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I. INTRODUCTION

The OGO-1 and OGO-3 satellites provided data for a number of interesting

investigations because of their sophisticated instrumentation, long life, and

very elliptical and slowly precessing orbits. This study extends some of the

earlier work using the University of Minnesota electron spectrometer and ion

chamber data from OGO-1 and 3. The electron spectrometer on OGO-1 and

3 was the f i rs t instrument to successfully measure the electron spectrum in

the inner zone without brernsstrahlung and proton contamination. Pre-

liminary studies have indicated that radial diffusion theory may be used to

predict the time history of the inner zone. This study uses the available

inner zone data from OGO-1 and 3 to calculate the best fit diffusion coeff i -

cient for the inner zone.

By correlating the OGO data with data from the ATS-1 satellite, drift shell

splitting was experimentally verified and substorm drift effects were first

observed (Pfitzer and Winckler, 1969; Pfitzer et al. , 1969). By further

extending the correlation to include plasma data from Pioneer 7 and

Explorer 33, it will be shown that a time dependent magnetic field model

more accurately predicts the behavior of charged particles in the magnetic

field. The study takes into account solar wind induced variations in the

magnetospheric magnetic field by changing the Mead-Williams (1965) input

parameter Rg> the stand off distance, from a constant to a solar wind

pressure dependent parameter.

A third unique study made possible by the varying orbits of OGO-1 and 3 is

the study of the high energy trapping boundary. A number of satellites have

studied the boundary at either the equator or in the high latitude low altitude

region. The OGO-1 and 3 satellites, which were initial placed into nearly

equatorial orbits, slowly precessed to nearly polar orbits. Thus the com-

plete high energy trapping boundary was sampled during the lifetime of the

satellites.



This study continues the investigation of dynamic processes which govern

the acceleration and loss of electrons in the radiation zones and tests the

applicability of diffusion theories to describe the motion of the electrons

within the radiation belts. The study also tests the accuracy of several

magnetic field models by comparing predicted drift shell geometries with

observed electron drift shells.



II. INNER ZONE DIFFUSION

A. Review

The process of diffusion in the magnetosphere plays an important role in

the study of electron acceleration. Examples of diffusion-like behavior have

been known for some time (Frank, 1965a). A study of the diffusion process

is complicated by the fact that several processes are generally operating

simultaneously and the diffusion process may not be identifiable. On several

occasions the distribution of electrons was altered in a manner which allowed

the diffusfon process to be separated and the diffusion coefficient isolated.

An example is the nuclear explosion of November 1, 1962 from which

unambiguous determination of the diffusion coefficients were made (Newkirk

and Walt, 1968). The geomagnetic storms of April 1965, August 1966, and

May 1967 present a unique opportunity to study the diffusion process over an

extended region in the inner zone. This study will determine the radial

diffusion coefficient from L = 1.6 to L = 2.2 for electrons in the energy

range 50 keV to 4 MeV.

B. The Diffusion Equation

The time dependent diffusion process which conserves the f irst two adiabatic

invariants [J. and J is given by (Newkirk and Walt, 1968)

_ _ _ _ n
a* ~ ar "9t oL,

where n((j., J, L, t) d^dJdL is the number of electrons in an element dp.dJdL,

[JL and J being the f irs t and second invariants, r (L ) is the pitch angle loss

rate and L being the Mcllwain parameter. For equatorial electrons (i. e. ,

electrons having an equatorial pitch angle of 90 degrees) J = 0.



The first adiabatic invariant has the form

(a. = p /2m B

, E. (E. + 2m C2)
1 k \ k _ o /

2B ^
m C

o

(2)

where p is the electron's momentum, E, its kinetic energy, V the rela-

tivistic constant, and B the magnetic field at the position of the electrons.
2

B is assumed to have the value 0.31/L . The distribution function n can be

shown to have the form

n oc Mi (3)

where jj, = dJ/dE, the differential energy flux having an equatorial pitch

angle of 90 degrees. Since the analysis is performed at constant (JL, n ct Lj J.

and hence

L2n oc L3ji (4)

The radial diffusion coefficient D is assumed to have the value D = AL,

such that

The above differential equation was computer integrated to give a best fit in

space and time to the data.



C. Presentation of Data

The available data consist of electron spectrometer measurements from the

OGO- 1 and OGO-3 spacecraft in 5 energy channels from 50 keV to 4 MeV

(50-120 keV, 120-290 keV, 290-690 keV, 690-1700 keV, and 1700-4000 keV).

The experiment is described in detail in previous publications (Pfitzer,

1968). The data are available in the form of j(a , E, t, L), the differential

flux as a function of the equatorial pitch angle, energy, time and L.

It has been shown by Pfitzer (1968) that in the inner zone the flux changes

very slowly and that the shape of the pitch angle distribution remains

constant during the entire 3 year history of the OGO-1 and OGO-3 electron

data. This indicates that we may write

J (Q O , E, t, L) = j(«o, E, L) « (t) (6)

It has also been shown that the equatorial pitch angle distribution can be

approximated very accurately by the function

g(oro) = 10P (7)

where

N
p = £ A (90 -« ) J (8)

j = l J

and where the Aj are determined by least squares best fits. Therefore

for a given energy and L

j(«0, t) = g(«o) • e ( t ) (9)

and hence the pitch angle dependence of the data can be removed by the

equation

j (t) = j (90, t) = j (a t) (10 ;



In this way all of the data are normalized to a =90 degrees. Figure 1

shows the equatorial fluxes at L = 2. 2 before the onset of the April 1965

solar cosmic ray event and one month after the event. No detectable

change in the shape of the pitch angle distribution is observed at L = 2. 2 or

at any other L in the inner zone due to the storm. Therefore the data during

the decay phases of the storm may also be normalized to aQ = 90 degrees

giving rise to the dJ/dE versus time curves shown in Figure 2.

Figure 2 gives an example of the pitch angle normalized data (for 290-

690 keV electrons during the September and May events). After the

September event, for L = 1.5, the rate increased slowly over a period of

30 or more days. When a new level was reached no rapid decay was evident

and the new level was stable. At L = 2.0 the increase was more rapid

reaching a peak less than 5 days after the event began. This level was

maintained for 30 days and then an exponential decay dropped the count rates

to a. new and apparently stable level. For L > 2. 2 the increases were large

and the exponential decay immediately returned the rates to prestorm levels
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within 30-40 days after the onset of the event. The above discussed behavior

is very indicative of a sudden impulsive increase during the main phase of

the storm followed by a period of diffusive rearrangement lasting several

months. It is this rearrangement which offers a unique opportunity to solve

the diffusion equation.

In order to solve the diffusion equation, the data must be converted from

fluxes at constant energy to a distribution function at constant |ju Since we

will only deal with the pitch angle normalized equatorial data, fi = p/2moB.

B was assumed to have the form B = 0.31/L for equatorial trajectories.

Beginning with the pitch angle normalized data points at a given L and t,

flux versus energy plots were obtained for the periods April 5 through

June 15, 1965; August 15 through December 1, 1966; and May 15 through

December 1, 1967 (see Figure 3 for an example). Best fit curves were then



NteWGAUSS
3 6 12

10 1,000
E (keV)

Figure 3. Differential Energy Spectra

10,000

drawn through these data points giving the differential energy spectra versus

energy at a' given time and L. Subsequently a (x axis is attached to each of

these figures where

IJL = P
2/2m B = E, (V + l) L3/0. 62 •

O cC
( I D

These best fit differential energy spectra curves versus p. then become the

working data set from which all subsequent data for the diffusion analysis

are obtained.

Using the differential energy spectra, plots of the differential energy flux

at fixed t, JJL and at J = 0 are plotted versus L (seeFigure 4 and 5). The

distribution function is obtained from this curve by using the fact that n is

proportional to the differential flux multiplied by L/^JL. A further manipula-

tion converts the data to a plot of L n versus L (seeFigure 6). The log of

8
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the data points in Figure 6 is fitted with a least square polynomial fit in

preparation for computer integration of the equation. The boundary con-

ditions imposed during this integration are such that n is held constant

at L = 1.3 and at L = 4.0. The available data verify this boundary condition

as a reasonable approximation.

The data at (JL = 6 MeV/gauss have relatively few distinct features and only

limited changes in the radial gradients (see Figure 4). When (a. = 6Mev/gauss

our analysis was unable to explicitly separate D, the radial diffusion term

and T, the pitch angle diffusion term. However, Figure 6, which shows the

data at fj. = 12 MeV/gauss, has very distinct and radically different radial

gradients as a function of time. Radial diffusion and pitch angle diffusion

was, therefore, separated for 12 MeV/gauss.

10



D. Conclusion

A best fit analysis of the diffusion equation using the OGO-1 and OGO-3 data

gives a value of 1. 0 x 10 L10 for D, the diffusion coefficient when

(JL = 12 MeV/gauss (580 keV electrons at L = 1.6). The analysis is valid

in the region 1.6 s L < 2.2. The |JL dependence of the diffusion coefficient

could not be determined from this analysis.

The above determination of the diffusion coefficient for electrons (see

Figure 7) is in an energy range and L range where there currently exist only

limited data. The result agrees quite well at the lower L value with the

work of Farley (1969). Farley's determination of the diffusion coefficient

was based on the decay of the Starfish electrons and is in an energy range

(363 keV at L - 1. 55) close to the energy range of this calculation. The

current result, however, is much larger than the results of Walt (1971) and

Newkirk and Walt (1968) whose determination uses the diffusive spreading of

the ARGUS and USSR nuclear explosions and are at an energy considerably

higher than that of the current analysis.
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III. DRIFT SHELL SPLITTING ASYMMETRIES

A. Review

Data from an electron spectrometer on the synchronous orbit satellite,

ATS-1, (Lezniak et al., 1968; Lezniak and Winckler, 1968) and data from

the electron spectrometer and ion chamber on the elliptic orbit satellite,

OGO-3, (Kane, 1967; Pfitzer, 1968; Pfitzer and Winckler, 1968) can be used

to test experimentally the drift shell splitting of trapped electrons in the

distorted dipolar field of the magnetosphere. Northrop and Teller (I960)

pointed out that in cases where the magnetic field lacks axial symmetry,

gradients of B occur in the azimuthal direction which produce radial drift

motions of trapped particles and that this radial drift will vary with the

equatorial pitch angle of particles found at a given point in the magnetic field.

Thus, even with the conservation of the first and second adiabatic invariants

of motion, particles which after drifting around the earth return to their

point of origin nevertheless at intermediate points will be found on different

drift shells depending on pitch angle. This is in contrast to a magnetosphere

described by a pure dipole field, where all particles which initially start at

the same point remain on the same drift shell independent of pitch angle or

energy. Near the earth (r < 5 Re) the distortion of the earth's field is

small and the drift shells of particles having different pitch angles are

almost identical, a fact contained in the Mcllwain L-parameter approxima-

tion which is useful for mapping particle fluxes at such low L values. How-

ever, in the vicinity of the ATS-1 orbit (6. 6 R ) the distortion of the magnetic

field can be quite large due to currents on the magnetosphere boundary and

currents in the tail. Theoretical studies of the motion of trapped particles

in the distorted dipolar field have been carried out by Hones (1963), Fairfield

(1964) and Mead (1966). This work has been extended by Roederer (1967) who

has used the Mead model magnetic field (Mead, 1964; Williams and Mead,

1965; Mead, 1966) which has given reasonably good quantitative agreement

with experimental measurements of the magnetic field. Pfitzer et al. (1969)

13



experimentally verified the concept of drift shell splitting by using ATS-1

magnetometer data, ATS-1 electron spectrometer data and OGO-3 electron

spectrometer data. Using the Mead model magnetic field for calculating the

drift shells for electrons having pitch angles of aQ = 65 degrees and

<XQ = 90 degrees, as well as the measured pitch angle distributions and

measured radial gradients for electrons at local noon, the pitch angle dis-

tribution was calculated as a function of local time for the ATS- 1 orbit. The

agreement between calculated and measured pitch angle distribution is

satisfactory not only in predicting the proper noon to midnight asymmetry

(25 to 1 for 500-1000 keV electrons on February 15, 1967) but also in

correctly predicting the pitch angle distribution as a function of local time

(isotropic at noon but non-isotropic with a 3 to 1 ratio between

QQ = 65 degrees and aQ = 90 degrees at midnight). However, in one case

(February 15, 1967) an asymmetry is observed about local midnight with

minimum count rate at 2200 LT, representing a departure from the

symmetric Mead model (seeFigure 8).
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It was suggested that these asymmetries were too large to be accounted for

by using the tilted dipole model and, therefore, the asymmetries were most

likely caused by either the asymmetric ring current or by convective flow

within the magnetosphere (Pfitzer et al. , 1969). However in this study we

show that observations of the solar wind pressure during this time period

indicate that changes in the solar wind number density and velocity can easily

account for the observed asymmetry. The study relating changes in the solar

wind pressure to the observed asymmetry is presented below.

B. Presentation of Data

Roederer (1969) has shown that by varying the input parameters to the Mead-

Williams model (i .e. the stand-off distance, Rg, and tail field strength, Bj)

as a function of time, the magnetic field values predicted by the model may

be adjusted to accurately represent the time history of the magnetic field as

observed by ATS-1. Furthermore, Roederer showed that this method of

determining the stand-off distance was valid by a comparison of his results

with Vela boundary crossing measurements. The stand-off distance Rg may

also be calculated from the equation

2 2 1/6

RS = (M /4iT nmv ) (Mead, 1964) ( 1 2 )

where M is the earth 's magnetic moment, n is the particle number density,

m is the mass of a particle, and v is the bulk speed. Plasma data measure-

ments from Pioneer 7 (H. S. Bridge, MIT) and Explorer 33 (H. S. Bridge,

MIT) which were obtained from the National Data Center were substituted

into the above equation for several time periods during January, 1967. The

stand-off distance thus calculated is then compared to Roedere r 1 s measure-

ments (Figure 9). There is excellent agreement between the s tand-off

distance as calculated from ATS-1 magnetometer data and the stand-off

distance calculated from solar wind parameters.

15
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Since we have shown that the behavior of the stand-off distance over a period

of 1 month may be calculated from plasma measurements, we now apply the

correlation between the plasma data and stand-off distance to short term

fluctuations (< 1 day). By inputing the stand-off distance time variations as

calculated from the plasma data, we expect to model changes in the magnetic

field caused by changes in the stand-off distance. The density and bulk speed

as measured by Pioneer 7 and Explorer 33 are plotted in Figure 10. The

density and speed are input into the stand-off distance equation and the

calculated values of Rg are then plotted inFigure 11 along with the tail field

parameter BT« B-j is assumed to have the general inverse correlation to

determined by Roederer.

Using Rg and B-p as a function of time we now use the drift shell program of

J. Roederer which uses Mcllwain's field line program to calculate the drift

shells passing through ATS-1 at r = 6.6 Rg and various local times for -

electrons having pitch angles of aQ = 90 degrees and a = 65 degrees. Apply-

ing the calculation techniques described by Pfitzer et al. (1969) which use

16
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the electron pitch angle distributions measured by ATS-1 at local noon and

the radial gradient measured by OGO-3 at local noon, we calculated the local

time dependence for the magnetic field for electrons having pitch angles of

a. - 65 degrees and a = 90 degrees at midnight). However, in one case

There is excellent agreement between the calculated and observed local time

dependence. The result obtained using a time dependent Rg and B-p correc-

tly predicts the observed 30 degree asymmetry.

C. Discussion

Using a time dependent Rg and B-p, where Rg is calculated as a function of

time from the stand-off distance equation, as the input parameter into the

Mead-Williams field model significantly improves the agreement between

theory and data. The observed asymmetry on Feb. 15, 1967 can be

explained by changes in the solar wind plasma pressure causing changes in

the stand-off distance which cause changes in the magnetic field. We must,

therefore, conclude that the asymmetric ring current and other convective

flows within the magnetosphere were not important on Feb. 15, 1967, since
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the solar wind fluctuation produced effects comparable to those observed.

We have shown that prior to discussing observed local time asymmetries in

the magnetic field strength and particle flux, we must take into account

changes which can be attributed to changes in the solar wind. Having

removed these external effects it may then be possible to study locally pro-

duced asymmetries and quantitatively study the energization and distribution

of the trapped electrons. It has also been shown that the stand-off distance

as calculated from the plasma data can be used as a time dependent input to

the magnetic field models to more accurately predict the magnetic field

within the magnetosphere.
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IV. HIGH ENERGY TRAPPING BOUNDARY

A. Introduction

Observations of energetic electrons inside the magnetosphere and in the

transition region (Frank, 1965b) show that a relatively stable core of medium
7 8 2

energy electrons (E ^ 40 KeV) of intensity 10 -10 e lectrons/cm sec sur-

rounds the earth. This core of electrons extends to the magnetopause (~10

earth radii) in the solar direction and to a distance of about 8 earth radii in

the anti-solar direction. Close to the geomagnetic equatorial plane and

within about 45 degree longitude of the sub-solar point, the intensity of these

medium energy electrons is found to terminate coincidently with the

magnetopause.

The spacial distribution of energetic electrons (E > 1.6 MeV) is generally

believed to lie within this relatively stable core of medium energy electrons.

Large intensity spikes of both medium energy and energetic electrons have

been observed mostly outside this stable core of electrons. It is of interest

to determine the region of space in which the stable core of electrons is

confined.

A detector outside the stable core of electrons would, except for occasional

spikes of intensity, count only the background due to cosmic rays. The

OGO-1 and OGO-3 ion chambers were designed to make precise measure-

ments of cosmic ray ionization; whereas, OGO electron spectrometers were

designed to measure trapped electrons. They are, therefore, well suited to

determine, to a considerable precision, the boundary of the stable core of

energetic electrons. Since the ion chamber has a several orders of magni-

tude lower sensitivity threshold than the electron spectrometer and since the

ion chamber by virtue of its inter calibration with the spectrometer is known

to count only electrons in this region of space, it is used for the boundary

dete rmination.

21



The OGO-1 and 3 spacecraft are particularly useful for this study. Although

they were initially placed into highly elliptical nearly equatorial orbits

(orbital inclination of -30 degrees to the geographic equator), the interaction

of the satellite with the moon precessed these orbit out of the equatorial

planes to higher latitudes. After two years the OGO-1 and 3 orbital inclina-

tion changed from 30 to 50 degrees. This presented the unique opportunity

to study the trapping boundary from the equatorial plane to the polar high

latitude cut-offs with the same instrument giving rise to the opportunity to

study the shape of the field lines along which the last permanently trapped

electrons are to befound. A comparison between the measured boundary and

the boundary calculated using several available magnetospheric models

points out some of the shortcomings of these models. The comparison of the

data -with the models require a considerable precision of the models since we

not only check the models at individual points but require that the model be

accurate over a large region in order to correctly predict field line and drift

shell geometries. Small errors in the models when integrated over large

regions of space give rise to easily measurable discrepancies.

B. Response Characteristics of the Ion Chamber

Since the determination of the boundary of the energetic electrons depends on

the sensitivity of the detector to these particles, it is necessary to discuss

the characteristics of the detector in some detail. The operation of the ion

chamber and determination of the response characteristics are described

elsewhere (Kane et al. , 1966). A summary of the main characteristics is

presented in Table I. The ion chamber responds directly to protons above

about 12 MeV and to electrons above about 0. 7 MeV. The ion chamber also

responds to lower energy electrons through the bremsstrahlung they produce

in the chamber wall. The response characteristics for the penetrating and

non-penetrating electrons are shown in Figure 13. It can be seen that, as

far as electrons are concerned, the chamber responds predominantly to

electrons with energy £ 0. 7 MeV. In the region of interest (outer radiation

zone and beyond) the electrons above 0. 7 MeV are believed to be much larger

in number than protons of energy >12 MeV. In these regions, therefore, the

OGO-1 and 3 ion chambers can be considered as omnidirectional detectors

22



Table I

OGO-1 ION CHAMBER

Omnidirectional Projected Area

Argon Pressure

Minimum Energy Penetration

Protons

Electrons

Average lonization due to 1
electron/cm sec

40 keV

0. 7 MeV

250 cm

50 Ib. /in.

12 MeV

0.7 MeV

-7 38. 3 x 10 norm, pulses/sec x 10

3
5. 5 norm, pulses/sec x 10

10

10

ID'1

_ 10-2

S10'3
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OB SERVED

COMPUTED

M,N = 505 NORM. PULSES/SEC X IO
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Figure 13. Ion Chamber Response Characteristics
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counting all electrons with energy > 0. 7 MeV. That this is indeed true is

indicated by comparison of electron fluxes measured with the electron spec-

trometer and those estimated from the ion chamber rates as in Figure 14

(Kane, 1967).

C. Presentation of the Data

Figures 15 and 16 show the ion chamber rates observed during two typical

orbital passes of the OGO-3 satellite when the orbit was nearly equatorial (Fig-

ure 15) and when the orbit was inclined 50 degrees to the ecliptic (Figure 16).

It can be seen that beyond the intensity maximum the pulsing rate of the

chamber decreases more or less continuously with increasing radial distance,

r, from the earth until the rate reaches the cosmic ray value in free space.

The smallest value of the geocentric distance r at which the pulsing rate of

the chamber becomes equal to the cosmic ray value is in most cases fairly

well defined although rather large spikes superimposed on the cosmic ray

rate may occasionally occur at larger geocentric distances. The boundary of

the observable stable intensity of energetic electrons is defined here as the
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smallest radial distance at which the pulsing rate of the chamber becomes

equal to that due to cosmic rays in free space.

The boundary defined here therefore applies to electron fluxes which can

produce about 10 percent or more of the pulsing rate of the chamber due to

cosmic rays. From Table I and Figure 13, it can be seen that the flux

required to produce 10 percent of the cosmic ray rate is about 1 electron/

cm sec for electrons with energy 2 0. 7 MeV and about 10 electrons/cm

sec for 40 keV electrons. Therefore the boundary as defined here applies

primarily to electrons with energy •> 0. 7 MeV. The boundary is the surface

beyond which the flux of these energetic (20. 7 MeV) electrons is less than

1 electron/cm sec.

The objective of this investigation is to determine the location of this bound-

ary as a function of latitude and local time under geomagnetically quiet con-

ditions as well as to indicate any possible correlation with geomagnetic

activity. For geomagnetically quiet conditions it was required than on the

day of the measurement and the preceding day that A < 15. Also the data

for the days immediately following a sudden commencement are rejected in

order to avoid any short term fluctuations.

D. Latitude and Local Time Dependence

Before any quantitative estimates of the location of the boundary can be made

it is essential to separate the latitude and local time dependence. To achieve

this separation, separate studies of the latitude dependence are made in the

following 4 magnetospheric sectors; noon (10-14 hrs LT), dusk (16-20 hrs),

midnight (22-02 hrs) and dawn (04-08 hrs) (see Figures 17 through 21). We

have determined that decreasing the local time intervals did not significantly

reduce the scatter of data points, but increased the uncertainty in some of

the intervals because of a lack of data samples. Although the quiet time data

points (AP s 15) are indicated differently from disturbed time data points

(seeFigures 18, 19, and 21), the removal of the disturbed time points does

not significantly reduce the scatter of points or modify the best fit curve

through the data points. Figures 20 and 21, which show the disturbed and
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quiet time data points on separate plots, indicate that the best fit quiet time

curve also represents the disturbed data accurately. We must conclude that

magnetic activity is a poor indicator of the location of the stable trapping

boundary for high energy electrons. The largest number of available data

samples occurs for the noon (10-14 hrs LT) boundary determination. There

is considerable variability in the location of the boundary; however, one can

easily see that for A< 30 degrees the location of the boundary is sperical in

nature (independent of A) as per theory (Mead, 1964).

The midnight points cluster along a well defined curve at higher latitudes but

slow a large scatter at lower latitudes (see Figure 18). An investigation of

this scatter indicates that the set of data points falling along the smaller r

values •were obtained in 1966, -whereas those at the larger r range were

obtained in 1967. The 1967 points were circled to point out this apparent

time dependence. Since an apparent time dependence (-which may be caused

by some special magnetospheric conditions such as a long term difference in
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tail field strength) was observed in the midnight local time sector, the

remainder of the data were analyzed for long-term-dependence. Each curve

at a given longitude and latitude interval is made up of 3 or 4 sets of data

separated in time by one year. One set is obtained per year as the satellite

orbits move about one degree in local time per day. No further long-term

time-dependence from the separate data sets was discernible in the remain-

der of the data within the observed day to day scatter.

The morning and evening sectors also show more scatter than the noon and

midnight sectors, especially at low latitudes. However, this scatter can be

attributed to the fact that in these sectors the ion chamber cut-off was not

accurately measurable because the electron flux approached the cosmic ray

background at an asymptotic rate, whereas in the noon midnight sector the

cut-off is most often rapid and well defined. In preparation for a compari-

son of the data with the magnetic field models, a best fit curve has been

drawn through the quiet time data points of Figures 17 through 20.

The equatorial crossing of the trapping boundary may be obtained by observ-

ing that within 15 degrees of the equator the trapping boundary is nearly

spherical at all local times. Therefore, all of the boundary measurements

with As 15 degrees are plotted in Figure 22. The trapping boundary is

approximately circular with a radius of 11 R . Furthermore, near local

midnight all of the 1966 points fall outside of the 11 R circle; whereas, the

1967 points fall well inside the circle.

The high latitude earth intercept of the trapping boundary was determined by

first determining the location of the boundary at 2. 0 R . Figure 23 plots all

of the data for 1 . 9 R < r < 2 . 2 R versus local time. We find that a circlee e
intersecting local noon at 62 degrees and local midnight 58 degrees gives a

best fit to the data. Since the trapping boundary follows the earths field

lines at altitudes below 3 R , the above results are mapped to the earth's

surface. A high latitude boundary is obtained at the earth's surface at

72 degrees at local noon, 70 degrees at dawn and dusk and 68 degrees at

midnight. This result is in agreement with a number of other measurements

(Vampola, 1971; McDiarmid, 1968; etc).
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E. Discussion of the Models

The above data may be compared to the predictions of field line and drift

shell geometries predicted by several models. The data were compared to

the Mead-Williams model (Williams and Mead, 1965), to the Olson tilted

model (Olson, 1970) and Mead-Fairfield empirical model (Mead and Fairfield,

1971). Since the region of interest included the region at the front edge of

the tail where the Mead-Williams model contains a singularity the Mead-

Williams model could only be used for field line geometries near local noon.

Near local noon the Mead-Williams model gave results which were similar

to the results of the Olson 0 degree tilt model and hence the Mead-Williams

model will not be further discussed in this study.

The models were used to generate the last closed drift shell on which high

energy electrons can be permanently trapped (i. e. , drift completely around

the earth). Because of the distortion in the field one cannot simply calculate

the drift shell for a given particle but must consider particles of various

pitch angles. It has already been shown that drift shell splitting in the

distorted magnetosphere is important at 6.6 R (Pfitzer et al. , 1969). At

larger distances the distortion is even greater and hence the shell splitting

becomes more important. The basic analysis programs used were the elec-

tric field free (electric fields are not important for 700 keV electrons) drift

shell program of J. Roederer which uses Mcllwain's field line tracing

program. Electrons with differing pitch angles and differing equatorial

starting points were allowed to computer drift around the earth using the

Olson (tilt = 0 degrees), and the Mead-Fairfield magnetic field models.

As the particles were started closer and closer to the boundary (•which was

set at 10. 5 R and 11. 0 R for Olson's model) difficulties were encounterede e
in both models. The Mead-Fairfield model began to predict two magnetic

field minima near a latitude of about ±40 degrees and distances greater than

>10 R . Although this prediction is in accordance with observations the

existing drift shell program assumes the equator to be defined as the mini-

mum magnetic field position and, therefore, does not predict the correct

drift shells in these cases. The program must be modified in order to gen-

erate believable results in the case of double magnetic field minima. In
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Olson's model there is a tendency for the field expansion to begin diverging

as the boundary is approached and no useful drift shells can be computed for

radial distances greater than 10 R . We find that this is caused by the fact

that spherical harmonic expansions are used which are valid inside a 10. 5 R

sphere (when the standoff distance is 10. 5 R ) but near the edge of the sphere

the series rapidly begins to diverge as might be expected. We therefore are

limited to discuss field lines having equatorial crossing distance near noon

no greater than 10 R .

Since the ion chamber is an omnidirectional instrument it gives no pitch

angle information and a given particle which follows a specific drift shell

cannot be observed. Instead we observe a collection of all pitch angles and

the observed trapping boundary is constructed of particles having varying

pitch angles. Olson's model, for example, predicts that particles having

equatorial pitch angles > 80 degrees when inserted at noon at 10 R drift

on closed drift shells; however, particles having equatorial pitch angles

< 80 degrees when inserted at noon at 10 R drift out into the tail. Calcula-

tions of particle trajectories indicate that r = 9. 5 R is the largest distance

at noon at which particles of all pitch angles can exist on closed drift shells.

Figure 24 shows drift shells for particles crossing local noon at 9. 5 R .

Particles having a pitch angle of 90 degrees cross the midnight longitude at

a distance of 7. 6 R and particles having a pitch angle of 7 degrees cross the

midnight longitude at 11. 5 R .

Similarly it is found that particles having an equatorial crossing at 10 R

near local midnight also exhibit the same type of drift shell splitting. Par-

ticles with small pitch angles can successfully drift around the earth whereas

particles with a pitch angle of 90 degrees drift out of the sides of the

magneto sphere.

It can be concluded that near midnight the trapping boundary is made up of

particles having small equatorial pitch angles and hence the trapping bound-

ary closely approximates the shape of a field line near midnight. At noon,

however, the trapping boundary is not determined by particles trapped on a

single field line but is a combination of particles mirroring at different
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latitudes and equatorial crossings. At high latitudes the trapping boundary

consists of particles having small equatorial pitch angles and crossing the

equator at 9. 5 R . However, near the equator particles having pitch angles

of 80 degrees can exist on closed drift shells out to distances > 10 R .

Figure 25 demonstrates the predicted boundary at noon and midnight. At

noon we note that the trapping boundary (solid curve) is a composite of sev-

eral field lines (dashed curve) whereas at midnight the trapping boundary is

coincident with a single field line. There exists a region extending from the

earth to 9. 5 R at noon and to 7. 5 R at midnight •where particles of all
C 6

pitch angles may be trapped. Outside of this region there is a region at noon

where only particles with large equatorial pitch angles are trapped and there

is a region at midnight where only particles with small equatorial pitch

angles are trapped.
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F. Comparison of Data and Models

The best fit experimentally determined trapping boundary compared with the

calculated curves using Olson's and Mead-Fairfield's models are shown in Fig-

ures 26 and 27. We note that both at noon and midnight the empirical model of

Mead-Fairfield (a model which is a least square polynomial fit to all available

magnetometer measurements) more closely approximates the data that does

Olson's model (a model which is derived from first principles involving pres-

sure balance and current flows on the magnetospheric boundary and tail).

The agreement -with Mead-Fairfield's model is probably within the experi-

mental error of this determination of the boundary and the determination of

the magnetic field by Mead-Fairfield from available magnetometer data. The

differences between Olson's model and the data is caused by the fact that

Olson's model (as well as all other mathematical models) do not yet include

the distributed currents flowing within the magnetosphere. Olson has indi-

cated (private communications) that several of these studies have indicated

the importance of distributed currents within the magnetosphere, and that
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these currents will be included in a later version of the model. The

discrepancies bet-ween model and data are largest at approximately 5 R ,

It is not possible to juggle tail field strengths or stand-off distance to bring

the model into agreement with the data. At A = 0 degrees the model with

appropriate choices of R-, the stand-off distance, and tail field strength can

easily be made to fit the data. Olson's model correctly predicts, for exam-

ple, both the diurnal as well as seasonal changes of the magnetic field at

synchronous orbit. One therefore concludes that in order for the model to

fit the observed trapping boundary, currents other than tail currents and

magnetopause currents must play an important role near 5 R and latitudes of
6

~ 40 degrees. A study of the long term time dependence observed at mid-

night showed that by increasing or decreasing the tail field strength, the

calculated curve plotted inFigure 27 can be made to more closely agree with

either one of the two experimental branches. Thus indicating that changes

in the strength of the tail field can account for the difference between the two

observed curves.

As discussed in Section D the high latitude intercept of the trapping boundary

with the earth is at 72 degrees at noon and at 68 degrees near midnight.

Table II has been formulated to bring together a number of measurements

which are directly or indirectly related to the high latitude earth intercept

of the trapping boundary. All of the experimental data values, the determi-

nation of the location of the trapping boundary, the location of the Dayside

Cusp, the location of the Plasma Cusp, the f irs t open field line, and the

cosmic ray cut-off form a consistent set. The trapping boundary is located

at 72 degrees at noon, the cosmic ray cut-off is 4 degrees lower in latitude

and the dayside cusp is about 4 degrees higher in latitude and the 1st open

field line is in the region of the dayside cusp. When this data is compared

with predict ions of the magnetic field models we find that Olson's model pre-

dicts latitudes which are consistently 4-6 degrees higher and Mead-Fairfield's

model predict latitudes which are consistently 2-4 degrees higher.
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Table II

EXPERIMENTAL

Noon

Midnight

OGO-1 & 3
Trapping
Boundary

72° ± 2°

68° ± 2°

Dayside
Cusp(l)

75° - 79°

Plasma
Cusp

68°

1st Open
Field Line
(OGO-6)(2)

76°

OGO-6
Cut-off

(5 MeV)(3)

68°

63°

(1) Heikkila and Winningham, 1971.

(2) Masley et al. , 1971b. .

(3) Masley et al. , 1971a.

THEORETICAL

Noon

Midnight

Trapping Boundary
Closed Magnetosphere

Olson

76°

72°

Mead-
Fairfield

73°

70°

1st Open
Field Line

Olson

81°

-

Mead-
Fairfield

78°

-

Cut-off

Olson

74°

69°

Mead-
Fairfield

72°

68°

The above result may have a direct bearing on the discrepancey between cal-

culated and measured cosmic ray trajectories. It is well known that the

models (in particular the Mead-Williams and Olson models) predict cosmic

ray cut-offs which are much too high (Masley et al. , 197la). The identical

models which were used to calculate the cosmic ray cut-offs were also used

in this boundary study. It is found that the discrepancy between the calcu-

lated and observed trapping boundary is of the same order as the discre-

pancy between calculated and observed cosmic ray cut-offs. An adjustment

to the models to give better agreement between the calculated and measured

trapping boundary location would also lower the cosmic ray cut-offs and

bring the calculated cut-offs into better agreement with the experimentally

measured cut-offs.
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V. SUMMARY

This study has determined the radial diffusion coefficient in the inner zone

for 1.6 < L < 2. 2 for electrons having a first invariant of JJL = 12 MeV/gauss.

The coefficient determined by this study, which is larger than some of the

earlier values obtained by (Newkirk and Walt, 1968), gives rise to the possi-

bility that there exists a lower limit to the fluxes in the inner zone because

of a continuous diffusive re supply through the slot between the inner and

outer zone. It is expected, however, that the major source of electrons for

the inner zone will continue to be the single injections of major magnetic

storms.

We have also demonstrated that by using the solar wind pressure as an input

to the magnetic field models the agreement between observed and calculated

magnetic fields as -well as between observed and calculated particle fluxes

is improved. In particular, changes in the plasma pressure can cause

apparent local time asymmetries in the particle flux. It has been shown that

the apparent asymmetry on February 15, 1967 is instead a time dependent

solar wind induced fluctuation. It has been demonstrated that by including

solar wind pressure information into the magnetic field models, significant

improvement is obtained in correlating experimental and theoretical results.

Future work, in particular, studies of magnetic fields and particle fluxes in

the outer zone which utilize magnetic field models, should input available

plasma pressure data into the model calculations.

A further comparison of the magnetic field models with the observed loca-

tion of the trapping boundary indicates the need for the inclusion of distri-

buted currents within the magnetosphere. Olson's independent studies

(private communication) have also indicated a need for the inclusion of these

currents in the models in order that his magnetic field values more closely

agree with measured values. The above study can then be used as an inde-

pendent check on the new magnetospheric field configuration.
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It has also been shown that the high latitude trapping boundary is only weakly

A dependent and that the plasma pressure when used to calculate the stand-

off distance improves the accuracy of the models. Therefore, the trapping

boundary study can be significantly improved (i. e. the scatter of points

reduced significantly) by incorporating a stand-off distance which varies with

the plasma pressure. (These data are available from the National Data

Center. ) By improving the boundary shape determination it may be possible

to directly predict the location of the distributed currents with the

magnetopause.
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