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ABSTRACT 

THE MAGNETIC FIELD STRUCTURE OF THE GEOMAGNETIC 

PLASMA SHEET AT 30 R 
E 

Stephen Bryan Bowling 

An analysis of data taken by the NASA-GSFC magnetometer 

on board the Explorer 34 spacecraft has resolved the structure 

of the magnetic field in the plasma sheet at 30 R . 

Time averaging of the data reduces the problem of dis¬ 

tinguishing spatial from temporal fluctuations in the magnetic 

field components. Such an average of the X component ( sm 
sm 

denotes the solar-magnetospheric coordinate system ), designated 

BX, serves as an independent parameter and specifies the 

location of the satellite within the two-dimensional field 

geometry. 

A statistical treatment of the convective derivative of 

BX measured at the satellite and an application of Maxwell's 

equations indicate that the flux of electric current in the 

Y direction is uniform at least across the central third 
sm 

of the plasma sheet where |BX|^10 y The current density 

becomes more tenuous for larger |BX|. 

The field-reversal region is observed to occupy a much 

thicker portion of the plasma sheet than has been reported 

by other investigators. Examination of the normal component 

BZ indicates that the field lines undergo gradual curvature 



as they pass through the plasma sheet. 

These results are only weakly affected by worldwide 

geomagnetic activity. Therefore, the basic geometry of the 

plasma sheet field appears to be the same for both geomag- 

netically active and quiet periods. 
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INTRODUCTION 

The interaction of the solar wind with the magnetic 

field of the earth leads to a number of distinct phenomena, 

among which the most evident is the formation of a highly 

asymmetric magnetosphere. Measurements taken by satellites 

have qualitatively mapped the basic geometry of the 

magnetosphere, although there are many unanswered questions 

that prevent the construction of a model able to account 

for all geomagnetic events. 

On the day side of the earth, the magnetic field is 

compressed to within 10 R_ (earth radii) of the subsolar 

point; on the night side, it is extended into a long 

geomagnetic tail with an imbedded plasma sheet. The role 

of the plasma sheet in the production of magnetic storms 

and auroras remains at best vague because present knowledge 

about magnetic fields in this region is incomplete. This 

thesis will help to broaden that knowledge by processing 

data from the Explorer 34 magnetometer so as to reconstruct 

the field lines in the plasma sheet at 30 Rg. It will be 

of interest first to review what is known about the geomagnetic 

tail. 

The existence of a geomagnetic tail was not completely 

unexpected. The interaction of the earth's magnetic field 
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with charged particles in space occupied Stormer [1912] in 

his study of the aurora. Geomagnetic storms were ascribed 

by Chapman and Ferraro [1931] to intermittent bursts of solar 

particles streaming past the earth. 

Parker [1958] and Piddington [1960] were the first to 

predict the formation of a tail to the magnetosphere extending 

far behind the earth and away from the sun. At this time 

the solar plasma was thought to arrive at irregular intervals 

such that the geomagnetic tail should be only a transient 

feature of an otherwise dipolar field. 

The effects of a continuous flux of highly conducting 

solar plasma were explored by Johnson [I960], He proposed 

that the earth's field is confined in a cavity shaped like 

a teardrop, and that this extended geometry can be disrupted 

by hydromagnetic waves that force the tail out even farther. 

Dess1er and Juday [1965] suggested that the geomagnetic tail 

is cylindrical, a centrally located neutral surface dividing 

two regions of oppositely directed field lines. Although 

Dessler [1964] estimated that hydromagnetic wave pressure 

could prevent the field lines from closing out to many 

astronomical units, Dungey [1965] favored a more conservative 

estimate of 1000 R . The presence of a geomagnetic tail 

with this general structure has been reported by many 

investigators [e..c[., Heppner, 1963; Ness, 1965], The 
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existence of a neutral surface was confirmed by Ness [1965], 

The nature of the mechanism that forms the geomagnetic 

tail is unknown. Tangential stresses at the magnetopause 

aided by some viscous interaction between interplanetary 

and terrestrial fields may drag the earth's field along 

with the solar wind fPiddington, 1963; Axford and Hines, 1961], 

Alternatively, there may be a direct connection of fields 

which draws the terrestrial field away from the sun. 

Whatever the process may be, energy is transferred from the 

solar wind into the inner magnetosphere to be released 

perhaps during magnetic storms. 

The discovery of the plasma sheet came as a surprise 

[Bame ejt. al^., 1966], Enhanced fluxes of low-energy electrons 

and protons were observed near the neutral surface that were 

persistent but could not be explained. Many theoretical 

models have since attempted to justify the containment of 

this plasma, but have faltered because the configuration of 

the magnetic field in the plasma sheet has not been 

well understood. 

The geomagnetic tail is frequently described in the 

geocentric solar-magnetospheric coordinate system, introduced 

by Ness [1965]. The Xgm axis points toward the sun along 

the earth-sun line; the Z axis is the projection of the 
sm 

earth's magnetic dipole axis on to the plane perpendicular 

to the X axis at the center of the earth; the axis sm sm 
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completes the orthogonal right-hand system. Because the 

dipole axis and spin axis of the earth are not coincident, 

there are both seasonal and diurnal components to the rocking 

motion of the sm-system; the Y and Z axes move in the 
sm sm 

perpendicular plane just described, but the Xgm axis is 

steadfast in the solar direction. 

In the solar-magnetospheric reference frame, the plasma 

sheet envelops the neutral surface and ranges in total thickness 

from 6 to 8 R in the Z direction. It extends from the 
E sm 

dawn to the dusk side of the magnetosphere along the Y 
sm 

direction for 40 R„. Various experimenters [e.g., Bame et. 
E 

al., 1966; Hones et. al., 1970; Meng and Anderson, 1971] 

have measured particle fluxes indicative of the plasma sheet 

for -15 R„ P X ^ -40 R . Therefore, the plasma sheet occupies 
E sm E 

c 

a large portion of cislunar space as shown in Fig. 1. 

The neutral sheet, which generally lies parallel to 

the X -Y plane but not necessarily in it, is a region 
sm sm 

across which the magnetic field reverses its direction from 

solar to anti-solar, or vice versa. Speiser and Ness [1967] 

interpret the neutral sheet to be a very thin current layer 

imbedded in a much thicker plasma sheet, which ranges from 

500 km to 5000 km in thickness and moves arbitrarily in the 

Z direction at a maximum velocity of a few kilometers per 
sm 

second. Their measurements show that the total field magnitude 
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approaches a minimum at the neutral sheet, the residual field 

-5 credited to a normal component of strength 1 to 4y(ly= 10 gauss). 

Behannon [1970] and Mihalov et. al. [1968] have reported 

similar results. 

Instabilities which can occur in the plasma sheet and 

neutral sheet are of considerable interest because they 

may be able to explain the onset of geomagnetic storms and 

the production of the aurora. Types of instabilities that 

may occur in these regions of the tail are reviewed by 

Hasagawa [1971]. The tearing mode, in which a current slab 

breaks up into current filaments, has been investigated by 

Coppi et. al. [1966] who predicted the formation of closed 

magnetic loops. These loops are similar to the magnetic bubbles 

later described by Biskamp et. al. [1970] and by Schindler 

and Ness [1972]. Notwithstanding the work that has already 

been done on plasma sheet instabilities, their nature and 

occurrence can be treated more fully with a better understanding 

of the magnetic field structure of the plasma sheet. 

It is precisely the uncertainty in magnetic field structure 

that has prompted this work. A new procedure of analyzing 

magnetometer data has been developed which entails calculating 

the average value of various plasma sheet parameters as a 

function of the X component on the field. The reconstruction 

of field lines then allows current densities consistent with 
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Maxwell's equations to be inferred. 

Enhanced geomagnetic activity may indicate that some 

structural changes may have taken place in the plasma sheet. 

The analysis procedures therefore differentiate between 

periods of high and low activity in order to detect such 

changes if they indeed occur. 

The determination of the average field configuration 

in the plasma sheet for both active and quiet periods will 

aid in judging present models of the magnetosphere and in 

formulating new ones. 



CHAPTER ONE 

DATA ANALYSIS TECHNIQUES 

1.1 The Explorer 34 Spacecraft 

Explorer 34 (IMP-F) was launched on May 24, 1967 into 

a highly inclined (67.4°) and very eccentric (e=0.94) orbit 

around the earth. Initial perigee was only 278 km above the 

surface of the earth, while apogee extended to 34 R . The 
E 

apogee point lay very close to the ecliptic plane, making the 

trajectory useful for studies of the plasma sheet. The orbital 

period was 4.3 days, most of which was spent near apogee where 

the satellite was moving only a few hundred meters per second. 

The satellite was spin stabilized almost perpendicularly 

to the ecliptic plane with a spin period of 2.59 seconds. 

Slight variations in the spin period occurred because of 

changes in the moment of inertia of the satellite during 

heating or cooling. 

Instrumentation on board Explorer 34 included the 

NASA-GSFC magnetometer experiment which was conceived and 

designed by Dr. N.F. Ness of Goddard Space Flight Center. 

The device consisted of three fluxgate magnetometers on two 

6-foot beams. The spin of the satellite was used to determine 

zero levels of the magnetometers to an accuracy of ±0.3y 

for the sensor parallel to the spin axis, and iO.lyfor the 
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sensors perpendicular to the spin axis. 

Great care was taken in the design of the instrument 

to reduce the contamination of the data by any self-induced 

magnetic fields, and a sensitivity calibration was effected 

every 87.4 minutes by the addition of a precisely known 

external field. 

The dynamic range of the sensors included two modes: 

±32yand ±128y. When the spacecraft was distant from the earth, 

the lower mode was operational. For measurements made close 

to the earth, the upper mode was used. Data taken by the 

upper mode will not be of concern here, as the region of 

interest is 30 R distant where the total field magnitude 
E 

rarely exceeds 25y. 

Analogue voltages from the sensors were digitized by 

an on-board A/D converter with a precision of 5%, corresponding 

to a quantitization uncertainty of ±0.16yfor the lower mode. 

Vector measurements of the magnetic field were taken every 

2.56 seconds, and the high-frequency cutoff was 5 Hz. This 

means that the band pass filtered out any signal with a 

frequency greater than 5 Hz before the field was sampled and 

digitized. 

The Nyquist frequency, which is half of the sampling rate, 

determines the highest frequency that can be accurately 

recovered if the frequency spectrum of the signal is to be 
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reproduced. Therefore, the sampling frequency of 0.4 Hz 

exacts a Nyquist frequency of 0.2 Hz. Although frequencies 

higher than the Nyquist frequency can cause aliasing, or a 

folding-back in frequency space, they will not pose serious 

problems in our treatment of the data because it is not the 

frequency spectrum of the data which is of interest here. The 

effect of aliasing is treated later in relation to its influence 

on computing average values of the magnetic field components. 

The data used in this study were secured from Goddard 

Space Flight Center, Greenbelt, Maryland in September 1972. 

Processing of the 9-track IBM binary tapes was done by the 

author on the IBM 370/155 computer at Rice University, 

Houston, Texas. 

Further specifics about Explorer 34 are available in 

Mish [1968a,b], Fairfield [1969], Behannon et. al. [1970], 

and Ness [1970]. 

1.2 Data Selection Criteria 

The trajectory of Explorer 34 during February-April, 1968, 

was favorable for the study of the plasma sheet and the 

neutral sheet. Table 1 and Fig. 2 show the six orbital 

sections which were chosen for their complete traversals 

of the plasma sheet and their multiple crossings of the 

neutral sheet. 
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A crossing of the neutral sheet is characterized by 

the behavior of the magnetic field vector. As the satellite 

enters the neutral sheet, the total field magnitude F decreases 

and the azimuthal angle 0 changes by 180°. The solar 

direction defines <p=0°, and the anti-solar direction defines 

o 
p=180 . Figure 3 depicts a series of neutral sheet crossings 

detected by Explorer 34 as the neutral sheet passed back and 

forth past the satellite. Not all crossings are as regular 

or methodical as Fig. 3 may seem to indicate. Crossings 

may happen minutes to hours apart, gradually or suddenly. 

There is little predictability in their occurrence. 

A complete traversal of the plasma sheet is more difficult 

to determine without particle data, but can easily be bounded 

within limits. Since Explorer 34 moved from the southern lobe 

of the magnetosphere into the northern lobe on each of its 

orbits, its first encounter with the neutral sheet would reverse 

the direction of the field from anti-solar to solar. Its 

last encounter with the neutral sheet would leave the direction 

of the field solar. Therefore, orbital sections were chosen 

such that their endpoints lay several hours before and after 

the first and last neutral sheet crossings, respectively. 

The total field magnitude was required to be at least 20y 

at the endpoints, so that the entire plasma sheet was certain 

to have been traversed. 
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All of the orbital sections are well within the domain 

of the plasma sheet as described in the Introduction. 

The data therefore do not include excursions into other 

regions of the magnetosphere such as the magnetopause or 

magnetosheath. 

1.3 The Time Variation of the Field Components 

Measurements of the components of the magnetic field 

are difficult to organize and present in a meaningful way 

because the movement of the geomagnetic tail in space and 

the equally unpredictable motion of the plasma sheet itself 

cannot be described in any of the familiar coordinate systems. 

Attempts have been made to determine empirically the position 

of the neutral sheet fRussell and Brody, 1967], but have 

limited use owing to large uncertainties that do not allow 

a fine resolution of absolute distances. 

Moreover, the time variation of a field component 

measured by a solitary satellite is complicated by explicit 

temporal fluctuations. Time-explicit fluctuations caused by 

wave phenomena mix with time-implicit changes caused by the 

bulk motion of the plasma sheet past the satellite. At 30 R 
E 

a satellite travels at such a low velocity that it may be 

considered stationary with respect to the bulk motion of 

the plasma sheet and geomagnetic tail. Unfortunately, there 
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do not yet exist clusters of satellites whose simultaneous 

measurements could be correlated to decipher implicit from 

explicit fluctuations. Therefore, a more inventive approach 

must be devised to overcome the two basic problems mentioned 

above : 

(1) The arbitrary motion of the plasma sheet in 

space limits the precision to which the solar- 

ecliptic and solar-magnetospheric coordinate 

systems can describe the spatial structure 

of the magnetic field; and 

(2) A single spacecraft cannot easily distinguish 

time-implicit from time-explicit fluctuations. 

The problem of coordinate systems can be circumvented by 

exploiting any inherent symmetries in the field of the plasma 

sheet. First we define a new coordinate system (x,y,z) 

that moves with the plasma sheet and whose axes are parallel 

to the solar-magnetospheric axes (X ,Y ,Z ). Corresponding 
sm sm sm 

directions are interchangeable in describing the components 

of the magnetic field. 

The neutral sheet is assumed to lie parallel to the 

X - Y plane and defines the x-y plane. Actually, the 
sm sm 

neutral sheet may acquire some tilt with respect to the 

X - Y plane, but the two are parallel on the average, 
sm sm 

The field geometry is treated as two-dimensional in x and z, 
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and the x and z components of the field are assumed to 

vary only with distance above or below the neutral sheet. 

Thus, in the plasma sheet reference frame, the satellite 

appears to move arbitrarily as it amasses a spatially random 

set of measurements. The field component in the x direction 

is called BX, and in the z direction BZ. BY does not enter 

into our analysis. 

The variation of the field with x can be shown to be 

neqliqible between 25 and 30 R_. Behannon r19681 and Mihalov 

et. al. [1968] respectively have reported that the total field 

magnitude F varies as 

„ I i-0.3±0.2 F ~ |x I 

E ~ exp[ -x/(59.4±4.9) ] 

where x is the distance in earth radii down the tail. Clearly, 

AF/F for Ax/x «5/30 is only a few per cent of F at 30 R . 

Therefore, variations with x are not important. 

Absolute distances in the plasma sheet frame are not 

known owing to the arbitrary motion of the satellite in this 

frame. Another parameter with consistent if not determinable 

spatial dependence is needed to locate the satellite in the 

plasma sheet frame. The component BX serves nicely because 

it is a monotonically increasing function of z. Under ideal 

conditions, BX points in a negative (anti-solar) direction 

beneath the neutral sheet (z<0), goes through a zero at 
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the neutral sheet (z=0), and points in a positive (solar) 

direction above the neutral sheet (z>0). Because BX(z) is 

single-valued and depends only on the relative distance above 

or below the neutral sheet, it is the obvious substitute for 

z in positioning the satellite in the plasma sheet frame. 

The other component BZ is much too capricious to be useful 

as a positional parameter. 

The accuracy in locating the satellite depends at least 

on how well BX can be determined from the data. The problem 

of time-explicit fluctuations may cause difficulty in determining 

values for the field components that are representative of 

the true spatial structure of the field. A logical elimination 

of time-explicit fluctuations is possible by smoothing the 

data through averaging. The data are divided into time- 

sequential segments and an average value for each field 

component is calculated within each time segment. The time 

window T within which an average is taken must be long enough 

for time-explicit fluctuations to cancel out, but short enough 

that the position of the satellite in the plasma sheet frame 

has not appreciably changed. Then the averages approximate 

well the values of the components prescribed by the field 

geometry in the small region of the plasma sheet through 

which the satellite passed during the period T. 

The sequence of averages therefore describes the time 
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evolution of the field components owing to the relative motion 

between the plasma sheet and the satellite. Time-explicit 

fluctuations have effectively been averaged out. 

This averaging procedure will be called "time-sequence 

averaging" and is used in eliminating the influence of small 

fluctuations characteristic of time-explicit phenomena in 

the geomagnetic tail. A time-sequence average is denoted 

by a bar, and hence we have BX and BZ. 

1.4 The Time Derivative of BX 

The preceeding section shows that by properly averaging 

field components in time, we can interpret their changes 

in terms of the motion of the satellite in the plasma sheet 

reference frame. The parameter BX is useful as an independent 

quantity against which other time-sequence averaged quantities 

can be scaled. 

We may now investigate the time rate of change of BX. 

The total time derivative of BX becomes 

dix/dt = V dBX/dz (1.1) 
z 

where Vz is the z component of the velocity of the satellite 

in the plasma sheet frame. This velocity is arbitrary and 

may take on positive and negative values. Since dBX/dz 

is positive ( BX(z) is strictly increasing), the sign of 

eq. (1.1) is determined by V . However, it is not the 
z 
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direction of the velocity which is important. The magnitude 

of the velocity determines how fast BX changes and how 

far the satellite travels. No significance is lost by 

taking the absolute value of eq. (1.1): 

|dBX/dt| = |V | dBX/dz . (1.2) 
z 

In order to evaluate eq. (1.2) from the data, we approximate 

| dBX/dt | « |ffiC - Ü2 |/T (1.3) 

where BX, and BX^ are successive values of BX, and T is 
1 2 

the time window within which averages are taken. 

In order to treat eq. (1.3) statistically, we introduce 

the concept of "bin averaging." In the plasma sheet, BX 

ranges from +20y to -20y, values which delineate the 

top and bottom boundaries of the plasma sheet in the z direction. 

A series of eighty bins, each ^y in length, spans the range 

of BX (©•£•/ bin 1 spans -20y to -19.5y; bin 80 spans +19.5y 

to +20y). Each BX can be assigned to one of these bins. 

The value of another quantity calculated simultaneously with 

BX can be counted into the bin to which its attendant BX 

has been assigned. Thus, by the time all data pairs 

( BX and the quantity under study) are sifted into the bins, 

we may determine the dependence of that quantity on BX by 

taking averages within the bins. Indirectly we have the 

variation of that quantity with distance from the neutral sheet 

since BX is a function of z. 
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Therefore, we may determine the dependence of eq. (1.3) 

on BX in the following manner: ( see Fig. 4) 

(a) Pairs (BX^,BX ) are inserted into eq. (1.3) 

and the quotient is computed; 

(b) The quotient in step (a) is counted into all 

bins lying between BX^ and BX^, inclusively; 

(c) The next pair (BX^BX^) is processed similarly, 

and so forth until all the data are exhausted; 

(d) Bin averaging is performed, and the standard 

deviation about the mean is calculated for 

each bin to indicate the distribution of 

counts about the mean. 

The quotient is counted into intervenient bins, as required 

in step (b), in the spirit of assuming that the time derivative 

of BX is constant between BX^ and BX^. 

Each of the eighty bins will have an average value of 

|dBX/dt| associated with it, which we denote by 

D. = <|dBX/dt|>. = <|V |>. <dBX/dz>. . (1.4) 

The pointed brackets designate the bin average for the ith bin. 

The factor <!vz!
>i the average value of the speed of 

the satellite as it passes through the region of space that 

corresponds to the ith bin of BX. This factor is the same 

for all bins; on the average, the satellite does not travel 

any faster in one region of the plasma sheet than in another. 
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Therefore, <|dBX/dt|>^ and <dBX/dz>^ differ only by a 

multiplicative constant. The structure of the total time 

derivative and the spatial gradient of BX are identical. 

1.5 The Spatial Gradient of BX 

Once versus BX has been determined, we may approach 

the question of the spatial gradient of BX. From eq. (1.4) 

we make the approximation 

D. « V AÜX / Az. . (1.5) 
x zo 1 

The factor V is the constant average speed described above, 
zo 

ABX is » and Az^ is the actual thickness of the slice of 

the plasma sheet corresponding to the ith bin. Not all the 

Az^ are equal; however, we may sum the Az^ from the neutral 

sheet outward to the upper or lower boundary in order to find 

how far above or below the neutral sheet we can find a value 

of BX. Rewriting eq. (1.5), we have 

Az. « V Aix / D. . (1.6) 
l zo x 

Suppose we are interested in the plasma sheet above the 

neutral sheet where both BX and z are positive. This region 

is spanned by bins 41 through 80. The location of the 

nth bin (41^n^80) is given by 
  n 

z «V ABX .S.. (1/D.) . (1.7) 
n zo i=41' l 

Since V is an unknown constant, we can normalize eq. (1.7) 
zo 

to the upper half-thickness of the plasma sheet z : 
oU 
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Zr/Z80 

n 80 

i54l
(1/Di) / i=41 <X/V • 

(1.8) 

Below the neutral sheet where both BX and z are negative 

(bins 40 through 1), we can determine the normalized location 

of the mth bin in a similar way (402:m2:l) . The only difference 

is that the order of summation begins with bin 40 and extends 

toward bin 1 since we sum toward the boundary at BX = -20y: 

m 1 
z
m
/zl = i540<1/Di» / i540(1/Di> • (1-9> 

If the plasma sheet is symmetric, then z =z_. 

This procedure allows us to calculate the relative 

location of a given value of BX in the plasma sheet. We 

can normalize BX to its value in the high-latitude tail BX 
o 

and can graph the function BX(z/z ) /BX . The divisor z 

represents the half-thickness of the plasma sheet and assumes 

the value of z for positive BX and z for negative BX. 
80 1 

1.6 Other Plasma Sheet Parameters 

The field component BX is not the only quantity of 

interest. Others include the field component BZ which is 

normal to the neutral sheet, and the angle 6 which the field 

vector makes with the earth-sun line in the x-z plane. 

The dependence of BZ on BX can be determined through 

bin averaging. Data pairs (BX.BZ) are sifted into the bins 

of BX, and bin averages are taken when the data are exhausted. 



The bin averages of BZ are denoted by <BZ>\ 

There are three ways of approaching 0. In general 0 

is defined to be 

0 s arctan( BZ/ |BX|) . (1.10) 

o 
The angle 0 is +90 in the +z direction, zero in the x-y 

plane (the neutral sheet), and -90° in the -z direction. 

The curvature of the field lines is measured by 0 as they 

penetrate the plasma sheet. 

First we can calculate a value of 0 for each pair of 

time-sequence averaged field components (BX,BZ). This value 

for 0 is then counted into the appropriate bin of BX and 

bin averaging is performed to give <0>^ ; 

<0>^ = < arctan( BZ / |BX|) > . (1.11) 

A second method calculates a 0 from the previously 

obtained bin averages <BZ>^ and the midpoint BX^ of the ith bin 

0i = arctan( <BZ>i/|BXi| ) . (1.12) 

A third but unsatisfactory method entails the calculation 

of a 0 for each pair (BX,BZ) before time-sequence averaging 

of the data is performed. Then 0 itself is time-sequence 

averaged, sifted into bins, and bin averaged to give <0>^. 

This approach is not satisfactory because the arctangent is 

not a linear function over the entire range of its argument. 

The 0 which go into making 0 would not be equally weighted 

and hence 0 would not be the simple arithmetic mean we seek. 
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This third approach is therefore discarded. 

One last consideration concerns geomagnetic activity. 

The data can be sorted into periods of severe and quiet 

activity according to the worldwide index K^. This is a 

3-hour index that describes the level of worldwide geomagnetic 

activity that was first introduced by Bartels [1949]. 

Logarithmic in nature, it is computed from magnetograms of 

thirteen sub-auroral magnetic stations. Rostoker [1972] 

gives a good summary of the way in which K is computed. 

We merely state here that a K larger than 3 indicates high 
P 

geomagnetic activity, and a less than 3 indicates low 

to zero activity. 

Two data sets representing high and low activity can 

be processed separately so that any differences can be detected. 

If results are similar, then we may infer that there are no 

basic changes in the field geometry of the plasma sheet 

during periods of enhanced geomagnetic activity. 

1.7 The Effects of Aliasing 

The bandpass filter on the Explorer 34 satellite did not 

admit signals with a frequency higher than 5 Hz. The sampling 

rate therefore sets a Nyquist frequency of 0.2 Hz such that 

aliasing could occur from frequencies between 0.2 and 5 Hz. 

Time-sequence averaging itself elicits a kind of Nyquist 
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criterion. The time window T should be wide enough to span 

the periods of all time-explicit fluctuations in the data 

in order to be totally effective. A fluctuation whose period 

is longer than ^-T might not be sufficiently sampled so as to 

be averaged out. Hence, aliasing may occur from frequencies 

lower than 2/T. 

For reasons discussed later, T was chosen to be 20 

seconds. Hence, the "lower Nyquist frequency” is 0.1 Hz. 

It has been shown [ McPherron and Coleman, 1970; Garrett, 1972] 

that the power spectral density of noise in the geomagnetic 

tail goes approximately as the inverse square of the frequency. 

Therefore, fluctuations in the range 0.2 to 5 Hz have much 

smaller amplitudes than fluctuations with frequencies lower 

than 0.2 Hz where time-sequence averaging is most effective. 

Therefore, aliasing from 0.2 to 5 Hz poses no problem in 

our analysis. 

Bin averaging weakens the effect of time-explicit 

fluctuations of any frequency. Typically each bin will contain 

around one thousand counts; a count influenced positively 

by high or low frequency fluctuations will be balanced by 

another count influenced negatively. Hence, the combination 

of time-sequence averaging and bin averaging is very effective 

in approximating the "steady state" field geometry. 



CHAPTER TWO 

RESULTS FROM EXPLORER 34 

The procedures of data analysis outlined in Chapter One 

were translated into computer programs which were applied 

to each of the six orbital sections listed in Table 1. The 

results were statistically compiled into the conclusions 

of this chapter. 

Division of the data into periods of high and low 

geomagnetic activity was made at K^=3. Fortuitously, both 

data sets were of almost equal size, so that their 

results will be equally meaningful statistically. 

The period T during which time-sequence averages of the 

field components were taken was chosen to be 20 seconds. 

This amounts to averaging eight 2.56-second measurements 

in calculating values for BX and BZ. This period was selected 

because the duration of wave phenomena in the geomagnetic tail 

ranges from a few seconds to a few minutes. Indeed, it takes 

a fast wave several tens of seconds to propagate across the 

plasma sheet. A period of 20 seconds is long enough to 

detect and average out many of these phenomena, and short 

enough to resolve the spatial changes in the field geometry. 

Shorter periods would defeat the purpose of time-sequence 

averaging, and considerably longer periods would allow the 
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satellite to travel such large distances in the plasma sheet 

frame that an approximation of any spatial gradients becomes 

meaningless. 

2.1 Plasma Sheet Current Density 

The acceptability of a value of BX used in computing 

the time derivative according to eq. (1.3) is governed by 

two criteria. First, at least one value of the pair (BX^BX^) 

is required to have a magnitude less than or equal to 20y 

because results are presented in the range |Bx|s20y. 

Second, values of |BX|^25y were discarded in order to edit 

wild points and to confine the measurements within the plasma 

sheet. 

Figure 5 presents the plot of <|dBX/dtJ>\ versus BX. 

The uniformity in these plots is surprising, as most data 

from the geomagnetic tail is somewhat chaotic. The shape 

of these plots will prove to be their telling feature. 

An application of Maxwell's equations allows a determination 

of the Y (or y) component of the current density. Consider 
sm 

the well known relations 

^(2.1) 

(2.2) 

We can neglect the displacement current and space charge 

density by approximating 
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E « uB 

u < < c 

L < < CT 

(2.3) 

(2.4) 

(2.5) 

where u is the plasma velocity, c is the speed of light, and 

L and T respectively are the characteristic length and time 

over which the field changes significantly. Rough 

approximations can be made with these characteristic parameters 

to obtain the order of magnitude of the derivatives: 

| 7 x B | « B/L (2.6) 

I ÔE/ôt I « uB/r (2.8) 

such that 

12 | dE/dt | / | V x B | « 
c 

u L_ 
c CT « 1 . (2.8) 

Compared to the true current fluxes, the displacement 

current is negligible. Maxwell originally introduced the 

displacement current to maintain the convention that electric 

current flows in closed loops, in spite of discontinuities 

where space charge may accumulate. Therefore, whenever 

displacement current is neglected, so must space charge be 

neglected for consistency. Then we may write 

VxBæuJ (2.9) 'o 

V * E « 0 . (2.10) 

It was shown in §1.3 that variations of the field 

in the x direction are negligible in the region of interest 
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in the plasma sheet, so that we may approximate eq. (2.9) 

dBX/dz « u J . (2.11) 
*0 y ' 

Because the time derivative of BX and the spatial gradient 

of BX differ only by the multiplicative constant Vzq, we may 

conclude that Fig. 5 also describes the spatial structure of 

<J >., the Y component of the current density. The current 
y l sm 

flux Jy for jBXjs; 10y is seen to be almost constant, becoming 

more tenuous toward the outer edges of the plasma sheet. 

The question now arises concerning the fraction of the 

plasma sheet over which is constant. Equations (1.8) 

and (1.9) were applied to Fig. 5 to obtain an empirical 

relation between BX and Z/Zq. Fig. 6 presents the result 

for all K ? the other two cases (K <3 and K £3) overlay 
P P P 

almost exactly. 

We see that the range |BXJ^ 10y corresponds to |Z/ZQ | £ 1/3. 

The value BXq= 20y used in Fig. 6 is the magnitude of the 

field in the high-latitude tail where the plasma sheet ends. 

With ZQ interpreted as the half-thickness of the plasma 

sheet, appears to be uniform within at least the central 

third of the plasma sheet. Figure 7 schematically represents 

this configuration. 

In constructing Fig. 6, it was found that for both ranges 

of K , z /z 1, so that the plasma sheet is equally thick p 1 80 

on both sides of the neutral sheet: we take z =z,=z_/_. o 1 80 
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The present analysis does not allow for the determination 

of a definite value for z^. The half-thickness of the plasma 

sheet becomes our fundamental scaling parameter. Indeed, 

the level of geomagnetic activity may have an effect on 

z ; our results here indicate that J is uniform across the 
o y 

central third of the plasma sheet, however thick the plasma 

sheet may be. If it is very thick, say 6 R , then the uniform 

current layer would be 2 R thick. A thinner plasma sheet 
E 

makes for a thinner layer of uniform current density. 

2.2 Field Line Connection and Curvature 

Figure 8 presents the bin averages of BZ. That <BZ>^ 

is positive throughout the entire thickness of the plasma sheet 

means that the field lines are continuous and connect across 

the neutral sheet. The residual field at the neutral sheet 

is about 2y. The normal component seems to increase 

toward a maximum of 3v at BX = ±6y (z/z = ± 1/5). These 
o 

maxima may have the effect of increasing the curvature of the 

field lines away from the neutral sheet such that the point 

at which a field line crosses the neutral sheet moves earthward. 

Figures 9 and 10 plot the curvature angle 9 as a function 

of BX as specified by equations (1.11) and (1.12). From 

these graphs we can easily reconstruct the field lines. For 

example, Fig. 10 gives the curvature of the field lines 
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at a certain value of BX, and Fig. 6 gives the relative 

distance away from the neutral sheet where that value of BX 

can be found. Therefore, indirectly we have curvature as a 

function of distance away from the neutral sheet, or 0(z/z ). 
o 

Figure 11 presents a reconstruction of field lines in the 

plasma sheet near 30 R^. 

The geometry of the field resembles an extended dipole; 

however, since z is not specified, the dipolar appearance 
o 

may be considerably flattened in the z direction. 

2.3 The Importance of Geomagnetic Activity 

Inspection of the figures shows that the level of geomagnetic 

activity only weakly affects the basic structure of the 

plasma sheet. We have found that J remains uniform across 
y 

the central third of the plasma sheet, that field line 

connection is maintained across the neutral sheet, and that 

the field line curvature is preserved for both high and low 

ranges of K . The influence of K on z is not determined. 
P P o 

We may say, however, that a very thin uniform current layer 

enveloped by a much thicker plasma sheet is inconsistent 

with our results. 



CHAPTER THREE 

DISCUSSION 

3.1 Summary of Results 

Using the parameter BX as a positional coordinate to 

specify the relative distance between the satellite and the 

neutral sheet, we have been able to reconstruct the average 

magnetic field structure of the plasma sheet near 30 R . 
E 

The level of geomagnetic activity does not seem to influence 

the basic field geometry. 

Plots for averaged values of |dBX/dt| , BZ, and 0 versus 

BX have been interpreted in terms of the spatial gradient 

dBX/dz, the Y component of current density J , field line 
sm y 

connection across the neutral sheet, and field line curvature 

through the plasma sheet. 

Our results indicate that dBX/dz and are approximately 

constant in the central third of the plasma sheet. This 

conclusion contrasts the more popular concept that the 

field-reversal region is a very narrow layer of uniform current 

density confined to within an ion cyclotron diameter of the 

center of a much thicker plasma sheet fSpeiser and Ness, 1967, 

1970; Mihalov et. al., 1970]. We conclude that the field 

reversal region can be thin only if the entire plasma sheet 

is thin. 
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Hones et. al. [1970] have reported a thinning of the 

plasma sheet before geomagnetic substorms. Therefore the 

field-reversal region may be narrow only during periods of 

enhanced geomagnetic activity. At other times the field- 

reversal region may be several earth radii thick, embedded in 

a plasma sheet that is 6 to 8 R„ thick TBame et. al., 1966]. 
£ 

Our results imply that, in either case, the field geometry 

as scaled by ZQ does not change. 

There are recent theoretical arguments which find great 

difficulty in maintaining a very thin current layer within 

a very thick plasma sheet. Cole and Schindler [1971] report 

that momentum balance in the geomagnetic tail prevents the 

formation of a narrow current layer. Rich, Vasyliunas, and 

Wolf [1972] demonstrate that a thin current layer is inconsistent 

with the balance between magnetic tension and pressure gradients 

in the plasma sheet, and that the field-reversal region may 

be several earth radii in thickness. 

The present conclusions support models which include: 

the connection of field lines across the neutral sheet. The 

normal component BZ is seen to have a magnitude between 2 and 

3y at the neutral sheet, consistent with results reported 

by Behannon [1970]. 

Enhanced geomagnetic activity does not seem to indicate 

that a basic structural change has occurred in the field 
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geometry. The same symmetrical geometry is observed for 

K <3 and K ^3. Thinning or reduction in size of the plasma 
P P 

sheet before substorms corresponds to a change in the 

scaling parameter Zq. 

3.2 Suggestions for Continued Research 

The use of BX as a positional parameter has proved to be 

fruitful in processing the almost inextricable data that is 

typical of the geomagnetic tail. Similar analyses can be 

done at distances greater than 30 R to test the uniformity 
E 

of the plasma sheet farther down the tail. 

Other factors are still to be investigated. The amplitude 

spectrum and frequency spectrum of the flapping motion of the 

plasma sheet will lead to a determination of z and V 
o zo 

for both ranges of geomagnetic activity. 

A study of the instabilities which can occur in the 

reconstructed field geometry will be of great assistance in 

understanding the origin of many geomagnetic phenomena. The 

question of how a magnetic field component normal to the 

neutral sheet influences stability is still unanswered. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

FIGURE CAPTIONS 

A noon-midnight meridian cross section of 

the magnetosphere showing the asymmetric 

distortion of the terrestrial field by the 

solar wind. Indicated are the regions of 

interest. Detail is not definitive. 

The six orbital sections of Explorer 34 

trajectories during February-April, 1968, 

which were used in the analysis. The 

coordinate system is solar-ecliptic, and 

distances are scaled in earth radii. 

Neutral sheet crossings detected by Explorer 

34 are indicated by arrows. Points are 20 

second averages of the field parameters. 

The azimuthal angle <p which determines the 

orientation of the field vector relative to 

the earth-sun line changes by 180°, the polar 
o 

angle Bincreases toward 90 , and the total 

field magnitude F decreases when the neutral 

sheet is crossed. 

Schematic bin assignments are made according 

to the sign and magnitude of BX. Bins range 

between 20y and -20y. Another parameter 

calculated simultaneously with BX can be assigned 

to the bin to which its attendant BX is assigned. 

The neutral sheet occurs between bins 40 and 41 

where BX = 0. 
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Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Bin averages of |dBX/dt| are plotted against 

BX. The derivative is seen to be constant 

between ±10y, falling off gradually for 

larger |BX|. The average standard deviation 

about the bin average for K ^3, all K , and 
P F 

K <3 is presented to indicate the distribution 
P 
of counts. 

The empirical structure of BX/BX^as a function 

of the relative distance z/z from the neutral 
  o 

sheet. BX is normalized to 20y, the magnitude 

of the high-latitude field. Results are 

presented only for all K because the other 

two cases overlay almost exactly. 

The distribution of the Y component of the 
j sm 

current density J. The layer of uniform J 

occurs in the central third of the plasma sheet. 

Bin averages of BZ are plotted against BX. 

Maxima seem to occur near BX=±6y. The 

magnitude of the normal component at the neutral 

sheet is about 2y. 

Bin averages of the polar angle 0 are plotted 

against BX. 0 measures the curvature of the 

field lines as they pass through the plasma 
o 

sheet. The angle is 90 in the z direction, 
o 

zero in the neutral sheet, and -90 in the 

-z direction. 
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Figure 10 Values of the polar angle 0 calculated from 

Fig. 8 are plotted against BX. 

Figure 11 The reconstruction of field lines in the 

plasma sheet near X « -30 R . The current 
sm E 

density of Fig. 7 is superimposed on the 

field geometry which is drawn to scale. 



39 

T
A
B
L
E
 
1.
 
O
r
b
i
t
a
l
 
s
e
c
t
i
o
n
s
,
 
F
e
b
r
u
a
r
y
-
A
p
r
i
l
,
 
1
9
6
8
 



40 

FI
G

U
R

E
 

I. 
C

R
O

S
S

-S
E

C
T

IO
N
 O

F 
M

A
G

N
E

T
O

S
P

H
E

R
E

 



41 

F
IG

U
R

E
 
Z
 

E
X

P
L

O
R

E
R
 
3

4
 

O
R

B
IT

A
L
 

S
E

C
T

IO
N

S
 



42 

O 
ro 
co 
O 

O 
O 
S 

O 
ro 

-e- 

F
IG

U
R

E
 

3
. 

N
E

U
T

R
A

L
 S

H
E

E
T
 

C
R

O
S

S
IN

G
S

 



43 

g 

C\J 

à 

à 

O 

N 
i 

j 

i 

i 

o 

ca Ig 

FI
G

U
R

E
 4

. 
B

IN
 

A
S

S
IG

N
M

E
N

T
S

 



44 

F
I
G
U
R
E
 
5.
 

T
h
e
 
t
i
m
e
 
d
e
r
i
v
a
t
i
v
e
 
o
f
 
B
X
 
v
e
r
s
u
s
 
B
X
 



FIGURE6. STRUCTURE OF BX 



46 

N 

N N N N 
O O O O 
04 — — 04 

>“ LU 

(f) 
Z 
LU 
Q 

LU 
CC 
CL 

X 
CO 

< 
CO 
< 
—I 
CL 

O 

N-’ 

LU 
OC 
Z) 
O 

IS 



47 

F
I
G
U
R
E
 
8.
 

B
i
n
 
a
v
e
r
a
g
e
s
 
o
f
 
B
Z
 
v
e
r
s
u
s
 
BX
. 



48 

F
I
G
U
R
E
 
9.
 
B
i
n
 
a
v
e
r
a
g
e
s
 
o
f
 
t
h
e
 
c
u
r
v
a
t
u
r
e
 
a
n
g
l
e
 



49 

F
I
G
U
R
E
 
10
. 

V
a
l
u
e
s
 
o
f
 
t
h
e
 
p
o
l
a
r
 
a
n
g
l
e
 
c
a
l
c
u
l
a
t
e
d
 

f
r
o
m
 
F
i
g
.
 
8 
v
e
r
s
u
s
 
BX
. 



50 

N 
Kl 


