to ~ 10 °K with an average of ~ 10~ °K. 

The electron temperatures are generally a factor of three to 

four times the proton temperature. The magnetic field strength 

ranges from 1/4 to 40y. The field is quite erratic but its 

.long-time average is almost completely in the ecliptic plane 

making an average angle of 45° with the earth-sun line. The 

average normal component to the ecliptic is given as O.ly but 

..its rms value is several gamma. 

The solar wind compresses the earth's magnetic field 

on -the front and sides causing a magnetic cavity called the 

magnetosphere. See Figure 1 for a sketch of the generally 

accepted geometry of the magnetosphere and environs. Since 

the solar wind is super-sonic, it must be shocked to deviate 

its flow pattern around the earth. Thus in front of the 
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magnetosphere there is a bow shock front supported by magne¬ 

to-hydrodynamic (MUD) waves propagating upstream off the 

magnetosphere, since the solar wind is almost a collisionless 

plasma. The region of deviated solar wind is the magneto¬ 

sheath. Typical parameters for the magnetosheath are 
3 6 

v < 500 km/sec, n ~ 5-20 cm , and T ~ 10 °K. The solar 

wind flow makes an average angle of 4° with the earth-sun 

line due to aberration. The boundary between the solar wind 

and the earth's magnetic cavity is the magnetopause which may 

be as thin as one ion gyroradius. There is little, although 

not necessarily negligible, connection of field lines across 

the magnetopause. The distances in front of the earth of the 

magnetopause and the bow shock are 10 and 14 R^ on the aver¬ 

age and vary with the changes in the solar wind flow speed. 

Often the changes will be discontinuous. The magnetopause’ 

also varies with changes in direction of the normal component 

of the interplanetary field [Nishida and Maezawa, 1971]. 

The geomagnetic field is stretched out behind the earth 

into a tail extending as a single identifiable feature as far 

as 200 R and has been detected at distances of 1000 R . The 
e e 

tail is approximately a truncated cone in shape with a radius 

of 20 R^ just behind the earth and flares out with an angle 

of ~ 5°. At distances greater than 200 R behind the earth it 
e 

may become slightly oblate and beyond that it would seem to 

break into filaments. See Figure 2. Whether'these filaments 

are open to the interplanetary medium or closed but available 

to diffusion of interplanetary plasma is uncertain. There 

does seem to be some kind of communication between the inter¬ 

planetary medium and the tail because solar flare particles 
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are detected in the tail within one hour of passing the earth. 

The geomagnetic tail is easily detected by satellite- 

borne magnetometers because the stretched field lines are 

very regular, pointing almost parallel to the earth-sun line 

in the northern half of the cone and anti-parallel in the 

southern half. The two halves are separated by a thin rever¬ 

sal layer, the neutral sheet, in which the field strength 

appears to decrease almost to zero, the field changes direc¬ 

tion, and the field strength recovers as one crosses the 

sheet. Russel and Brody (1967) have given a formula for 

finding the location of the neutral sheet. In the more dis¬ 

tant tail near the moon's orbit, a very thin (50-200 km), 

very distinct reversal layer has been reported by Mihalov 

et aJL. (1970) . 

The neutral sheet in the geomagnetic tail is under¬ 

stood as being the current sheet required to keep the 

oppositely directed field lines in the northern and southern 

lobes of the tail from rapidly merging and being destroyed. How¬ 

ever this definition is inadequate for the regions of the 

tail where the plasma sheet exists because the plasma sheet 

also fulfills this definition. Indeed, where both a plasma 

sheet and neutral sheet exist, they share the job of carry¬ 

ing the required current. The difference between the two is 

their respective scale thicknesses. The scale of the neutral 

sheet, approximately a proton gyroradius, makes the neutral 

sheet a region of non-adiabatic ionic motions. The scale of 

the plasma sheet is much greater than a proton gyroradius. 

An alternate approach might be to consider the plasma sheet 

as a low p current sheet. (p = particle pressure/magnetic field 
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pressure) and the neutral sheet as a high 3 current sheet. 

In the absence of the plasma sheet, the neutral sheet carries 
I 

all the current within a region approximately one proton 

gyroradius thick. 

There are several other examples of thin current sheets, 

or neutral sheets, in physics and astrophysics such as those 

in solar fluxes, which last several hours to several days, and 

the sector boundaries in the solar wind, which last several 

months. Why the thin current sheets are as stable as they are 

is not well understood. 

It has been suggested that this current sheet should 

be about an ion gyroradius in thickness. This would make it 

~ 1000 3cm. thick which is approximately consistent with the 

observed thickness [Speiser and Ness, 1967; Speisea:, 1970]. 

However, many data records of satellite passes through the 

near earth portion of the tail show only a broad region of 

magnetic depression indicative of the plasma sheet without 

any evidence of the neutral sheet. The field direction slowly 

reverses with a minimum strength of several gammas. Whether 

this is a temporal and/or spatial variation of the neutral 

sheet is uncertain. 

Generally the magnetosphere is isolated from direct 

influx of interplanetary plasma but is not devoid of plasma. 

The almost-dipole field lines near the earth are loaded with 

cold plasma that has evaporated from the ionosphere. This 

region called the plasmasphere does not extend out to the 

trapping boundary, the boundary beyond which particles cannot 

longitudinally drift without encountering the magnetopause, 

because convection within the magnetosphere strips off the 
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outer layers [Chen, 1971]. The plasmasphere ends rather ab¬ 

ruptly at about 6 R^. Due to interactions with the ionosphere, 

the plasmasphere approximately co-rotates with the earth. 

Within the plasmasphere there are regions of high energy 

plasma originally called the Van Allen belts. Their origin 

is a mixture of cosmic rays, solar flare particles, artificial 

injecta, and maybe magnetospheric plasma accelerated and 

brought in during substorms. 

During the passage of solar flare particles or some 

other large enhancement of the solar wind, the bow shock and 

magnetopause are pushed inward. This is noticed on the earth 

by a sudden increase at low and mid-latitudes of several tens 

of gamma in field strength, called the sudden commencement of 

the magnetic storm. Within an hour or so, interplanetary 

plasma enters the tail, travels in toward the earth and-causes 

a significant westwardly ring current at a distance of 6-8 

R . This is noticed on the earth by a decrease of several . 
e 

hundred gamma at low and mid-latitude, called the main phase 

of the magnetic storm, and the magnetopause moves out. The 

main phase of the storm lasts 1-4 days until the ring current 

plasma is depleted, probably by enhanced substorm activity. 

[See Suguira and Heppner, 1965.] 

There is one other commonly found population of plasma 

in the magnetosphere, the plasma sheet. It is a layer of hot 

plasma extending from the dawn to the dusk boundary of the 

tail and arranged approximately symmetrically about the neu¬ 

tral sheet. It is typically about 6-8 R^ thick along the 

midnight meridian, 8-10 R^ along the dusk magnetopause and 

10-12 along the dawn magnetopause [Vasyliunas (1970) and 
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Eame ejt chL. (1967)]. There are indications that it becomes 

thinner at increasing geocentric distances but is hard to 

tell for sure. Most measurements are confined to geocentric 

distances of less than 30 . It has been suggested that 

the plasma sheet does not exist beyond 60 R^ [Mihalov, 1970; 

Mihalov e_t _al., 1970; Burke and Reasoner, 1971], 

Typical plasma sheet parameters are kT. ~ 1-2 keV, 
_3 1 

kTe ~ 0.5 keV, n = 0.1 - 0.5 cm [Frank, 1967; Bame, 1968]. 

See Figure 3 for a typical spectrum. Except for a narrow 

field aligned beam found by Hones et. aJL. [1971a], the mea¬ 

sured plasma fluxes are isotropic to the accuracy of the 

detectors used. The earthward edge of the neutral sheet is 

at about 10-12 R^ but the population of plasma making up the 

plasma sheet continues inwards almost up to or within contact 

with the plasmasphere and follows distended dipole field.lines 

to the earth's surface near the auroral zones, magnetic lati¬ 

tude ~ 78°. Above and below the plasma sheet in the tail, 

the field lines are almost totally devoid of any detectable 

plasma. The boundary between these high latitude field lines 

and the plasma sheet is quite diffuse during quiet times 

[Hones e_t al. , 1971b]. 

There seems to be a population of plasma on field 

lines which extend into the region of the dayside cusp. The 

energy spectra look very similar to the plasma sheet. Follow¬ 

ing the suggestion of Frank [1971b], Heikella-and Winningham 

[1971] and Hill and Dessler [1971], Figure 1c has been drawn 

to show the plasma sheet as an extension of the dayside cusp 

region. The solar wind is thought to gain access to the 

magnetosphere through the dayside cusp, is convected into the 
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plasma sheet and is then convected in toward the earth. 

The concept of convection of magnetospheric plasma has 

been around for quite some time now [cf. Axford, 1969], Since 

tail field lines are thought to connect to the earth in the 

region of the auroral zones and the polar caps, a good many 

ground based observations can be explained by the convection 

of plasma in the magnetosphere on field lines connected to 

polar cap regions as first proposed by Axford and Hines (1961). 

In particular the convection model would help to explain the 

DS current system (currently known as the DPI and DP2 current 

systems) in the polar ionosphere which is assumed to be essen¬ 

tially composed of Hall currents. See Figure 4. Field lines 

and their attached plasma near the front of the magnetosphere 

are, according to the model, pulled into the tail by some 

form of viscous interaction. The return flow is in the tail. 

The Lorentz electric field caused by the convection would map 

along the magnetic field lines into the high latitude iono¬ 

sphere because the field aligned conductivity in the magneto¬ 

sphere is almost infinite. In the last few years, balloon 

flights and high altitude barium cloud releases have helped 

to confirm the high latitude electric fields [see Heppner ejt 

al., 1970; Mozer and Manka, 1970; Mozer, 1971] and satellite 

borne plasma detectors have observed upon occasion the con¬ 

vection flow [Kelly ejt al., 1970; Freeman, 1968; Freeman ejt 

al., 1968]. Indirect methods such as whistler observations 

of the plasmasphere [Carpenter, 1970] and anisotropy of high- 

energy trapped particles [Roederer and Hones, 1970] have also 

detected the convection electric field. The magnitude of the 

cross-tail electric field reported or implied from reported 
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data is 0.5 - 5.0 mV/m during substorms, 0.3 - 1.0 mV/m dur¬ 

ing active times between substorms and ~ 0.1 mV/m during quiet 

times. Thus convection is considered to be a well established 

magnetospheric phenomenon. However many of the details are 

somewhat in doubt, such as the driving mechanism and the tem¬ 

poral changes. 

The auroral oval seems to be approximately connected 

to the earthward edge of the plasma sheet by magnetic lines 

of force. A comparison of electron differential energy spec¬ 

tra shows that the precipitating particles that cause visible 

aurorae probably come from the earthward edge of the plasma 

sheet particle population [Chase, 1969; Westerlund, 1969; 

Frank and Ackerson, 1971]. Thus it is assumed that temporal, 

almost explosive changes in the plasma sheet cause the particle 

precipitation and all related phenomena. The whole group of 

related phenomena are called a magnetospheric substorm; the 

auroral variations are called auroral substorms and the mag¬ 

netic variations are called magnetic substorms. There is 

often in intense, quiet arcs, a secondary peak or spike in 

the electron energy-flux spectra of precipitated electrons at 

several keV, but no corresponding secondary peak has been de¬ 

finitely identified in plasma sheet spectra. This spike is 

sometimes so narrow and intense as to be called a mono-ener¬ 

getic beam [Evans, 1968], It is uncertain whether this spike 

is due to some selection effect, to an energization of some 

of the precipitated plasma sheet particles or to some other 

source, but the total flux in the peak is small enough to make 

the plasma sheet the probable source. During the auroral 

break-up stage, the differential spectra of precipitated 
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-.4i electrons-, becomes confused and multipeaked [Chase, 1970], 

• - ^ Because of the lower flux levels of protons, there 

. have- been, few measurements of the auroral proton differential 

\spectra [Chase, 1968; Reasoner et. aJL., 1968; Whalen and 

HcDiarmid, 1968]. Roughly the spectra for 500 eV < E ^ 650 

. kdV is „a. .power low spectra with a possible secondary peak 

near 10 keV. 

-*>.Substorms are preceded by stable, faint auroral arcs 

■ and.bands which extend almost from local dawn to local dusk 

along lines of constant magnetic latitude. They are caused 

- by .the. quiet-time precipitation of particles. Suddenly the 

.entire arc system will brighten, announcing a sudden increase 

in precipitation. Ground-based magnetometers respond to the 

enhanced westwardly Hall current in the arcs from the dawn 

.... sector, past local midnight to about 21 hours LT. Beginning 

•■with the part of the arcs nearest local midnight, the arcs 

, .will break up and start moving rapidly poleward. The "fault 

- lines" between the part of the arcs moving poleward and the 
5 parts which have not started moving poleward propagate toward 

the dusk and dawn meridians. The "fault line" propagating 

from local midnight toward the dusk meridian is more prominent 

and is called the westward traveling surge. What is thought 

to happen [e.g. Siscoe and Cummings, 1969] in the magneto¬ 

sphere is that the plasma sheet will slowly move earthward, 

’possibly due to accretion of magnetic flux in the tail by 

convection from the nose of the magnetosphere. Some form of 

plasma instability then rapidly releases energy, possibly by 

rapid merging of magnetic flux across the current sheet. 

The-plasma receives the energy and is dumped into the auroral 
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zone ionosphere and the plasma sheet moves outward. This 

morphology is approximately proved out by satellite data but 

the mechanisms responsible are not understood. 

There are also dramatic changes of the plasma sheet 

in the geomagnetic tail during a substorm. A few minutes be¬ 

fore the sudden brightening of the auroral arcs, seen as the 

onset of a negative bay on a ground-based magnetometer near 

the arcs, the plasma sheet "disappears". Whether the plasma 

sheet moves inward and/or outward en masse, thins itself 

enough to leave the observing satellite outside the plasma 

sheet, suddenly cools to undetectable flux levels, or changes 

in several different ways simultaneously cannot be conclusively 

determined from presently reported data. Ten to fifteen 

minutes after the onset of the negative bay, the plasma sheet 

suddenly re—appears thicker and hotter than before the sub¬ 

storm. Hones et. _al. (1970) and Hones ejb a_l. (1971b) have 

described the thinning as a general decrease in number density 

with a slight decrease in temperature until the plasma sheet 

has "thinned" by a factor of about 3 or more. They describe 

the recovery as an expansion of the plasma sheet boundaries 

at ~ 18 with an expansion speed of 5-20 km/sec. 

While the general source of power for substorms must 

be the solar wind, it is often assumed that the source of 

power directly responsible for a magnetospheric substorm is 

the destruction of magnetic energy in the tail at an "X" type 

neutral point (or line) somewhere in the neutral sheet. Op¬ 

positely directed field lines meet at the neutral line and 

are annihilated. The lost magnetic energy is probably trans¬ 

ferred to plasma kinetic -energy and dumping of plasma into 
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the ionosphere. In non-terrestial neutral sheets, the lost 

energy may be transferred to electromagnetic radiation 

[Michel,, 1969]. The location of, the configuration of fields 

and plasma near, and the rate of energy release from the re¬ 

gion of the neutral line [Sweet, 1958; Petchek, 1966; Yeh 

and Axford, 1970; Dessler, 1968, 1971] are important to the 

strxicture of the plasma sheet and the kinematics of a sub¬ 

storm. One problem is the presence of a collisionless plasma, 

which implies "frozen-in flux" does not favor the merging of 

field lines. Thus Dessler [1968] suggested that the neutral 

line is in a region of the neutral sheet with a low density 

of plasma (vacuum merging) ; this condition is most easily 

obtained near the earth. A near earth neutral line would 

imply that the z—component of the field, which is positive or 

northward near the earth, should be southward in the tail be- 1 

yond the neutral line. However Behannon [1970] has found the 

long time average of the normal component to be northward and 

decreasing in size with increasing radial distance out to 

~ 70 R^. Dessler and Hill [1970] replied with an argument 

for a small southward compenent in the neutral sheet and a 

northward component in the plasma sheet. It is possible that 

the region of the neutral line is dominated by an effective 

or anomalous conductivity [Axford and Yeh, 1970; Brice, 1970b] 

instead of vacuum merging and is located deeper in the tail. 

Another method of obtaining magnetic field line merg¬ 

ing in a collisionless plasma is by means of a plasma 

instability. The plasma sheet (possibly with the exception 

of the neutral sheet) and the neutral sheet are approximately 

what plasma physicists’ refer to as sheet pinches, planar 
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slabs jof diamagnetic plasma confined by or separating two 

regions .of oppositely directed magnetic field. Self-consistent 

.solutions • for sheet pinches have been obtained from statis¬ 

tical mechanics arguments. The results are usually a field 

configuration B = e„ B tanh (Z/L). (Such solutions do not 
* — —B o 

include a z-component of field or an x-component of the gas 

pressure gradient which may limit the applicability to the 

-magnetosphere of results obtained from such solutions.) This 

configuration has been studied by analysis and numerical ex¬ 

periment for instabilities. 

,, Most instabilities for a collisionless sheet pinch 

are.allowed to grow due to non-adiabatic motion of particles. 

By .adiabatic motion, one means that a particle in a field is 

making a circular motion about the field lines about a de¬ 

finable "guiding center". The particle moves freely along a 

•field and the guiding center drifts across the field due to 

force fields and irregularities in the magnetic field, while 

conserving the adiabatic invariants, especially the first 

-invariant, the magnetic moment [see Northrop, 1963]. If 

there are rapid changes in the field with respect to the gyro- 

period as seen by the particle, it will be unable to conserve 

its magnetic moment, and the guiding center approximation, 

which is identical to the MHD approximation in the non-field 

aligned directions (see Appendix A), is inadequate to des¬ 

cribe the average motion of the particle. As a result, field 

lines may be able to diffuse through a collisionless plasma. 

For spatial changes, the criterion for a region being adia¬ 

batic for the ions or electrons is: 
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B > ^ _ mVx r Ws 1 r 4,566 km (protons) 
VB qB ~ 1 B i X 1 106.6 km (electrons) 

where 

R = gyroradius (ionic or electronic) 

W = mean particle kinetic (keV) 
-9 

B = magnetic field strength (gammas = 10 Tesla, 
Tesla s weber/m^) 
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III 

A CONFIGURATION FOR THE PLASMA SHEET; 
STATEMENT OF THE PROBLEM 

At the time that this work was started, it did not seem 

that anyone had made a serious attempt to describe the field 

configuration of the plasma sheet except for several attempts 

by experimentalists based on more or less an "eyeball" esti¬ 

mates of satellite plasma and magnetometer data on passes 

through the plasma sheet. Several suggestions have been made 

about the structure of plasma sheet based mostly on intuition, 

especially with an eye toward the relationship between the 

plasma sheet and magnetospheric substorms, _e._g. Axford [1969], 

Dessler [1968], Siscoe and Cummings [1969], and Dessler and 

Hill [1970]. However, none of the suggestions included a de¬ 

tailed computation. It was the aim of this thesis to make a 

seemingly obvious suggestion about the plasma sheet structure, 

i.e. force balance, and to compute the consequences. 

Obviously, other investigators have made calculations 

concerning the configuration of the geomagnetic tail. For 

example Schield [1968] and Atkinson and Unti [1968, 1969a, 

1969b] have done a rather good job of describing the magneto- 

spheric field configuration by solving a Chapman-Ferraro 

problem, but both works were done by ignoring the structure 

of the plasma sheet and using an arbitrarily thin current sheet 

across the tail. Several calculations have been done regard¬ 

ing the configuration of the magnetic field near the site of 

magnetic merging, the joining and annihilation of lines of 

force in a sheet pinch', £.£. Petschek [1966], and Yeh and 
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ftxford, (1970). Unfortunately, it is uncertain what the rele- 

’•vance .of some of these calculations are for the plasma sheet 

- since, they are often very generalized treatments. Even when 

■the ..implications for the plasma sheet seem clear, there is a 

lack of agreement about how far into the tail the site of the 

neutral line should be. 

What is desired is a treatment of the plasma sheet 

through its entire, finite thickness. If such a solution were 

•^available, it might be possible to fit it into an overall 

solution of the magnetosphere and to fit into it a solution 

^for the merging region. Frank (1971) and Hill (1971) have 

presented models of the plasma sheet as a whole, based mostly 

on -experimental data. This thesis is a theoretical treatment 

of the plasma sheet but also tries to be as consistent with 

experimental data as possible. 

The plasma sheet, as well as the neutral sheet, in the 

geomagnetic tail is similar to what is called in plasma 

physics a sheet pinch of plasma. Treatments of sheet pinches 

are very common, but with a few exceptions, _e.£. Schindler 

[1968] and Biskamp ejt ail. [1970], they have all dealt with 

sheet pinches in controlled fusion which have higher tempera¬ 

tures and much higher densities than the plasma sheet. They 

are thus collision dominated which leads to the use of con¬ 

duction currents and a different set of instability criteria 

- than are applicable to the plasma sheet. 

This thesis treats the plasma sheet by assuming that 

the magnetic field is approximately parallel to the X 

direction and reverses in some symmetrical manner through 

the plasma sheet and by trying to balance the pressure 
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gradient in the x-direction with the magnetic tension force 

in order to achieve a stationary plasma. The force balance 

equation is obtained from the MHD equation of motion, although 

it could have been simply stated as an assumption, in order 

to show some of the things being neglected. The assumptions 

used are specifically: 

1) The plasma in the plasma sheet in the geomagnetic 

tail behaves in all regions according to the MHD 

approximation well enough that the MHD equation of 

motion is valid for describing the plasma. 

2) The plasma sheet configuration is a steady state 

configuration, jl.ej. it is explicitly independent 

of time. 

3) The plasma sheet bulk flow velocity is much less 

than the magnetoacoustic velocity, _i.,e. the plasma 

is about stationary. 

4) The plasma sheet is free of noise or any other 

source of internal or external forces besides the 

magnetic forces and the gas pressure. 

5) The plasma gas pressure is isotropic, at least to 

the accuracy of these computations. 

6) The total pressure (magnetic plus gas pressure) is 

approximately a constant in the normal (z ) direc¬ 

tion through the sheet, there is no gradient 

of the total pressure in the Z„„. direction to be 

balanced. 

The sheet configuration varies only in the direction 

normal to the sheet (Z approximately) and one of 
oivl 

the directions in the plane of the sheet (X„„ 
SM 

7) 
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approximately, _i._e. independent of y ). 
oiYL 

8) A solution for the configuration will be sought 

only in the zero and first order terms with respect 

to the gradient of the field in the X direction. 

9) The field component parallel to the sheet goes to 

zero in the center of the sheet. 

10) There is current in all parts of the plasma sheet 

and the current goes smoothly to zero at the sheet 

boundary. 

11) The plasma sheet is approximately a collisionless 

plasma. 

The first five assumptions listed yield the force 

balance equation. Assumptions 6) - 8) are used to put the 

force balance equation into a working relationship. Assump¬ 

tions 9) and 10) are used as boundary conditions and 11) is 

included so that we may loosely use the concept of "frozen-in" 

flux. 

The basic equation to start with is the MHD equation of 

motion. It only assumes that the forces acting on the plasma 

are electromagnetic and gravity, the laws of Newtonian (non- 

relativistic) mechanics and the conservation of mass and 

mementum. 

d 
P u=-y.p + jxB+p£ (1) 

where 

d 
dt 

(u.y) 

_u = bulk flow velocity 
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P = plasma gas pressure tensor 

’• J. = current density 

- * g — external forces (gravity or wave plasma interactions) 

To;assume a steady state solution is to assume that the 

time average of p 3u/dt is zero with respect to terms on the 

righthand side of (1). This seems like a reasonable assumption 

..since the plasma sheet configuration changes very little, if at 

-ull,, except during a substorm [Vasyliunas, 1969; Hones et al. , 

1970; ..Blones et. auL. , 1971b]. To neglect u or more specifically 

P ,(^i■ .Y.)i-s to assume force balance. If the acceleration of 

plasma in the plasma sheet were not negligible, there would be 

a measureable anesotropy of the plasma fluxes in some parts of 

the plasma sheet. Since the existence of the convective elec¬ 

tric field implies, using assumption .11), some bulk motion of 

. the ..plasma and also some acceleration of the plasma as it moves 

■ into regions of weaker magnetic field, a criterion is needed 

•for the acceptability of the force balance assumption. The 

criterion is that the lefthand side of (2) must be signifi- 
2 

cently less than the gas pressure gradient. For u = E x B/B , 

E everywhere a constant vector, and isotropic pressure, the 

criterion reduces approximately to: 

2 

“y  < < 1 (2) 
+ yP/p 

where 

V = B/(pjl ) s, the Alfven velocity 
o 
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y = the ratio of specific heats = 5/3 for an ideal gas 

2 
Using the facts that the total pressure (P + B /2\J.Q) is almost 

a constant with respect to Z, the field strength outside the 

plasma sheet is ~ 16 y at ~ - 30 R^, the density inside 

the sheet is ~ 0.2 era ^ and roughly a constant, the criterion 

for the acceptability can be further reduced to: 

(E/B) < < 10^ km/sec (3) 

Thus for most regions of the plasma sheet where B ~ 10 y = 
-8 

10 Telsa and at quiet times when E ^ 0.1 mV/m, relation¬ 

ship (3) indicates that force balance should be a very good 

assumption, but in the very center of the sheet where B ~ 1 y 

and especially during a magnetospheric substorm when E ~ 0.5 

-1.0 mV/m, force balance may be an extremely poor approximation. 

By averaging over a central section thick compared to the 

"neutral sheet", force balance may still be a fair approxima¬ 

tion even when relationship (3/ is not well satisfied in a 

thin "neutral sheet". 

After setting the left hand side of (1) to zero with 

the use of the second and third assumptions, all terms except 

the first two terms on the right hand side are disregarded 

with the use of the fourth assumption. This thesis does not 

want to make any claim that internal forces, other than the 

gas pressure and ambient magnetic field, or any external forces 

are negligible. Indeed, Hill and Dessler [1971] have sug¬ 

gested that wave-plasma interactions may be very important to 

the balancing of forces in the plasma sheet and/or neutral 

sheet. We only wish here to find the consequences of a 
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simple set of forces. 

Finally, with the use of the fifth assumption so that 

we may re-write the gas pressure term _V.P = _v»P JL = _VP, we 

have what is referred to here as the force balance equation: 

2 
0 = - VP + J x B = - V (P + B /2u ) + (B*V)B/[J. (4) 

— — O  o 

An interesting feature of the force balance equation that 

should be kept in mind during any discussion of force balance 

is that the isotropic gas pressure along a line of force is 

a constant. This can be quickly demonstrated by taking the 

scalar product of e and equation (4) . 

The sixth assumption can be considered to be an experi¬ 

mental fact within the limits of the experimental errors. This 

leaves a lot of room for variations. It means that the forces 

in the Z direction are approximately in balance since there is 

no gradient of the total (gas plus magnetic field) pressure 

which must be supported. If there were a substantial imbalance, 

it would imply an extremely large electric field. Thus the 

sixth assumption allows us to disregard the Z component of 

equation (4) without any loss of accuracy and to simplify the 

pressure term: 

V (P + B2/2^o) a: 
3 , A 3. 
— + e —) 
3x —y 3y <

B
O
2/
^O> 

(5) 

for any Z such that 

where 

d £ Z £ d 
P P 

d = the half-thickness of the plasma sheet 
P 
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B = B(z?»d ), the external field strength op 

The seventh assumption means that only the x compo¬ 

nents of equations (4) and (5) will be considered. This 

means that the terms (B • v) B can be neglected with respect 
2 ^ 

to (B ♦ J7) B and 3B / By can be neglected with respect to 
2 / X 

3B / Bx. Since the tail is described as approximately sym¬ 

metric about the midnight meridian, both B^ and 3 / By are 

zero near the midnight meridian. Since the flare angle of 

the tail at the boundary is only 5°, it would seem reason¬ 

able to neglect both B^ and B / By throughout the tail. 

Thus, with the use of equation (5), the force balance 

equation can now be written: 

3_ 
Bx 

U 3s ox 
o 

(6) 

It is from equation (6)- that the discussion of the 

meaning and usefulness of the concept of force balance begins. 

Some of the feature of the force balance concept can be 

shown by finding a functional dependence of B and B_ on 
X z 

XSM an<^ ZSM* Unfortunately/ i-n °^der to do that quickly 
and easily, some simplifying assumptions must be made. The 

result of any functional dependence can then only be indica¬ 

tive in a very general way of the implications of assuming 

force balance. 

First, in order to find a quantitative force balance 

configuration, we wish to simplify the problem by lineariz¬ 

ing the x dependence of the plasma sheet magnetic field. 

Experiments flown through the tail have shown that the 
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x dependence of the high latitude tail field strength is 

best fitted with a slow, exponential decrease with respect 

to increasing radial distance [ cf. Mihalov et aJL., 1968? 

Mihalov and Sonett, 1968; Behannon, 1968, 1970]. The 

scatter of the data points with respect to any of the fits 

is several gammas. Thus, to a good degree of accuracy over 

a distance of several earth radii we can approximate the 

x dependence as a linear relationship [ B = B(x^,z) + (x-x^) 

• 3B(x ,z)/ 3x ] and will drop any higher oder terms that 

occur in the calculations. In addition, the term 3B / 3x 
z 

will be neglected wherever necessary because it is so small 

( 0.04y/R [Behannon, 1970]) compared to 3B / Sx. Also 
e 2 X 2 

terms of the form B will be neglected with respect to B , 
Z X 

for the external field because of the relative size. 

Ttfhile our linearization is neglecting higher order 

terms obtainable from the long time average, long range fit¬ 

ting of data from the tail, our linearization is also neglect¬ 

ing short time variations and small scale size variations. 

One possible example of a small scale variation is the vari¬ 

ations in the field near the center of the sheet that lead 

to the tearing mode instability or "magnetic bubbles" as 

suggested by Mihalov et. aJL. [1968]. Besides not being 

properly treated by linearization, these small variations 

of the field may not locally satisfy the criteria for force 

balance. However, since these variations do not cause the 

destruction or even any significant change in the plasma 

sheet as a whole, it is argued that integrating or summing 

over a time long compared with the disturbance period and/or 

over a distance large compared with the scale of spatial 
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variations force balance can be achieved. Thus a simple 

concept of force balance has a minimum time and distance 

scale below which it may not be strictly valid, £.cj. a 

plasma resonance period and a bubble scale size. The lin¬ 

earization of the functional dependencws puts an upper 

limit to the range of the specific forms obtained here, e.g. 

~ 10 R , before the coefficients have to be re-evaluated to 
e 

keep the model consistent with reality. 

Specifically, the expression used for the field 

within the plasma sheet, after considering that • B = 0, 

is: 

B = [B g(z) + B df(z)/dz (x-x )] x 
— L xo xx o J — 

(7) 
f-B f(z) + B ]z 
xx zo “ 

where 

B(x , d ) ♦ x 
“ o p - 

B (x , 0) • z 
— o ~ 

B = d[B(x ,d ) • x]/dx 
xx L— o p —1 

B , B , B , d ~ constants 
xo zo xx p 

g(z) and f'(z) are dimensionless functions of z to 

B 
xo 

B 
zo 

be determined 
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Fo.r« the tail field just outside of the plasma sheet, the 

- -magnetic field is approximately: 

B = - [B + B 
— Jzl L XO XX 

/ . - A A 
(x-x ) ] x + B z 

O — z — 
(8) 

Equation (8) plus assumptions 9) and 10) are used as boimd- 

ary conditions on the arbitrary functions in equation (7). 

Thus g and f are restricted to the conditions g(± d ) = ± 1, 
• _ P 

, V (± d ) = 0, g (0) = f7 (0) = f (0) = 0, and f7 (± d ) = ± 1. 
P P 

'(f7s af/az). 

By substituting (7) and (8) into (6), the result is 

a non-linear, second order differential equation that this 

thesis proposes to find a solution for in order to discuss 

the consequences of force balance for the, plasma sheet: 

B B = B Bxx gf7+B g7(-B f+B ) 
xo xx xo xo xo zo 

(9) 
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IV 

CONFIGURATION OF THE PLASMA SHEET: 
A FORCE BALANCE SOLUTION 

As shown in the previous section, several assump¬ 

tions and approximations have to be made to obtain a work¬ 

ing form of the force balance equation from the MHD equa¬ 

tion of motion. Most are consistent with the physics of 

the problem as established by experimental data; others are 

only simplifications that tend to limit the generality of 

the solution. However, equation (9) still cannot be solved 

directly because non-linear differential equations can be 

solved analytically only in special cases, none of which 

seem to be applicable here. 

The usual method of handling a non-linear differen¬ 

tial equation is to make reasonable approximations that will 

reduce the problem to a readily solvable linear form. Obvi¬ 

ously it is desired to make an approximation that will change 

the physics of the problem as little as possible. Thus, the 

approach used here is to choose an exact analytical represen¬ 

tation of the function f: 

f(z) = Z2/2 d (10) 
P 

The result is that we will find a solution for equation (9), 

not the solution. The motivation for this is that the func¬ 

tion g is more important to the solution of the field config¬ 

uration than f. Hence, we want to artificially constrain g 

as little as possible. The form of f has been chosen to be 

the leading term of a Taylor series expansion of any function 
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that would fit the boundary conditions. Of course, it is 

possible that the leading term would not be the dominant 

term, which would tend to make this solution unphysical. 

By substituting (10) into (9) and using the dimen¬ 

sionless parameter u = a/d , we are left with a differential 
P 

equation that can be quickly integrated: 

1 = u g + (a - u2) g' (11) 

where 

a = 2 B /(B 
ZO XX 

The solution of equation 

d ) 
P 

(11) is: 

g = u/a -!- (A - u^) a tanh ^ [u a 2] (12) 

Notice that "a" is a constant that can be evaluated from the 

boundary condition g/(± d ) = 0. Thus, 
P 

1.439228... = a = 2 B /k d 
ZO I XX p 

Relations (7), (10), (12), and (13) can be put to¬ 

gether as an example of a solution to the force balance con¬ 

figuration in the plasma sheet. The components of the field 

versus the plasma sheet depth are tabulated in Table 1. Values 

of B = 16y, B =1/4 V/K and d = 4 R were chosen as 
xo xx 1 e p e 

representative approximately of the plasma sheet and the geo¬ 

magnetic field near x = - 30 Rg in the midnight meridan. 

B was chosen to be consistent with Hruska and Hruskova's 
xx 
[1970] estimate that the tail field gradient is 0.2 to 
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0.3 y/Re and is consistent with the tail field exponential 

models. B determined to be 0.719y. Slightly 

different parameters could be used, but the configuration 

would not change greatly and relationship (13) would be un¬ 

affected . 

A graph of the magnetic pressure versus the plasma 

sheet depth is shown in Figure 5 together with the magneto¬ 

meter data of a satellite passing through the plasma sheet 

as reported by Lazarus et al. [1968]. The similarity of the 

two graphs is gratifying but is hardly convincing proof of 

the model field. 

As an aid to describing the model field, a represen¬ 

tation of the field lines is drawn in Figure 7a. The field 

lines are drawn by following the lines a distance of one R^ 

in the -x direction- with the use of equation (7) . B and 
xo 

are then re-evaluated from the exponential relationships 

for the tail field strength. The field lines at z = ± d 
P 

and x = x are traced to x = x - 1 R to find a new value 
o a e 

for d . From (13), a new value for B can be evaluated, 
p zo 

The field model equation (7) is used to trace the field lines 

out another Rg and the process is repeated. As an example 

of the rate of change of the parameters, at x = -45 R : d = 
e P 

3.6 R , B = 11.9y and B = 0.5y. 
e xo zo 

As a test of the sensitivity of the model to the 

assumption of a two dimensional model, a calculation was 

done with a non-zero SB^/dy term in (7). The major effect 

was to make g'(0) slightly smaller. The size of the normal 

componenet was almost unchanged. As a test of the sensitivity 

to the choice of (10) for the function f, another calculation 
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and recovering. Second, there is a very clean and distinct 

'relationship for the size and direction of the normal compo¬ 

nent of the field especially in the center of the sheet, which 

'has been a matter of some dispute for the theorists and ex¬ 

perimentalists . 

The lack of a neutral sheet fits Axford's [1969] intu¬ 

itive-concept of the plasma sheet being confined entirely by 

. closed (connected at both ends to the earth) field lines. In 

■ fact, at first glance Figure 7a might be considered to be a 

detailed illustration of Axford's [1969] Figures 10 and 11. 

-The lack of the thin current sheet or neutral sheet might 

well follow as a consequence of assuming an isotropic pres¬ 

sures A field aligned flux such as reported by Hones eh al. 

[1971a] would do little to support a pressure gradient but 

■become more important in regions of lower field strengths. 

Instead of following the field lines in Figure 7 across the 

.center of the plasma sheet, the field aligned component of 

flux might be thrown outwards by centrifugal force pulling 

'the field lines along. There will be no attempt here to 

work out the details of this suggestion for a lack of know¬ 

ledge about the distribution of the anisotropy and a lack of 

consideration of the instabilities which may be the conse¬ 

quences or source of the anisotropic component of flux. 

The stretching out of the plasma sheet field lines 

•along the central plane to form the neutral sheet, while 

often mentioned in conversations, is theoretically annoying 

•because it causes a large curvature or bending of the field 

lines as they approach the neutral sheet which would be hard 

'to.support. This is often glossed over in a diagram of the 

field lines in the tail such as in Figure lb. The placement 
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of a neutral line close to the earth and an almost perfectly 

neutral (B « 0) neutral sheet behind it, as suggested by 
z 

vacuum merging, makes the job of drawing the field lines near 

the neutral sheet much easier; see Figure 1 of Dessler and 

Hill [1971], However, in doing this, the second point brought 

out by the force balance configuration is apparently violated; 

as long as there is a radial pressure gradient (B > 0), 

there must be a. northward component of the field unless new 

terms not considered here in the force balance equation are 

important to the solution. Without a significant northward 

component as described by relation (13), the plasma in the 

neutral sheet and/or the plasma sheet must be in a state of 

acceleration in toward the earth and/or out the back of the 

tail. Hill and Dessler [1971] suggest that the balancing 

factor not considered here is wave-particle or wave-plasma 

interactions with waves propagating in from the distant tail. 

They imply that this force may not be sufficient to keep the 

neutral sheet in an approximate state of force balance, but 

rather the flow velocity is prevented from reaching the 

sonic velocity. 

Obviously a thin reversal region or neutral sheet 

is inconsistent with the force balance configuration presented 

here, but the concept can be applied to many other configu¬ 

rations by considering the average force exerted on a large 

segment of plasma. Consider a configuration like that shown 

in Figure 8a. According to Schindler's [1971] discussion of 

a plasma sheet, there may be an X type neutral point in the 

center of the plasma sheet near 15 as suggested by Dessler 

[1968], but it would be followed by a series of O ans X type 

neutral points forming a bubbly configuration in the "neutral 



sheet", as first suggested by Mihalov et aJL. [1968], out 

pos*sibly as far as the plasma sheet and neutral sheet extend 

■into the tail. The observations of rapid reversals with the 

X component going to zero with a small northward or a signi¬ 

ficant southward component are only the consequences of going 

throu'gh a particular area of the magnetic bubble. By consi¬ 

dering the plasma within the volume ABC shown in Figure 8a, 

we can use equation (6) to show that the average force on the 

plasma within the volume is close enough to zero to prevent 

the rapid disappearance of the plasma sheet or a strong aniso- 

'tropy. The magnetic tension is still holding the plasma 

against the force of the pressure gradient despite local vari¬ 

ations in the plasma and field. On the other hand, consider 

something like Figure 8b. The average force inside the volume 

CDEF is almost zero although there is a strong imbalance of 

•forces in the small volume CD'E'P1. The magnetic tension, 

.despite the fact that the field lines seem to be open, can 

still hold back the plasma in the volumes CDD'C' and EFF'E'. 

The only motion is a slow movement of the plasma to refill 

the volume C'D'E'F' as the plasma is swept away. If other 

forces such as wave-particle interactions are included, then 

it is possible to speak of the balancing of forces in the 

volume CDEF without relying entirely on magnetic tension. 

The force balance model shown in Figure 7a indicates 

that the neutral line, where the normal component across the 

sheet reverses, either does not exist or is located in the 

distant tail where the field gradient may go to zero as B 

approaches the same magnitude as the interplanetary field. It 

may also be created near the earth at the onset of a magneto- 
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spheric substorm and quickly be removed. If the neutral 

line were within the radius of the lunar orbit during quiet 

times, the force balance model implies, as expressed in (13), 

that the pressure gradient also shoxild go to zero within the 

lunar distance and would reverse directions if B went nega- 
z 

tive. This would also put some of the plasma sheet plasma 

on open field lines. 

There are a couple of discrepancies between the con¬ 

cept of force balance, especially as shown in the model con¬ 

figuration, and the reported data describing the geomagnetic 

tail. First, relationship (13) gives the same direction to 

the average normal component as reported by Behannon [1970] 
V' 

for long time averages of data near the plasma sheet, but 

the B in the model is a factor of 3 to 10 smaller than that 
z 

reported unless d^ is made unreasonably large. This can be 

partly reconciled by noting possible errors between the SM 

xy-plane and the plane of the sheet [cf. Mihalov et al., 

1970] and possible errors in se.lecting a specific model, but 

it does not seem to completely resolve the discrepancy. To 

illustrate the discrepancy in a more general form, consider 

equation (6) which quickly reduces to: 

SB 
B 

xo 

xo Sx 

SB 

B —- + B 
z dx z 

SB 
 x 

Sz 

The lefthand side of this is a constant for a given value of 

x. At z = 0, the first term on the right goes to zero and the 

second term must have its maximum value: 

SB SB 

B —212 = B ~ 
xo dx z Sz 

B 
z 

B 
xo 

d 
P 

(14) 
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YBehannon's values for B are 3.5Y for x = -20 to -30 R and 
z e 

l<.9y.for x = -30 to -40 R . Thus using B =“ 2Y and SB /3x 
- e z xo 

=“ 0.25 V/R , we find the unreasonable result of d 8 R . 
' e p e 

If.-we change the parameters to B^ =* 1.5Y and BB^/Sx =* 0.33 

V/R. , then d =“ 4.5 R . All of these revised numbers seem 1 e p e 
to be slightly out of the acceptable range of values reported 

by the experimentalists. 

- - The problem of matching the average B obtained experi- z 
..mentally to the B required by force balance becomes more z 
.-acute when the requirement that A • B = 0 is considered. We 

know that at the (top) edge of the plasma sheet SB /Sx « 0.2 
-X 

to 0..3 Y/R , and from the description of the geometry of the 
e 

tall, we know that SB /By « -B tan 5°/20 R « -0.07 v/R . 
' y xo e 1 e 

Thus SB /Sz w -0.10 to -0.25 Y/R • Of course as one gets 
z e 

...closer to the center of the sheet all three components of 

grad (B) become smaller until at z = 0, SB /Sx = SB /By = x y 
SB /Sz = 0. The result is a difference of about ■§■ Y between 

~ z . 
. B^ at the edge and the center of the sheet. The arguement of 

• the previous paragraph which led to a value of B at the z 
center of the sheet of 1.5 Y implies a value of ~ 1 Y at the 

edges of the sheet and an average through the sheet of ~ 1.2 

or ~ 1.3 Y. 

The other possible discrepancy between any possible 

force balance model and the reported data for the tail in¬ 

volves the question, "Does the plasma sheet come to an end 

within the geomagnetic tail; if so, where?" There is a cer¬ 

tain degree of conflict as to whether or not the plasma sheet 

ends prior to reaching the lunar radius. Nishida et. ai. 

[1969] reported observations of the plasma sheet at lunar 
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distances during quiet times and Prakash and Binsack [1971] 

reported observations of the plasma sheet during a disturbed 

period. On the other hand, Mihalov [1970] found no evidence 

of a diamagnetic depression of field strength in the vicinity 

of the moon, and Burke and Reasoner [1971] have reported a 

lack of plasma sheet plasma at the moon during quiet times. 

In the reports of Pioneer passes through the distant tail, 

there has been no mention of any detection of a plasma sheet. 

Thus it seems logical to assume that the plasma sheet ends 

inside the tail somewhere between x = -30 R and -200 R . 
e e 

This is in conflict with the simple force balance model pre¬ 

sented here [Figure 7] in which the plasma sheet extends well 

beyond 200 R^. Another model could be constructed from the 

force balance equation in which the plasma sheet ends at a 

distance less than 200 R into the tail. However, the closer 
e 

to the earth the end of the plasma sheet is placed, the harder 

it is to find a reasonable force balance solution to the 

plasma sheet configuration. The problem is that for the plas¬ 

ma sheet to thin from a thickness of ~ 8 R near x = -30 R 
e e 

to zero inside the lunar radius, the B^ component must be 

fairly large which, from equation (14), would require an un¬ 

reasonably large value for dB /dx. On the other hand, if 
xo 

the plasma sheet ends between 70 and 200 R^ deep into the 

tail, the resulting B v/ould seem to be too small to fit the 
z 

reported data. 
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To illustrate the dilemma of fitting together a force 

balance solution, the reported data for the plasma sheet in 

•the .region of -20 to -30 R , and the end of the plasma sheet : e 
.in the tail near the lunar, orbit, consider a straight line 

proje.ct.ion of the field line at the top (or bottom) of the 

plasma sheet from -30 R out to where it crosses the center 
e 

line for the plasma sheet [see Figure 91. The distance to 

the end of the splama sheet estimated in this manner is rough 

-but should not over estimate the distance (as shown in the 

figure) by more than a fact of 2. Of course, AX shown may 

foe .a-gross underestimate of the distance, especially for the 

case of a plasma sheet on open field lines. Thus 

i 
O 

d 
_E 
AX 

< 

Z d 
P 

(15) 

wher^e AX is the distance from x to the end of the plasma 
o 

sheet. Combining equation (14) and (15) yields: 

3B 
xo 

3X 
> 

Bz(Z=o) 

2B„(Z=d \ 
Z \ p/ 

B 
xo 

AX 

By using the values of B (Z=o) = 2y, B (Z=d ) = 1.6y, B = 
Z Z p xo 

-16y and AX = 40 R , we find SB /BX > 0.25V/R which fits the 1 e xo Y e 

data very well. However, the factor of 2 in equation (15) 

was required to make for an apparently good agreement. The 

factor of 2 is considered to be an extreme; thus a (possibly) 

more realistic factor of 1.5 or 1.0 would cause BB /dX to 
xo 

be unrealistically large. On the other hand, if the straight 

line projection is an underestimated of the end of the plasma 
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sheet, 5B /dX becomes unacceptable and force balance could 
xo 

not be considered to be consistent with a plasma sheet that 

ends near the lunar orbit. 

This thesis seems to pose several questions for mag- 

netospheric experimentalists: 

1) If the plasma sheet is not in a state of force 

balance, there ought to be a streaming flow of 

plasma during quiet times. Has anyone seen any 

evidence for such a flow? 

2) If force balance is correct for the plasma sheet 

during quiet times, why, according to equation 

(14), is too large or d^ too small. Would 

more careful analysis of the data decrease the 

reported B or increase d ? 
Z p 

3) Likewise, equation (15) as well as Figures 7a 

and 7b indicate a possible conflict with reports 

of the plasma sheet at the lunar orbit. Would 

it be possible to change some of the report para¬ 

meters in order to end the plasma sheet closer 

to the earth than it currently seems it ought to? 

4) Is there really a thin neutral sheet or is the 

reported data more consistent with a tearing mode 

instability in the tail [<e.g. Figure 8a]? Force 

balance with isotropic gas pressure is inconsistent 

with a neutral sheet. The anisotropic case remains 

to be worked out. 
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V 

NON-ADIABATIC MOTION OF IONS IN 
THE NEUTRAL SHEET: STATEMENT OF THE 

PROBLEM 

We now "wish to consider only the neutral sheet, des¬ 

cribed either as a thin field reversal region or sheet pinch 
6 

of plasma about 10 meters thick, where ionic motions are 

almost everywhere non-adiabatic. The interest of the neutral 

sheet is that it is assumed to be the result of a continuous 

process of magnetic merging at an x-type neutral point or 

neutral line [Dungey, 1958]. The normal component of the field 

across the neutral sheet should indicate which side of the 

neutral line the observer is on. The possibility of multiple 

neutral points caused by the tearing mode instability or some¬ 

thing similar is ignored. The presence of a non-zero-energy 

plasma near a Dungey type X neutral point prevents the neutral 

sheet from being infinitesimally thin and inhibits the merg¬ 

ing rate from being the speed of light (vacuum merging). For 

continuous merging, not only must some field lines on opposite 

sides of the sheet merge, annihilating magnetic energy, but 

new lines must come to the neutral point and merge, which is 

made difficult by the presence of plasma from the original set 

of lines at. the neutral point. The plasma at the neutral 

point tend not to allow the new lines to diffuse in toward the 

neutral point. Thus the plasma at the neutral point must either 

be swept away somehow or be unable to prevent the diffusion 

of the field lines. In a plasma with a finite conductivity 

it is easy to say that- the new field lines diffuse into the 
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neutral point; In a collisionless plasma, an effective con¬ 

ductivity must be somehow defined or an efficient sweeping 

away mechanism be found. 

— - Sweet [1958], Parker [1963], Petschek [1966], Yeh and 

Axford. [1970] and many others have tried to treat theoretically 

the problem of the slow merging of oppositely directed field 

lines across a sheet pinch or neutral sheet. They have all 

used the MHD equations, and thus the region of magnetic merg¬ 

ing or magnetic diffusion in all of these models requires a 

finite conductivity. In places such as sunspots and solar 

flares where neutral sheets also occur, the number density may 

be high enough to make for a finite, albeit very large, col- 

lisianal conductivity. In the geomagnetic tail, the collisional 

or field aligned conductivity is effectively infinite even in 

the densest of regions. A standard approach in the past has 

been to use an effective, but unspecified conductivity for the 

geomagnetic neutral sheet. Whether or not it is always 

appreciated, this effective conductivity is an attempt to des¬ 

cribe the effects of non-adiabatic ionic and/or electronic 

motions in such a way that MHD may be successfully used. Most 

investigators have not tried to describe the relationship be¬ 

tween non-adiabatic motion and the MHD approximation, but 

have simply stated that it probably exists. The relationship can 

be discussed either with the use of the Vlasov equation or the 

use of individual particle motion. 

Speiser [1965, 1967, 1968, 1970] is the only one to in¬ 

vestigate the non-adiabatic motions of particles in a geomagnetic 

tali-like neutral sheet on an individual particle trajectory 

basis. This approach has many limitations, most notably being 
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the lack of a self consistent field. On the other hand, pro¬ 

vided one feels he has a fairly good idea of the parameters, 

such as field gradients, which must be used in the problem, 

this is a very simple and potentially a very useful approach. 

Speiser [1970] noted that there would be a finite D.C. 

Current in the neutral sheet, and thus a finite effective con¬ 

ductivity, if the individual particles following the convection 

electric field stayed in the system a limited amount of time. 

The classical expression for conductivity, using Ohm's law 

J = a E, is; 

2 
ne 

where 

TC — mean lifetime against collisions 

A first step toward defining an effective conductivity is made 

by using the characteristic lifetime of the particles in the 

system instead of the collisional lifetime. The arguments for 

the effective lifetime in the system follow from the study of 

individual particle trajectories through a simple, ad hoc 

neutral sheet field model [Speiser; 1965, 1967, 1970]. 

Speiser [1965, 1967] also suggested from his study of 

the non-adiabatic motions that particles passing through the 

neutral sheet would leave the neutral sheet with an increase 

of energy almost exclusively in the field aligned component of 

the velocity vector. The implication is that all or most of 

the plasma in a merging region leaves, via field aligned motion 

instead of the E x B motion implied by the MED calculated 

models of a merging region. The field aligned motion of the 
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particles -leaving the neutral sheet might be capable of direct 

precipitation-into the earth's atmosphere in the auroral zones. 

’. It is the purpose of this section of the thesis to re¬ 

consider Speiser's work in an attempt to define the usefulness 

and limitations of his conclusions. 

Speiser's simple current sheet or neutral sheet is based 

on defining the current, J = .V x H, to be a constant in the 

neutral sheet and zero outside. If the current is strong enough, 

i.e_. is large enough, all ionic motions in the neutral 

sheet will be non-adiabatic. Thus the model magnetic and 

electric fields are: 

B = (r-Z/d) B X + B Z (16) 
— ' xo zo 

E = E £ 

where 

|r*z| ^ d 

x, z_ = unit vectors in idealized SM coordinates 

d = half thickness of the sheet 

B ,B = constants 
xo zo 

Generally Speiser used values of B^Q = 16 y or 20 y, d = 600 km, 

and E = 1/4 or 1/2 mV/m. This configuration suffers the pro¬ 

blems of any ad hoc simplification. It is probably unrealistic, 

unstable, and self-consistent only with an unfeasible distribu¬ 

tion function. Despite these many problems, the configuration 

is still close enough to reality [Speiser and Ness, 1967] to 

be a good starting point for describing the non-adiabatic, ionic 

motions. 
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. .. . As shown in Figure 10, the particles near the neutral 

V-sheet will spiral about their guiding center which drift 

• through the field. The gradient (shown), curvature and other 

drifts- give rise to currents which along with the magnetiza- 

. tion current, normally a result of group motions instead of 

individual drifts, will support a stable plasma configuration. 

When the guiding center enters the non-adiabatic region of the 

-neutral sheet, the particle will bounce between regions of 

- opposite polarity while also traveling parallel to the sheet 

in such a manner as to give rise to the magnetization current. 

The height of the bounces is determined by the initial momen- 

- turn of the particle and how it entered the neutral sheet. In 

a ^stable (stationary) configuration, the particle drift motions 

would not bring any particles into the neutral sheet so that 

.Figure 10 is valid only for an infinitely wide sheet or one 

that closes on itself (cylindrical). 

If the region about the neutral sheet was in a steady 

state equilibrium, a convection electric field, shown in 

Figure 11a, could bring particles into the neutral sheet. 

Speiser showed that this would also cause an increase in par¬ 

ticle velocity parallel to the sheet, and thus an increase in 

current, and would also cause a decrease the bounce height. 

On the other hand, if an electric field is applied in the 

opposite direction, not only will the plasma on either side 

be removed but the particles in the neutral sheet will also 

be removed, see Figure lib. 

If there is a normal component of the field present, 

the particles' motion parallel to the sheet will gyrate about 

the normal component with little effect on the bouncing motion. 
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. When the parallel motion has been turned so much that 

•QE-, v < D,- the bounce height will grow exponentially and force 

. the particle back into the region outside the neutral sheet. 

-This-is referred to an ejection of particles from the neutral 

sheet, and the convection of particles into the neutral sheet 

is called injection. 

Speiser [1968] showed that there was little coupling of 

’ motion, i_.e_. an interchange of energy, between the bouncing 

motion .and the parallel motion. If ejection occurs quickly 

so as not to interchange energies, most of the bouncing motion 

will--go into gyrational motion about the field lines outside 

the neutral sheet and the parallel motion will go into field 

aligned motion. The relationship between the bounce motion 

and the motion parallel to the plane is best shown with the 

use of a bounce adiabatic invariant [Speiser, 1970]: 

dz « < a . 2 
1? mz > / Q constant 

.. where 

(17) 

Q = oscillatory (bounce) frequency. 

Speiser that that for |y| — !zJ , Q is approximately inde¬ 

pendent of a change in y. Thus the functional relation between 

z and y over a bounce period is so small as to make them 

independent of each other. For the case |y| » |z| and appro¬ 

ximately constant over a bounce period, the problem can be 
x 

- treated as a classical spring to find Q « (y 5B/‘3Z)2. Thus 
- 1/4 

'v- for this case 2 « y which is still a weak dependency. 

The simplest approach to defining an effective lifetime 

and" thus an effective conductivity for the neutral sheet 
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plasma is to assume that the particles are limited only by 

the width of the system, <2.£. the diameter of the tail, L. 

This is approximately equivalent to making the turning 

radius about the normal component of field greater than the 

diameter of the tail. Then, neglecting any initial energy: 

L « a T. 2 » s (q E/m) T . 
2 (20) 1 x 

where 

= the lifetime of the particle in the system 

and by substitutine (20) into (17): 

a « (2 L n2 e3/mE)'s (21) 

The conductivity in equation (21) is referred to by Speiser 

[1970] as the inertial conductivity. Now if one considers 

a normal component of the magnetic field strong enough to 

make the gyroradius about itself less than the dimension of 

the tail, the lifetime of a particle in the neutral sheet 

would be approximately the gyroperiod since the particles are 

ejected after making a partial turn about the normal component 

and 

a 
2 
ne ne 
  T « — m g B 

z 
(20) 

Speiser [1970] refers to this as the gyrational conductivity. 
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' - ' With the use of the effective conductivities, Speiser 

tried to .estimate the thickness of the neutral sheet. If we 

T 'substitute Ohm's law into Ampere's law, we get: 

J = V x B 
1 AB A 

|i AZ Y 

o 
(21) 

where 

-V a = the effective conductivity 

AB = field strength outside the neutral sheet 

-.'..AZ = thickness of the neutral sheet 

Speiser estimated the thickness of the neutral sheet at 

'x = -25 R^, where there is a significant normal component of 

the field and thus where the gyrational conductivity should 

be the effective conductivity, to be ~ 10^ meters. This is 

^ consistent with observations [Speiser and Ness, 1967]. He 

estimated the thickness of the neutral sheet at the neutral • 

line, where there is no significant normal component of the 

’ field and thus where the inertial conductivity should be the 

effective conductivity, to be ~ 500 meters. There is no 

measurement of the neutral sheet at the neutral line since no 

one knows where the neutral line is, but 500 meters seems un¬ 

reasonably small since the electronic gyroradius is about 10 km 

and one would think the neutral sheet should be not much less 

than that at the neutral line. The inertial conductivity 

was calculated using the electronic mass which implies the 

existence of a region of the neutral sheet where ions are 

lost from the magnetosphere while the electrons remain trapped. 

Forces within the plasma would act quickly to prevent such a 
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charge separation. Thus equation (20) would seem to have 

some usefulness for finding an MED description of the neu¬ 

tral sheet but equation (19) does not seem to be the effective 

conductivity needed for models of the merging region. 

Speiser's basic conclusions about the particle motion 

can be summed up as follows: 

1) Particle motion in the neutral sheet consists of 

bounce motion and sheet parallel motion related 

by equation (17). 

2) Most of the gyrating motion before injection would 

go into bounces motion at injection and at ejec¬ 

tion most of the bounce motion would go into 

gyrating motion. 

3) At ejection, most of the sheet parallel motion 

would go into field aligned motion. 

4) For most particles, injection and ejection occur 

quickly and there is little exchance of enerby 

between the two modes of motion. 

5) Particles passing through the neutral sheet gain 

approximately 2E/B in field-aligned velocity. z 
6) The inertial and gyrational conductivities can be 

used in the MHD equations to describe non-adiabatic 

regions in a collisionless plasma. 

All of this looked very interesting and possibly very 

useful but Speiser did not indicate in any way what the 

limitations of his conclusions were. He uses protons with 

very low energies before entering the neutral sheet (0.2 to 

200 eV protons for demonstration trajectories and zero energy 

for most calculations)' and small normal component of the field 
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(B = 1/4 y)• When I tried to recreate Speiser's work for 
CJ 

parameters a bit more descriptive of the neutral sheet 

(W ~ 1 keV and B ~ 1 y), I found after trying a few ex- 

amples that statement 1) seemed to hold quite well but 

statements 2) through 5) might not. Whence, I embarked on 

a systematic study of Speiser description via computation of 

individual particle trajectories. 
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VI 

NON-ADIABATIC MOTION OF IONS IN THE 
NEUTRAL SHEET 

The system of equations to be solved for the trajec¬ 

tories of particles in and near the neutral sheet is simply 

the equation of motion for a charged particle in a stationary 

electromagnetic field: 

x = q/m B y 
z 

y = q/m (E + B' zz -B x) (22) 
IK Z 

z = -q/m B1 z y 
IK 

where we have set 

B = (B^ z, o, Bz) 

E = (o, E, o) 

This differs from Speiser's [1965, 1967] field model only by 

not defining a thickness, d, such that for z > d, B = (B , 
xo 

o, B^). Equations (22), and consequently the result of a 

forward integration of them, can be put into a dimensionless 

form making them more general. The method used here is: 

§ [C, h] = q//m Bz * [Y/Z] 
E 

i = (Bz/E) x 

§ s (m/'qE) x 

T = (m/q B ) t 
z 
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whe're 

5, C, “H, T 
are dimensionless parameters used to 

replace x, y, z, t 

The initial conditions under which any trajectory is started 

can be described by five dimensionless parameters. They are: 

2 
k = (q B z )/(mE) = invariant of position 
1 z o 

i 

k = (2W /m)2/(E/B ) = invariant of velocity 
2 o z 

k = E B' /(q B J/m) = invariant of field 
3 x z 

plus the initial pitch angle and phase angle. The equations 

of motion can now be written: 

§ = L 
C = 1 + kgT] *n- ? (23)' 

9 

r\ = -k3 1} C 

One solution of (23) can be related to an entire set of 

solutions of (22) with the use of the dimensionless parameters. 

To test Speiser1s description of the passage of ions 

through the neutral sheet, a few particles were started in the 

adiabatic region just above the neutral sheet each with a set 

of initial conditions, e.g. B = 1 y, E = 0.25 mV/m, B' =1 y/ 

100 km, W =1 keV, plus a pitch angle and phase angle. The 
o 

trajectory of each particle as it was convected into the neu¬ 

tral sheet and travelled through the neutral sheet was followed 

and studied. Later, the trajectories of enembles of particles 
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were studied and analyzed. 'The result was to conclude that, 

while the description of motion of particles in the neutral 

sheet is very accurate, Speiser's simple approximation for 

the injection and ejection of particles is not completely 

adequate, especially for the ions with energies of 1 keV and 

greater that seem to compose the majority of the plasma sheet 

population. As a result, the conclusions made by Speiser with 

the aid of his descriptions are somewhat degraded. 

One example of the inadequacy of Speiser's description 

of how a particle is affected by travelling through the neu¬ 

tral sheet comes from his description of how much energy a 

particle accumulates from the electrostatic potential drop 

across the tail. Implicit in his formulation is the assump¬ 

tion that the particles entering the neutral sheet have almost 

no initial energy. In the plasma rest frame in the center of 

the neutral sheet, obtained by a Lorentz transformation from 

the inertial frame in order to remove the E-field, the particle 

enters the neutral sheet with a velocity (+E/B ,0,0); see 
z 

Figure 12. However, if the particle has an initial velocity 

significant 'with respect to E/B , the result will be somewhat 
z 

different. If the particle has an initial pitch angle, a^, 

such that it is travelling forward ( x. ,. . > 0 ) when it 

enters the neutral sheet, the velocity in the moving coordin¬ 

ates at injection « (-E/B + v cos a , 0, + v sin a ) and at J Z O O — o o 
ejection is «*(+E/B - v cos a , 0, + v sin a ). The incre- 

ment in speed in the x direction is less than 2E/Bz. For a 

particle moving backwards ( x. . < 0) , the increment of 
1 G 2T11G JL ^ 

x speed will be about 2E/B , but the increase in v will not 
2 ' Z 

quite be (2E/B ) as implied by Speiser except for E/Br » 
z z 
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iv cos a I . 
o o 

VThile the above example is not consistent with 

Speiser * s formulation; it does not affect the basic particle 

motion description given in the previous section. It is 

this that we would like to test. In doing so, we found that 

particles often would not "plunge" into the neutral sheet at 

injection or be rapidly "thrown out" at ejection, but they 

often would follow a twisting path into and out of the neu¬ 

tral sheet. This tends to destroy the simple relationship 

between field aligned and field perpendicular*motion outside 

and bouncing and sheet parallel motion inside the sheet. In 

order to test the description of injection-ejection as well 

as the suggestion that the neutral sheet is the soxxrce of 

auroral particles, we systematically examined the relation¬ 

ship of the ejection pitch angle to the injection pitch angle. 

Since Speiser's [1965] formula was'implicitly for « 90*, 

we re-formulated the relationship in a simple manner consis¬ 

tent with the general description of particle motion; 

cos a _ 
± 

B-_uf 

ETV7 
(24) 

-V cos a + 2E/B 
o o  z 

[ (u sin a ) ^ + (-u cos a + 2E/B )^]s 
L o o o o z 

where 

a = initial pitch angle, defined in the +z sector 
o 

to that 
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a o “* v || x 
o _ — 

A 
a « TT -* V || -X 
o 

= ejection pitch angle 

(Speiser [1965] reports the relation as : 

As an example of the similarity and difference between this 

expression and Speiser's, let's take the approximately re¬ 

presentative parameter values of E ~ 1/4 mV/m, B ~ 1 y, 
2 . Z 

b mV ~ 1 keV, and of course a ~ TT/2. Speiser's formula 
o o 

predicts an ejection pitch angle of ~ 38° as opposed to ~ 45° 

from equation (24). Change B to the rather low value of z 
0.1 y and the ejection pitch angles are ~ 4° and ~ 7° respec¬ 

tively. From the first adiabatic invariant it can be shown 

that the ejection pitch angle from the neutral sheet must be 

^ 1° in order for a particle to directly precipitate into the 

auroral ionosphere. 

Studying the trajectories of several particles with 

all the same parameters except the initial phase angle showed 

that the ejection pitch angle might vary by several degrees 

and the average might not be consistent with equation (24). 

Thus for a particular set of parameters, k^, k^, k^, a finite 

ensemble of particles descriptive of a source of ions with an 

isotropic flux in the rest frame of the plasma was used to 

generate trajectories. The ensemble was weighted so as to 

represent the flux of particles from this source. The 
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computation of the trajectories was stopped after ejection and 

the ejection pitch angles were studied. See Appendix B for a 

more complete description of the program used. So as to give 

a spectrum of possible initial conditions the set of initial 

parameters was varied to produce twelve sets of trajectories; 

see Table 2. Only k^ and k^ are shown since k^ is considered 

to be unimportant, as inferred from Liouville's theorem, as 

long as the initial position is in an adiabatic region. 

There is a problem about how many samples are needed to 

make a workable ensemble. Provided that a model of any system 

is properly constructed, it can be shown from Kolomagarov1s 

statistic that only 596 randomly chosen samples from the 

infinite set are required to be 90% confident that the resialts 

are distributed so as to have a cumulative distribution function 

(CDF) within 5% of the "true" cumulative distribution for the 

system, jl.js. the distribution that would result from an in-- 

finite number of samples. The cumulative distribution function 

is defined as F (x ) = f (x )/N, where f (x ) is the number of 
o o o 

samples for which x, the parameter of interest, is less than 

or equal to XQ and N is the total number of samples taken. 

Thus, if we randomly choose 596 samples, we would find that 

90% of the time | F(x) - D(x) J s 0.05 for all values of x where 

F(x) is the CDF computed from the samples taken and D(x) is 

the "true" CDF. 

For this study, it was hoped to generate 600 samples 

for each case but economic considerations together with minor 

troubles with the computer nrevented this. However it was 

possible to obtain a statistically significant number of 

samples. As an example of the degradation of accuracy due to 



a smaller sample size, it can be shown that about 150 sam¬ 

ples yield a 90% confidence of being within 10% of the "true" 

CDF. 

Looking at equation (24), a linear relationship be¬ 

tween the initial and final pitch angles seemed to be sug¬ 

gested. Something approximately of the form: 

A (cos a) = cos a„ - cos a « A + B cos a 
f o o 

where 

A ~ (2E/B )/[u 2 + (2E/B )2]'^ (25) 

z o z 

B~-1-{U/[U
2 + (2.E/B )2]^r 

loo z j 

Obviously the coefficients above are a very inaccurate fit. 

to relationships (24) for u cos cc « (2E/B ) . The purpose-- 

was not to seriously use these coefficients, but to have a 

relationship such as (25) which, when fitted to the data, 

would describe the same kind of particle motion but without 

any extraneous biases that might be present in equation (24) . 

The data in Table 2 was used to create several ensem¬ 

bles of trajectories. It is hoped that the cases chosen span 

the possible conditions to be found in the geomagnetic neu¬ 

tral sheet. The exact choice of parameter B^, E, etc. might 

not be completely agreeable to everyone but should be related 

to most agreeable sets of parameter with the use of the dimen 

sionless parameter. 

The results of each set of trajectories are shown in 

Table 3. It will be noticed that not all of the trajectories 

v/ent to ejection from the neutral sheet. This was due to the 
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termination of the trajectory, before ejection was detected 

'by the program logic, by an economic factor built into the 

program. This does not mean that given more time that they 

would necessarily have been ejected from the neutral sheet. 

Front the initial pitch angles of the incomplete trajectories, 

it can be seen that almost all of these are close to the end 

■of the initial distribution where the net z = o, jL.^e. where 

u B'/B si E/B. The removal of some of the samples from the 
II z . 

completed trajectories is obviously going to affect any re¬ 

sults obtained from studying the completed trajectories. 

However if a formula of the form of (26) is correct, then 

the onJ.y effect will be a cut-off of the final pitch angles. 

The incomplete trajectories can be placed into one of 

three different classes. For almost all of the incomplete 

trajectories, the particles did not eject scon after the 

'sheet parallel component, of velocity became negative. For 

those in the first class, the particles did not eject at all. 

but managed to execute almost a perfect E x B drift pattern 

in the xy plane, with an approximate drift velocity of E/B , z 
while continuing to bounce. Secondly, there are particles 

that never seem to eject but neither do they make an E x B 

drift pattern in the xy plane. What seems to be the problem 

is that these particles did manage an ejection of sorts before 
• 

y became positive. However their ejection pitch angle gives 

them a net z « o, jl.e.. they are travelling up a field line at 

almost the same speed they are being convected back into the 

neutral sheet. Thus they never get far enough away from the 

neutral sheet to be detected as ejected. If allowed to go 

long enough, most trajectories in this class would either be 
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de tec ted as, being ejected or fall back into the neutral sheet 

. and be classified with the first class. The third class are 

trajectories that should have been included in the ejected 

.'group, but were not because of too short of an allowed flight 

time,.too large of a step size or some other unexplained 

reason. . Since not every incomplete trajectory was closely 

studied, we cannot say for sure, but the third class would 

seem to constitute less than 25% of the incomplete trajector: 

' As some examples of what happened to the incomplete 

trajectories, three of the trajectories from case 10 were re¬ 

run and plotted. There was one trajectory in each class. 

When they were re-run again with a step size one-half the ori 

ginal size, the trajectory in the second class showed a sli.g>. 

change. Probably if the step size were made small enough cine 

the flight time long enough, the program logic would have -re ¬ 

gistered the particle as being ejected. For case 2, all of 

.the incomplete samples were re-run and plotted. The result 

was that 20 were in the first class, 5 were in the second cl 

and 5 were in the third class. When several of them were re¬ 

run again with a step size one-quarter the original size, nor 

of them showed any noticeable change in the trajectory. 

For the samples in each case that did go to completio: 

the results are considered to be physically accurate to a ver 

excellent degree. No examples were found where decreasing 

the step size by half changed the final pitch angle by more 

than 0.5%, the ejection energy by more than 0.01%, or the 

bounce adiabatic invariant (calculated but not used here) by 

more than 4%. 

In order to test the validity of relations (24) and 
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(25) and description of injection-ejection they imply, the 

difference between the predicted and actual ejection pitch 

angle for each sample was computed and the root-mean-sguare 

(rms) of the differences for each case is shown in Table 3. 

Since cos a^ for most samples is between 0.5 and 1.0, it did 

not seem necessary to normalize the differences, but that 

could have been done. As a rule of thumb based on the size 

of the error band due to the sample size and on a little 

intuition, we adopted a rule of thumb that, if the rsm of 

the differences was greater than 0.10, the case was not a 

valid fit of (24) and (25), and if the rms was less than 0.05, 

the case was a valid fit. A better method might have been to 

map the initial distribution into a final distribution func¬ 

tion with the use of (24) and compare the actual final distri- 
2 

bution to it with the use of something like a x test. How¬ 

ever the existence of the incomplete samples seemed to make 

this unfeasible. 

Of the twelve cases, only cases 4, 5, 7, 8 and 11 can 

be said to be validly represented by Speiser's description of 

particle motion through the neutral sheet. Case 2 and 3 are 

considered as marginal at best. Of the five cases for which 

the approximation works, it is very important to notice that 

for all of them k2 is less than 1.0, _i.<s. the energy that should 

be accumulated is greater that the initial energy. This means 

that if there is much more energy in the sheet parallel motion 

than in bouncing motion, the particle will tend to eject 

quickly and with a small pitch angle. If the particle is 

ejected with approximately the same energy as it started with, 

there is a coupling of modes of motion. For the situation 
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where the energy gain is truly negligible, cases 1 ( which 

represents magnetospheric quiet times) and 0, Speiser's descrip¬ 

tion predicts that the neutral sheet should act like a mag¬ 

netic mirror, but it obviously does not. It was noticed that 

there is a large dependence on the phase angle, i_.e_. several 

particles with the same guiding center and pitch angle could 

be released with different phase angles and get different 

bounce heights and ejection pitch angles. No simple phase 

angle dependence wou3.d be found. 

There is also a distinct, although weaker, dependence 

on the field parameter k^. -As k^ increases, i_.e_. as E or 

IV increases or decreases, the agreement of the trajecto¬ 

ries with relation (25) improves, e^c[0 cases 10, 3 and 7. The 

explanation is that, as k^ increases, the number of bounces 

that a particle makes as it travels through the neutral sheet 

increases. Since most particles are injected and ejected 

while traveling one "bounce distance", the smaller the dis¬ 

tance travelled in the xy plane during injection and ejection 

compared with the total distance travelled, the better the 

trajectories will fit Speiser's description. Speiser [1970] 

did mention his description of particle motion was for small 

but did not make any quantitative statements about how 

small is small. Tables 2 and 3 are considered to be a good 

indication of the size required of B^. 

' In general, it seems that no fault could be found 

with Speiser1s description of how a plasma particle "bounces" 

in the neutral sheet, but his overall description seems to be 

somewhat inaccurate except when E/B is significantly greater 
z 

than the initial velocity of the particles. In particular, 
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his description of injection and ejection and the resultant 

conclusions are quite inadequate. It can be seen from run¬ 

ning a few trajectories that the description of all the non¬ 

field aligned motion going into bouncing motion, which of 

course cause some sheet parallel motion, at injection is not 

correct. However it can only be shown with a large number of 

trajectories, such as done here, that this inadequacy can 

totally invalidate an overall description like relation (24) 

unless the particles gain so much energy in the sheet that 

their method of entry becomes unimportant. Thus, unless one 

argues for a significant population of almost thermal-energy 

plasma which is not totally impossible, the neutral sheet is 

not the direct source of auroral-ionosphere precipitation 

except for very small values of B and/or a strong convection 
z 

electric field, possibly related to strong magnetospheric 

substorms. 

Speiser's [1970] suggestion of an inertial conductivity 

would seem to be a good upper limit to any effective condu¬ 

ctivity of a neutral sheet since the bouncing and sheet 

parallel motions are the basic non-adiabatic motion of a sheet 

pinch plasma particle. However the ionic, not the electronic, 

inertial conductivity should be used. 

Speiser's suggestion of the gyrational conductivity 

would seem to be a fair estimate of the effective conductivity 

to be used for finding a MHD solution to the neutral sheet. It 

can only be considered an order of magnitude estimate because 

of the existence of the ions that get "stuck" in the neutral 

sheet when E/B is significant with respect to the particle 

velocities as well as the significant distance travelled in 
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the -y direction by many particles before ejecting. It is 

still a good estimate because the motion described as in 

Figure 11 is basically, although not strictly correct. The 

closeness that such a description would have with traditional 

adiabatic descriptions can be seen from estimating distance 

travelled in the +y direction by a particle passing through 

the nexitral sheet. From a Speiser type description of 

Fo 2 ~2 
motion we find Ay « ~~~~ ( A/E“/B + u ) . Thus for u « 

qB z o o 
z 

E/B and u » E/B , we find Ay 
Z O Z 

respectively. From a "blind" use of the adiabatic motion 

equations from Northrop, we find similar results. We take 

R( to get dy/'dt which is simplified at the two limits above. 

Then setting dy/dt = (u B/B) dy/dz, we can integrate 
II z 

over the range of z. The result is, for u « E/B and u „ o z o 
, E \ 2muo 

» E/B ay - ( W and AY “ respectively. 
z V z / z 

m 

qB, (r) and Ay 
mu 
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VII 

CONCLUSIONS 

The first section of this thesis is a theoretical 

treatment of the structure of the plasma sheet. The funda¬ 

mental assumptions made about the plasma sheet are: 1) the 

sum of the macroscopic force in the sheet is approximately 

zero (force balance), 2) the gas pressure is approximately 

isotropic, and 3) the magnetic field configuration is time 

independent. To illustrate in a general way the consequences 

of the assumptions, a model field configuration is found. 

The results are a plasma sheet without any detectable neutral 
3 

sheet ( a ~ 10 km thick field reversing layer with a field 

strength of several gamma on either side) and a northward 

component of the field of a size approximately given by 

equation (13). The lack of a neutral sheet may well be the 

result of neglecting any anisotropies such as the field 

aligned beam detected by Hones et al. [1971a], The existence 

of a southward normal field component or of no normal com¬ 

ponent at all, as suggested elsewhere, is shown here to imply 

a measurable flow of plasma somehwere in the tail which is 

inconsistent with reported data. 

The results of the force balance concept, as described 

in this thesis, is not completely consistent with the observed 

data. While the model normal component is in-the proper direc¬ 

tion, it is a factor of 3 to 10 less than the reported average 

normal component. If the model normal is adjusted to be 

consistent with the reported normal component, the gradient of 

field and/or the thickness of the plasma sheet must be 
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unreasonably large. The reports of an end to the plasma 

sheet inside the orbit of the moon also seem to require a 

larger B than is consistent with force balance unless the 
z 

gradient of the field strength is made unreasonably large. 

The second part of this thesis has shown that, while 

Speiser's description of the motion of particles in a neutral 

sheet is quite accurate, his description of how particles 

enter and leave the neutral sheet is inadequate. The trans¬ 

formation of field aligned and non-aligned motion into bounc¬ 

ing and sheet parallel motion is dependent in a non-simple 

manner on the initial phase angle of the particles. The fact 

that particles are ejected from the neutral sheet after being 

turned about the B component is true but the ejection pro- 
z 

cess is not as simple as described by Speiser unless the sheet 

parallel motion dominates the bouncing motion when the par¬ 

ticle starts to travel in the -y direction. Thus, except for 

E/B greater than the initial velocity, Speiser's formulation 
z 

of the ejection pitch angle does not work at all well. The 

examples shown by Speiser [1S65, 1967] worked out quite well 

because of the very low energy of the ions entering the sheet 

(0.2 to 170 eV) and the small B (1/4 y). Thus because of 

the failure of the Speiser formulation and because of the typi¬ 

cal energy of plasma sheet ions to be a few keV, it is con¬ 

cluded that direct precipitation of ions from the neutral sheet 

to the auroral ionosphere is unlikely unless there is a signi- 
3 

ficant (a few ions per cm ) density of the thermal energy ions 

present, possibly brought up by the polar wind. 

The effective conductivities suggested by Speiser [1970] 

based on the non-adiabatic motions of charged particles in a 
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collisionless plasma are discussed in this thesis, and it is 

congluded that they are good estimates of the order of mag¬ 

nitude of the effective conductivity to be used with Ohm's 

law for a MHD solution of the neutral sheet region. They are 

hot exact due to variations in particle trajectories but they 

do seem to be within a factor of 4 of the effective conducti¬ 

vity calculated from currents obtained from a calculation of 

guiding center drifts. 



-67- 

APPENDIX A 

DEMONSTRATION OF THE EQUIVALENCE OF THE MHD 

APPROXIMATION AND THE GUIDING CENTER APPROXIMATION 

FOR CURRENT PERPENDICULAR TO THE MAGNETIC FIELD 

The guiding center approximation basically starts 

v?ith a re-definition of position and motion of particles 

into two parts, the guiding center and the gyration about 

the guiding center: 

r_ = R + p 

where 

p = p (e2 sin 9 + e -3 
cos 9) 

p = mcu^/qB 

0) = q B (R) /me 

eg = B(R)/B 

For the following work, we will assume 

3/Bt 0 

isotropy 

in whatever rest frame we are in 

II 
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where 

<9> = J g(r,r,t) f(r,r,t) d3r 

J f(r,r,t) d3r 
f = the distribution function of the particles 

Now, we find from equations (1.13) and (1.17) of Northrop 

(1963) 
A 
0 

R ==£ 
B 

e 

f „ Me me ,) ,2, 
x cE +   VB +   (R-£)j + cr (e ) 

<R > =“ “ X —l B 
{- cE 

q - q 

<M>c _ nef 2 B 
+   VB + — <U >    

q - q L || 5s 

+ (HB-V) »E ] } ♦ a(c2) 

where 

2 . 
M = m u^/2B, the magnetic moment 

m = m or m , the mass of the electron or ion 
e p 

e = m/q, the smallness parameter 

u = cEx B/B2 
—E — — 

This approximation is valid only as long as the mag¬ 

netic moment of individual particles can be conserved. From 

equation (4.12) of Northrop (1963), we have the current: 
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j = 2 
species 

n.q. <R> + cV x M 
11 — — — 

S n.q. (<R > + <R >) + cV x M 
li "II - - 

CP rA 
j = ~2 x -B + K *<% -+ -x —~ ]) 
B <U > 

where 

- cV x (— B) + nq <R > 
B 11 

P = the total gas pressure 

Some useful identities are: 

P 1 2cP cP 
c_V x (~— B) = c — _7P x B -    _VB x B + —~ V_ x B 
& & B B2 

(B-V)B = BVB - B x (7 x B) 

So that, 

3 — ~ 

cP CP 
B x (B x (V x B) ) + ~r B x [ 

B 

n cVP 
] --=2*1 

B 

CP 
_V x B + nq <R > 

B 



We will now use this expression for the current, 

obtained from the guiding center approximation, to derive 

the non-field-aligned portion of the MHD equation of 

motion. 

-VP + -j xB = 
P 

(B x [-..])x B - 

B 

B 

B 

(Bo VP) 

B 

B 

2 

{B- VP + P (B* [ . . . ]J + p (u • 

{* * * i + p
 dt ^ 

—B X P 
-2-<u> 
dt - 

e x(-VP+-jxB[ 
-B l — c _ - J 

where P = total density 
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APPENDIX B 

DESCRIPTION OF PROGRAM FOR GENERATING STOCHASTIC 
TRAJECTORIES OF PLASMA SHEET - NEUTRAL SHEET PARTICLES 

The program is basically designed to compute the 

final position and velocity of particles entering and then 

leaving the neutral sheet from the electromagnetic field 

parameters and the initial particle energy. Equation (22) 

is integrated by a step-wise, second order forward inte¬ 

gration scheme. 

in selecting the initial position of the particles, 

care is taken only to insure that it is starting in an 

adiabatic region. Arbitrarily, then the initial coordinates 

are (0, 0, z ) where: 
o 

B /(3B /dz) = 2 R = 2 v /[(q/m)B ] 
OX 0-0 

and 

B = z SB /dz 
o ox 

For an isotropic flux, cos a (the cosine of the pitch 

angle and cp (the gyromotion phase angle) ought to be uniformly 

distributed in the rest frame of the plasma. Thus cp is chosen 

from a uniform distribution between 0 and 2TT. Cos a is not 

chosen from a uniform distribution. It is desired that the 

initial, flux should describe not the flux in the plasma sheet 

above the neutral sheet but rather the flux of particles fall¬ 

ing per unit time into the neutral sheet from the plasma sheet. 

Thus instead of 

dN 
d cos a 

o 
« constant 
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the samples are selected with the formula: 

dN 
dcosa 

o 

oe <v > 
z 

v cos a sin 9 - — cos 0 
o B 

where 

cos 8 
A e 

~x 

Then 

dN ■ i 
d(cosa - cosa')s 

oc constant 

where 
E 

cos a' =     r\ 
(B v tan 8) 

o 

The specific formula for choosing the initial pitch angle is: 

J -( 1 + cos a') RS + cos a' for cos a' £ 
cos cc^ = ( cos a' - 1) ^ + 4 cos a' R)

S
 for cos a' > 

where R is a uniformly distributed random number between zero 

and one. 

The integration scheme is a simple forward integration 

using a time step size of h/[(q/m)B] or h‘ seconds, whichever 

is smaller; where h (dimensionless) and h' are inputs. 

Obviously, the smaller the step sixe is made the more accurate 

the integration will be, but at the same time, the computer 

execution time will increase. Thus a choice had to be made 

to try to optimize the accuracy and the running time. The cri¬ 

terion chosen was to try to prevent any particle used from 

traveling more than a distance B/ VB for B > 2y. The initial 

choice of values for h and h1 were 0.05 and 0.125 sec. but 
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were changed to 0.035 and 0.80 sec. so that the pitch angle in 

none of the test cases would change by more than 0.1° when the 

step size was decreased by a factor of two. 
til 

If desired, the location of every n trajectory point 

can be saved and at the end of the trajectory, an on-line plot 

of the trajectory projected onto the three coordinate planes 

can be generated. 

The trajectory is stopped when the particle has crossed 

the neutral sheet at least twice and the magnitude of the field 

it is instantaneously in is equal to or greater than the 

initial field and its y component is negative. This indicates 

that the particle's guiding center is in the adiabatic region. 

For particles whose final energy is expected to be significant¬ 

ly greater than the input energy, the field magnitude is test¬ 

ed against a re-computed strength to insure that the particle 

will be in an adiabatic region when the trajectory is stopped. 

The pitch angle at ejection is computed and normalized 

with the use of the first adiabatic invariant to the initial 

field strength. This is then outputted with the initial 

pitch angle, phase angle, final position and velocity. The 

output is then available for processing. 

Within the program, the output is processed to find the 

average cos a_^ and the variance. A plot of the distribution 

of cos a. is also made. All further processing is done later 
f 

with separate programs. The data is held on punch cards for 

later use. 
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Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

FIGURE CAPTIONS 

la: Equatorial cross-section of the magnetosphere 
[After Frank (1970)] and Vasyliunas (1970)] 

lb: Noon-Midnight meridian cross-section of the 
magnetosphere [After Ness (1969)] 

lc': Side view of the magnetosphere [After Frank 
(1971)] 

2: Extension of the geomagnetic tail behind the 
earth showing oblateness in the distant tail 
and break-up into filaments in the very dis¬ 
tant tail [After Michel and Dossier (1970)] 

3: Plasma sheet electrons (dots) and protons 
(triangles) spectra measure by Vela 3B on a 
very quiet day. Dashed line is a Maxwellian 
differential spectrum with characteristic 
energy E . Listed are the flux, F (cm~^-sec- 
ster), density, p (cm~3-ster), average energy, 
E(eV), and energy density, U (eV cm-3_ster) 
[After Hones et. aJL. (1971) ] 

4a: Composite picture of two cell magnetospheric 
convection and corotation of plasma near the 
earth [After Axford and Hines (1961)] 

5: Magnetic pressure of model field vs. sheet 
depth. Insert shows magnetic and total pressure 
from a satellite passage of the plasma sheet 
[Lazarus et: ad.. (1968) ] 

6: B versus Z for the model field and for a repre¬ 
sentation of some of the experimental data. 

Figure 
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Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

7a: Sketch of the field line configuration for the 
model force balance configuration presented in 
this thesis 

7b: Sketch of the field line configuration in the 
plasma sheet using the reported field parameter, 
including a ~ 1000 km neutral sheet 

8: Possible configurations of the plasma sheet in 
the tail: (a) with an average northward com¬ 
ponent and the tearing mode instability in the 
neutral sheet, (b) with a near earth neutral 
line and a small southward component in the 
neutral sheet 

9: Schematic of the boundary of the plasma sheet 
assuming that it has an end. The distance AX 
is probably greater than the actual distance 
to the end of the plasma sheet or approximately 
equal to it. 

10: Motion of charged particles in a sheet of plasma 
without an electric field. The gradient drift 
in the adiabatic region of the sheet and the 
bounce motion near the neutral sheet are shown 

11a: Motion of charged particles in a sheet pinch 
with an electric field parallel to the neutral 
sheet drift direction 

lib: Motion of charged particles in a sheet pinch 
with an electric field anti-parallel to the 
neutral sheet drift direction 

12: Motion of the velocity of charged particles, 
trapped in the neutral sheet, projected onto the 
xy plane. The coordinate system is displaced 
from the inertial system by an amount E/B^ 
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TABLE 1 

Force Balance Field Model 

B = 1/4 v/R , d = 4 R , B =16 
xx e p e xo 

u Bx(Y> 
B

Z(Y) 
B
(Y) 

0.00 0. 0 0.72 0.72 
0.02 0.44 0.72 0.84 
0.04 0.89 0.72 1.14 
0.06 1.33 0.72 1.51 
0.08 1.78 0.72 1.92 
0.10 2.22 0.71 2.33 
0.12 2.66 0.71 2.75 
0.16 3.54 0.71 3.61 
0.20 4.41 0.70 4.46 
0.24 5.26 0.69 5.31 
0.28 6.11 0.68 6.15 
0.32 6.94 0.67 6.98 
0.36 7.76 0.65 7.79 
0.40 8.55 0.64 8.58 
0.44 9.33 0.62 9.35 
0.48 10. 1 0.60 10. 1 
0.50 10. 4 0.59 10. 5 
0.60 12. 2 0.54 12. 2 
0.70 13. 7 0.47 13. 7 
0.80 14. 9 0.40 14. 9 
0.90 15. 7 0.31 15. 7 

1. 16. 0.22 16. 0 

B/VB(cm) 

1.8E+8 
1.7E+8 
1.9E+8 
2.4E+8 
2.8E+8 
3.4E+8 
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TABLE 2 

Parameters Used for Particle Trajectories 
«in the Neutral Sheet 

For all cases, WQ = 1 keV, = 1 y/100 km, m = proton mass 

Case No. B2(Y) E (mV/m) k2 
k3*io 

0 1. 0 CD 0 
1 1. 0.05 8.75 0.05 
2 1. 0.25 1.75 0.26 
3 1. 0.50 0.88 0.52 
4 1. 1.00 0.44 1.04 
5 1. 5.00 0.09 5.22 
6 .5 .125 1.75 1.04 
7 .5 0.25 0.88 2.09 
8 .5 0.50 0.44 4.13 
9 2. 0.50 ■ 1.76 0.07 

10 2. 1.00 0.88 0.13 
11 2. 2.00 0.44 0.26 
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