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PREFACE

Explorer VI was the first successful scientific satellite launched

by the National Aeronautics and Space Administration after its

creation. This volume is the first of a projected series of the

collected scientific results of the NASA Space Science Program.

It assembles the significant scientific publications from Explorer

VI, and succeeding volumes will assemble the papers from later

spacecraft.

HOMER E. NEWELL,

Associate Administrator .for

Space Science and Applications.
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Foreword

On August 7, 1959, NASA launched its first successful scientific satellite,
Explorer VI. Explorer VI carried experiments to investigate the trapped

radiations, micrometeoroids, magnetic fields, very low frequency electro-
magnetic transmission, and cloud cover.

During the years since the launch of Explorer VI, experimenters have
analyzed their data and have published the results. These results have been
discussed and reviewed by other scientists and incorporated in our knowledge
and understanding of space science. The data taken with Explorer VI pro-
vided new insights into space phenomena and in turn raised new questions which
its successors--Explorers XII, XIV, and XV--are helping to answer.

The purpose of this document is to bring together the significant scientific
papers resulting from Explorer VI so that historians can place the contributions
of Explorer VI to the National Space Science Program in their proper historical
context.

Considerable national resources and much effort by both scientists and
engineers were required for the success of Explorer VI. It is impossible to
acknowledge the contributions of all the people who helped to make Explorer
VI a success. However, it is appropriate to list some people of NASA, the
Air Force, and Space Technology Laboratories, Inc., who made major contri.
butions, without which Explorer VI would not have been possible. Their
names and affiliations at the time of their contributions to Explorer VI are
listed below:

John C. Lindsey--NASA, Project Manager
Charles P. Sonett---STL, Project Scientist
Paul F. Glasser--STL

George J. Gleghorn--STL
George E. Mueller--STL
Adolph K. Thiel --STL

Maj. Donald Latham--USAF
Maj. John Richards--USAF
Harry J. Goett--NASA
Morton J. S'toller--NASA
John W. Townsend--NASA

JOHN E. N._UOLE,

Director oJ Physics and Astronomy
Programs, Oy_ce o] Space Science
and Applications.
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Introduction

sY H. E. STAUSS

Physics and Astronomy Programs

O_ce of Space Science and Applications

The National Aeronautics and Space Ad-

ministration began life officially in October

1958; Explorer VI, launched August 7, 1959,
was its first artificial Earth satellite to return

useful data.

In the five years that have elapsed since then
the experimenters have analyzed their data and

published their results. This compilation con-

tains the scientific papers that have been pre-

pared on the basis of data acquired from
Explorer VI. It omits the technological devel-

opments that were associated with the space-
craft, as these will be presented in a separate

volume. The papers included here are chiefly
those published in the open professional litera-

ture. Duplication between papers presented to

different groups of readers has been avoided if

possible by assigning priorities to papers con-

taining similar material in the following order:

professional magazines, reports to COSPAR,
and NASA Technical Notes--contractors' re-

ports have not been used. Papers of experi-

menters have not been edited and are presented

as published, and any omission has been in-

advertent. Papers by persons who did not

have experiments on the spacecraft have been

included where they seemed important; this

was true in the area of orbital calculations or

celestial mechanics.

Explorer VI, also called the paddlewheel

satellite, was designed to provide a coordinated,

comprehensive group of measurements of scien-

tific interest over as large a region of the magnet-

osphere as was possible with the capability of
the rocket boosters available at the time. This

goal was attained by placing the spacecraft in a

highly elliptical orbit with an apogee of 42,500
kin. Simultaneous studies were made of the

trapped radiation in the Van Allen region,

galactic cosmic rays, geomagnetism, radio

propagation in the upper atmosphere, and the

flux of micrometeorites or cosmic dust. Second-

ary to these investigations was the testing of a

scanning device used for photographing the
Earth's cloud cover; this was the forerunner of
the TV cameras carried in later satellites.

Explorer VI was launched into an orbit with

an initial apogee of almost 42,500 km (26,300

miles) and a perigee of 250 km (156 miles).

Its period of revolution in this orbit was

approximately 12.5 hours, and the inclination of

the orbit ,to the Earth's equatorial plane was

46.9 ° . The satellite was spin-oriented at the

rate of 2.7 rps. Although a lifetime of 1 year had

been hoped for, the satellite transmitted useful

data only for a period of between 1 and 2

months of service, varying for different experi-

ments. All transmission ceased on October 6,
1959.

The satellite was spheroidal, or nearly

spherical, with a flattened bottom as seen in

figure 1. Its height was 66 cm (26 in.) along

the spin axis, its equatorial diameter was 73 cm

(29 in.) in the plane of circular symmetry,

and its weight was 64.5 kg (142 lb). Four

solar-cell paddles were mounted near the

equator to recharge the storage batteries in

orbit. In flight, the plane of the solar-cell

paddles formed angles of 30 ° to the equator of

the spacecraft. Each panel was 46 cmX46 cm

1



2 EXPLORER YI

FmuaE 1.--Explorer VI spacecraft.

and contained 2,000 solar cells. It had been

calculated that 25 percent of the cells would

be in the sunlight at all times; however, at

launch one paddle failed to deploy correctly,
and the power available on the spacecraft was

reduced. The outer shell of the spacecraft was
made of 0.012-in.-thick aluminum sheet and

carried no load. The inside of the shell had

been anodized black and the outside painted

with a black, hard, epoxy-base paint. White

patches of paint and of aluminum foil coated

with titanium oxide provided passive tempera-

ture control. The arrangement of equipment

within Explorer VI is shown in figure 2.
Explorer VI contained the first of the telem-

etry systems known as Telebit, which operated
in a digital transmission mode. Transmission

was at 378 Mcps. Telemetry signals were

transmitted on FM subcarriers by three trans-
mitters: two 80-roW VHF transmitters broad-

casting at 108.06 and 108.09 Mcps and earryin_

analog data, and one 5-W UHF transmitter

broadcasting at 378 Mcps. A payload receiver

permitted reception of earth-transmitted com-
mands.

Primarily three ground stations were used

for communicating with the satellite: in Eng-

land at the University of Manchester, in Hawaii,

and in Singapore. Telemetered digital data

were received at these stations and at Cape

Kennedy as well. The digital telemetry sys-

tem served chiefly to evaluate the satellite's
usefulness in transmitting information over long

distances. From launch to October 2, 1959, tele-

metered data were transmitted by the satellite

upon command from the primary ground track-

ing stations. Difficulties in ground reception

were often occasioned by extremely deep fading in

signal strength. In particular, the signal was
often weak at the apogee, at which times reliance
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was placed upon the 250-ft radio telescope of

the University of Manchester in England, which

was made available by Professor A. C. B.

Lovell. When interconnected coherently (108

Mcps and 378 Mcps), the transmitters formed

a transponder capable of providing velocity and

range information as an aid in tracking.

An important event during the flight of

Explorer VI was a solar flare that occurred on

August 14, 1959, beginning at 0040Z, and

which could be observed both visually and

photographically. Its occurrence permitted

correlations of the data obtained by the radia-

tion and magnetometer experiments with solar

activity.

An unexpected consequence of the Explorer

VI launch was the confirmation of the predic-

tion of Y. Kozai of the smithsonian Astro-

physical Observatory that lunar perturbations

of a satellite orbit of a highly eccentric form,
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4 EXPLORER VI

such as that of Explorer VI, would result in a

depression of the perigee and consequent

shortening of the lifetime below that calculated
from air drag for the unperturbed orbit.

A micrometeorite experiment was flown to
obtain statistics on the momentum flux and

the variations of flux of micrometeorites.

Planned by M. Dubin, W. M. Alexander, and
H. A. Cohen of NASA and the Air Force

Geophysics Research Division, it employed

piezoelectric crystal microphones as sensing

elements. Although pulses were detected, the

experimen t returned no data of scientific value,
and no report has been made in the scientific
literature.

A spot scanner television system, originally

designed by S. C. Baker of the Space Tech-

nology Laboratories for Pioneer II, was carried

aboard Explorer VI in a slightly modified form.

Primary interest lay in the study of its feasi-

bility as an angle-detecting device for spectro-

scopic studies in space. It was used in this

flight to obtain a low resolution photograph of
the earth. While the device itself has been

described in the literature, the results from

Explorer VI were not of sufficient value to be

reported in the scientific literature.

Explorer VI carried a small plastic scintilla-

tion counter designed by A. Rosen, T. A.

Farley, and N. L. Sanders of the Space Tech-

nology Laboratories to be sensitive to electrons

in the intermediate range of energies (greater

than 200 keV). The purpose of the counter

was the observation of electrons throughout the

entire Van Allen region, both inner and outer

zones, with a detector insensitive to hrems-

strahlung. The scintillator was a cylinder 2.5

cm (1 in.) in diameter and 0.6 cm (0.25 in.)

thick. It was of low atomic number to insure

insensitivity to gamma radiation, and was cali-

brated before flight as a function of both

particle energy and counter temperature. A

small, foil-covered window over the scintillation

counter permitted it to detect electrons with

energies greater than 200 keV and protons with

energies greater than 2 MeV. Particles that

penetrated the satellite shell could be detected

for energies over 500 keV for electrons and 10

MeV for protons.

The spacecraft carried a proportional counter

telescope for investigating variations in the

galactic cosmic radiation and for studying the

trapped radiation in the Van Allen region. It

was designed by a University of Chicago group

led by Professor J. A. Simpson to respond to

electrons of energies greater than 500 keV and

to protons of energies greater than 70 MeV.

The telescope consisted of seven semipropor-

tional counter tubes arranged in a closely

packed, hexagonal array of six tubes surround-

ing the seventh central tube, with the entire

array surrounded by a lead shield 5 g/cm 2 thick.

Low energy cutoff for a three-fold coincidence

gave unambiguous identification of protons at
75 MeV and of electrons at 13 MeV. While

this counter did not respond to low-energy

electrons directly, the central tube was able to

detect them through the bremsstrahlung for

energies greater than 500 keV.

A unit designed at the University of Minne-

sota under the leadership of Professor J. R.

Winclder contained a geiger counter (Anton
302) and a Neher ionization chamber for the

study of the trapped radiation and its mean
specific ionization; the unit was sensitive to all

radiation types. The ionization chamber oper-

ated on the pulsing electrometer principle.

The geiger counter measured the number of

impinging particles, while the ionization cham-

ber measured the number of ion pairs produced

per unit time. The two together gave the ion

pairs per unit path produced by each particle,

and thus gave the energy of the particle if the
mass was known. This unit had extensive

previous use in balloon flights. It responded

to electrons having energies greater than 2

MeV and to protons having energies over 16

MeV. Low-energy electrons having energies

greater than 30 keV could be detected by means

of the X-rays they generated.

Explorer VI was also equipped with two

magnetometers designed at the Space Tech-

nology Laboratories by C. P. Sonett, D. L.

Judge, and P. J. Coleman, one a search coil

and the other a fluxgate magnetometer. In

addition, a phase comparator was used so that

the direction of the magnetic field in space

could be determined. The search coil was a
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solenoid of 30,000 turns wound on an iron-

nickel core attached to the shell of the spin-

stabilized payload. The spin of the vehicle

generated a sinusoidal voltage proportional to

the component of the magnetic field, B, per-

pendicular to the spin axis of the vehicle.

Steady fields and slow variations in the field

could be measured. Automatic gain control

was incorporated in the amplifier to reduce

instrument sensitivity with increasing field.

The fluxgate magnetometer failed some minutes

subsequent to launch and returned no data.

A magnetic field aspect indicator, or phase

comparator, reported the direction of the mag-

netic field in the plane normal to the spin direc-

tion by giving the angle between the measured

vector of the magnetic field and the projection

of the sun's direction in this plane. It meas-

ured the phase angle by measuring the time
delay between two pulses, one from a photo-

diode sun scanner, and the other representing

the zero voltage crossing of the sinusoidal
signal from the search coil.

The component of the ambient magnetic

field parallel to the spin axis of the spacecraft

was to have been measured with the fluxgate

magnetometer. The combined measurements

of the two magnetometers and the phase com-

parator would have given the direction and the

magnitude of the ambient magnetic field in

space.

A VLF electromagnetic wave propagation
experiment was designed at Stanford Uni-

versity under Professor R. A. HelliweU. It

consisted of a VLF (15.5 kc) receiver keyed

to transmissions from the U.S. Navy Station

NSS at Annapolis. The experiment was de-

signed for studying VLF transmission through

the lower ionosphere from the ground station

to the satellite during launch. Transmission

was investigated during a period beginning be-

fore liftoff and continuing until the rocket
was over the horizon. A bandwidth of 100

cps gave a time resolution of approximately

10 msec for measurements of group delay.
Antenna impedance and receiver gain were

calibrated automatically. Telemetered infor-

mation was compared with the outputs
of 15.5-kcps receivers located at the STL

tracking stations. Observations of the whistler

mode were also made from a Stanford Uni-

versity ground station near the NSS magnetic

conjugate point.

An experiment, using Doppler-Faraday radio

propagation measurements, to measure the elec-

tron density in the vicinity of the satellite was

designed by C. D. Graves of the Space Tech-

nology Laboratories. In this experiment two

coherent signals, one from the 108-Mcps analog

UHF transmitter and one from the digital

transmitter at 378 Mcps, were used to measure

the Doppler difference frequency. Supplemen-

tary measurements of the rate of change of the

Faraday polarization rotation were made on the

signal at 108 kcps. Limited, but useful, data
were obtained.

The accomplishments of Explorer VI were

important in space research in several ways.

They sharpened the focus of scientific knowl-

edge of the terrestrial magnetosphere by pro-

riding simultaneous measurements of energetic

particles, the magnetic field, and the electron

density in the upper atmosphere. They also

provided information on the boundary of the

Earth's magnetic field and confirmed inter-

relationships between solar activity such as

flares and phenomena in the terrestrial exo-

sphere. Above all, the accomplishments of

Explorer VI provided a sound stepping stone

to subsequent space experimentation. Some

of the more specific results are as listed.

(1) The orbital characteristics of Explorer VI

confirmed an earlier theory that the Sun and

Moon have important perturbing influences on

an orbit of high eccentricity.

(2) The eccentric character of the orbit of

Explorer VI stimulated further investigations

of methods of calc(ilating orbits of near-Earth
artificial satellites.

(3) The electron density in the vicinity of the

spacecraft itself was determined by means of

combined measurements of Doppler frequency

and of Faraday polarization rotation. The

actual results were unexpectedly higher than

what had been anticipated from the whistler

propagation studies. The difficulties encoun-

tered in the experiment, inherent in this type of

propagation measurement, led the experimenter

to conclude that a more direct method of density
measurement is desirable.
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(4) An experiment was conducted relative

to the generation of whistlers, using VHF

transmission from a ground station to the

spacecraft during the launch period. Sufficient

data were obtained to permit development of a

theory relative to the generation of the whistler
mode.

(5) The particle intensity detected in the

outer zone of trapped radiation showed a

decrease following the sudden commencement

of a geomagnetic storm followed by a slower

recovery; however, apparently the number of

energetic protons increased simultaneously.

(6) A differential energy spectrum for trap-

ped protons of energy above 30 MeV in the

inner radiation belt was developed on the basis

of an assumed power law and was found to be

E-1. 85 at about --28 ° geomagnetic latitude.
(7) Visual observations of aurorae were made

simultaneously with radiation measurements on
the same lines of force.

(8) Explorer VI data on the radiation in the
outer radiation zone were found not to be in

complete agreement with earlier measurements.

(9) The spectrum of trapped particles along

a line of force was found not to change greatly

along the line.

(10) Evidence was obtained suggestive of

coupling between the solar plasma and the
outer radiation zone.

(11) Measurements of electron flux along a

magnetic line of force in the outer radiation

belt led to the conclusion that other processes

besides electron injection by neutron decay are

necessary to explain the observed flux distribu-
tion.

(12) Gross fluctuations in radiation intensity

were observed at the edge of the outer zone of

trapped radiation during a magnetic storm.

(13) Magnetic field measurements showed
fair accord with calculations based on a terres-

trial magnetic dipole to the altitude of 5 Earth
radii. From 5 to 8 Earth radii, deviations
between the two were observed. Calculations

were made of the extraterrestrial current system

that would be necessary to explain the devia-

tions. Comparison of results from Explorer

VI and Explorer X indicated that the devia-
tions could also result from a tail in the terres-

trial magnetic field.
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Anticipated Orbital Perturbations of Satellite 1959 Delta Two I

BY YOSHIHIDE KozAi 2 AND CHARLES A. WHITNEY 3

Astrophysical Observatory
Smithsonian Institution

1. INTRODUCTION

As announced by the Smithsonian Astro-
physical Observatory in a press release dated
August 21, 1959 (see Appendix), the orbit of
Satellite 1959 Delta Two, the "Paddle-Wheel,"
is significantly affected by lunar and solar per-
turbations. Thus, Satellite 1959 Delta Two
is unique among satellites launched to date and

we believe it worth while to publish the present
analysis to provide a basis for anticipating its
orbital behavior.

Starting from the orbital elements provided
by the National Aeronautics and-Space Ad-
ministration for September 3, 1959, we have

carried out numerical integratiqn=.to predict
the future behavior of this satellite. These

integrations, based on variation of parameters,

are preliminary in nature. Techniques for a
more precise analysis of the orbit are in
preparation.

The equations employed are outlined in
Section 2. The technique of integration was
a simple one taking the semi-major axis as in-
dependent variable.

/ 55 21 966
the sun are expressed by the equation (Kozai,
1959),

de l_f-f'_--e2 5 R
d¢ na_e 5_' (1)

where the principal terms of R are:

R = e2a2 n Ocos 4_cos 4_cos2(x O- _)

1
(nlm,+ n )sin',(1 )+ _ -- _sin 2E cos2o_

1 {+ _ n_mi sin 2 Ecos 4 _ cos 2(_ + t2 -- tiC)

-- sin i cos 2 _ sin 2_ cos (2¢a -_- _ -- _)

1 n_){sin_ i+ _ _ cos__ cos 2(,_ + a)

sin i cos 2 2sin 2. cos (2o_ + t_)} + n_)sini

i . ]cos 2_sin_cos 2_ cos (2X O -- 2_ -- f_) • (2)

2. THE PERTURBATION EQUATIONS

Solar and Lunar Perturbations._Variations

of the orbital eccentricity due to the moon and

1 Published in Special Report No. 30, November 12,
1959. Reprinted by permission.

2 Astronomer, Satellite Tracking Program. Now at

Tokyo Astronomical Observatory.
a Physicist, Division of Solar Radiation Studies,

Smithsonian Astrophysical Observatory, and Research
Associate, Harvard College Observatory.

Here, no is the mean motion of the sun; n(, that

of the moon; _, the obliquity; )'o, the mean

longitude of the sun; mo, the mass of the moon
(the unit is the mass of the earth); and _(,

the longitude of the ascending node of the
moon with respect to the earth's equator. On

the right side of equation (2), i, _ and _ may
be considered not to be affected by the moon

and the sun.

9



10 ASTRONOMY AND CELESTIAL MECHANICS

As the semi-major axis does not change

rapidly due to the moon and the sun, the
variation of the perigee distance, q, is

dq de
d--tt -_ a dt (3)

Oblateness Perturbations.--The rates of change

of the argument of perigee and the right ascen-

sion of the ascending node were computed

from the usual first-order equations,

d__ ---- J (2-2.5 sin _ i),
dN pS

d_ J

'd"N ---- -- _ cos i, (4)

where N is the revolution number and

p = a(1 -- e_). The value J = .0016230 was

employed as well as the equation,

P = .0586745a sn (5)

relating the orbital period in days to the semi_

major axis in units of 6378.388 km.

Atmospheric-Drag Perturbations.--The effects

of atmospheric drag on the orbital energy and

the perigee height were introduced in the fol-

lowing manner.

The effect on perigee height was computed

from the approximation,

dq = H
d---Q a"-e ' (6)

where H is the atmospheric scale height. This

relation can be transformed to the equation,

dq 2

d--a -_ Kae+ 1 (7)

where K = H -I.

This approximation is valid for orbits of high

eccentricity, but clearly is very poor for low

eccentricities. We do not feel that the present

calculations would be significantly affected

by a more precise computation of dq/da.

The drag effect on orbital period was evalu-
ated with a formula derived to be valid for a

wide range of eccentricities.

The loss of energy due to drag may be writ-
ten as

Co
du = -_- Apuads, (8)

where CD is the drag coefficient, A is the satel-

lite's effective cross-sectional area, p is the

atmospheric density, w is the orbital velocity,

and ds is the differential of distance along the
orbit.

For the orbital velocity we substituted the

value at perigee,

wa=k 2 1 -{-e
a(1 -- e)

For ds we used the equations,

ds r (1 -q- fl dr'_"_'/'
= \ \7 _;] ] '

dr sin v

dv = r 1 -I- e cos v' (9)

On the assumption that v, the true anomaly,

is much less than one radian in the region of

significant drag, we derived the equation,

( e )ds=a(1--e) lq-i-T-eta dr. (10)

We further assumed that the atmospheric

density above perigee can be represented by an

exponential function of height, writing p (v)

= p(q) exp (-- K(q) (r(v) -- q)).
We then found that

du=? Ap¢,)k'(i +e)(i +_e v')

( -- Kqe t_ _ dv.
exp \2(1 + e)

(11)
/

Integrating over true anomaly and employing
the relation

a 2

da = _ du,

where m is the satellite mass, leads to the

following expression for ha, the change of

semimajor axis per revolution,

ha=_ CDmAp(q)(l_/_a 2-t-e)3/2 (1+_-_ .1) (12)

We note that the integration around an orbit

is performed with an exponential atmosphere.

However, because of the wide range of perigee

height produced by the lunar and solar per-

turbations it was not sufficiently accurate to
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assume that the entire atmosphere was iso-
thermal.

We employed the following formulae for
p(q) and K(q):

_(q) = 7.94 X 10 -11exp (-- 161.55(q-- 1)

+ 2.3029 exp ( -- 138.46(q -- 1) + 2.8)),

K(q) = 161.55 + 318.86 exp ( -- 138.46 (q -- 1) +2.8),

(13)

where p isin gm/cm 3,q isin unitsof 6378.388

km, and K is in km-'.

Table 1 lists the values of log,0 p derived from
this model and from the Smithsonian Astro-

physical Observatory Interim Model Atmos-
phere No. 4.

TABLE 1 .--Atmospheric Densities

Height (Km)

150 ..................

180 ..................

210 ..................

240 ..................

270 ..................

log,o p (gm/cm s)

Approximation

--11.12

--11.75

-- 12.24

--12.65

-- 13.02

Model 4

--11.08

--11.77

-- 12.29

-- 12.73

-- 13.09

3. NUMERICAL RESULTS

The perturbed orbit has been calculated from
the following initial orbit:

Epoch 1959 September 3.150 GMT

a = 4.3446

e = .7604

i = 47.10

= 41.66

= 55.62

The results are summarized in figures 1, 2,
and 3. The arrows indicate the date of launch-

ing. In these figures the integrations for two
values of A/m are shown, in order to indicate
the sensitivity of the orbit to variations of
atmospheric density and effective area of the
satellite.

The semi-annual variation of perigee distance
is produced by the solar perturbation and does

not drastically affect the satellite lifetime. The

lunar perturbation produces the rapid drop of
perigee around 600 days after September 3, 1959
and ends the life of the satellite.

1.04

_. 1,03

o

1.02

i i i i i _ i

1.01
I I I I I I I l

0 I00 200 300 400 500 600

DAYS FROM

SEPTEMBER 3,1959

70O

FIGURE 1.--Expected perigee distance o.f 1959
Delta Two measured in units oJ Earth radii.

I0 -3

dS

dll

10-41

!0-II

! I i l I

Alllt .011

I I I I I I
0 I00 100 _ 400 800 I100

OAYI FflOM
_FTI_MBI[fl 3, I081

FIGURE 2.--Expected acceleration o] satellite
1959 Delta Two given in terms oj: the decrease
oJ semi-major axis (in Earth radii) per
revolution.
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2.OO
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8_PTIDISI_ 3.1959

7oo

FIGURE 3.--Expected semi-major axis of 1959
Delta Two measured in Earth radii.

The two "acceleration" curves of da/dN,
plotted logarithmetically, are essentially mirror
images of the perigee height.

Dr. Don Lautman has derived an acceleration
of

da

d--N = -- 1.5 X 10-_ earth radii

from observations of this satellite during the
first month of flight, and this value falls
between the plotted curves.

REFERENCE

KOZAI, Y. On the effects of the sun and the
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Special Rep. No. _, Smithsonian Astrophys. Obs.,

p. 7. 1959.

APPENDIX--REDUCTION OF "PADDLE-

WHEEL" SATELLITE'S LIFETIME

Dr. Yoshihide Kozai, Astronomer of the

Smithsonian Astrophysical Observatory, has

predicted that the lifetime of the recently
launched "paddle-wheel" satellite, Explorer VI,
will be greatly reduced by perturbations of the

moon's orbit. Perturbations are irregularities
in the motion or orbit of a heavenly body caused
by some force other than that which determines
its usual path.

The "paddle,wheel" satellite's apogee of
25,000 miles is the greatest distance from the
earth ever reached by any artificial satellite.
Based on his prior investigation of the relation
between satellite orbital irregularities and lunar
perturbations, Dr. Kozai has determined that
Explorer VI will be affected by the moon's
gravitational field: This, in turn, will affect
the perigee, drawing it down into the earth's

atmosphere, leading to a significant increase in
the air-drag effect.

Because of the severity of the moon's effect,
the apogee of Explorer VI will be little affected
by the atmospheric density at high altitudes
responsible for bringing down other artificial
satellites. Hence, the ',paddle-wheel" will be

the first satellite to have its lifetime appreciably
disturbed by the moon.

The sun's attraction adds a small contribution

to the shortening of this object's lifetime.

Dr. Charles A. Whitney, Physicist in charge,
Research and Analysis, Smithsonian Astro-

physical Observatory, has performed a detailed

numerical integration of Dr. Kozai's perturba-

tion equations in combination with equations

describing the effects of air-drag.

These calculations, performed with a high-

speed electronic computer, show that although
the lifetime of the satellite would be more than

two decades in the absence of the moon, the

lunar perturbations reduce the expected lifetime

to about two years.
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The Orbit of Explorer VI--A Test of the

Dynamic Model Atmospheres 1

BY KENNETH MOE _

Space Technology laboratories, Inc. 65-21 967'
•.. .._

A new orbit has been computed for the "Paddlewheel Satellite", Explorer VI (1959 8-1),
using all available tracking observations. This orbit covers the period of time from injec-
tion into orbit on 7 August 1959 to final transmitter failure on 6 October 1959, the period
during which scientific data were received from the satellite. The orbit was constructed
by a new method in which only the initial elements are obtained by conventional least-
squares fitting. At subsequent times, all the conservative forces acting on the satellite are
assumed to be known, and the drag force is solved for by minimizing the residuals of each
day's observations. The derived atmospheric densities are compared with the ARDC
1959 Model Atmosphere and with the dynamic models devised by Paetzold, Jacchia, and
Priester. None of the early dynamic model atmospheres agree well with the derived den-

sities; however, Paetzold's 1962 Model usuaUy does agree within the standard deviation ./f7
of the derived densities. ------------- _.....

The purpose of this paper is to describe

briefly a new method for determining the de-

finitive orbit of a satellite which is significantly

affected by drag, and to use the Explorer VI

(1959 _-1) orbit, obtained by this method, to

test several of the proposed dynamic model
atmospheres.

THE METHOD OF ORBIT FITTING

The orbits of artificial satellites are usually

determined in the following way: The observa-

tions are separated into groups, each group
covering an interval of N revolutions. Then

a least-square fitting procedure is used to derive

the six orbital elements and the rate of change

of period for each group of observations. The

rate of change of period (or drag) is assumed

1Published in the Proceedings of the American
Rocket Society 17th Annual Meeting and Space
Flight Symposium, Los Angeles, California, November
1964. Reprinted by permission.

Consultant, Systems Analysis Department.

constant in each interval. Thus the orbit is a

succession of independent segments each of
which is N revolutions long. i

The new method (1)$ of orbit determination
utilizes the Conventional least-square fitting

technique to derive only the initial elements.

The elements at subsequent times are obtained

by allowing the gravitational and drag forces

to perturb the initial elements. The gravita-

tional forces are assumed known, while the

drag force is determined as a byproduct of the

orbital fitting, which is carried out by mini-

mizing the residuals of each day's observations.
The essential feature of this method of com-

puting orbits is that it assumes that all forces

acting on the satellite except the air drag are

known, and it solves for the air drag. Thus it

allows the true anomaly to be up-dated (by

varying the drag) without rejecting the old
information on those elements which are less

SNumbers in parentheses indicate References at
end of paper.
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affected by drag. This advantage can be em-

ployed either to construct good orbits when the
available tracking data are poorly distributed,

or to refine the orbital elements by smoothing

over longer time intervals without having the

residuals become excessively large. This

method of fitting is also of assistance in the

rejection of erroneous observations in the

following way: If an observation does not fit,

the air density can be varied by an amount
which is considered reasonable on the basis of

past experience, such as is contained in Refer-

ences 2, 3, and 4. If a reasonable adjustment
does not cause the observation to fit in with

the other observations, it is rejected. Con-

ventional differential orbital improvement pro-

grams merely reject observations on the basis
of the residuals, using a fixed atmospheric

density within the fitting interval.

The presen_ method is useful for constructing

satellite orbits when drag fluctuations are the

main source of uncertainty in the orbit;

hence it is especially good in cases where the

perigee is low. The method should not be

used when searching for harmonics of the

earth's gravitational field, because the method

of projecting the elements forward in time

necessarily implies that all the conservative

forces acting on the satellite are included in
the calculation.

THE ORBIT OF EXPLORER Vl

The "Paddlewheel Satellite," Explorer VI

(1959 _-1), had an orbit of large eccentricity

(e----0.76), and an initial perigee height of 138

nautical miles. During the period from

August 7, 1959 to October 6, 1959i this satellite

transmitted valuable scientific measurements,

which could not be interpreted satisfactorily
unless an accurate orbit were available. Un-

fortunately, the tracking data were not well

distributed statistically. For this reason,

and because the satellite's perigee was low

enough that drag variations could significantly
affect the orbit, the new method of orbit

fitting was chosen for the determination of the
definitive orbit.

The definitive orbit of Explorer VI is given

in Reference 1. In this paper, we present only

the results related to the satellite orbital

accelerations, because of their special interest

in studies of the density of the upper atmos-

phere. The orbital accelerations of Explorer

VI did not directly yield the atmospheric

density at a particular altitude because the
orbit was so eccentric that solar and lunar

forces perturbed the height of perigee (6, 7, 8).

The height of perigee as a function of time is
shown in figure la and the rates of change of

perigee height caused by solar and lunar pertur-
bations are plotted in figure lb. (The height

is measured from a standard ellipsoid.) If one
wants to determine the variations in atmos-

pheric density at a fixed height, one must
remove the effects of solar and lunar pertur-
bations from the derived accelerations. This

was done, and the resulting adjusted orbital

accelerations, giving the variations in atmos-

pheric density at a fixed height of 145 nautical

miles, are shown in figure 2a. After 9 Septem-
ber the derived accelerations have been indi-

cated by a dashed line because the relative

paucity of data caused the derived accelerations

to be more uncertain than during the previous

part of the orbit. The satellite was spin-

stabilized, so its effective area was unaffected

by tumbling. Figures 2b and 2c show two of

the quantities which are correlated with varia-
tions in atmospheric density: The decimeter

solar flux, and the geomagnetic planetary

amplitude, A_. These two correlations are

utilized in the dynamic model atmospheres.

TEST OF THE DYNAMIC MODEL

ATMOSPHERES

Figure 3 shows the density variations which

would have been expected on the basis of
several theoretical models of atmospheric den-

sity (2, 3, 5) available in 1961, which utilize
the known correlations with decimeter solar

flux, the local solar time at perigee, and, in
the case of Paetzold's atmosphere (5), At and

the time of year. An exact comparison be-
tween the derived accelerations and the theoreti-

cal models is difficult to make because they do

not all use the same scale heights nor do they

employ the same method of computing density
from the observed rates of change of period.
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One obvious conclusion that can be drawn

from an examination of figures 2 and 3 is that

Paetzold's 1961 model has a larger range of
variation than either of the other models or the

accelerations derived from Explorer VI.

Another conclusion that can be drawn by

comparing the derived orbital accelerations

with the theoretical atmospheres is that the

correlation with A p which Paetzold used

improved the agreement, especially around 17
August. The use of two sets of decimeter

flux data with Jacchia's atmosphere in figure 3

reveals a limitation on the possible accuracy of

model atmospheres which utilize the correla-
tion with decimeter flux. The fact that the

ratio of the 10 and 20 centimeter flux varies

by 10 to 20 percent over periods of weeks and

months was first observed by Allen (9) and

has more recently been pointed out in con-

nection with satellite accelerations by Nicolet

(10).

Knowledge has advanced so rapidly that the

model atmospheres which were available in 1961

are already obsolescent. In 1962, Paetzold has

published a revised model (11), of the variations

in atmospheric density. The atmospheric den-

sity at a fixed height of 145 nautical miles near

the perigee point of Explorer VI is graphed in

figure 4, according to Paetzold's 1962 model,

the ARDC 1959 model, and as derived from the

satellite accelerations by making the same

assumptions about the scale height, diurnal

bulge, and drag coefficient (CD=1.813) as

Paetzold made, because the purpose was to
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determine how closely Paetzold's model would
give the observed rates of change of period.
Exact numerical integration was used for cal-
culating the rate of change of period, rather
than Paetzold's Equation (1), which is not a
good approximation for orbits of large eccentric-
ity. The density was calculated for the
ARDC Atmosphere by assuming the nominal
weight to area ratio (W/A=14 lbs/ft _) and
nominal drag coefficient (CD=2) for the satel-
lite. The ARDC 1959 Atmosphere represents
average conditions in the twilight zone near the
peak of the sunspot cycle. In figure 4, the

standard deviation of the derived density is
indicated by the gray band. Paetzold's atmos-

pheric densities usually lie within the band, so

Paetzold's 1962 model is a valid representation
of the upper atmosphere, insofar as this study
is capable of testing it.
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Solar-Lunar Perturbations of the Orbit of an Earth Satellite 1

N65 - 21 968
BY MILDRED M. MOE 2

Space Technology Laboratories, Inc.

The gravitational fields of the sun and moon

can produce significant pertubations of the orbit

of a highly eccentric Earth satellite. The

importance of their effect on the lifetime of
1959 delta (Explorer VI) has been pointed out

by Kozai (1), 3 who has made a study (2) of

solar-lunar perturbations of Earth satellites.

The purpose of this note is to treat these

perturbations by a different method, based on

some simplifying assumptions. It is assumed

that the angular velocity of the disturbing

body (sun or moon) is small enough compared

to the angular velocity of the satel}ite that

we may consider the disturbing body fixed

1

° d

NODE BOOY

FIGURE 1.--Satellite orbit

'Published in the May 1960 issue of American
Rocket Society Journal. Reprinted by permission.

Member of the Technical Staff.
3 Numbers in parentheses indicate References at end

of paper.

2O

during one revolution of the satellite. This

simplification makes possible the integration of
the instantaneous rate of change of the orbital
elements over one revolution of the satellite

to obtain the change in orbital elements per

revolution. The magnitude of the error made

by holding the disturbing body fixed is esti-
mated. This leads to an evaluation of the

effect of the motion of the disturbing body on

the semimajor axis (hence energy) of the satel-

lite orbit. The importance of the solar-lunar

perturbations of orbits with high eccentricity

is illustrated by computing the perturbations

of the perigee distance of 1959 delta.

PERTURBATIONS OF THE ORBITAL
ELEMENTS

The analysis of the perturbations is simplified

if we choose a geocentric coordinate system

having its z axis along the orbital angular
momentum vector of the disturbing body.

The orbit of the satellite is described by the

instantaneous osculating ellipse (3) which has

a semimajor axis a, an eccentricity e, an in-

clination i (with respect to the orbital plane of

the disturbing body), an argument of perigee

_0, and a longitude of the ascending node f_

(see fig. 1). If there were no perturbing forces,
these orbital elements would remain constant

(assuming that our coordinate system is fixed

in inertial space), and the orbit would be a

Kepler orbit (4). If there is a perturbing ac-

celeration having a radial component R, a

transverse component S (measured in the plane

of the instantaneous osculating ellipse and

taken positive when making an angle less than
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90 deg with the velocity vector), and a normal

component W (normal to the plane of the

instantaneous osculating ellipse and taken

positive when making an angle less than 90

deg with the z axis), the orbital elements

change at the rates (5).

da _ 2e sin v 2a l_/1-_-_e_S
dt n_/__e 2 R "4- n-------_-"

de _ l"Cf=_-e_sin v
dt na R + _/1---e----_[a2(lre_)na2e r]S

di --_ r cos (_,+v)_ W
dt na_ l_'__e_

where

K_= GM_/2ad 8

G= universal gravitational constant

M_ = the mass of the disturbing body
_b= angle between r and as

"_= angle from the line of nodes to as

We make an additional simplification by taking
as constant.

Letting e stand for any orbital element and
he for the change in that element after one

revolution of the satellite (from perigee to
perigee), we have

dl2_ rsin (w+v) W
na_l_--e_ sin i

d¢o . da
d--t= -- cos _ dt nae

[ _(2+e cos v') S sin v] (1)X R cos v -- \l+e cos v�

where

n = satellite's mean angular motion

r = radial distance of the satellite from Earth

center

v = true anomaly (the angular distance of

the satellite from perigee)

The rate of change of perigee distance q can be

found from its relationship to a and e

q = a(1 - e).

The components R, S and W are given by

Moulton (6). If r is always small compared to

the distance as of the disturbing body from

Earth's center, these components may be ex-

panded in powers of r/aa. Keeping only the
first-order term, one obtains

R = K_r(1 + 3 cos 24,)

S = -- 6Kdr[cos _ sin (w + v) --

sin _, cos (w + v) cos i] cos

W = -- 6K_r cos _ sin isin

ae = f'-"/" d, f'_" d_ dt.,t-o _ dt = -o_db dv (2)

where t is time measured from perigee passage

of the satellite. Since he is supposed to be

small compared to e, it is permissible to approxi-

mate all variables in the expressions (1) for

de/dt by the values they would have in the

unperturbed orbit, and to approximate dt/dv

by its relationship to the conservation of
angular momentum h

dt r_
dv h

where h = na2_/1 -- e2 is assumed constant.

Since the angular velocity of the satellite is

usually large compared to the angular velocity

of the disturbing body, we may assume that _,

is constant during the time the satellite takes

to complete one revolution. Then integrals of

the type (2) can be evaluated easily. The
results are

_a = o (3)

15K_aTe_/T- ez
Aq = n2 X {sin 2"rcos 2_ cos i

-- [cos2 "¢ -- sin2 -/ cos 2 i] sin 2w} (4)

ae = -- (1/a)Aq (5)

_i= --6KdTr sinisin-/ X {5 e2 sin 2_ sin _, cos in_/i - -- e'

"4- [1 -- e2(1 -- 5 cos2 o:)] cos -),} (6)
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(7)

-_ 6K________sin 7 X {5 #sin 2_ cos7n'4i =---_'

+ [1 + 4e 2- 5#cos 2_]cosisinT}

6K_'v_ -- ez
Aw = -- A_c0si

n 2

[ °1 -- 3sin _7cos 2i- _sin27sin2coeosi

+ (1 -- 5cos 2*0)(cos 27- sin _7cos _i)/"
.J

(8)

If, now, we let _ take values from zero to 2r,
we see how the orbital elements change as a
function of the time of month or year.

ERROR DUE TO NEGLECTING THE MOTION
OF THE DISTURBING BODY

To estimate the error we have made by

taking _, constant, let us consider the special
case of co-planar motion of the satellite and
the disturbing body (i = 0) and set w = 0.
Then Equation (4) for the change in perigee
per revolution becomes simply

Aqo = [(15K,_axeV"l -- e2)/nq sin 2"),o (9)

where we have used the subscript zero to indi-
cate that the disturbing body is held fixed.
Now let us evaluate hq when the disturbing

body is moving, by taking _ = _0 + n_t where n_
is the angular velocity of the disturbing body.
Equation (2) for Aq will contain integrals of
the form

rI = f(cos v, sin v, cos 27, sin 27)dr (10)

where ] stands for some function. We replace
cos 27 and sin 2_ by their Taylor expansions

cos 27 = cos 270 -- 2ndt sin 270 + • • •

sin 27 = sin 27o + 2ndt COS270 + • • •

and retain only the first two terms. Our
integral now contains both v and t as variables
of integration. These may be related to the
eccentric anomaly E via the relations

t= (E-- esin E)/n

sin v = (_/i -- e 2 sin E)/(1 -- e cos E)

cos v = (cos E -- e)/(1 -- e cos E).

Equation (10) now takes the form

wI = F(7o, E, sin E, cos E)dE (11)

where F stands for the new function. This

type of integral can be readily evaluated, and
yields for Aq

Aq= 15Kdaxe_/1- e2 { n_ [n2 sin 27oX 1 +n 2xcot270

(1 -- e)(4 + 45e + 58e' + 17#)']_+ (12)
15e(1 + e)_/1- e2 A/

which shows that the additional term, contrib-

uted by the motion of the disturbing body, is
of the order n_/n which is usually less than 0.03.

It is also of interest to find how much the

semimajor axis is perturbed, and this can be
found only by considering the motion of the
disturbing body. We return to the three-
dimensional problem (i # 0) and find, by a
procedure similar to that used to obtain

Equation (12), that

Aa = (4Kdaxnd/n s) {(4 -- 6e-- 5e2)

[sin 2_ cos 270 cos i -- (1 + cos 2 i) sin 270 cos s w]

+ [2(1 -- e2) + (2 -- 6e -- 3e 2) cos _i]sin270}

EXAMPLE

To illustrate the size of the perturbations,

let us compute their effect on the perigee dis-
tance of 1959 delta (Explorer VI). Considering

first the lunar perturbation and assuming that
the orbital elements do not change significantly
over the first few weeks of the satellite's life, we

may average Equation (4) over one lunar month
to obtain for the average value of Aq.

-- 15KmaTe_/1 -- # sin 2_m sin 2 im (13)
Aq. = 2n 2

where the subscript m indicates that the dis-

turbing body is the moon. For 1959 delta the
initial values of the orbital elements were ap-
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proximately a _-- 15,000 nautical miles, e ---- 0.76,

im ---- 41.5 deg and ¢0m--_ 10.4 deg. With these

values, we obtain _q_ ---- -- 0.06 nautical mile

per revolution. Remembering that the satel-

lite made about two revolutions a day, we see
that the moon's perturbation can lead to a

nonnegligible lowering of perigee.

The sun's influence, on the other hand, tends
to raise perigee at first. Relative to the sun's

plane (or ecliptic), the argument of perigee

started at 2.7 deg, the orbital inclination was

40.3 deg, and _,, was about 48 deg. The initial

change in perigee, determined from Equation

(4), is therefore Aq, -_ 0.26 nautical mile per

revolution. At the end of one month _q, --_ 0.14

nautical mile per revolution. Eventually the

sun moves to such an angular position that

_q, becomes negative. Then the combined

solar-lunar forces produce an important lower-

ing of perigee with the consequent reduction

of lifetime. To obtain accurate results, one

must evaluate Equation (4) for each revolution,

taking into account the changing values of
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i,, i,_, _o,, _o,,, etc., dependent on all perturba-

tions including those caused by Earth's oblate-

hess and atmosphere.
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Development of the Lunar and Solar Perturbations in the

Motion of an Artificial Satellite I

- 2 1 9 6 P. Mss s, A. BAILI E.
"- "_ - ....., NASA Goddard Space Flight Center

Problems relating to the influence of lunar and solar perturbations on the motion of

artificial satellites are analyzed by an extension of Cayley's development of the perturbative

function in the lunar theory. In addition, the results are modified for incorporation into

the Hansen-type theory used by the NASA Space Computing Center. The theory is applie( _L _-

to the orbits of the Vanguard I and Explorer VI satellites, and the results of detailed com-Jputations for these satellites are given together with a physical description of the perturba-

tions in terms of resonance effects.

INTRODUCTION

This paper is concerned primarily with prob-
lems related to the influence of lunar and solar

perturbations on the motion of artificial satel-

lites. The importance of these problems is in-

dicated by Kozai's discovery that the perigee

height and lifetime of a satellite may be strongly

affected by these perturbations.

The basis for the computations is provided by

an analytical development of the disturbing

function, which is an extension of Cayley's

development of the solar perturbative function

in the lunar theory. The relations between
perigee-height variations and launch conditions

have been investigated by using a modification

of this development. Values of perturbations

in the perigee height for the satellites Vanguard

I (1958 /_2) and Explorer VI (1959 6) were

computed from the resultant trigonometric

series. A program was developed for comput-
ing lunar and solar perturbations with the aid

of the IBM 704. This program permits the

inclusion of any value of the eccentricity and

I Originally presented at the First International Space

Symposium, sponsored by the Committee on Space

Research (COSPAR), Nice, France, January 1960.
Reprinted by permission.
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of the inclination, and gives the variation of

the perigee height in the form of a trigonometric
series with numerical coefficients. Also, the

perturbations in Hansen's coordinates have

been computed; this program can be included

in the existing Vanguard scheme for general

oblateness perturbations. The formulas used

in these computations can be applied to the

development of a Hansen-type numerical theory
for an artificial satellite.

DEVELOPMENT OF THE DISTURBING

FUNCTION

The importance of determining the lunar and

solar perturbations in the motion of an artificial

satellite was indicated by Kozai's discovery

that certain long-period terms in the develop-

ment of the disturbing function cause large

perturbations in the elements and that, in this

way, the orbital lifetime of the satellite can be

considerably affected (Reference 1). In the

present treatment, the analytical development
of the two main terms of the disturbing function

are expressed

m'r2//3 $2_ 1) _[_ m'ra(5 Sa _ 3
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where
S = cos (r, r').

In this expression (r, r') is the angle between

the position vectors of the satellite and of the

perturbing body, either the sun or the moon,

with respect to the earth. The main term is

the second Legendre polynomial in the harmonic

expansion of the disturbing function. The

third Legendre polynomial is known as the

parallactic term.

The analytical development is important

because it permits investigation of the per-

turbations for an entire group of satellites

having similar elements and, in particular, is

useful in investigating problems connected

with the effects of resonance, i.e., stability

problems.

The problem of developing the disturbing

effects caused by the sun and the moon is

related to the lunar problem but with the dif-
ference that the orbital inclinations of both

the disturbed and the disturbing body to the

basic reference plane can be large in the case

considered here. The arrangement given for the

development of the disturbing function, based

on Cayley's work (Reference 2), permits the

inclusion of any power of the eccentricity and
is valid for all inclinations (Reference 3).

For the time being, only long-period terms

are evaluated, and the terms depending on the

mean anomaly of the satellite are excluded.

The resultant "abbreviated version" is given

on pages 43 through 48. This last development

was used to investigate the influence of the

combined effect of drag and lunar and solar

perturbations on the orbital lifetime of the

satellite and in further investigations of the

orbits of satellites in the NASA space research

program. Future satellite orbits undoubtedly

will have elements such that the terms depend-

ing on the mean anomaly of the satellite and

the higher powers of the eccentricity can be

expected to become more important, especially

regarding the possible development of reso-

nances associated with the commensurability of

satellite and lunar periods.

The perturbations may also be developed by a

purely numerical method based on the use of

fast computing machines. In this method the
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values of the orbit dements a, e, i, a', e', i' are

substituted into the coefficients. The numerical

method is convenient in developing the pertur-

bations according to Hansen's theory and in

investigating the variation of the perigee dis-

tance. A program for the development in terms

of the eccentric anomaly and a program for the

development in terms of the mean anomaly have

been prepared. Both programs can help to

supply information concerning the optimum

condition for launching in connection with the

solar and lunar perturbations•

Direct numerical integration of the equations

of motion with the solar and lunar perturba-

tions, by means of a computer program, has

confirmed the results of the analytical treat-

ment and the Fourier series development•

COMPUTATION OF SATELLITE

PERTURBATIONS

The following notations are used:

a = semimajor axis of satellite orbit
e _--- eccentricity
i = angle of inclination to equatorial

plane
= argument of perigee
= right ascension of ascending node

g = mean anomaly
r = position vector

x, y, z = rectangular coordinates
r = radius

J = true anomaly
i

= sin 2"

The corresponding dements of the disturbing

body are designated by primes: a', e', etc. The

equatorial plane is taken as the basic reference

plane, and the precession and nutation of the

earth's axis are neglected. The disturbing

function has the form

or

1 r'.r'__l = m' ir - r'l r-_-) ' (l)

m_r 2 _lr3
f_ = -- P2(S) + -- P3(S) + (2)

rta rt4 ....
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In the latter expression

s = cos (r,r') = (1 - 3"2)(1- 3",2)cos (/+ _ + 0

-- f' -- o/) -t- 3"2(1 -- 3",2) cos (f + ¢o -- 0 + ],

-t- s') "4- 3"_(1 -- 3"_)cos (f + w + 0 -4-/'

+_') +3'W 2cos(f+o,-o-f'-_')

+ 23"3"4V---¢ 4i - 3",2cos (f + _ - f'

- _') - 23"3"41-----_ 4i - 3",2cos (f +

+ 1' + _'), (3)

where

and P2, Ps, ... are Legendre polynomials.

Only the first two terms of Equation 2 are
considered :

m'aa (r_'/'a'_3(3 1)a_ = a,--z- \a] \P] \5 5_ -

+ (r_V( y(5 3 )a'---i-- \a] \r'] \2 -- 2 _ " (4)

If i' _ 0, then it is convenient to represent

Equation 4 in the form of Radau (Reference 4) :

al_ m'@ ['r)'{a'_t(1 r' -- 3z' r" -- 3z"
= a'--'_\a/ \-_/ \] r2 r '-3

"4- 3 x 2 -- y2 x,2 _ y,2 "4- 3 zyx'y'
4 -_ r '2 -r2r '2

zzz' z' uzu'z_____'_
+3 r---_-/-r,_ +3 r2r,_]

+ m'a' (_ry(±'_'(3 r'z 5=' - 5z'z"
a'----g \a/\r'] \8 "_ r'2z' --rtl

3 r2y -- 5yz 2 r'2y _ -- 5y'z '2
+ 8 ra r's

1 3r2z -- 5za 3r'2z ' -- 5z '_
+ 4 r_ r's

5 Xa 3xy 2 __
-]" 8 _ x's --r's3x'y'2

"4"_5 3x2Yrt_-- y_ 3z'2y 'r'f- y,2

15 z2z -- y2z x'2z ' -- y'2z
+ 4 r* r 'a

xyz x'y'z'¥
+ 15 _- r-_ ), (5)

and to substitute

_x= (1--3"2) cos(f+o_+0) + 3"2cos (f + o_ -- 0) ,
r

Y-= (1--3"2) sin (f T ¢o + 0) -- 3"2sin (f + o_ -- 0) ,
r

z = 23'4]- -- 3"2sin (f + _),
r

x'

r--7 = cos (f' -4- w),

u:
r' = (1 -- 23"'_) sin (f + cJ),

Z'

r--7 = 23"%U1 -- 3"_ sin (f -}- o/).

Substitution of these expressions into Equa-
tion 5 results in the following development for
9 in terms of the true anomalies:

m'aa (ry(a--',')'X (sum of terms of Types I-V)
at2 = a '--U \a/ \ r-/

+ a'4 .\a/ k-P]

)< (sum of terms of Types VI-XIII): (6)

Type l

"4- 1 (1 -- 63"2 -4- 63"4)(1 63''2 + 63"")

+ 3(3"2 _ 3"4)(3",2 -- 3,,_) cos 20

-I- 3(3" -- 2¢)(3" -- 23"3)_/1----/'_ t'_ -- 3",2cosO;

Type II

g
-4- _ (3"2 -- 3,4) (3,'2 -- 3"_) cos (2f -t- 2to -- 2f' -- 2o_')

+ 3 (1 -- 3"2)_(1 -- 3",2)_ cos (2f -4- 2_o -- 2f' -- 2_' + 20)

+ 3 3"%,_ cos (2f + 2_ -- 21' -- 2to' -- 20)

+ 3(3"- 3"_)(3"- 3"_)41------_V_ - v'2

cos (2f -4- 2_ -- 2./" -- 2_' + O)

"4- 33a3"_/1 ------_/_ -- 3''2

cos (2f + 2_ -- 2f' -- 2_o' -- O);

Type III

3
.q_ _ (3"2 _ 3"4)(1 -- 6")''= -I- 63"'4) COS (2/ + 2to)

+ 3 (1 -- 3"a)_(_'a -- 3"_) cos (21 + 2_ + 20)
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3
+ _ _4(3",2 _ 3"9 cos (2f + 2_ -- 20)

-- 3(3" -- _)(_' -- 23"a)_2"V'i -- _"

cos (2f --}- 2o_ _- 0)

-{- 3_(3" -- 23"s)_/_/1 -- 7 '_ cos (2f + 2oJ -- 0);

Type IV

3
+ _ (3"_ -- 3"4)(1 -- 67' + 674) cos (2/' -_- 2(o')

3
-}- _ (3", _ 3"4)(1 -- 3",2), cos (2J" + 20/ -- 2e)

3
+ _ (3"2 _ 3"4)3",, cos (2/' + 2_' + 20)

-I- 3(3" -- 2_)3"s_/I --_ - -- 3"_ cos (2f + 2w' + 0)

-- 3(3" -- 2"_)(3" -- 3"3)_/1--_/[ -- 3",s

cos (2/' + 2o/ - 0);

Type V
9

+ _ (3"s _ 3"4)(3",= _ 7,4) cos (2f + 2w + 2ff + 2w')

3
+ _ (1 -- 72)s3" '' cos (2/+ 2o_ + 2f' -}- 20/ -}- 2P)

3
-I- _ 7'(1 -- 7'_) 2 cos (2f -I- 2_ -l- 2f' + 2_' -- 28)

-- 3(3" -- "_)3"341--_4_ -- 3"_

cos (2f + 2oJ + 2f' + 2_' + 0)

-- 3_(3" -- 3"9 14T--:'_---vh/T- 3"$

cos (2/ + 2oJ -]- 2f + 2_' -- 0);

Type VI

9
- _ (3" -- 5_ + 53"5)(3"' - 53"s + 53"9

_/1--_--_/1 -- 3"s cos (f -l- _ -i- f' -i- w')

3
-b _ (1 -- 3"_)(1 -- 107 _ + 153,4)(67'2 -- 20"/'

+ 153"'3) cos(f+ oJ +f' + oJ' + 0)

3
"-_ _ (63" 2 -- 2074 "}- 153"a) (1 -- 3''2)(1 -- 103"'_

-_- 153"_) cos (/--}- ¢o q-/' q- oJ' -- 8)

q- ? (3" -- 4"_ + 33"5)(23"'3 -- 33"3)

_/_h/1 - 3"" cos (f + _ + f' + ,_' + 28)

+ _ (2_ -- 3_)(3" -- 43"_ + 33"")

_/_---:-4-h/i - 3"_ cos (f + _, + f' + ._' - 2o)

+ 8 (3"_ - 23" + 3"9 (3"" - 3"9

cos (f -b o_ + f' -k w' -{- 38)

q- __ (3"4 _ 3"_)(3",s _ 27" q- 3"_)

cos(/+,_+f'+_'-38);

Type VII

9
+ _ (7 -- 5_+579(3" - 53"_ + 53"9

4_4_ - 3""cos (f + ,,, - f' - o,')

+3 (1 - 3"_)(I - I03"_ + 15_)(I - 3"$)

(1 -- 103"$ + 157") cos (f + o_ -- f -- _' + O)

3
+ _ (63"_ -- 203" + 153"3)(63" '_ -- 203"" + 153"_)

cos (f + _ -/' - _' - 8)

+ _ (3" - 4_ + 33"3) (3" - 43"'_ + 33"'3)

_/1-_/1 - 3"sCOS (f nu o_ -- f' -- ¢J'+ 28)

q- ? (2"_ -- 33"_)(23"'s . 33"3)_/1--------3"$_/i -- 3"s

cos(f+ _o--f' -- ¢o' -- 28)

+ -_ (3"_ -- 23" + 3"9 (3"" - 23"" + 3"_)

COS (f "['- w -- f' -- o_' --}-38)

45 f ¢o'+ -_- (3" -- 3"_)(3"4 -- 3"_) cos (f + o_ -- -- -- 38) ;

Type VIII

15
2 (_ -- 5_ + 53"_)(_ '_ - 7'9

_/1--_/i -- V'_ cos (f -}- o_ -}- 3f' + 3o_')

+ _ (1 -- 3"_)(1 -- 103"_ + 1574) (3, '_ -- 3''s)

cos (f -F- _ -]- 3f' -F- 3_' --_ 8)

+ ._ (63":! -- 203"4 -_. 153"e)(3'' __ 3''_)2

cos (f -'l- o_ -}- 3f' -}- 3w' -- 8)

+ ? (3" -- 4V_ + 33"93""lVT-:-_'--vh/1 - 3"_

cos (f + ¢_ + 3f' + 3_' + 28)

15
4 (2_ - 33"3)3"(1 - 3"_)_ l_/1-'r_/1 - 3"_

cos (f + o_ + 3f' + 3_' -- 20)

-}- _ (3" -- _)'3"_ cos (f -b o_ + 3f' -t- 3¢J -'l- 38)

q_ 15 (3". _ .r_) (1 -- 3",a)s cos (/+ ¢_ + 3f' W 3o_' -- 38) ;
o
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Type IX

? (_ - 573 + 5,y9 (,y,3 _ 7,5)+

_/1-_/i- - ,y,3cos (/+ 00- 3/' - 300')

(1 -- ,y2)(1 -- 103,2 + 1574)(,y ' -- ,y,3)2+

cos (f + 0, -- 3f' -- 3`0' + 0)

d- _ (6"r_ -- 20,y 4 -4- 155'6)(,y'4--,y '6)

cos (1 + ,_ - 3/' - 30,' - 0)

15
4 (7 -- 47_ + 3"Ys)('Y' -- 27'3 + 7'5)

_x/1 -- 3/2 cos (f + 0, -- 3f' -- 3`0' + 20)

+ _ (2v_ - 3-_97"_/1---_/i - 7'2
cos (/+ 0, - 3]' - 3`0' - 20)

"4- _ 7_(1 -- ,y2)2(1 -- ,y'2)a COS (f _- 0, -- 3f' -- 300' "4- 30)

+ _ (_, _ ,y6),y,5cos (f + `0 - 3f' - 3,0' - 30);

Type X

15
2 (_3 _ ,y_)(7' - 57 ,3 + 5,y '5)

1_/_-_-- _/1 - 3,,2 cos (3/-4- 3`0 + f' d- `0')

+ _ (_' -- _)3(6,y'2 -- 20,y'4 -4- 15,y '5)

cos (3f + 30, + f' + 00' + 0)

+ ._ (_,4 _ ,ye)(1 -- ,y,2)(1 -- lO,y '3 + 15,y '4)

cos (3/ + 3`0 + f' + 00' -- 0)

15
4 (_' - 2_z + 75) (2,y'3 -- 3,y'5)_/1_/]- -- ,y,2

cos (3f + 3`0 + f' + `0' + 20)

+ ? ¢(,y, _ 47,3 + 37,5)_/1_--_Vf _ ,y,2

cos (3f _- 300 -4- /' d- `0' -- 20)

-4- _ (1 -- ,y2)3(,y,4 _ ,y,_) cos (3f A- 30, + f' A- 00' A- 30)

+ _ -rs(,y, -- ,y,3)2 cos (3f -4- 30, --? f' + `0' -- 30);

Type XI

+ 2 (_3 _ 75)(,y, _ 57,3 + 57,5)

_/1-_V'I - ,y,2 cos (3f + 3`0 - f' - 00')

d- ? (7 -- ,y3)2(1 -- 7'2)(1 -- lO,y'2 + 157'4)

cos (3f + 3to -- f' -- w' "4- 0)

+ "_ (_ -- 75) (6,y'2 -- 20,y'4 + 15,y 'e)

cos (3f + 300 -- f' -- 0,' -- 0)

15
4 ('Y -- 2_ + ,ys)('r' -- 47 '3 + 3"/'s)

1_/1-- ,_ - ,y'_ cos (3y + 30, -/' - 00' + 20)

+ _ ¢(2,y,3 - 3,y'5)V1-_-_vff - ,y,2
&

cos (3f "4- 3`0 -- f' -- u' -- 20)

_[__5_ (1 -- ,,y2)3(,y, _ ,y'3)2 COS (3f -F 3`0 -- f' -- 0,' _- 30)

-4- _15 ,ys(,y,4 _ ,y,_) cos (3f "4- 3`0 -- f' -- `0' -- 30);

Type Xll

25
2 (,y3_ ,y5)(_,3_ ,y,5)_/1_-_--4-2_ff_ ,y,_

cos (3f -4- 30, + 3f' -4- 3`0')

75
+ _- (,y - ,yg_(,y'' - ,y'9 cos

(3f A- 300 -4- 3ff -f- 300' A- 0)

+ ? (,y, _ ,ys)(,y,_ ,y,3)2cos
(3f + 3`0 d- 3f' -4- 3_' -- 0)

15
4 ('Y -- 2"Y3-4- ,ys),y'5_/1---'-----_/_ -- 7'2

cos (3f + 3`0 + 3f' + 3`0' + 20)

15
4 ,y3(,y, _ 2,y,a d- ,y'5)_/1------_/1 -- ,y'a

cos (3f -4- 3`0 A- 3f' -t- 3`0' -- 20)

5
-b _ (1 -- ,y2)3,y,0 cos (3f -4- 30, -b 3f' + 30,' -4- 30)

5 ,y,2)3 (3f d- 3`0 + 3f' + 3_' 30),
-b _ ,y_(1 -- cos -- •

Type Xlll

+ _ (,y3_ ,y_)(,y,__ ,y,5)_/1---:_/_ - ,y,_
cos (3f d- 300 -- 3f' -- 3`0')

+ ? (,y2_ 2,y' + ,y_)(,y,3_ 2,y" + ,y'9
cos (3f A- 3`0 -- 3f' -- 300' A- 0)

+ ? (,y, _ ,ys)(,y,, _ ,y,5)cos

(3f + 30, -- 3f' -- 300' -- 0)

15
__ __ (,y __ 2,),3 __ 75)(,y, __ 2.),3 ..}_,y'5)_/1- __ ,y2

_/1 -- 7 '_ COS (3f + 300 -- 3f' -- 3`0' + 20)

15 5 '5 "-- '-
+ -4-"Y "Y V1 - ,y_V1 - ,y'z cos

(3f + 30, -- 3f' -- 3`0' -- 20)

5
+ _ (1 -- ,y2)3(1 -- ,y,_)3 cos

(3f + 30, -- 3f' -- 3`0' + 30)

5 ,y_,y,5
-4- _ cos (3f -4- 300 -- 3f' -- 3`0' -- 30).
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Then, by using Cayley's notations, we obtain

(:), +-cos(qf A- a) = _, [cos + sin]_. _ cos (ig -4- a),
--¢o

_ cos (q'$' + a') = _ [cos + sin]_',. ¢

cos (i'g' + ,_').

Evidently

CVCr'V'
a] _._] cos (q: -4- q'f' -4- a)

+ _ -t-ca
=_-'_, _, [cos _- sin]_., [cos -4- sin]_',..,

--ca --_

cos (ig A- i'g' + a). (7)

The coefficients [cos + sin]_, q and [cos + sin]_', q,

are functions of the eccentricities and can be

taken, in a general case, from Cayley's tables

(Reference 5).

For the development of

(r) p r' "' q,f,(_) cos(qf-4- -t- a),

Equation 7 leads to the following computa-

tional scheme (Reference 2):

[cos + sial;;

[cos A- sin] °, q

[cos -4- sin]+1.

.....................

[cos + sin];;, ¢,

[cos + sin]°,. Q,

[cos + sin]+_,. _,

..........................

-- gP

O.g'

+ g'

--g+a

O.gA-a

+g+a

Each coefficient in the upper part is multiplied
by each coefficient in the lower part, while the

corresponding arguments are added together.

A comparison of Cayley's development with
Equation 6 shows that the same types of terms
appear in both cases:

(I) (r)2(_,)acos _,

,._ (:)'(_)'oo__:_2:,+_,

\a/ \#/

(v)

(vi)

(v:I)

(viii)

(ix)

(x)

(xI)

(r)'(_,)'oo__:+_:,+o_,

(ry(_)'co_.+:,+o_,

(:)'(_,)'oo_:-:,+o_

(:)'(_,)'0os.+_:,+o_,

(ry(_,)'oo_._3:,+o_,

(:)'(_,)'oo__:+:,+o_,
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(xH) (-q'C<Yoo,(3i+ 3r + .),
kay \rl

and the same arrangement of

[cos -1- sin]_, q, [cos -1- sin]_',. ,,

can be used. The arrangement for the develop-

ment of a_2 in terms of the mean anomalies, given

in pages 30 through _, has the .[oUowing forms:

On the top, the ]actors depending on "r and _/,

are given. Each ]actor is a product of a poly-

nomial in "r and a polynomial in "r'. These

]actors are analogous to the polynomials o.[

Tisserand from the planetary theories. On the

right are the angles that correspond to the % "r'

.factors and that must be added to the arguments.

Each coefftcient above must be multiplied by each

coefficient below, and the arguments are added.

The common.[actors, m ' a3/a '8.[or Types I- V and

m'a4/a'4 .[or Types VI-XII1, are omitted.

As an example, from the arrangement for

Type af_ (below) we take, to order e2 and e '_,

3(, - 2_) (,' - 2v'a)_//-----s-_ 1_1--_ '_ m'a3a'---T 49e,_

¢ \1

There is no necessity to perform the actual

multiplication; it can be done separately in
each case.

Type al2_

Factors

1

+ _, (1 -- 6-/2 + 63,')(1 -- 6-e '2 + 6_, '4)

+ 3(_ - v')(_ '2 - v'9

+ 3(v - 2_3)(v ' - 2-t'_)l_/i---:-_-_24f - v '2

cos terms

2r = 0

2r : 20

2r = 0

-- l- eZ + _-_ e4 -[-
4 " ° "

1 eS
-e+_ +...

3 e2 (exact)_+_

1 eS
-e+_ +...

--le_Tle_ +
' • •

........................

-- 20 + 2r

--g+2r

0.# + 2r

+g+2r

+ 20 + 2r

........................
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Type a_
C08 term$

2r ---2o_

2r = 2_ + 28

2_ = 2o_ -- 20

2r = 2_ q- 0

2r = 2_ -- #

115+--e'_--_-e'4+...

7e'--+ _ -- e,S + . . .

5 13
1 -- _e '2-t- ]-_e '_-}- • • •

_ l_2e,+_e,,+...

0 (exact)

+ 1 e,3 + . . .

+ 1 e,4 + . . .

..................................

31

-- 4g' -- 2¢J

-- 3g' -- 2_'

-- 2g' -- 2¢/

-- g' -- 2_'

O.g' -- 2_'

-t- g' -- 2_'

_- 2g' -- 2_'

-- 2g + 2r

-- g -{-2r

O.g q- 2r

"_- g -_- 2T

q- 2g + 2r

................................
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1
----e 4 _- . . .

16

7
----e 3 -_ . . .

24

5 e2 (exact)+_

-- 3e -4- _ e 3 -_ • • •

5 e2 + 23 4z-_ _e+..

..................................

Type a_3
Factors

3

+_(,__,4)(1_6, '2+6 ,4)

3 (1 -- ,2)2(_,2 _ ,,4)+_

3

+ _ ,4(,,2 _ ,,4)

-4- 3,a(, ' -- 2,'a) l_fl-'_-_-- y2"_/1 -- ,,2

- 3(,-7')(,' - 2,")_/1 ---=-_v_ - ,,2

cos terms

2r = 2o_

2r = 2o_ "4- 20

2r = 2_ -- 20

2r = 2_ -- 0

2r = 2_ -4- 8

-- 2g q- 2r

--g+2r

O.g A- 2r

q-g+2r

A- 29 q- 2r

................................
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Type a_4

Factors

3 (1 -- 6, 2 + 6,4)(* '2 -- Tq)+_

3
+ _ (,2 _ *9*"

3
-+- _ (,2 -- V4)( 1 -- 7,2)2

+ 3(, - 2¢),',_/1-----_/T- ,,2

- 3(, - 2,,)(,' - ,',)_/1----_qi- - ,,2

cos terms

2r' = 2w'

2r' = 2od + 20

2r' = 2od -- 20

2r' = 2od q- 0

2r' = 2od -- 0

33

+ _8 e'a q- " " " -- g' + 2r'

0 (exact) O.g' + 2r'

__le, + le, _ + + g, + 2r'
2 ' ° °

5 13
1 -- _e '_-4- ]-_e '4 + • • • -4- 2g' + 2r'

7 e' 123 ,a
+ 2 -- T6-e + . . . + 3g' + 2r'

+_2_-e"--_65e"+ . . . +4g'+2r'

...................................................................

_ 1 e2 + 1 e' +
4 " " "

1
-e+_ea + . . .

3 e2 (exact)1+_

1
--e+ge3+ . . .

--le2+ le_ +
4 " " "

..................................

-- 2g

--g

O.g

-t-g

q- 2g

................................
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Type a_5

Factors

9
+ _ (_2 _ _4)(_,_ _ _,4)

3
+ _ (1 - _2)2_,,

3
+ _ _(1 -- "r'$)$

- 3(-r - ¢)_'s4Y-:---_4i-- "/'

- 3_(-/- _,")4i--:_4f- _,,2

C08 term8

2; = 2_

2,'= 2to + 20

2_" -= 2_ -- 2e

2,- = 2_ + 0

2*" = 2_ -- 0

--g+2*

O.g + 2r

+g+2r

+ 2g + 2*"

+ 3g + 2r

+ 4g + 2r

................................

-- g' + 2_'

O.g' + 2_'

+ g' + 2_'

+ 29' + 2_'

+ 3g' + 2_'

+ 4g' + 2_'

+ 1 e,s + . . .

0 (exact)

__ I e' + le't +2 " " °

5 13
1 -- _e '2 +-_e '_ + . . .

7 e, __+ _ ,,s + . . .

115+ -- e'2 - -_- e', + . . .

..................................
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Type a_s

Factors

9
- _ (_ - 5_ + 5_9(_' - 5_,3 + 5_'9 I_/i-:-_-_2_/_- _',

3
+ _ (1 -- 7_)(1 -- 1072 + 157')(67 '2 -- 207 '4 -}- 157'6)

3
+ _ (672 -- 2074 + 1576)(1 -- 7'2)(1 -- 107t2 + 157 '_)

-}- _ (T -- 4_ + 37 s) (27 'a -- 3_")_/1--_--_2_F1- 7"

+ _ (_' - 2_' + _9(_" - _'")

45
+ __. (74 _ 7a)(7,z _ 27,4 + 7,6)

cos terms

r=_+O

_=¢o+2e

r----_--2e

r=_+3O

r=w--3O

35

11
+ y e'2 + . . .

+e'+ ...

-]- 1 -I- 2e'= --}- . . .

+ 3e' + . . .

53
+_-s'"+ . ..

-- g, + _,'

O.g' -I- ,,,/

-I- g' -I- ,_'

q- 2g' + ,.,/

+ 3g' -I- o_'

11

+8e2+ . . .

5 15
-- _ e -- -_ e3 (exact)

+ 1 + 2e 2 % . . .

1

--_e-r . . .
|

--3e_ +
8 " " "

..................................

--g+r

O.g -t- r

-}- 2g+ r

q-3gq-r

...............................
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Type a_7

Factors

9
+ _ (_ - 5-2 + 57-')(_' - 5_ '3 + 5_'9_/1-_/i-- _,2

3

-_ _ (1 -- -y2)(1 -- 1072 _- 1574)(1 -- -y'2)(1 -- 10-_ '2 _- 15_ '4)

3
_ _ ( 6"Y2 -- 20_ _- 15-_6)(6_ '2 -- 20_,4 _ 15_ '6)

+ _(2_ a- 3_)(27'a -- 37'5) 1_1-- _2V_-- 7'2

+ ___(.y2 _ 274 + 79 (v '2 - 27 '_ + 7 le)

+ _ (_' - "_9(7 '4 - ._,0)
0

cos terms

r= oJ

r=_Te

v:w--O

r=¢o+ 30

+_d+...

5 15
-- _ c -- _- d (exact)

+ 1 + 2e2-{- . . .

1

-se+...

3
_ _e 2 -_- . . .

8

....................................

............................... , ................................

-t- .5_ e, 2 -I- • • • 3g' o0 t

+ 3e' T • • • -- 2g' -- _'

-1- 1 -{- 2e '2 d- • • • -- g' -- _'

--I- e' -t- • • • O.g' -- _'

-t- g' -- _o'11

+ 8 e'2 + " ' "

...............................

O.g+_

-{- 2g -_- _

-{- 3g -_- r

................................
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Type a_s

Factors

15
2 (7 - 5_ + 573)(7'6 - 7'_)_/1----_/_ - 7'_

+ _ (I -- 72)(1 -- 1072 + 1574)(7'4 -- 7,3)

+ _ (672 -- 2074 + 1578)(7' -- 7'3)_

÷ _ (7 -- 473 -}-375)7'5_/1--------_/_-- 7,2

15
4 (273-- 376)7'(1 -- 7'2)_{_/I- 7,2

+"_ (7- 76)_'_

+ _ (74 - 7o)(1 - 7,_)3

0 (exact)

1
÷ _ e'2 ÷ • . .

-- e ! ÷ • . .

÷ 1 -- 6e '2 + . . .

÷ 5e' ÷ . . .

127
÷-_-e'2÷ ...

...............................

11 e2
+y +...

5 15
-- _ e -- -_ e3 (exact)

÷ 1 ÷ 2e 2 ÷ . . .

1
-_e+ ...

3
-- _e2 ÷ . . .

8

....................................

cos Serms

T=_We

T=cJ--2e

T=_÷30

37

--g÷T

0.g÷r

÷2g÷r

÷3g÷_

................................

÷ 5g' ÷ 3_'

................................

0.g'÷ 3_'

-{-g' ÷ 3_'

_- 2g' ÷ 3_'

÷ 3g' ÷ 3_'

÷ 4g' ÷ 3_'

r-----_--30

................................



38 ASTRONOMY AND CELESTIAL MECHANICS

Type a_1_

Factors

+ _ (_ - 5_' + 5_,)(_,3 - _,s)l_-X--_-_/i - _,2

+ _(1 -- 72)(1 -- 1072 + 1574 ) (7' -- 7,8)=

+ -_-(67_ -- 2074 + 1576)(7,_ _ 7,6)

15
4 ('y --4_ + 3_,5)(_, ' -- 27 'a + _,'s) 1__-- 7t_/i" -- >',

+ ? (2../, - 3_,)_,',1.¢T-x_-_,v'i - _',

+ ._ 72(1 -- 72)_(1 __ 7',)s

+ _ (_, _ _,)_,6

11 e_ ++_- ...

5 15
2 e --_- # (exact)

+ 1 + 2e2 + . . .

1
2e+.. •

_ 3e,+
8 " " "

....................................

127 '2
+ ---_-e +...

+ 5e' + . . .

+ 1 -- 6e '2 + . . .

-- e t .4- . . .

1
+ _ ,,2 + . . .

0 (exact)

cos terms

.=_+3_

r=o-3#

--e+r

O.g+r

+e+r

+2g+r

+3g+r

................................

-- 5g' -- 3_'

-- 4g' -- 3_'

-- 30' -- 3o/

-- 2¢' -- 3_'

-- g' -- 3_'

O.g'-- 3_'
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Type a_lo

Factors

15
2 (_ - _9(3" - 53"'3 + 53"9_/1---:--_df- 3",2

+ -_ (3' -- 3"a)_(63"2 -- 203"'4 + 15"r '6)

+ __ (3"4 _ 3"6)(1 -- 3"_)(1 -- 103" '2 + 153, '_)

15
4 (3"- 23"8+ 3"5)(23",3- 3_,5)la/i--:-_-_/_ _ _,2

+ _ 3"5(3",_ 43"3 + 33",9_-:-_- _/_ - 3",2

+ -_ (1 - 3"_)3(3",__ _"9

+ J_ 3"5(3",_ _,,_)2

cos terms

T _ 3¢.0

•r = 3oJ + 0

r=3o_-- 0

r = 3_ + 20

r = 3¢o -- 2e

r = 3_ + 3e

_" = 3_ -- 30

39

............................................................... I

+ 8 e'2 + " " " -- g' + _'

+e'+ ...

+ 1 + 2e '2 + . . .

+ 3e' + . . .

53
+-_-e'2 + . . .

................................

O.g' + ,_'

+ g' + _'

+ 2e' + o,'

+ 3e' + ,,,'

................................

35
-- y e3 (exact)

+-_e 2 + . . .

9
--_e+ ...

+ 1 -- 6e 2 + . . .

3
+_e+ ...

+ _-e2+ . . .

...................................

O.e+r

+g+r

+2g+r

+3g+r

+4g+r

+5e+r

...............................

765-698 0-65--4
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Type at2n

Factors

+ _-(._ - ¢)(.y' - 5.y'_ + 5"_'94_41- -_'_

+ _ (*¢ -- _)*(1 -- 3, '_)(1 -- 103, '= + 153/* )

+ _ ('_' -- 3'*)(63"* -- 203 ''_ + 153 ''6)

15
4 (* - 2¢ + ,_)(-/- 4-r', + 3.y'941-_4i-- .y"

+ ? ¢(2_,', - 3-r'9 141- _'4i - .y'_

+ _-v_(v '' - v'9

cos terms

T _ 30)

r = 3,o A- O

r=3_--0

r = 3_ "4- 20

r = 3_ -- 20

r = 3o_-4- 30

r = 3o_ -- 30

+ 8 e'* + . . .

+ 3e' + . . .

q- 1 -I- 2e '2 + • • •

+e'+...

+ l le,_+...

-- 3g' -- o_'

-- 29' -- o_'

-- gt __ ojt

O.g' -- a,'

._ gt -- 50r

35

-- -_-e a (exact)

+_e_+...

9
/

2eT • . .

+ 1 -- 6e 2 + . . .

3
+_e+...

+_e*+...

O.gWr

+g+r

-}-29-[-r

+30+r

+4O+r

+5g+r

................................
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Type a_n

Factors

25 (73 - 7_)(7,3 - 7,,_vl - _vl - 7,22

+ ? (7 - _)_(_,,4 _ 7,_)

+ ? (7' - "Y_)(7' - 7'3)2

25 (7 - 27,,_+ 7')7"_/1-----_ - _,,24

15 7_(_, - 27,3 + 7'_)-_/1-_,,/_ _ 7,_
4

5
+ _ (1 -- 7s)37'6

5 7,3)3+ _ 76(1 -

cos terms

7" _ 300

r----3_÷0

r=3_--0

r = 3w ÷ 20

r --_ 3o: -- 20

r = 3_ ÷ 30

r = 3o_ -- 30

41

35
-- -- e3 (exact)8

+-_e2 + . ..

9
m -e -_- ° , .2

+ 1 -- 6e 2 ÷ . . .

3
+_e+ ...

÷-_e2 ÷ . . .

0 (exact)

1
--]-_e'3÷ . . .

-- e P ÷ • . ,

÷ 1 -- 6e '2 ÷ . . .

÷ 5e' ÷ . . .

127 ,2
+_-e +...

................................

O.g' ÷ 3od

÷ g' ÷ 3od

÷ 2g' --}-3od

÷ 3g' ÷ 3a,'

÷ 4ff ÷ 3od

+ 50' + 3oJ'

O.g÷ r

÷gWr

÷2g÷r

÷3g÷r

÷4g÷r

÷5g÷r

................................
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Type a_13

Factors

+ __ (_ _ _5)(_,,3_ _,s)_/1-----_-_2_/i- _,2

+ __ (_2 _ 2_4 + .ys)(._,2_ 2_,4 + _'9

+ _- (_' - r9 (_,4 _ _'9

+ 1--54(_ - 2_ + _)(_' - 2.y,3+ _,9_/1----z--_2_/i- _,2

+ _ _s.y,_/___2v7 _ _,2

5 (1 - _2)3(1 - ._,2)3+_

5 ,yo,y_6+_

cos terms

v_3_

r=3_+8

r=3_--O

_" = 3_ % 20

= 3_ -- 20

r = 3_ ÷ 30

r = 3_ -- 30

35
-- -_- ea (exact)

+_e2+ ...

9
--_e÷ . ..

% 1 -- 6e 2 ÷ . . .

3
+_e+ . ..

÷_e2+ ...

....................................

127
+-_-e'2+ . . .

+ 5e' + . . .

÷ 1 -- 6e '_ ÷ . . .

1
+ _ e'2 + . . .

0 (exact)
..............................

-- 5g' -- 3_'

-- 4g' -- 3_'

-- 3g' -- 3_'

-- 2g' -- 3_'

-- g' -- 3_'

O.g' -- 3_'
..............................

O.g÷ r

÷2g÷r

÷3g÷r

÷4g÷r

÷5g+r

...............................
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However, in the case of the existing artificial satellites only the long-period terms are kept.
The first power of e' is kept only in the second Legendre polynomial, because of the presence of

_the additional power of a/a' in the parallactic term. The accuracy of the coefficients of cos

(0.g -4- 2r) makes the resulting development of the disturbing function valid for all eccentricities
and all inclinations, provided the ratio a/a' is small enough to secure fast convergence of the
development of Equation 2. Thus we have the following:

Type a[f_]l

Factors cos terms

+ _ (1 -- 63'2 + 674) (1 -- 63,'_ + 63, '4) 1 + _ e 2 , 2:- = 0

3 e2), 2T = 20+ 3(3,2 _ 3,4)(3,,_ _ 3,,4) (1 +

23,,s) _1__ 1.v_-------_,-_3",2 /
3 e2), 2_ = 0+ 3(3, - 23,9(3,' - \1 +

Multiplied by

3 e' (2r -t- g').-4- _3e' cos (2_, -- g') -4- (1 _ e,2)-s/3 cos 2_-(*) -4- _ cos

Type a[t2]2

Factors cos terms

9 5
+ _ (3,2 _ 3,,)(3,,2 _ 3,,,) ._ e2, 2r = 2_

3 (I -- 3,2)2(1- 3,,2)2.5

3 3,43,,_. 5
+ _ _e 2, 2_ = 2_-- 20

5
-4- 3(3, -- 3,3)(3,, _ 3,,s) 1_/1 --3,2_. _ e 2, 2_ = 2_ A- 0

5 2
+ 33,33,'3_/1---_/1----:--472._ e, 2_ = 2_ - 0

Multiplied by

7 e' (2_ 2_') (2_ 2_') 1 e' (2_ 9' 2_').
_ cos -- 39' -- -4- cos -- 29' -- -- _ cos -- --

*The second term becomes a secular one for 2r = 0.
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Type a[_]3
Factors

3 5 2
+ _ (3"2 -- 3",)(1 -- 6"/'2 + 63"") • _ e,

5
+ 3 (1 -- 3,2)2(./,2 _ 3",,) ._ e2,

3 5
+ ,_ 3"_(3"2 __ 3",) . _ e_,

5
-- 3(3"- 3"s)(3", _ 23",3)_/1--_¢_- 3",2 ._e 2,

5
+ 3_(3" - 23",)lqV:_- _,41---=_ • _ e,,

Multiplied by

3 e' (2r + g').3 e' (2r g') + cos 2r ++ _ cos - cos

Type a[n]4

Factors

3 ( 3 e2),(1 -- 63,3 + 63")(3" '2 -- 3",4) . \1 ++_

3 .(1 _e),+ _ (3"2_ 3"4)3". + 3 ,

3 -(1 +_e),+ _ (3", _ 3"4)(1 -- 3",3)2 3 2

/, 3 2
+ 3(',/- 2_)3,"_/1---_/_ • _,1 -I- _e ,],

( 3 e2),-- 3(3" -- 23")(3" -- 3"")_/1_ • _/1----_ • \1 +

Multiplied by

_ _ 7 e' (2r + 3g').le, cos(2r + g') + cos (2r + 2g') + _ cos2

Type a[O]s

Factors

9
+ ,] (3"2_ 3",)0/2 _ _'9 5• 2 e2_

3 5
+ _. (1 -- 3"2)23".._ _,,

3 3",2)2 5+ _3"(1 -- -_e 2,

5
- 3(3" - ¢)3",w - 3"2 . Vl - -_'2._ e',

5
- 3r'(3" - 3",)Vl - 3"2- "---_. 41---7-_2 •_ e2,

Multiplied by
1

2

cos terms

2r = 2aa

2r = 2oa + 28

2r = 2o_ -- 2#

2r = 2oJ + 0

2r = 2w -- O

cos terms

2r = 2,0 + 2oa'

2r = 2_o + 20 + 2oa'

2r = 2_ -- 20 + 2_'

2r = 2_ + 0 + 2_a'

2r = 2_-- O + 2_'

7 e' (2r + 3g').
-- - e' cos (2r + 9') + cos (2r + 290 + _ cos

cos terms

2r = 2_'

2r = 2_a' + 20

2r = 2_' -- 20

2r = 2,0' + 0

2r = 2_a' -- 0
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lype ale]6

Factors

2 (_ - 5_ + 5_)(-r' - 5_'_ + 5_'9 l_ff-:--_-_h/1-_ • - _ e - T _ '

+_3 (1 - ¢>(t - lo.y2 + 15_,)(6-_'2 - 2o_'. + 15-,'.) • (- _ e-_-_5 15 ),

q- _(6"_-- 20")'4 + 15"v6)(1 -- _,'2)(1 -- 10"y '_ + 15")' '4) • -- _e-- ea ,

5

5 15 d),

5 15 d),

+ ___ (_ __ _,,)(_,n __ 2_, + 7,a). (5_e_.__15 @),

Multiplied by

+ cos O" + g' + '_').

Type a[_],

Factors

(o+ _ (_, - 5_,, + 5_9(_,' - 5_" + 5_'941--:-_/1-_. - _ e - _ _ ,

+ _3 (1 -- "y2)(1 -- lO'y' + 15"y')(1 -- "y'2)(1 -- 10_,"+ 15"_'*).(--_e-- __ea5 15 ),

+3 (5 15)(6__- 207_ + 15__)(6_'_- 20-,'_+15C_) • - _e-_e _ ,

5 15 ea),+ _ (_- 4÷ + 3_)(_'- 4_,.+ 3_'_),/_---:-W_-_.(- _-

_ (_ 1_)+ -¥ (2_ -- 3,y_)(27 '* -- 3"r'_)_l --_41 --_ • -- _ e - V ea '

+ _- (-_ - 2-_ + _)(_'_ - 2_ '_ + _'_)" - _ e - e_ ,

+ _ (v 4 - _')(v"-'v'9"( -5_e-_15 ea),

Multiplied by

+ cos (_ -- g' - ,09.

cos terms

T_ O_

r= ¢o+20

_-= o_--28

_----_+30

cos terms

T _ OJ

r: o_+ 20

_-= _o--20

r=o_+30

r= _--30

45
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Type a[fi]s

Factors

15 (5 15)2 (_' - 5_, + 5_5)(_,, - -y'_)1_-:--_-_,_/1---_. - _ e - _-e_ ,

5 _ 15 e3),+ _ ¢1 - _,)¢1 - lo_, + 15_,)¢_', - _',). (- _ e _-

5 _ 15 eS),+ _ (6_- 20-r' + 15-y6) (3/ -- -/'s)2. (-- _ e -_-

5 15 #),+ _ (.,- ,_,+ 3-_)-_',,,/_-_-_w--_-_.(- _e- -_-

4 (2_3 -- 3_'s)_"(1 -- _"_)21_--'-_-- _2_" 5

5 15 e3),

5 15 e_),q- _ (_,'- _°)(1--r'2)z.( - _e-- -_-

Multiplied by

q- cos (r q- 3g' q- 3_').

Type a[_]9

Factors

÷ _ (3' -- 5_ q- 53")(3," -- 3"_) l_i-----_i--3,2_/_.(-- _e

(5 15)+-- (1 -- _)(1 -- 103,_ + 15"),_)(3'' -- _,3)2. -- _e-- -_-d ,

5 _ 15 e_),+ _(63 ,_- 20-r' + 153,')(_"' -- 3/')-(-- _ e -_-

15 ( 5 15 )4 ('_ -- 4"_ + 3_,_)(3/ -- 23"'3 q- _,'_)l_i--_-- _ 1--a/'i_ '_. -- _e -- -_-e s ,

+ 1_5(2_s-3_)_,_--_/1-_.(- _e--_515_),

÷

5 _ 15 e3),+_-_(_'--_,_)_,'_-(-- _e _

Multiplied by

+ cos (r -- 3_' -- 3_').

cos terms

r=_q-2a

r=_--2e

r=_+30

r=_-- 30

cos terms

T _03

T_OJ--O

r=_W20

r=o_-- 20

r=¢o+30

r----_--30
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Type a[_]lo

Factors

15
2 (_ --3"s)(3", -- 53",8 + 53"5)_/1---_--_/1 _---_.(-- _-_ #),

+ _ (3" - 3"3)_(63''2- 203"" + 153"6)'( - _ #),

+ _-_ (3"- 78)(1- 3"")(1- 103"" + 153"").(- -_ e_),

15
4 (3" -- 23"3+ 3"5)(23"3- 33"_)_/1-----:'--_/1 ------_-_7_'( - _ ea) '

Multiplied by

+ cos (_ + e' + o/).

Type slain

Factors

(3",_ 3"5)(3", _ 53"" + 53"5)_,/__"( - 38_ #),

(7- _)'(1- 3"")(1- 103"" + 153"") .(-- -_#),

(3"- 3")(63""- 203"" + 153"").(-- -_ #),

15
4 (3" -- 23" + 3")(3" - 43"" + 33"")_ 1_/_--_7-_"'(- "_- 03),

Multiplied by

+ cos b" -- g' -- '_')-

cos terms

T _ 30J

7=3_+0

r = 3w + 20

f = 3o_ -- 20

= 3o_ -- 30

cos terms

,-=3_+0

.=3_--0

= 3o_ + 20

= 3oJ-- 20

= 3_o + 30

= 3o_ -- 30
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Type a[_]12

Factors

-- (- 3-:2 (_ - _5)(_,3 _

+ _ (_'- _)'(_/'- "v'9"(- _ e_),

+ _ ('r'- _')(_'- _")"(- _ e_),

-T# ,

15
4 "#('/ -- 2.y'= + .y'_)_/1--_/_2.( - _ e3),

5 _),

+ _ _'_(1 -- "(-- "_ en),

Multiplied by

+ cos (r + 3g' + 3o_').

Type a[_]13

Factors

+g

5 ,,,_ (_35e_),+_

Multiplied by

+ cos (r -- 3g' -- 3o/).

cos terms

T = 303

.=3o+e

.=3o_--e

r = 30 + 2e

r = 3o_ -- 20

r = 3_ + 38

r = 3_ -- 30

cos terms

r= 3o_

,-= 3o_ + 0

r= 3o_-- 0

*" = 3o_ + 20

T = 3o_- 20

r = 3o_ + 30

r = 3o_- 30
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The standard equations for variations of elliptic elements may be used in connection with this

development• In particular, for the variation of the perigee height the equation is

dt na_e 5_

The proposed scheme leads to a form of the development which is standard in celestial

mechanics. It differs from Kozai's scheme only by arrangement. The following method was

used to obtain the development on the automatic computing machine:

i r

G= cos_2 cos2_cos(_+e-- g'-- _')

i i'
+ sin2_ cos2-_cos (_- 0 + g' + _')

i i'
+ cos _ sin_-_cos (_+ 0 + g' + _')

• 2i i'
+ sm _ sin _-_cOs (_- 0-- g' -- _')

1 i' (_ 9' _')
+ _ sin i • sin cos -- --

1 .
-- _ sm i-sin i' cos (_ + g' + _').

Then,

5Ge, sing,= G + 5G
H= G A- 2 _ 9, _ (f' -- g'),

3 H) (1 A- 4e' cos g')K = (3 H__ 1)(1 + 3e'cosg') + (5Ha --2

(3 Z_ l'_[a"_ a , [5 Ha 3 Z'_[a"_'
\2

The terms of K are then sorted into four groups according to the coefficient of _ in their arguments:

the 2_ terms are multiplied by -4- _ e 2 ; the 0. _ terms are multiplied by 1 -4- _ e 2 ; the 1 • _ terms

(are multiplied by _ 5 e -_ e _ ; and the 3_ terms are multiplied by -_ e 3

In order to include the main effect of the lunar and solar perturbations in the method used

at the NASA Space Computing Center (Reference 6), the development of the disturbing function

must be obtained in terms of the eccentric anomaly _ of the satellite• By keeping the second

harmonic only and using the formula

- 4_ scos(- _ + 2T) + 6_ 2cos27

- 45 cos (+ _ -4- 2r) -4- cos (+ 2_ -4- 2r)},

the following computational scheme is obtained. This scheme is valid for all eccentricities and

all inclinations. The common factor (m'a3/a'a)(1 + _2)-_ is omitted.
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Type a91

Factors cos terms

1 (1 -- 6_ "_ + 6_,4)(1 -- 6_ ''2 + 6_"_), 2T = 0+_.

+ 3(_,2 _ _4)(_,2 _ _,,_), 2_ = 20

+ 3(_ - 2_)(_' - 2_,3)_/1-_/_ - _,2 27 = 0

......................... i ........................

3 e' g'+_ +...

(1 -- et2) -3/2 O.g t

3 e' + g'+_

........................ , ........................

+ _2

- 2/_ - 2fl 3

1+ 4/_ + /_4

- 2/_ - 2B3

+ f12

-_+27

0._ + 2T

+_+27

+ 2_ + 2_

Type a92

Factors

9
+ _ (_2 _ _,)(_,2 _ _,,),

3 (1 -- "r2)2(1 -- _,2)2,+_

3
+ 747%'L

+ 3¢_,_/1 _-_4 _ _ _,2,

+ fl*

- 4_3

+ 6_ 2

- 4fl

+1

cos terms

2r = 2_

27 : 2oJ + 20

27 = 2_ -- 20

27 : 2¢o + 0

27 = 2w -- 0

........................+1 --_ 5etet 2+ +"",". ......................--_ 3gt2gt--_ 2¢°t2wt

_ l e, + . . - g' - 2o/
2

.............................................

-- 2_ + 27

--_+2r

0._ + 2r

+_+2r

+ 2_ + 2T
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Type aS

Factors

3

+ _ (3 '2 -- 3"_)(1 -- 6"), '_ + 63"4),

3

-4- _ (1 -- 3"2)2(3",2_ 3"%

3

+ _ .y,(3",2 _ 3",_),

- 3(3" - _)(3" - 23"_) _/_ _i - 3"%

+ 3¢(,' - 2.y'_) _/1---_--_ 4T - 3'%

........................

3 er
+_ +...

3

1 + _ e'2 + . . .

3 ep
+_ +...

.......................

+ _

-- 4#_

+ 6# 2

-- 4_

+1

cos terms

2r = 2o_

2_- = 2co + 20

2_- = 2co-- 20

2_- = 2o_ + 0

2T = 2co -- 0

O.g'

+ g'

........................

-- 2_ + 2r

-- _ + 2_-

0._ + 2r

+_+2r

+ 2_ + 21-
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Type a_4

Factors cos terms

3 (1 -- 672 .qt- 6T4)(T'2 _ ,y,4), 2T = 2,J+_

3
+ _ (.),2 _ V')_"', 2,- = 2_' + 20

+3
(V_ _ V_)(1 _ _,,2)2, 2," = 2./ -- 20

+ 3(v - z_)v'a41 -_(i - _,'_, 2_ = 2,o' + o

-- 3('y -- 2_)(-_' -- "y'3) 1_--_-- _2_/1 -- V", 2T = 2W' -- 0

........................0 (exact) ' ............ 0.g; ...........

I
3- 29'5

1- _e'2+...

+ 3g'
.+ 7 e, +...

........................

+ _2

-- 2/_- 2_

1 -4-4132 _- /34

-- 2_ -- 2t__

+ 0_

-- 2} -4- 2r

--}+2T

0.} -4- 2r

+}+2T

+ 2} -_- 2r
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Type at25

Factors

9
+ _ (_2 _ _4)(.r,2 _ _'9,

3 (1 -- _2)2_,4,+_

3

- 3(, - _)_" _ _/_ - _'_,

- a_(_' - _") _ _ff - _'_,

53

cos terms

2r = 2¢o _ 2J

2r = 2¢o + 20 -}- 2_'

2r = 2_ -- 20 -4- 2to'

2r = 2¢o -[- 0 + 2_'

2_- = 2_ -- O -4- 2_'

+ t__

- 4fl3

-4- 6f_2

-- 4fl

+1

0 (exact)

1 e'-_ ÷...

5
1 - _ e '_ + . . .

7 e'+_ +...

.....................

O.g'

-4- g'

A- 2g'

-f- 3g'

.....................

-- 2_ + 2r

-- _ + 2_"

0._ + 2_

+ _ -4- 2r

+ 2_ + 2:"
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THE INTEGRATION PROBLEM

The method used at the NASA Space

Computing Center is based on Hansen's idea of

separating the perturbations in the orbit plane

from the perturbations o9/the orbit plane. A

typical differential equation of the method takes
the form

d__Q_-
dE

a = iE+ j,_ + l_ + i'g' + j%' + k'e' + pF,

where F is considered as a constant and

,_ = _o + o_l(E -- Eo), O' = go' + n'(t -- to),

12= _ + 121(E-- Eo), o_' = wo' + n'wl'(t -- to),

fl' = 12o'+ n'121'(t -- to).

The time t can be eliminated by means of

Kepler's equation,

E-- esin E _ g _ go + n(t -- to);

and, after several transformations involving

Bessel functions, the right-hand side can be

reduced to an integrable form. However, in-

stead of this complicated method, the integra-

tion can be performed in such a way that E and

g' are both kept in the argument. A similar
method was used by Hansen (Reference 7) in

his development of the perturbations of Encke's

comet by Saturn.

From Kepler's equation and from

g' = go' + n'(t - to)

it can be deduced that

dg'__ m(1--ecos _)(where m ----n")

and

dQ bQ bQ dg' _ 5Q bQ
d_ b_ + -- " -- + (1 -- _).bo' _ -- b_ m _ e cos

Thus the problem is reduced to the integration

of the linear partial differential equation

bQ bQ
b--_+ m(1 -- e cos _) _ =_--_,A_°_*a= X.

We can consider the equation

bQ 5Q 5Q
5_ + m _gTgr= X + m,e _ cos _,

and replace ml by m after the integration is

completed. By assuming that me is small (at

the present time it does not exceed 0.02), the

solution can be developed in powers of the

small parameter. Putting

Q = Qo + mlQl + m12Q2+ • • •

gives

OQo bQo =+ W- x
and

bQ_ bQ_ bQ_-i cos _,
5--_-+ m b0---7 ---- i)g---7-

Evidently

(i = 1, 2, 3.... ).

± A:_ a
Q0 = _ (i + jo_1 -_- k121)-_ m(i' + Y_I -_- k12'_) (8)

At any step an equation will be obtained that
is of the same general form as for Q0, and

Equation 8 can be applied to obtain the cor-

responding Q_.
The same method can serve to develop the

Hansen-type theory of natural planetary satel-

lites, provided me is small enough to secure

reasonably rapid convergence. For example,
for the X th satellite of Jupiter the value is

0.004. In developing the theory of the plane-

tary satellites, the orbit plane of the planet can

be taken as a basic reference plane and expressed

as "y' ---- 0. This circumstance requires a change

only in the lower part of Cayley's development
(Reference 5), namely, replacing the develop-

ment in terms of g by the development in terms

of E. The remaining part of the theory will

be similar to that given in the first part of this

report.
By using the described methods, the analyti-

cal or numerical extension of the development

can be done easily by modifying Cayley's

scheme or by taking a numerical development

of r • r' in an adequate form.

APPLICATION OF THE THEORY TO

VANGUARD I AND EXPLORER Vl

An abbreviated version of the terms a_t_ to

a_5 was programed for the IBM 704. This

program was used to compute the perturbations

of the perigee height for the satellites Vanguard
I and Explorer VI. The results for Explorer

V1 give general qualitative information about
the variations in perigee height for at least half
of the satellite's orbital lifetime. Table 1

shows the main terms for each satellite.
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TABLE 1.--Lunar-Solar Perturbations in Perigee Height of Satellites

55

1958 82, Vanguard I

COS

Perigee
(km)

-- O. 457

+0. 067

+0. 115

--0. 157

-I- 1. 458

-t-0. 079

--0. 389

--0. 108

--0. 032

0

+2
+2
+2
+2
+2
+2
+2

+2

0

0

-4-2

+1
+2
+1
+2
+2
+1

X®

0

0

0

0

--2

--2

--3

0

0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

+1 0 0

0 --2 0

0 --2 0

1959 _, Explorer VI

cos

Perigee
(km)

6O

--1097. 14

+110. 51

--892.67

--251. 23

+15. 20

--1. 53

--24. 11

--1. 68

--9. 83

--1.25

--3. 93

--1.43

0

+2
-}-2

+2
+2
+2
-1-2

+2
+2
+2
+2
+2

0
!

0

0

+2
+1

--1

0

+2
+1
+1
--1

+2
+1

XQ

0

0

0

0

0

--2

--2

+2
--2

+2
0

0

!

0

0

0

0

0

0

0

0

0

0

0

0

X_

0

0

0

0

0

0

0

0

0

0

--2

--2

The comparison with the observed perigee

height is shown in Figure 1. The observed
values were obtained from the NASA Space

"Computing Center after removal of the third

harmonic. Figure 2 shows the lunar and solar

perturbations in the perigee height of Explorer

VI. The effect on the Explorer satellite is

much larger than that on the Vanguard because

of the higher eccentricity of the Explorer orbit.

Further investigations have been carried out
on the basis of these results (Reference 8).

A refinement of earlier computations of the

Vanguard I orbit revealed a very slow variation

in perigee height, with a period of 449 days and

:::i A 1

646 THE THIRO HARMONIC EFFECT. [

O- _TED SOLAR AND LUNAR EFFECT.I I I I I I L i I l I I I l I

644

40 80 120 160 200 240 280 320 360 400 440 480 520 560

LIFETIME DAYS (DAY O= MAR. 1T.51875,1958)

FIGURE 1.--Solar and lunar perturbations on

the perigee height oJ Vanguard I (1958 /32).
765-698 0-65--5

an amplitude of 2 kilometers. Kozai suggested

(in a private communication) that a term of

this period and amplitude will result from a
combination of lunar and solar perturbations.

Kozai and Whitney then extended their calcula-
tions to the case of the paddle-wheel satellite,

Explorer VI (Reference 1). Explorer VI has

an apogee of 48,700 kilometers, a perigee of

6640 kilometers, and an orbital inclination of

47.3 degrees; it was found that this highly

27O
268
266

264
262

26O

zse
256

I..-254
_252

zw25o
,., 248

24s
_. 244

242
24O
258
256
254
232
230

LUES

-- CALCULATED SOLAR
AND LUNAR EFFECT

I 1 I I i 1 I I [ I I 1 I 1 I I I I I I l I I [

8 IOI214161820222426_R30 I 3 5 7 9 II 1315 1TI92123

AUGUST DAYS SEPTEMBER

FIGURE 2.--Solar and lunar perturbations on

the perigee height o] Explorer VI (1959 _).
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eccentric orbit produces substantial lunar and

solar perturbations which decrease the perigee
altitude rapidly and shorten the orbital life-

time from several decades to a probable value
of two years.

The interesting work of Kozai and Whitney

encouraged further exploration of the possible

lunar and solar effects on perigee height for

satellite orbits of large eccentricity. In general,

both the eccentricity and the perigee height
vary with time as a result of these effects.

The amplitudes, frequencies, and relative phases

of the variations are determb_ed by the orbit

parameters, among which the hour of launch is

of considerable importance. For a special set

of launch conditions, and for representative orbit

parameters, the perigee height may be made to

rise steadily over the course of several years at a

rate of I kilometer per day. Thus, the _un and

the moon may provide a substantial perigee boost

.[or the satellite under properly chosen circam-

stances. For other conditions the perturbations

may be minimized to obtain a relatively stable

orbit. These considerations may be of impor-

tance in deciding the launch programs for future

satellites with highly eccentric orbits.

From the perturbing function developed

herein, the rate of change of perigee height was

found by the method of variation of constants.

Letting q be the perigee height,

dq (1 -- e)_b_q _/i -- e 2b_
dt nae ba nae boo

where a is essentially the mean anomaly g of

the satellite, ¢0 is the argument of perigee of the

satellite, and f_ is the perturbing function.

The first-order perturbations of the gravita-
tional effect of the sun and moon were devel-

oped, and several assumptions which consider-

ably simplified the expression for the potential
were made. It was assumed that the moon's

orbital plane is coincident with the sun's.

Only the long-duration effects on perigee
altitude were considered; this eliminated terms

with periods of the mean anomaly (and frac-

tional parts thereof) of the satellite and, for

the most part, of the moon (i.e., g and g'¢).
Hence, the expression dq/dt becomes

dq_ X/1 -- e 2 hi2
dt A nae b_o'

which is a trigonometric series whose arguments

depend on various combinations of 2¢o, 0, ho,

X(, _%, co¢. In terms of these elements several

possible resonance effects can be recognized,

two of which are associated with the following
conditions:

2_ -- 2(_,o -- 0) = 0, (10a)

205 + 2(_,o -- O) = 0, (10b)

where 6, _,, _ are tile average angular velocities

of _o, X, 0, respectively.

These resonance conditions have a simple

interpretation. For example, in Equation 10a,

Xo -- 0represents the lon_tude of the sun relative
to the line of nodes; and _o, the position of the

perigee in the orbital plane, is also defined

relative to the line of nodes. Therefore, in a

system in which the line of nodes is fixed, the

satisfaction of the resonance condition (ease

10a) signifies that the mean angular velocities

of the sun and perigee are equal; that is, the

line of apsides follows the sun. In this ease

the orbital perturbations produced by the sun

are clearly maximized. In Equation 10b, the

sun and the line of apsides have the same period

of revolution but in opposite directions. Again,

it is elear that the solar perturbations will be
maximized.

It was found that the effects on perigee height

may be maximized or minimized by choosing
suitable values of the orbital inclination and the

time of launch. A long-period effect occurs

when the inclination to the equator is near 63.4

degrees--the critical angle at which the motion

of the argument of perigee is small. There is

a 2_0 term in dq/dt wlfich at tiffs inclination pro-

duees a near-resonance effect, causing the

perigee height to change almost secularly. For

an orbit with an apogee of 46,550 kilometers

and a perigee of 6650 kilometers, the rate of

change of perigee is about 1 kilometer per day,

as shown in Figure 3. The precise magnitude

of the rate of change depends on the initial

argument of perigee. The hour of launch does
not affect this result.

At angles of inclination other than 63.4

degrees, a variety of effects may be obtained

by a suitable ctmice of the hour of launch.

Selecting the hour of launch is equivalent to

selecting the longitude of the ascending node,
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FIGURE 3.--Rate o] change o] p_rigee ]or orbital
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with any value available once in 24 sidereal
hours. The results of three different launch

times are shown in Figure 4, employing the

same apogee and perigee as in Figure 3 with

an argument of perigee equal to 135 degrees

and an equatorial inclination of 28 degrees for

February 1, 1960. Curve A corresponds to a

launch time of 7 hours U.T. on February 1,

curve B to 23 hours U.T., and curve C to 13

hours U.T. Cases A and C .show rapid initial

variations of perigee height--advantageous and

disadvantageous. Case B represents a rela-

tively stable orbit.

Curve C' represents the addition of drag to

case C. It rises initially above the solar

and lunar perturbation curve because the drag

decreases the period and the eccentricity,

and these changes in turn decrease the solar

and lunar perturbations. It is interesting to
note that the lifetime for a satellite with the

parameters of Figure 4 is 25 years in the

absence of lunar and solar perturbations and

approximately 1 year with these perturbations.

C

• C' (DRAG)

I
I

40 II
I
I

0 i
IO0 200 300

DAYS AFTER LAUNCH

FmURE 4.--Results o] three different choices o]

launch time on February 1, 1960: (A) 7h U.T.,

(B) 23 h U.T., (C) 13 h U.T.; (C _) shows the

addition o] drag to ( C).
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On the Long-Period Lunisolar Effect in the
Motion of the Artificial Satellite I

BY P. MUSEN

Theoretical Division

NASA Goddard Space Flight Cente_

 65-21 970

This article contains two systems of formulas for the determination of the long-period
perturbations caused by the sun and the moon in the motion of an artificial satellite. The
first system can be used for the determination of the lunar effect for all satellites. The
second method is more convenient for finding the lunar effect for close satellites and the solar
effect for all satellites.

The knowledge of these effects is essential for the determination of the stability of the
orbit of the satellite. The basic equations of both systems are arranged in a form that
permits the use of numerical integration. The two theories are more accurate and more
adaptable to the use of electronic machines than are the analytical developments obtained f/
previously.

This article contains two systems of formulas

for the determination of lunar and solar long-
period effects of the first order in the motion
of an artificial satellite. The first method is

based on the theory originally developed by
Gauss [1818] for a numerical treatment of the

very long period effects in planetary motion.

It is also applicable to artificial satellites.
The second method is valid for close satellites

and is based on the development of the disturb-

ing function in terms of Legendre polynomials.

The knowledge of these long-period effects is

essential for determining the stability of the
orbit and the lifetime of the satellite. As an ex-

ample, Kozai [1959] found that the solar and

lunar perturbations have shortened the lifetime

of Explorer VI by a factor of 10. The long-pe-

riod lunar effect can be deduced by averaging

the perturbations with respect to the mean
anomaly of the moon and that of the satellite.

The first averaging process is performed analyti-

cally; the second process, numerically. The

_Published in the June 1961 issue of Journal of Geo-
physical Research. Reprinted by permission.

long-period solar effect is obtained by averaging

the perturbations with respect to the mean

anomaly of the satellite only. Both methods

result in the numerical integration of the

equations for the variation of elements.

The interval of integration depends upon the

proximity of the satellite to the earth and upon

the secular changes of the node and perigee pro-

duced by earth's oblateness. In a normal case,

the interval of integration will be of the order of

several days. For more distant satellites it can
be of the order of 1 month or even more. The

choice of such a large interval is impossible if

Cowell's method of integration in the rectangu-
lar coordinates is used.

It was found that for more distant satellites

the development of the disturbing function into

a series of Legendre polynomials converges so

slowly that it is impossible to include all impor-

tant long-period terms into an analytical devel-

opment. A large orbital inclination might also

contribute substantially to the slowness of the
convergence. For such a case as, for example,

a ---- 10 earth radii, e = 0.8, the analytical de-
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velopment obtained by Musen, Bailie, and

Upton [1961] becomes incomplete. These cir-

cumstances caused the author to investigate

the possibility of using the Gaussian method for

the determination of the lunar long-period
effects in the motion of an artificial satellite.

Halphen's [1888] form (with corrections by
Goriachev [19371_ of the Gaussian method was

found to be the most convenient, partly because

of its mathematical simplicity and elegance and,

partly, because it was found to be very adapt-
able to the use of electronic computers. Some

necessary modifications were made in order to

include the basic perturbations of the motion of

the moon. Also, the Goursat [1881] transforma-

tion and the Euler summability process were

used to speed up the convergence of the hyper-

geometric series. This method is valid for all

values of e, i, and a/a'.

The development in terms of Legendre poly-

nomials is permissible if the lunar or the solar

perturbations for close satellites are to be de-

termined. The basic equations of these two

cases are arranged in the form that permits the

use of the numerical integration and includes all

the significant long-period terms. Theoreti-

cally, these equations are completely equivalent

to the extensive analytical developments ob-

tained by Kozai [1959] and by M_sen, Bailie,

and Upton [1961], but they have a more compact

and symmetrical form and are more adaptable
to the use of electronic machines. Thus the

formulas given here represent, from a practical

point of view, a substantial improvement over

the previous methods.

commensurability between the mean motions n
and n'. It is sufficient to take into account the

secular changes in the ¢d, _', neglecting the

periodic effects and the influence of the preces-
sion. Let P be the unit vector directed from

the center of the earth to the perigee of the

orbit of the satellite, R be the unit vector

standing normally to the orbit plane, and

Q=RXP

Let P', Q', R' be the corresponding vectors con-
nected with the orbit of the moon. Putting

A,(.) =

A:,(a) =

l i0 0]+cosa --sin a

+sin a +cosa

-+cosrx--sin a :1

J+s21°_ +c°sao +11

we have for the components of P, Q, R and

P', Q', R' in the equatorial system

[P, Q, R] = As(ID - A_(i) • As(,,,) (1)

[P', Q', R'] - A_(_) -As(W)-A,(i'). As(J) (2)

is the angle between the equator and the

ecliptic. Designating _tas the eccentric anomaly

of the satellite, we have for the position vector

r = Pa(cosu -- e) + Qa_/[ - e2sin u (3)

Put

LUNAR DISTURBING FORCE IN THE MOTION

OF A DISTANT ARTIFICIAL SATELLITE

Let

he the osculating elements of the artificial satel-

lite referred to the earth's equator, and let

go, J, _', i', e', a_, n_

be the elements of the moon referred to the fixed

ecliptic. We assume that there is no sharp

r e, pp0 = -s+
a

= Ps(eosu - e)

"F Qs _1 - e2 sin u + e'P,

(4)

where s is the parallax

s _ a/a r

Put
a = p.P', /3 = p.Q', v = p'R'

The system of Halphen's [1888] formulas for the
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computation of auxiliary quantities can be

slightly modified and rewritten in our nota-

tions in the following way

K1 = p2 _ 2 + e'2 (5)

Ks - (1 -- e'2)(1 -- a 2)

- f - (2 - c'_)_2 (6)

K3 = 72(1 -- e'_') (7)

g_ = _ (K? - 3K_) (s)

g3 = _ (2K, 3 -- 9K, K2 + 27K3) (9)

27g32
(10)

¢,(_) =

and of

The next step in Halphen's method is the

computation of

_/,(_) -- _F ' 12' 1, 1 -- _ (ll)

144 %_3F '12'-- 2, 1--5 (12)

"N//6 %_/g_ 144 V/_ _b'(_) (13)
A = 992" 7r

lrg, _/g-_ _/'(_) (14)

The values of _ will be proper fractions. The

series 11 and 12 possess an algebraic branch

point at _ = 0, and the convergence in the

neighborhood of this singularity is slow.-In
order to obtain more convenient formulas

representing our series in the interval 0 =< _ < 1

rather uniformly, with the accuracy at least up

to 10 -8, we apply the Goursat [1881] transforma-

tions and then the E summability process.

Putting

1 5
a ---- I_, b = I_, z = 1 --

in

F(a, b, a + b + ½, z)

( ;(= _1+ Yrl- z. F 2a, a-- b
2

1-
+ ½, a + b + _, - 1+ v/V_- z/

we deduce

¢(_) 1+
Putting

13 17

a = r_-, b = vff,

in

F(_, '_, l, -- W)

z=l--_

(15)

F(a, b, a + b -- ½, z)

• F(2a -- l, a -- b + _,

a + b - _, - 1 + V/-(-L--z-z/

we have

v/_ _'(_) =

where

5 i144 _ +- %//_]

(17 )•F ,g,2,-_ (lO)

The series 15 and 16 are alternating and the

E-process can be applied to speed up their

convergence. The formula of the E-process for

hypergeometric series takes the form

Ca, k)(b, k)
F(a, b, c, --x) = _=o_(--1)k (1, k)(c, k)

+ lim _ (--1) N+i

(a, N + j)(b, N + j) x_+i
(1, x + j)(c, N + j)

k
Z

(17)

where

(q,k) = q(q + 1) . . . (q + k-- 1)

Applying formula 17 to the series 15 and 16,

and putting N ---- 3, m ---- 19, we deduce the two



62 ASTRONOMY AND CELESTIAL MECHANICS

following expressions whose coefficients are

rapidly decreasing as the power of w increases.

144: %/_ ¢,(_)

2 _1/_ 2 7/_

(+ 2.3870942 (-- 3.7991784

-- 0.0663082 w + 0.3693646 w

W0.0225632 w 2 --0.1556119 w 2

-0.0117691 w 3 -{-0.0889726 w"

+0.0073743 w 4 -0.0586828 w 4
-0.0051060 w 6 +0.0419870 w _

-t-0.0037250 w 6 --0.0313364 w e

-0.0027325 w 7 +0.0233758 w 7

40.0019070 w s --0.0165247 w s

--0.0011936 w ° +0.0104483 w 9

+0.0006337 w t° --0.0055933 w _°

--0.0002710 w" +0.0024083 w n

40.0000884 w l_ --0.0007898 w I_

--0.0000205 w 13 40.0001837 w 13

40.0000030 w l_ --0.0000268 w l_

-- 0.0000002 w '6) 40.0000018 w '_)

The next step is to compute

K4 = 9Ka -- KIK2

K5 = KI(KIK2 - 3K3) -- 2K22

Then the matrix is formed with the elements

A,i = a_iA + aliB

introducing the dyadic (a matrix)

"+AI_P'P' + A12P'Q' + A_zP'R' 1
!

A t_PR_ :"
¢ = +A2_Q'P' + A_2Q'Q' + 23,_ | (18)

!

R,R,mA R '_' + "_3_+AalR'P' + 32 "_

we can represent the "disturbing," force averaged

with respect to the mean anomaly of the moon,

in the form

2km _
Fo = -- _ q"r (19)

and the averaged momentum is

M0 2km'-- r X ¢.r (20)
ata

In addition, in the system adopted in this article,

we have to compute the vector [Musen, 1954]

( p) 1Ko = 1 + r Fo- rprr'F° (21)

The vectors M0 and K0 must be averaged along

the orbit of the satellite. We have to obtain

and 3
all = K4(a 2 -- 1) + Ks + _ e2K3 lfo,. if:.(Moo) = _ Mode = _ M0 a du (22)

a22 K,(_ 2 1 + e '2) + K,_ + 3 g2Ka-- t'2
21 --e

o:,:, = K47 2 + K5 + {g2[_2(1 -- e '2)

+ _ - (1 - ,'_)]

al2 = a_ = K4a/_

a23 = a32 = (K4 -- _g2)flV

a',x = a 2 -- 1 -- }K_

a'2_ = -- 1 + e _2 }Kt

= 7 _ _K_

a_23 = a'32 = [J7

atal _ aria = "_o_

(Koo) = _ Kodg = _ Ko a du (23)

This averaging is done numerically, by giving

the values 0 °, 30 °, 60 °, • •., 330 ° to u, computing

values of Mo(r/a) and Ko(r/a) for each of these

angles, and then forming the arithmetical means.

The form, of variation of constants [or the long-

period lunar effects. Designating the area "con-

stant" by c, we have

and

c = _/pR (24)

p = a(1 -- e2) (25)

dc
-- r X F (26)

dt

Let h be the unit vector along the line of nodes
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and let (i, j, k) be the unit vectors of the
equatorial system. We have

h = icosft + jsin_ (27)

R = h)< ksini + kcosi (28)

It follows from (27) and (28)

d_ di
dR h sin i + h )< R- (29)
d---t = _ dt

and from (26)

h sin i d_2
di e de

dt 1 -- e _ R-dt

1 d%,/a 1
dt -- × F (30)

We deduce from the last equation the long-
period effects by applying the double process of
averaging and taking da/dt = 0 into account

• d_2
sin z

dt

1

- h-M0o (30

di 1
-- Moo'h × R (32)

dt @

de _/1 -- e 2
- /- R.Mo0 (33)dt Vae

It is interesting to note that for long-period
effects only the averaged momentum and not
any other function of the disturbing force is
contained in the equations 31-33. Equations

31 and 32 represent a particular case of equations
deduced by Makarova [1958] for the computa-

tion of the special perturbations of minor
planets. We have [Musen, 1954]

di d_ doJ 1h_-4- k _--4- R _= _prR.F-- -- RP.K (34)

where

( _) l rr.F (35)K= 1+ r E--rp

We deduce from (34) the long period effect in
_, and by taking (31) into consideration we have

d_ _ P. Koo cot i
dt -- -$- -- -_p h-Moo (36)

where

1 _2'_ r_d uP.Koo = _ P.K0 a

Equation 36 is identical in form to the equation
for planetary perturbations, deduced by Maka-
rova on the basis of different considerations

from Musen's [1954] theory. The system 31,
32, 33, and 36 is to be integrated numerically.
As we said before the interval of integration

can be of the order of several days.

LUNAR PERTURBATIONS OF A CLOSE

SATELLITE AND THE SOLAR

PERTURBATIONS

The computation of the lunar perturbations
of a close satellite and the computation of the
solar perturbations for all satellites can be done
by developing the disturbing function into
series of Legendre polynomials. For our pur-
pose, we can limit ourselves to the second

Legendre polynomial, and the disturbing func-
tion takes the form

R = km'Jr'a (3eos2H_ 1) (37)

where H is the angle between r and r'. Let u°
be the unit vector in the direction of r'. We

have u° with the accuracy up to e' in the periodic
terms

u ° = P'(-- e' + cos g' + e' cos 2g')

+ Q'(sin g' + e' sin 2g') (38)

and (37) becomes

R = km___'(3r. u°u °. r -- r2)
2r'3

(39)

The "disturbing force" to be used in connection
with the variation of elements will be

F = grad R = kin' (a'_ a(3uouo.r _ r) (40)
a '3 kr']

and the momentum of F takes the form

M = 3km'(a'yr
a '--q- \r'] X u°u°.r (41)

Substituting

r = Prcosf + Qrsinf



64 ASTRONOMY AND CELESTIAL MECI-IANICS

into (41), we obtain

M -

Taking

3km'a 2 (a'_ 3

2a '3 \r']

• P X u°u°'P _ (I + cos 2])

r 2

+ P X u°u °'Q_sin2/

r 2

+ Q X u°u °'p-_sin2]
a

+ Q X u°uo'Q_(1 - cos 2]) (42)

1 ff" r2 _e 22-_ _dg = 1 +

1 fo_" r2 _e'_cos2tdg = +

we deduce for the averaged value of M0,

3km'a 2 (a'_ s
Mo -- 2a,S \7] [(1 -}- 4e2)P X u°uO'p

+ (1 -- e_)Q X u°u°" Q] (43)

Let ¢, 6, and 0 be angles which the basic vectors

P, Q, and R form with the direction to the moon,

cos 9 = P.u °, cos ¢ = Q.u °, cos o = R. u° (44)

Replacing Moo in (31), (32), and (33), by (43),
and taking

h. P )< u ° = + cos 0 sill w

h-Q X u ° = + cos0 cos

(h X R).(P X u°) = + cos0cos

(h)< R).(Q X u °) = -- cos0sinoJ

R.P X u ° = + cos

R.Q )< u ° = -- cos

h = PcosoJ -- Qsino_

into account, we obtain

d_ 3km'a 2 (aP) 3 cos 0
sini dt -- 2a '3 \r'] Y_p

• [(1 + 4e2) cos_sinw

+ (1 -- e2) cos ¢ cos ¢o] (45)

de

dt

di 3km'a 2 (a') a cos 0

d'-tt= 2a '3 " \r'] _p

• [(1 -}- 4e') cos ¢ cos co

-- (1 -- e2) cos ¢ sin co] (46)

15 eX/T -- e_ k
2 v/_

m'a'(o'V
"a '_-" \r'] cos _ cos _ (47)

Putting the mass of the earth equal to one, we
have

k
-- = na

4_

and the system 45-47 becomes

• d_2
sin

dt - 2%/-_--e-- e_ xa / \r /

• [(1 + 4e2) cos_sinco

+ (1 -- e2) cos _b cos w] cos 0 (45')

di_ 3m'n (a_713(a'l a
dt 2%/-_e-- e_ \a / \r /

• [(1 + 4e2) cos9 cos co

-- (1 -- e_) cos _ sin co] cos 0 (46')

de 15m'ne%/_- e2

dt 2

• a--7 -- cos _o cos _b (47')
\a/ \r /

In addition we have with sufficient accuracy

(aT77 = (1 - e'2)-3/_ + 3e' cos g'

We have for dco/dt an equation analogous to (36)

__ df_
doJ _ @ P.K0 -- cos i _ (48)
dt e

where

_I_I r,.[( r) i F.rr]d 0Ko= 2, Jo 1 + p F-- r_

Substituting

(49)

tb

F = ,_m (3uOuO .r -- r)
rt3
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into (49) and taking We have

u0.r-- rcosfcos_-4- rsinfcos¢

into account, we obtain

1 fo2" kmra 12-_ P. F dg -- r '3 27r

2. [(fo 3 cos 2 _ 1) r• -- -- COS f
a

-1- 3 ra sin J cos _ cos _bI dg

It follows from Cayley's tables

1 fo 2" r-- - cosJdg = --_e
2z" a

1
fo 2" rsinidg 02_ a

and equation 50 becomes

1
f2. 3km'ae (1 -- 3 cos z _)

2"-_Jo P. Ydg 2r,a

(49')

(50)

(51)

fo kmta 11 2"lp.rr. Fdg ....
2x rp (1 -- e2)r '3 21"a 2

2f

"fo [3(u°'r)2 -- r2j cos J dg

ifo2"_ _cos 2 _)_

From (53) and from

or, after some transformations and taking (49')
into account

fo kmta1 2"lp.rr. Fdg_
27r rp (1 -- e2)r t3

•[(_ cos'_ + _ cos2 _ - 1)

1 fo 2" r2"-- -_ cos ] dg+ (_ cos 227r a _a

?*2 1cos 3] dg (55)

1 fo 2 T r 2_ cos 3J dg = --_e '_

In a similar way we obtain

fo km I a12r 2, pr p'Y dg -- (1 -- e2)r'a

] 3
•(1 -- 3 cos 2 ¢)(2e A- _e ) (52)

by taJdng

1 fo 2 f r 22-_ _ cosfdg = --2e -- ½e3 (53)

1 f2 z ?.2

-- Jo -_ sin J dg = 0 (53')2w a

into consideration. It follows from (51) and
(52)

l f02" (p) km'a2-_ 1 T P. Y dg - r,S

7e- 2e3

•(1 -- 3 cos2_) 2(1 -- e2) (54)

The next step is to compute the integral

1 ri 2, 1 P.rr. Y dg
2_ ,Io rp

we deduce a final result

fo kmta12_ 2, rpl p.rr. Y dg -- (1 -- e2)r '3

•[(-_ cos2_ - _ cos_ _ + 2)_

+ (_ - 3 cos_ + _ cos2 _)e_]. (56)

Substituting (54) and (56) into (48), and elimi-

nating k in favor of a and n, we obtain

d_ 3m'naa (_y,)s(4dt -- 2a '3 COS2(P- cos2 _b- 1)

• _ -- e2 . dl2
- cos _ -_/ (57)

The system of equations 45'-47' and 57

should be used in the investigations connected

with the hmar perturbations for close satellites

and with the solar perturbations. They con-

tain all the significant long period terms. In

addition, the lunar part also contains the terms

having periods of the order of one month. The

interval of integration for the solar perturba-

tions can be taken to be approximately 1 month.
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However, for the lunar perturbations it would

be preferable to take the interval to be of the

order of days, to obtain a smoother curve and

to avoid ambiguity in interpreting the results.

CONCLUSION

The methods described in this article are

more accurate and more adaptable to the use

of electronic computers than the analytical

development obtained previously. They can
be used in the investigations connected with the

stability of orbits and for the separation of
known and unknown long period effects in the

observations. It is recommended that, in prac-

tical use, the analytical development be re-

placed by the semi-analytical solution given in
this article.
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On the Long-Period Lunar and Solar Effects on the Motion
of an Artificial Satellite, 2 1

BY PETER MUSEN

Theoretical Division

NASA Goddard Space Flight Center 9el
g\ q\

The disturbing function for the long-period lunisolar effects is developed into a series
of polynomials in the components of the vectorial elements in the direction to the disturbing
body. This development is convergent for all eccentricities and all inclinations. The
equations are established for the variation of elements in a form suitable for the use of nu-
merical integration and for the development of the perturbations into trigonometric series
with numerical coefficients. An application of Milankovich's theory of perturbations leads
to the equations for perturbed elements in which the small numerical divisors, the sine of
the inclination and the eccentricity, are not present. These new equations, like the equa-
tions for canonieal elements, have a symmetrical form and a wider range of applicabih'ty _/

than the equations for elliptic elements. -_-_/_---/--)_---

SY/vIBC)I.S _', the longitude of the ascending node of

M, the mean anomaly of the satellite for the

moment t.

¢o, the argument of the perigee of the satel-
lite.

_, the longitude of the ascending node of
the satellite.

i, the inclination of the orbit of the satellite

with respect to the equator.

e, the eccentricity of the orbit of the
satellite.

a, the semimajor axis of the orbit of the
satellite.

n, the mean motion of the satellite.

p, a(1 --e_).

M', the mean anomaly of the disturbing body
at the moment t.

_', the argument of the perigee of the orbit

of the disturbing body, but with re-

spect to the ecliptic of the fixed epoch.

i Published in the September 1961 issue of Journal of
Geophysical Research. Reprinted by permission.

the orbit of the disturbing body with

respect to ecliptic.

i', the inclination of the orbit of the disturb-

ing body toward ecliptic.

e', the eccentricity of the orbit of the dis-

turbing body.

a', the semimajor axis of the orbit of the

disturbing body.

n', the mean motion of the disturbing body.

f_, the disturbing function.

r, the position vector of the satellite.
r °, the unit vector in the direction of r.

u °, the unit vector directed from the center

of the earth to the disturbing body.

i, j, k, the basic system of unit vectors in the

equatorial system of coordinates.
P, the unit vector directed from the center

of the earth toward the perigee of the
satellite.

R, the unit vector standing normally to the

orbit plane of the satellite.

Q, the unit vector standing normally to P

and R;Q=R'<P.
67
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P', the unit vector directed from the center
of the earth toward the perigee of the
disturbing body.

R', the unit vector standing normally to the
orbit plane of the disturbing body.

Q', a unit vector standing normally to P'
and R', Q' = R' X P'.

a, the projection of P on u°.
8, the projection of Q on u°.
% the projection of R on u°.
C _ 1"_-- e2R.

g = cP.
V, = ib/ba_ A- jb/ba2 -4- kb/ba3; the partial del

operator with respect to vector a = iat
+ ja2 -4- kay.

INTRODUCTION

The object of this paper is the presentation
of a theory of lunisolar effects on the motion
of an artificial satellite in a form suitable

for the use of the numerical integration pro-
cedure and for the development of the per-
turbations into Fourier series with numerical
coefficients. The numerical integration proce-
dure is less laborious than the development into
series, and the interval of integration can be of
the order Of several days. However, it is some-
times of interest to have the perturbations in
the form of series, in particular, if a near-
resonance effect occurs.

For satellites with a large ratio a/a' of semi-
major axes the higher Legendre polynomials
have to be included in the development of the
disturbing function. The parallactic factor for
a satellite with a period of 24 hours is about 0.1,

and in considering the long-range stability it is
advisable to take the parallactic term into
consideration.

The problem of the development of perturba-
tions into series can be solved either in an

analytical or a semianalytical way. The purely
analytical way is theoretically possible, but it

presents considerable technical difficulties if the
inclination of the orbit is not small.

Attempts made by Musen, Bailie, and Upton
[1961] show that the technical difficulties be-
come almost insurmountable with the inclusion

of the fourth Legendre polynomial into the

development of the disturbing function.
The s__of a semianalytical procedure, valid

for all inclinations and all eccentricities, is pro-

posed in this paper._ This method is adaptable
to the use of electronic machines. The multi-

plication of Fourier series is performed auto-
matically following the method developed at
the National Aeronautics and Space Adminis-
tration, Theoretical Division.

DEVELOPMENT OF THE DISTURBING
FUNCTION

All notations in this article are the same as in

the author's previous article [M_sen, 1961] with

the exception of the mean anomalies, which are
designated in this paper by M and M'. The
disturbing function t2 is taken in the form

+_

.-2 \r'/

"2--_ P. (cos H) dM (l)

p is the paraUactic factor a/a'. Let r ° be the
unit vector directed from the center of the
earth to the satellite. We have

r° = Pcosf + Qsinf (2)

and a corresponding unit vector for the moon
(or the sun)

u o = pl COSif'-4- Q' sin f' (3)

where (P, Q, R) and (P', Q', R') are the basic
unit vectors connected with the osculating orbit

pianos. We have in the equatorial system
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I 2i .2i 1
d-cos _ cos(w -4-oQ) _t_ sm _ cos(o_ --oQ)

2i . 2i _l

+cos _sm(_ _-_) -- sin _sin(¢o --_)

[__-sin i sin o_
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(4)

Q

-- COS _ SIlI (¢0 _- _'_) -- Slll _ sin ((2 -- g'_)

, o2i _ 2i
f

c s _ cos(w +_) sin _ cos(to --g_)j
/

._ -{-sin i cos co _j

(5)

R ((;)

1 _P ___

q- cos 2 _ cos (o/ + _') _- sin 2 -_ cos (o/ -- a')

i' i I

cos 2 -_ cos e sin (o_' q- g_') -- sin 2 -_ cos e sin (¢o' -- _') -- sin i' sin e sin o_'

i' i'

-4- cos: -_ sin e sin (_' -4- _') -- sin 2 -_ sin e sin (_' -- _') -4- sin i' cos e sin _'

(7)

P

- ° °

*'sin ' ' • 2_' .
--cos 2-_ (oJ Jrg_) -- sm -_sm(o_' --_')

i' i,

q-cos 2 _ cos e cos (w' q- _') -- sin _-_ cos e cos (¢o' -- _') -- sin i' sin _ cos w'

A- cos2_ i'sin _ cos (_' -]- _') -- sin 2 -_ sin e cos (_' -- _') + sin i' cos _ cos _'

(s)
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The elements of the satellite _, _, i are re-

ferred to the equator, but the elements _', _',
i' of the disturbing body are referred to the
ecliptic of some fixed epoch. Such a choice of
reference planes permits us to consider i' as a
constant and _' and g%' as linear functions of

time, provided that we are interested in de-

termining perturbations of the first order only.

We have from (2) and (3)

cosH = r °.u ° = acosf + f_sinf (9)

= P.u ° = P.I a'cosf' -_ P.Q'sinf' (10)

= Q.u ° = Q.P' cosf' + Q.Q'sinf' (11)

f' = M' -_ 2e'sin M' W • • • (12)

In addition, we put

7 = R.u ° = R.P' cosf' _- R.Q'sinf' (13)

We deduce from (4)-(8)

coeff.

2i 2i' ."-e
cos _ cos _ sm

2?, 2i p "-E

cos _ cos -_ cos

."- ?, ._i t "-E

sm _cos _¢os

e ?, "-i'• • 2

sm _ cos -_sm

?, 2i t

cos _ sm -__os

i'2 ?, • 2 • 2 _

cos _ sm -_ sin

il 2

Ol

(14)

+ cos (_o+ o_' + _ + _' + t')

+ cos (_o- ,.o' + g - _' - I')

+ cos (o_+ _o' - g + g' + 1')

+cos (w - w' -_ - g_' - 1')

+ cos (,.o+ _' + g_ - g' +/')

+cos(_-_o'+_+_'- I')

+ cos (_o+ _o' - g_ - gs' + 1')

+cos(o_-a/-g+g' -1')

--sin

--sin

--sin

--sin

--8111

--sin

--sin

-- sin

/3

(_ + _o' +a + a' + 19

(_o-- o/ + _ -- g6' -- 1')

(_o+ o_' -- _ + _' + I')

(_o--o_' --g--g_'-- f')

(_o+ o_' - _ - _' + f')

(_o-_o'-g_ +g'- 1')

(15)
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coeff. O_

1 i i'
cos 2 _ sin sm

1 i i'
cos 2 _ sin sine

l 2 i ir
sin _ sin sm

1 i ip
sm _ _ sin sm e

1 2 i t

2smic°s -_sme

1 2 i t

smi cos -_ Slit e

1 • • 2 i!

1 • • 2 if

2sin _sln _81n e

+cos (,_ + _' +g_ +/')

-cos (_ - _o' +_ - 19

-cos (_ +,_' -g_ +/')

+ cos (_ - `"' - _ -/9

-cos(,. +`"' +_' +/')

+ cos (._ - `"' - _' - /')

+ cos (_ + ,_' - _' + I')

- cos (,, - ¢o' + _' - /')

sm i sin i' cos e +,:o_ (`" - o/ -/')

sm i sill i' COS e -cos (,,, + `"' +/')

and

3, -----+ sin i cos -_ sin 2 _ sin(_ + + + ]')

+ ,_i_ i cos_ _ cos_ _ sin(_ - `"' - - /9

, i' e `' _,
-4- sin i sin _ _ cos 2 _ sin(g_ + -- + J')

• i' . _ _,
-4- sin i sin _ -_ sin 2 _ sin(gg -- co' -4- -- ]')

-4- _ sin i sin i' sin e sin(g_ 4- oa' 4- 1')

-- _ sin i sin i' sin e sin(_ -- `"' -- 1')

i p
-4- cos i cos- _sin _ sin (`"' q-gU + 1')

• • 2 i!

= cos * sin -_sin e sin (w' -- _' + I')

+ cos i sin i' cos _ sin (w' + /')

--sin (w "4-`"' nt"_ q- 1')

+sin(w -- w' +_ -- 1')

+sin (w -4- w' -- _ + 1')

--sin (co-- o_' -- g_ -- 1')

+sin (_oq-- _o' -4-_' 4- 1')

--sin (co -- w' -- f_' -- 1')

--sin (w + w' -- _' + 1')

+sin (co-- w' -t- g_' -- 1')

--si_ (_ - _o' - f')

+sin (_ + to' + I')

(16)
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The expressions 14-16 for a,/_, and 3" are to be

used if the development of the perturbations

into series is required. If numerical integration

is preferred, it is simpler to obtain a, _, and 3'

by computing independently expressions 4-6,

7-8, 12, and 10-13.

Following an idea suggested by the author in

the previous article [Musen, 1961], the disturb-

ing function will be developed in powers of a

and _ instead of using the standard procedure

of developing in powers of the inclination.

This procedure leads to a more compact form

of the disturbing function, and in the develop-
ment into series the numerical values of the

inclinations can be substituted into a, _,

and 3" from the outset. We have from (9)

cos H ----a cosf + sine term (17)

cos2 H = t(_ 2 + _) + ½(_ -- _2) cos 21

+ sine terms (18)

cos* H = |a(a 2 q- _2) cos f + ¼(a_ -- 3a/_2) cos 3f

+ sine terms (19)

cos' H = 1](a2 + /_2)2+ ½(a' -- /_) cos 2f

+ _(a'-- 6a2/_2 + t__) cos4f+ sine terms (20)

Only the cosine terms are retained, because the

sine terms do not contribute any long-period

terms in (1). Substituting 17-20 into 1, and

taking the following accurate expressions,

1 fo 2_ r2 5 e2a_ cos 2]dM = +_

1 fo2. r2 3 2a-_dM = 1 +_e

1 fo2.ra 35 ._2r a_i cos 3[ dM 8 e

1 ff" r 3 5 15 e._2-r a 5 cos]dM = --se ---8-

1 fo 2" r_ 63 e4--2r -_a cos 4fdM = +--8

1 fo 2" r4 21 2 21 4-- -_ cos 2] dM = -_ e + -_ e2r a

- fo 15e41 2. r__dM = 1 + 5e2 +-_2_r a

into account, we deduce a compact form of the

disturbing function convergent for all eccentrici-
ties and all inclinations.

We have

(y= m,np3 a _ 2 _u [(+. +-_f ½)
r

+ (3_2 - -_f - -_)e2]

, 4(a'V[- f 75 a 75 15 )+ mnp \7? L\-_" - _ "_ + -7 ".e

[ 25 75 45 "_:,l

5 at 5+
15: 15 :3)+-_- -_. --g +

[ 315 a4 525 a2_2 105 _34+ (+-_ + -_ - -_

615 15 f12 15_ 2- 3_ 2+52 +_-)e

+ + ,_ --_-o?f+_-

16 _-2 -}- _]e J + -'" (21)

A second concise form of the disturbing function

can be obtained, if we eliminate a, f_, and e

from (21) in favor of vectors

C = _/1-- e2a (22)

g = eP (23)

These vectors are closely related to the con-

stants of the area integral and to the constant

of the Laplacian integral. Substituting

g "u°, _2 1 a2 c • u°
e -_ _ e _

into (21), we deduce

12 = ¼m'np a [5(g.u°) 2 + (c X u°) 2 - g2]

(a')'+ _ m'_/ _ [-35(g.u°) 2

- 15(c X u°)2 + 9g2 + _2]g'u ° + "'" (24)

The expressions 21 and 24 are suitable for the

application of numerical integration, and in a
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hidden form they contain all the long-period
terms of the first order.

THE VARIATION OF CONSTANTS

Two systems of differential equations will be

established. The first system will be for the

classical elliptic elements, but the derivatives of

£ with respect to the elements will be eliminated

in favor of derivatives with respect to a and/3.

This makes the actual computations easier.

The second system of equations gives the

vectors g and c in a direct way, and the deriva-
tion is based on the application of Milankovich's

[1939] form of variation of constants. This

theory is not widely used in celestial mechanics.

Its mathematical apparatus belongs, possibly,

more to the domain of theoretical physics than

to the domain of classical celestial mechanics,

but some recent investigations by Popovich

[1960] show that the application of this theory
to the secular perturbations of planets might be

of great interest. The application of Milan-

kovich's theory to the determination of the

lunisolar effect leads to the equations that are

free from the "small divisors," sin i or e, and

consequently have a wider domain of validity

than the equations for variations of elliptic
elements.

We have from (4), (5), (10), and (11)

0a
= +/3

O/3
0¢o

0Or

Oi -- Jr_/ sin o_

0/3
Oi - 4-3' cos o_

and

Oct uO"
Oa -- u°'k X P = (k X (Q X R))

= u°'(Q cos i - R sin i cos o_)

0/3 _ uO.k X Q = u°-(k X (R X P))
O_

= u°-(R sin isin_ -- P cos i)
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or, in a final form,

ba
bg_ -- /3cosi-- _sinicos

bE
b_ = _'sinisin_- acosi

Substituting

0£ 0_2 0_2

Oi - OoE7sin_° + _7 co_o_

0£ 0_2 0_2

09 09
0g_-- 0_([3 cosi-- 7sini cosw)

0fl

+_(_/sinisin¢0 --a cosi)

into the equations

dAM 1 -- e2 09 O_
-- 2a--

dt e Oe Oa

di cos i 09

dt sin iV/] - -- e20w

1 09

-- sin i%/_ -- e20g_

dg_ 1 09

dt sin i V_ - e2 0i

dw Y_ -- e2 09

dt e Oe

de V_ -- e209

dt e Ow

COS ?, --
dt

we deduce

(25)

for the long-period lunisolar effects

dAM 1 --e209 2p20(_)d---t-'=- e de _p

di _/

dt V_ -- e2

oo )• -
d_ _,

dt sin iV_ -- e2

(0° O° )• _--a-asinoJ 4- _ eosw

do) _/1 -- e2 09 . dg_
-- COS l --

dt e Oe dt

(dtde-- 1V__--e_e /3-ffaa - a

(26)
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in addition, we have

da/dt = 0

If the development into series is required, we

compute (26) in terms of _, J, g_, gU,ff using

(14)-(16). In the process of computation several
small terms with the factors of the form pk

sin s i'/2 can be neglected. The transition from

f' to M' is performed using the standard for-
mulas and therefore is not presented in detail.

Because of the smallness of e', only the first

two or three powers of e' should be retained•

As an application and for a check we will

develop the equations for variation of constants
for the case of a close satellite. We put

fl = m'np3 \ r']

3 3)4

are

dc
-- = ¢X VcR4- gX V,R
dt

dg p_ _ g2
-- _ 9 Cdt g × VcR 4- c-

c2 OR
X VgR -- -7

with

c = p_/a(1 -- e2)R

g = p_eP

and the symbols Vc and V, designate the par-

tial del operators

a a 4-k av o = i_ + j oc--_ act

a a __a
v, = i_g 4- J_g2 4-kag 2

Substituting this value into (26), we deduce

di 3m'n'y (_,,)3dt -- 2_ p3

•[(1 4- 4e2)a cos_ -- (1 -- e2)_3sin _]

sini-_ = 2_p z

• [(1 4- 4e2)o_sin w 4- (1 -- e2)/3 cos w] (27)

dw 3m'n 3{a'_ 3,. 2 f12at- 2 P kP] _'_ - -I)

•_1 -_- _osi a-_-
dt

_ 3(a') 3de 15m'ne afl%/_ -- e2
at 2 P 7

This system is identical with the system deduced

by the author in his previous article [Musen,

1961] using a less direct method.

The equations of Milankovich for the dis-
turbed motion

For long-period lunisolar effects in the mo-
tion of an artificial satellite, the equations of

Milankovich take a simpler form

dc

dt

dg
dt

- c X V_Q4- gX V,_

- g X V_£4- c X V,P.

(28)

with c and g defined by (22) and (23) and

defined by (24)• The system (28) admits two

particular integrals

c 2 + g2 = 1

c.g=0

These integrals can be used either for a check

or to reduce the computation to four com-

ponents instead of six. As an application we

give here the explicit form of the equations for
the perturbations of a close satellite. It is
not difficult to write these equations for more

general cases. We have

d2r u -_
= _%r 4- grad R

dt 2 r
£ { m'_,p '_ u°7 -= [5(g. + (c x u°)2 g_]
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Taking Taking

Vg(g.u°)2 = 2g.u°u °

_gg2 _-- 2g

V¢(c × u°7 = V¢(c _ - c.u°u °. c)

= 2(c- c.u°u °)

Vg_- 3m'n 3[aP\ 3
2 p (7) (sgu°u° - g)

2 p3 (c- c.u°u °)

into consideration, we deduce a system with no
'small divisors.'

P'P' + Q'Q' = I -- R'R'

where I is the idemfactor, and

2_ o \r'] dM' = (1 -- e'') -_/"

2_ \r'/ cos 21' dM'= 0

into account, we have

1 f2. [aq3 °u°

de , :,{a"V,.

-- c X u°u °'c) (29)

dg , 3{a"_3,_ uOu°

-+- 5c X u°u°'g) (30)

This form for equations is suitable for the de-
termination of the influence of the sun on a

close satellite. As is seen from (29) and (30),
the change of c is always in the plane normal to

u° and the change of g can be decomposed into
two components, the first one in the direction of
Q and the second normal to u°.

In order to deduce the long-period perturba-
tions caused by the moon, the process of aver-
aging with respect to M', the mean anomaly of
the moon, must be applied to (29) and (30).
We have

--2_Jo _7] uu dM'

= 2_ (P' cos -_- sin )")

•(P' cos 1' -4- Q' sin/') dM'

-- 2_" \r'] {l(p,p, _4_ Q,Q,)

-4- ½(P'P' -- Q'Q') cos 21} dM'

= ½(1 -- e'')_:'/-'(l -- R'R')

Substituting this result into (29) and (30), we
deduce for the long-period lunar effect

dc
-- ]m'np3(l -- e'e)-:_/2(c X R'R'. c

dt

-- 5g X R'R'.g) (29')

dg _ {m,np:_ (1 -- e'2)-_/212c X g
dt

+ g X R'R'-c -- 5c X R'R'.g]

By forming the dot product of (29') and R we
deduce for the long-period lunar effect in the
eccentricity a formula analogous to the last

equation of (27)

de 15 m'ne %/-1 -- e'-'

dt- _- 4 pap

• R'R" Q(I - e'_) -3/'-'

It is of interest to note that the long-period lunar
effect on close satellites depends only upon the
position of the orbital plane of the moon and is
not influenced by the position of the lunar
perigee. In addition, the change of the areal
velocity c is always parallel to the orbit of the
moon. The form of the perturbations is not so

simple for more distant satellites, because the
terms depending upon the position of the lunar
perigee will appear in the parallactic term.
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CONCLUSION

This article contains _wo forms of the devel-

opment of the averaged disturbing function to

be used in the determination of long-period
lunar and solar effects in the motion of an

artificial satellite. The first form represents a

development into series of polynomials with

respect to cosines of the angles between the

vectorial elements P, Q of the satellite and the

position vector of the disturbing body. The

second, more compact form utilizes the areal

velocity and the Laplacian vector of the satellite
to eliminate 'small divisors,' sin i and e, from

the equations for perturbations. The perturba-

tions can either be developed into trigonometric

series with numerical coefficients or they can be

obtained by the method of numerical integra-

tion. The form of equations established here

permits the interval of integration to be of the

order of 10 days or even more.

The development of the perturbations into

trigonometric series is of interest if the near-

resonance condition occurs. The main types of

near-resonance conditions were listed by Cook

[1961]. Cook and Musen [1961] arrived quite

independently at similar equations for lunisolar

perturbations for close satellites. Cook's equa-

tions are similar to equations 27 of this article.
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On the Long-Period Effects in the Motion of an Artificial

Satellite Caused by the Ellipticity of the Equator of the Earth 1

BY PETER MUSEN

Theoretical Division

NASA Goddard Space Flight Center

N65-21 972
If a satellite has a mean daily motion nearly commensurable with the angularv_oci_y A _.

of rotation of the earth, long-period perturbations will influence its motion. The eccen-

tricity of such a commensurable orbit is not necessarily small, as the orbit of Explorer VI

shows. This circumstance caused the author to develop a semianalytical method of treating

these perturbations, which avoids the development of the disturbing function into powers of

the eccentricity and consequently includes the cases of elongated orbits and orbits with
moderate eccentricities. _-- ........

SYMBOLS

l, the mean anomaly of the satellite.
], the true anomaly of the satellite.
g, the argument of the perigee of the satellite.
h, the longitude of the ascending node of

the satellite.
i, the inclination of the satellite orbit with

respect to the equator.
e, the eccentricity of the orbit of the

satellite.

a, the semimajor axis of the orbit of the
satellite.

n, the mean motion of the satellite.
n', the angular velocity of rotation of the

earth.

_, the eccentric anomaly of the satellite.
r, the radius vector of the satellite.

x, y, z, the coordinates of the satellite with

respect to the rotating system.
1, the disturbing function.
R, the averaged disturbing function.

INTRODUCTION

This article considers the long-period pertur-
bations in the motion of a satellite produced
by the ellipticity of the earth's equator.

_Published in the January 1962 issue of Journal of
Geophysical Research. Reprinted by permission.

If the mean daily motion of the satellite is
nearly commensurable with the angular velocity
of rotation of the earth, long-period (critical)
terms appear in the development of the dis-
turbing function. Methods developed by
O'Keeye and Batehlor [1957], Sehnal [1960], and
Cook [1961] are applicable to the cases when the
eccentricity is small and the coefficients of the
critical terms can be developed into rapidly
convergent power series in the eccentricity.
However, the eccentricities of the commen-
surable orbits are not necessarily small, as the
example of Explorer VI shows. Moreover, in
many cases of the commensurability, like
n'/n--_ or _, the influence of the ellipticity
of the equator can be found more easily from
observations when the eccentricity is not small.
All these circumstances caused the author to

develop a theory applicable to moderate and

large eccentricities indiscriminately, up to

e-----0.8, approximately. This value can be

considered the upper limit to practical applica-

tion of the theory, because for larger e the basic

series of this theory begin to converge more

slowly. The basic idea of the described method
is similar to that of Brouwer [1947] in treating

the secular perturbations of eccentric orbits.
77
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DEVELOPMENT OF THE DISTURBING

FUNCTION

Instead of developing the coefficients of the

critical terms in the disturbing function and its

derivatives into series in powers of the eccentric-

ity, the numerical value of e is substituted from
the outset and the values of the coefficients are

computed by means of numerical integration.

Thus the development set forth in this article is

numerical with respect to the eccentricity but
literal with respect to all remaining elements•
The motion of the satellite is referred to the

system of coordinates rigidly connected with the

rotating earth• The coordinates of the satellite

are given with respect to this system, but the

elliptic elements of sateUite's orbit are given with

respect to the inertial system having its origin

in the center of the earth, the x and y axes lying

in the equator and the z axis being directed

toward the north pole. With the proper choice of

the moving axes [O'Keefe and Batchlor, 1957] the

disturbing function _ can be represented in the
form

we have

12--= A--J22-(14a3 + eosi)2(a) 3

• cos(2]-- sl_ w 44- 2g _ 2h)

44_A-----_2(14a3 -- cos i)2(a) 3

• cos (21 -4- sl -- w 44- 2g -- 2h)

(ay-'t22 sin 2 i cos (--sl + w -_ 2h)+ 2-_ (4)

Using (4) we can write the long-period part of

the disturbing functions as

1 fo 2"

Taking

dl (5)

1f0 .(ay-- sin (ql -- sl) dl = 0
2r

into consideration, and putting

e ( 3 2 d)/r_= A22/r)(x -- (1)
where

z = r cos0'+ g) cos(h-- n't)

-- r sin (1 + g) sin (h -- n't) cos i

y = r cos(] + g) sin(h -- n't)

-{- r sin (f -{- g) cos (h -- n't) cos i

z = r sin (1 _- g) sin i (2)

Substituting (2) into (1), we deduce

_2= A2_4a3 (1 + cosi)_(a) 3

• cos (2I q- 2g + 2h -- 2n't)

+ A2--22(14a3 -- cos i)2(a) a

• cos (2I 44- 2g -- 2h 44- 2n't)

+ A2_ sin 2 i cos (2h - 2n't)" (3)
2a a

introducing the critical argument

w = sl - 2n't

'fo= - cos (qf -- sl).dl (6)
Ti"

we deduce

-- - 2 3,2R = A22(1 + cos*) Q,
4a 3

• cos (sl _ 2g _ 2h -- 2n't)

--- -- * 2 3,2A22 (1 cos z) Q_,_- 4a a

• eos(sl-- 2g+ 2h-- 2#0

A22 sin 2 i Q3.oo (st 44- 2h 2n't) (7)
+ 2a---_ cos --

The coefficients Q_'q are functions of the eccen-

tricity only, and they are to be computed by

taking the quadrature (6) numerically for the

given value of e. If the eccentricity is large,
neither the mean nor the eccentric nor the true

anomaly is convenient for use as the basic
variable in the process of integration along tile

whole orbit. In some part of the orbit one of the

anomalies might be more convenient than
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another,but the useof anyof theseanomalies
alongthecompleteorbitleadsto themultiplica-
tion of a largenumberby a smalloneandin
additionthe useof Kepler'sequationbecomes
inconvenient.Forthesereasonsanewanomaly
is introducedby meansof theequation

with

and

into account,wehavefrom (14)

dl = 2 dn(u + K) du

2 d2
1 + k '2 du 2 dn(u -4- K) du

½f = am(u, k) (8) and

k2 = 2e/(1 -4- e) (9)

k '2 = (1 -- e)/(1 + e) (10)

The introduction of u leads to the representation

of the integrand by means of rapidly convergent

series even for large eccentricities, and the

troublesome divisor 1 -- e will appear in front of

the integral. Basically, the anomaly u does not

differ from the anomaly introduced by Gravelius

[1889] in treating the planetary perturbations in

the case of highly eccentric orbits. The trans-

formation of Gravelius is a special case of

Gylden's [1869] transformation.

We deduce from (8)

a 1-4-e cos)' 1+ k '2
dn2u (11)r 1 -- e 2 2k '2

2 d k'
l = 2am(u -4- K) -- Ir 1 -4- k '2 du dnu (15)

The half of the period 2K is computed using the
formulas

P = (1 -- %/_)/(1 + _'-_)

x= .4.15 +...

_f_= 1 -4- 2), -4- 2X' -4- 2X' -4- ...

We obtain from (6), (8), (11), (13), and (15)

P_q __

1 (1 -4- k'2) _-1 1
2P_2 _121_--3 'TF

K

"fo cos (q] -- sl).dn2"-Zu du (16)

and from (8) and the last equation and

1 r 2k'

d¢ = _.a d] = _nu dU (12)

dl = 2 r k'
a" dn---udu (13)

qf -- sl = 2qamu -- 2s.am(u "4- K)

2s d k'
"4- slr "4- 1 -4- k '2 du dnu (17)

It follows from (11) and (13)

Taking

4k '3 du
dl = 1 -4- -k_'dnau (14)

and

dnau --

k?

dnu -- dn(u -4- K)

I -4- k t2 dnu -- 1 d22 Tu (dnu)

The argument qJ -- sl and dn 2_-3 u can be

developed into fast convergent Fourier series,

and for the purpose of computing the perturba-
tions only the first few terms of these series need

be taken into consideration. Taking the de-
velopments

_U _ 2X_ _t_r_t
ainu = _-_ -4- _.,..,n(1 -4- X2n) sin --K-- (18)

and k' _ 7r _r _ 2X" n_rudnu 2K -4- _ (--1)" h2. cos,._ 1 -4- K

(18')
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into consideration, we deduce from (15) and (17)

the following rapidly convergent series

.(1 2 n)/= _--{-- 4 .-1 (--1) n--I- _-_ 1.._-_

_n . WffU

1 + _ sin --g- (19)

q]-- sl - _(qK-- s) u-_- 4 .-,_ {q + s(-n 1)"+'

_.2 ns(_l).+,_ X" . n_u
+ 2 _ i 7+_-j y-4-_- s,- -k- (2o)

In addition we have

0 Q3.2 5 Q,.3 in'.'o-_ =2 +_"

1 (Q3.3 _
-_- 1 -e 2

and

O Q].O = _(Q4., + Q_i)
0e

Q3.,)

The coefficients Q_'q are identical with the

coefficients X_ -p'q of Hansen [1855], and if e is

small either Hansen's development of these

coefficients into series or Cayley's tables can be

used if an analytic representation is desired.

lr Ir ._1 2X" n_'udnu ---- _-_ _- _ . 1 -_ X2" cos--K- (21)

Using the system of formulas 20 and 21 we can

easily obtain the values of Q._'q by means of a

numerical quadrature. The value of k is small

even for large eccentricities; for example, for
e----0.8 we have X=0.134.

In order to compute the perturbations of the
elements we have to form the derivatives of R

with respect to the elements. All the derivatives

can be easily computed analytically except the

derivative with respect to the eccentricity,

which must be computed numerically. Dif-

ferentiating (6) with respect to e, and taking

2
0 a a

---- _--- "-_ COS f
0e r r

o, 1)Oe = _ sin ]

into consideration, we obtain a general formula

for the numerical computation of the derivative

Q_'q with respect to e

0 Q_., = p +_____qQ_+,.q+, _f_ E__ Q_+,.,-,Oe 2

q 1 (QV;q+, _ Q_.,_,)-4- 21_ e2

In our particular case we have, taking Q['q =

Q_'q into consideration,

THE PROBLEM OF INTEGRATION

In performing the integration the canonical

elements of Delaunay are used. This choice is

justified by the simplicity of the process by

which the perturbations of higher orders can

be obtained, if necessary [von Zeipel, 1916;

Brown and Shook, 1933]. We assume that the

commensurability is not extremely sharp and

that the integrals can be represented in the

trigonometrical form. In a case of a sharp

commensurability the theory of resonance

should be applied. In terms of Delaunay
canonical variables

L= _a l

a = %/a(1 -- e2) g

It = %/a(1 -- e2) "cos i h

the disturbing function can be expressed in the
form

1A,,( H)'R- 4 L _ 1-f-_ Q3.,

• cos (sl + 2g + 2h -- 2n't)

H 2
1A_2(1 __)QS_._+_-_- -

• cos (sl -- 2g -{- 2h -- 2n't)

H 2
+ ?-g-

• cos (sl + 2h -- 2#0 (22)
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The gravitational constant is set equal to 1.

The value of A22 is comparable to the value of
the coefficient of the fourth harmonic, and we

will limit ourselves to the perturbations of the

first order with respect to A22. We can assume

in performing the integration that the argu-

ments axe linear functions of time, if only the

perturbations of the first order with respect to

A22 are to be determined. The mean motions

of l, g, and h can be taken from Brouwer's [1959]

work, and for L, G, H we substitute their mean

values in the right-hand side of the equations.
We deduce from

dH

dt (1 A22 Q_.,2 L6 1+

•sin (sl + 2g + 2h -- 2n't)

2 L"

•sin (s/ -- 2g + 2h -- 2n't)

--p-

•sin (s/ + 2h -- 2n'O (25)

dL OR dl OR

dt Ol dt OL

dG _ __OR d..__g_ OR
dt Og dt OO

dH OR dh OR

dt Oh dt OH

and, taking

OQ_'" = 10Q_, '" G2
¢3L e Oe L a

OQ_'" 10Q_ '_ G
OG e Oe L _

the following equations:

dL 1A22 ( H) 2dt -- 4 L 6 s 1 + Q3,..

•sin (sl + 2g + 2h -- 2n't)

4 L 8

• sin (sl -- 2g + 2h -- 2n't)

2 L. S l----_

• sin (sl + 2h -- 2n't) (23)

into account, we have

dl OR 1 OR G_

dt- OL e Oe L s

A22(3 G 24e L _ Oe /

• (1 +H)2cos(sl+2g+2h--2n't)

A22 (3.QS_._ 1 G2 0Q3:_"_- -'_-'V" 4eL 2 Oe /

• (1--H)2cos(sl--2g+2h--2n't)

A2_( Q3.O 1 G2OQa.'°_+-_- 3 2eL 2 0e ]

• 1 ---_ cos(sl+ 2h-- 2n't) (26)

dG

dt

• sin (sl + 2g + 2h -- 2n't)

1 A22(1 _H)'Q3_.2+

• sin (sl -- 2g + 2h -- 2n_t) (24)

dg OR 1 OR G
dt - OG + e --_e "-_

4 L' 2-_-._ 1 +

( G)' I OQa_'' G]+ 1+ e 0e
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dh

dt

Putting

• cos (s/

1 A22

4 L_-

-- (1--

• cos (sl

1 A22

22 v

-- (1 --

• cos (st
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+ 2g + 2h -- 2n't)

.

-- 2g-k 2h -- 2n't)

I H2 L a2 -_._-_ Q3.O

--}- 2h -- 2n't) (27)

• cos (sl + 2g + 2h -- 2n't)

L Qa._
q__.__lA22(1 H)_

• cos (sl -- 2g + 2h -- 2n't)

A22 H L _ Q_.O+ --_.g.-_

• cos (sl + 2h -- 2#0 (28)

_'2_ = A2:/L 4

and designating the mean motions of the

arguments

sl + 2g + 2h - 2n't, sl -- 29 + 2h -- 2n't,

sl + 2h -- 2n't

by
W,/L 3, W2/L_, W3/L 3

we deduce the following expressions for

perturbations:

_L 1 s_2a ( H)2 Q3.2

(29)

• cos(sl + 2g + 2h-- 2# 0

0+ _-_-;

• cos (sl -- 2g + 2h -- 2n't)

+ _-_: 1- _ o_.°

• cos (sl -t- 2h -- 2# 0

($G _ %2 1 q- Q_'=
L 2W1

• cos (sl "-}- 2 9 + 2h -- 2n't)

2 W2

• cos (sl -- 2g + 2h -- 2#0 (30)

6H _ %2 1 + Q],2
L 2Wl

• cos (sl + 2 9 "_ 2h -- 2n't)

"q- _22-1 -- _}
Q_':

• cos (sl -- 2g + 2h -- 2n't)

"Y22( H _)-4- _ 1 ---_ cos(sl-4- 2h-- 2#0 (31)

%2 (a a,2 1 G2OQ.a,=)al =-WT_ -_Q" 4eL 2 0e

• 1 "-I- cos (sl-t- 2g-t- 2h -- 2n't)

+_ -_Q_-: 4_L" g

• (1-- H)_ cos (s/ -- 2g + 2h -- 2n't)

7_2 ( a,o3Q_,O 1 G a OQ_2e L 2 0e ]
+

Sg- 4 W, _--_ 1 + Q]

+!1+ -,.
e 0e

(32)

•sin (sl + 2g -{- 2h -- 2#0

4 W2 -_'-_5 1 -- -

l 1 _-°
e Oe

•sin (sl -- 2 9 + 2h -- 2n't)

I H_ L _1 _._ 2 _.-G_ Q].O
2 Wa
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- e 0e

• sin (sl "k 2h -- 2n't) (33)

_h -- --3"2_ (1 -'k G) L Q:.22w1 -G

•sin (sl "Jr- 2g "b 2h -- 2n't)

• sin (sl -- 2g--b 2h -- 2n't)

L 2

-b 3"22 H G_ Q3.0 sin (sl 'k 2h - 2n't) (34)
W3 L

if the motion is retrograde. Thus, if it is

planned to launch a satellite with a mean motion
commensurable with the earth's rotational

velocity and at the same time it is wished to
diminish or eliminate the influence of the

ellipticity of the equator, the satellites must be

launched into a retrograde orbit.
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CONCLUSION

The semianalytical method of treating the
influence of the ellipticity of the equator on the
motion of a satellite is presented in this article.
This method does not require a development of
the disturbing function into powers of the
eccentricity and, consequently, is valid for
highly eccentric orbits. Its validity for orbits
with a small eccentricity depends on the type
of programing used. Programing with a float-
ing decimal point would permit its use for small
eccentricities also.

Long-period terms appear in the development
of the perturbations if the mean daily motion of
the satellite is commensurable with the angular
velocity of the earth's rotation. It must be

remarked that the influence of the ellipticity of
the earth's equator is larger for a satellite with
a direct motion than for a satellite with a retro-

grade motion, providing that i and e are small,

as could easily be seen from an analytic develop-

ment of the disturbing function. The order of

the coefficients of the long-period terms is higher
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Radio Propagation Measurements Using the Explorer VI
Satellite'

BY CARL D. GRAVES

Space Technology Laboratories, Inc.

, .\qn3
This paper presents the results of an experiment to measure the electron density above

the ionosphere. Tbe experiment utilized two coherent signals, one VHF and one UHF,
transmitted from the Explorer VI satellite. The evidence of our data is that the electron
concentration in the vicinity of the satellite, 18,000 km above the earth, was unusually
high, of the order of 104electrons/cm 3. However, the results were influenced by unexpectedly
high correction factors and possibly by an intense world-wide magnetic storm that occurred _
during the measurement period. ___

This paper presents the results of an experi-

ment to measure the electron density above the

ionosphere. The experiment utilized two co-

herent signals, one VHF (approximately 108

Mc/s) and one UHF (approximately 378 Mc/s),

transmitted from the Explorer VI satellite.

This satellite had a perigee of 136 miles and an

apogee of 23,000 miles. Eight separate meas-

urements were made at a receiving station in
Hawaii before one of the coherent transmitters

failed. To determine the electron density at

the satellite, measurements were made of the

Doppler difference frequency and the rate of

change of the Faraday polarization rotation.

Five of the records were of good quality and

have been analyzed. Although suggestive re-

sults were obtained, not enough data are avail-

able to make definite assertions. However,

these preliminary measurements indicated that

the electron density appeared to be much higher

1This paper was presented at the Symposium on the
Exosphere and Upper F Region sponsored by Com-
mission III of the United States National Committee
of the International Scientific_ Radio Union (U_SI),
held on May 4, 1960, in Washington, D.C. Published
in the September 1960 issue of Journal of Geophysical
Research. Reprinted by permission.

than had been expected. It should be noted

that the results were obtained after a large

magnetic storm and also that they are con-

tingent upon estimated corrections made for

ray bending and for the effects of a nonstatic

ionosphere.

When these corrections are small the simul-

taneous measurement of the difference between

the Doppler shift at two frequencies and the

change of the Faraday rotation can be used to

obtain an accurate measurement of the electron

density in the vicinity of the satellite. This

comes about in the following way. The time

rate of change of the phase of a high-frequency
transmission from a satellite is

d__P= [V. k], + e| dl. i___kk (1)
dt .I bt

where V is the velocity of the satellite relative

to the receiving station, k is the propagation

vector normal to the phase front with a magni-

tude of wn/c, n is the index of refraction, c is the

velocity of light in a vacuum, and _ is the

angular frequency of the transmission. The
term V-k is evaluated at the satellite, and the

integral is evaluated along the path that the

765-698 0-65--7 87



88 IONOSPHERIC PHYSICS

energy propagates. This equation holds for

either polarization propagation mode. If two
coherent frequencies, ]2 and fi = q]_, are trans-

mitted from the satellite, the difference between

them, when compared at the same frequency,

that is, fi and q]l, is

fW = [V. (qk_ -- k2)]. -_ dl. -_ (qkl -- ks) (2)

where the difference between the two propaga-

tion paths can be neglected. The first term in

equation 2, the usual Seddon [1953] type differ-

ence frequency term, is proportional to the

electron density at the satellite. When elec-

tron-density measurements are made in the ex-

osphere it is necessary to include the effect of

time changes in electron density in the iono-

sphere. In the exosphere the electron densities

to be measured are small, and changes in elec-

tron density throughout the ionosphere can

have an appreciable effect on the Doppler

difference frequency. Therefore a part of the

present experiment [Kelso, 1958] involved meas-

uring the value of the integral appearing in

equation 2. This was accomplished by re-
cording the rate of Faraday rotation, ¢, which

can be expressed using the quasi-longitudinal

approximation as

*= [V.(k--k')]._-/dl._t (k-k')(3)

where the primes distinguish one circular propa-
gation mode from the other?

Thus, to determine the electron density at

the satellite, equations 2 and 3 are combined.

But it should be noted that in equation 3 the

term evaluated at the satellite is proportional

to the product of the magnetic field and the

electron density. Since the magnetic field at

the satellite at the ranges involved in the Ex-

plorer VI measurements (12,000 to 26,000 miles
above the earth) is much smaller than the

magnetic field through the ionosphere, the cor-

rection to the electron density contributed by

The integral in equation 3 is evaluated along the
energy propagation path of the VHF signal. In an
exact treatment the two modes of propagation have
slightly different propagation paths. However, to
order 1/_5 the propagation paths are identical and
hence this effect can be neglected.

this term is negligible. Hence, at the usual

high-frequency approximation for the index of

refraction and quasi-longitudinal propagation

[Mitra, 1952], equation 3 becomes

fSN CN_dl -- = (4)HL

where HL is an average value of the longitudinal

component of the magnetic field through the

ionosphere and C_ is a constant for any fre-

quency. Equation 2 is most easily solved for

the electron density, N, expressing V in polar

coordinates with respect to the receiving sta-

tion; then

I [C,W- I-_ dI- C_V,_] (5)Y = V-_R

where VR and V0 are the radial and zenith

angle polar components, respectively, of V, and

is the angle between the propagation vectors
of the two frequencies at the satellite as a

result of their different ray bending. The small

amount of refraction for these high frequencies

allowed the neglect of higher-order terms in

_. Combining equations 4 and 5 yields for the

electron density

N = [1/Vn][C_W- (CI¢/HL) -- C3V_] (6)

This expression for N contains the two

measured quantities W and _b, the polar com-

ponents of velocity known from orbit data,

and the unknown average magnetic field HL

and ray-bending difference angle _. Hence, to
obtain a value for the electron density it is

necessary to make an estimate of HL and _.

Because of the uncertainty associated with

these estimates, however, it is desirable that

they be small corrections to W, the precisely

determined Doppler term. This problem, in-

herent in the radio propagation method for

determining electron densities in the exosphere,
necessitates the accumulation of considerable

data at well-chosen orbit positions and times.

For example, temporal changes within the

ionosphere are relatively small later at night.

Also, for example, the refraction correction is

small when elevation angles are close to 90 ° .

Unfortunately in the short time that electron-

density measurements were taken from Explorer
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VI it was not possible to obtain data when
both the correction terms were small.

Eight separate electron-density measurements

were made at our Hawaiian tracking station

in the period August 13 through 23, 1959, for
periods varying from 20 to 70 minutes. After
the latter date one of the two coherent trans-

mitters on board the satellite failed and the

electron-density measurements had to be dis-
continued. On three occasions, August 13, 15,

and 19, severe fading of the VHF signal made

the data unanalyzable. 3 For the other five

measurements, an attempt was made to estimate

the ray-bending correction using ionospheric

electron-density profiles obtained from the

Bureau of Standards sounding station at Hawaii

and a model electron-density profile 4 above

the peak of the F layer. Unfortunately, owing

to ionospheric abnormalities, electron profiles

were available only for the last two days,

August 22 and 23.

On August 23 the ray-bending correction
was estimated to be small, approximately 10

per cent of W, the Doppler term in equation 6.

The Doppler measurement yielded an uncor-

rected electron density of 104 electrons/cm 3.
The Faraday measurement yielded an equiva-

lent electron density due to the 'growing'

3 X 104 electrons/cm s. This value was obtained

using the measured _ and the earth's mag-

netic field component along the ray path at

300 km for HL. The net electron density is the

difference 5 between these values (equation 6),

or approximately 2 X 104 electrons/cm 3. The

height of the satellite above the earth at this

time was 18,000 km, and its position was 5°N

latitude and 120°W longitude. This result is

considerably higher than would be expected

from the interpretation of whistler propagation

studies. On August 22 data were taken while

8 The unusual fading of the VHF signal occurred

almost every evening at Hawaii and will be the subject

of a forthcoming publication.

4 The model of the exosphere used was based upon

the data presented by Townsend [1959].

b Note that only the absolute value of the two

measured terms in equation 6 is measured in this

experiment. Consequently, whether these terms should

be added or subtracted depends on whether the iono-

spheric electron content is increasing or decreasing.
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the satellite was passing through apogee, and,

hence, the radial component of the satellite

velocity was essentially zero. This was done

to provide a check on the procedure, since
under these conditions the Doppler difference

frequency depends only on the ray-bending

correction and the changing electron content

of the ionosphere which is measured by the

Faraday rotation. Using the ionospheric sound-

ing data to calculate the ray-bending effect

and the earth's magnetic field at 300 km with

the measured Faraday rotation to calculate

the ionospheric effect, results were obtained
which checked with the measured value of the

Doppler difference frequency to within a few

per cent. Even though ionospheric sounding

data were lacking for the other three times of

measurement, an effort was made to analyze

the data by calculating ray-bending corrections

using a typical ionosphere. On August 16 this
correction was estimated to be sufficiently

small to allow a calculation of electron density.

Again the data yielded electron densities of the

order of 104 electrons/cm 3 at a height above

the earth of about 20,000 km.
The evidence of our data is that the electron

concentration in the vicinity of the satellite was

unusually high, but in view of the small amount

of data acquired and the occurrence of unex-

pectedly high correction factors these results

can only be regarded as having order-of-magni-

tude validity. An event that may have in-

fluenced the results presented here was the

intense worldwide magnetic storm and the

abrupt increase in solar flare activity recorded

on August 16 and 17. During the storm and

increased activity period the low-energy scintil-

lation counter on Explorer VI (200-key to

1-Mev electrons) gradually increased its count-

ing rate. By August 18 it had increased by a

factor of 30, and it remained abnormally high

for many days thereafter. Also, data reported

on at this symposium by Farmer and Robinson
indicate that electron densities have increased

by an order of magnitude at heights 800 km
above the earth shortly after a large solar

flare. In conclusion, because of the difficulties

encountered, inherent in this type of propaga-

tion measurement of electron densities in the
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exosphere, it see_ desirable to use a more direct
means for these measurements in the future.
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Daytime Whistler-Mode Attenuation through the Lower

Ionosphere at 15.5 Kc as Measured on Explorer VI

during Launch Trajectory'

BY R. F. MLODNOSKY 2

Radioscience Laboratory

Stanford University

N65-21 974

sv R. A. HELLIWELL AND L. H. RORDEN

Stan]ord Research Institute

Signals from the U.S. Navy Station NSS (15.5 kc) were detected over the altitude
range of zero to about 160 km by a satellite-borne VLF receiver during the daytime launch
phase of the Explorer VI Satellite. The signals were received on a small electric antenna
which was also used simultaneously to transmit VHF telemetry. During the launch phase,
the antenna was confined between the third-stage rocket case and the folded solar paddles_
with an epoxy shroud covering the satellite and the third-stage rocket. Nevertheless,
signals were clearly visible in amplitude-time chart recordings (50-cps bandwidth) up to 67
km altitude. The signal variations between 67 km and 160 km were obtained by narrow-
band cross-correlating filter techniques. The receiver output was interpreted in terms of
incident electric field strength, and the total measured attenuation through the lower iono-
sphere up to 150 km was estimated to be 43 db. A predicted total attenuation was computed
including the effects of absorption, the change in antenna impedance within the ionosphere,
reflection losses and antenna polarization. The predicted and measured attenuations are
in good agreement. The measurements are compared with those of relevant rocket and
satellite experiments. It is concluded that the launching of the whistler mode, at least in
daytime, can be described by utilizing a sharply-bounded model of the ionosphere to account
for the reflection-transmission phenomenon, and a slowly-varying model to account £or the / e

absorption experienced by the transmitted wave. _Cz__==_

INTRODUCTION The receiver was designed to receive trans

The Explorer VI Satellite was launched from

Cape Canaveral at about 0930 Eastern Standard

time on 7 August 1959. Among the scientific
instruments aboard this satellite was a cali-

brated VLF receiver designed to study whistler-

mode propagation and ionospheric noise. 13

1This manuscript was submitted for publication, but
the untimely death of the principal author has pre-
vented final revision.

Deceased June 24, 1963.
a Superior numbers in text designate References.

missions from the U.S. Navy Station NSS (15.5

kc) at Annapolis, and had a dynamic range of

about 80 db and a 3-db bandwidth of 100 cps. s

Signals were to be received on a small electric

antenna which was used simultaneously to

transmit VHF Telemetry. The antenna con-

sisted of two lineal elements, about three-

fourths of a meter long, approximately parallel to

the satellite spin axis (and the rocket longitudinal

axis before rocket-satellite separation). The

91
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elements were electrically connected and func-

tioned at VttF as a monopole relative to the
satellite body. The undetected receiver inter-

mediate-frequency output was telemetered in

analog form beginning before lift-off and con-

tinuing throughout the launch until the rocket

went over the horizon from Cape Canaveral.

The data were obtained during undisturbed
ionospheric conditions and thus afforded the

opportunity to study the propagation of VLF

radio waves through the lowest layers of tile
"quiet" ionosphere.

In order to interpret the data, it is essential

to have a clear understanding of the satellite

environment during the launch period. The
satellite proper was mounted so that the for-

ward end of the third-stage rocket was located
between the antenna elements. The solar

paddles were folded over the antenna, reducing

the sensitivity by an estimated 30 db. (This

sensitivity change was estimated by comparing
measurements made on a model of the satellite

with paddles erected, with measurements made

on the actual satellite mounted on a floor-stand

pedestal with paddles folded.) In addition, an
epoxy shroud covered the entire satellite and

third-stage rocket. The above conditions apply
to all data that will be utilized here. The

small amount of data obtained after the epoxy

shroud was jettisoned could not be meaning-

fully interpreted.

An initial examination of chart recordings of

the data in a 50-cps bandwidth revealed that,

in spite of the above shielding of the antenna,

NSS signals were detected up to an altitude of

about 67 kin. The signal disappeared into the

noise background at the most interesting alti-

tudes; namely just as the vehicle entered the

D-region. The data were extended in altitude

with the aid of cross-correlating, narrow-band

filtering techniques.

The receiver output variations were referred

to the receiver input and interpreted in terms of

incident relative electric field strength. Calcu-

lations of whistler-mode absorption were made

tor various electron density and collision fre-

quency models of the lower ionosphere. Ab-

sorption and other attenuating effects were

combined to estimate a predicted total attenu-
ation. The predicted attenuation was found

to be in good agreement with the measured
value.

DATA ANALYSIS

The undetected output of the VLF receiver

was heterodyned down to 2.932 kc in the

satellite and added to the telemetry baseband.
At the ground station, VLF receivers also moni-

tored station NSS. The NSS signal received

on the ground was heterodyned down to 0.884

kc and recorded without rectification together

with the telemetry baseband. Thus, the mag-

netic tape data recordings contained both the
output of the satellite VLF receiver and the

output of the ground VLF receiver.

The satellite and ground receiver outputs

were selected (by filtering--50 cps bandwidth),

then rectified and presented in amplitude-time

chart recordings. An important section of the

launch chart-recording is shown in figure 1.

The top channel is the rectified ground receiver

output, and shows a normal sequence of dots
and dashes in the Morse code. The bottom

channel is the rectified satellite receiver output.

Timing marks are shown on the upper event-

marker channel. Amplitude calibration pulses

appear about every 30 seconds in the satellite

channel. A good quality calibration pulse is

shown between the sections labeled loop 19 and

loop 24. Each calibration pulse consists of two
levels, the first of which calibrates the receiver

and the second of which measures the magni-

tude of the antenna impedance.

In the satellite channel, the NSS signal ampli-

tude decreases quickly, disappearing into the

increasing noise background at about 67 km

(within the portion labeled loop 11). The in-

creasing telemetry noise level at just above this
altitude is believed to be associated with the

interaction of the vehicle and the ionosphere

and its discussion is outside the scope of this

paper. Before the signal disappeared into the

noise, as shown in figure 1, its amplitude was

determined by comparison with the calibration

pulse amplitudes. The amplitude variations of

receiver output below 67 km were scaled directly

from the chart recordings and are given in

figure 2. Sufficient points are plotted to repre-

sent the detailed variations exhibited by the
data.
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FIGURE 1.--Section o/ chart recording oJ the launch data. Upper channel is detected

ground receiver output. Bottom channel is detected satellite receiver output.

The receiver output variations after the

signal disappeared into the noise were measured

with the aid of cross-correlating, narrow-band

filtering techniques. A block diagram of the

device used is shown in figure 3. The basic

principle is bandwidth reduction, achieved by

the heterodyning of the satellite receiver output

9¢, to a center frequency of 100 cps where

narrow bandwidths are easily realized. Post-

detection filtering was also employed. Refer-

ring to figure 3, it can be seen that the satellite

receiver output is heterodyned in Mixer No. 3.

The portion of the satellite receiver output

spectrum to be examined was selected by

adjustment of the mixing frequency (3_/g -- ]_).

The fixed component of the mixing frequency

3_Jg was generated by the frequency multi-
plying circuitry from either an audio oscillator

//, or the ground receiver output jg. The

variable frequency component fi was generated

by a voltage controlled oscillator (VCO). Provi-

sions were made for the manual adjustment or

periodic control of the VCO with a function

generator. The filtering operations indicated

in the block diagram were performed by switch-

selected components to provide for faster-than-

real-time data processing.
When the audio oscillator was used, the

mixing frequency signal was continuous and

the device operated solely as a narrow-band

filter. When the ground receiver output was

used, the mixing frequency signal was present

only when NSS was keyed on. This mode of

operation is equivalent to cross-correlation
between the satellite signal and the essentially

noiseless ground-channel information. Cross-
correlation in this case reduces the average

noise power relative to the average signal power.

No provisions were made for adjusting the

time delay, and thus the cross-correlation mode

was useful only when the delay between the

satellite and "ground receiver signals was negli-
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gible with respect to the time scale of NSS

traffic. During launch the time delay was
assumed to be negligible.

The device described above was used with

the launch data in the cross-correlation mode

at twice normal tape-playback speed. A

predetection bandwidth of 1.7 cps and a 12.0-
second post-detection time constant were used.

The ground receiver output supplied the fixed

frequency component of the mixing frequency.

It was found that with the above equipment
adjustments, maximum spectral detail was

obtained and the measurements were repeat-
able. Smaller predetection bandwidths were

not useful because of tape recorder limitations.

Sections of records to be analyzed were re-

recorded on magnetic tape loops which con-
tained 4 seconds of real-time data. While a

tape loop was circulating, the VCO was man-

ually advanced and the loop allowed to circulate

until a steady output was achieved. The

result was a spectrum for each 4-second section

of the receiver output data.

Selected examples of the spectra obtained

are shown in figure 4. The corresponding

sections of the chart recording are labeled

with the appropriate tape-loop numbers in

figure 1. Although 25 loops were made,
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certain loops were discarded because they con-

tained impulsive noise or calibration pulses.

It should be noted that the frequency scale

in figure 4 is slightly nonlinear. No absolute

frequency scale is given because of slow (order

of hours) frequency drifts in the system.

The limits of the 50 cps noise bandwidth

were relied upon for approximate frequency

identification within any given spectrum.

The spectrum of loop 9 is in a portion of the

data where the NSS signal is readily visible in

the chart-recording, and the spectrum of NSS

traffic is clearly defined. The succeeding loops

exhibit less signal as can be seen in figure 4, and

the spectra are more complex. Loop 15 shows
small secondary peaks on either side of the cen-

tral spectrum. This phenomenon is enhanced

in loop 19. The exact cause of these secondary

peaks is not known, but may be some form of

interference. The appearance of these spectra

suggests some form of amplitude modulation of

the NSS signal as received at the satellite, al-

though the mechanism for such modulation is

not obvious. It was assumed, a priori, that the

level of NSS signal is measured by the central

peaks in these spectra. The most convincing

support for this assumption lies in the system-

atic and meaningful variation of the electric

field strength with altitude which is ultimately

deduced. The probability that various random

noise or interference sources could produce the

systematic variation obtained must be ex-

ceedingly small.

The relative level of the signals in the spectra

was determined by comparing the central peaks

in the spectra to the peak in a reference spec-

trum where the signal was scalable on the chart

recording (loop 9 in this case) and then account-
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ing for the noise power contained in the peaks of

the spectra. The data so obtained are plotted

in figure 2 for altitudes above 67 km. It can be
seen that there is considerable scatter in the

data.

It will be noted that the cross-correlating,

narrow-band filter extended the receiver output
measurements to 167 km altitude and to a

level 25 db below that possible using the chart

recordings. The sensitivity improvement that

might have been expected is 24 db. This is

based on an 18 db gain from a reduction in the

predetection bandwidth from 50 to 0.85 cps,

a 3 db gain from reduction of average noise

power by the cross-correlation technique for

an estimated duty cycle of 50% for NSS traf-

fic, a 5 db gain from the post-detection averag-

ing of each 4-second sample, and an estimated
2 db loss because of detector SNR reduction.

This agreement between the observed and

predicted performance of the correlating filter

is surprisingly good.

The receiver output was referred to the

receiver input through the receiver gain charac-

teristic which was approximately logarithmic.

For the data below 67 km, the receiver gain

was set by NSS signal amplitude. For the

data above 67 kin, the receiver gain was set

primarily by the noise in the receiver passband.
The resulting curve of receiver input vs alti-

tude is shown in figure 5. It can be noted

that there is considerably less scatter in

figure 5 than was present in the receiver output
curve as shown in figure 2. This fact is the

principal justification for the interpretation

of the spectra of figure 4 as described above.

MEASURED TOTAL ATTENUATION

In order to determine the variation of elec-

tric field strength with altitude, it was neces-

sary to consider the antenna orientation and

changes in the terminal impedance of the an-
tenna. The antenna elements made an angle

with the vertical of 70 ° and greater after the

rocket entered the D-region. On the assump-
tion that the wave normal in the whistler

mode was vertical, the correction for antenna
orientation was no more than 1 db and can be

considered negligible. Measurements of the

magnitude of antenna impedance during launch

showed no significant variations until the

shroud was jettisoned, although the impedance

was different from that in free space because

of the proximity of the third-stage rocket,

solar paddles and epoxy shroud. The lack of

significant variation in antenna terminal im-

pedance before shroud ejection is believed to be
due to the fact that the epoxy shroud shielded

the antenna elements from electron and ion

currents from the ionosphere? With the ef-

fects of both antenna orientation and the change

in antenna impedance being negligible, the

curve of receiver input can be considered to

represent the variation of relative electric

field strength between about 60 and 152 km

altitude.

Absorption calculations, described later, in-

dicate that absorption begins about 10 km

below the inflection point of the field strength

curve, or about 60 km in this case. Assuming

that the whistler-mode signal is launched into

th_ ionasphexe at this height, the measured
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total attenuation through the lower ionosphere

up to about 150kin is 43 db±4 db for daytime.

At heights below 60 km, the observed vari-

ation in signal strength appears to be explained

by the waveguide-mode theory of VLF propa-

gation. 4 Recent calculations of the height-

gain effect by Wait and Spies 5 show that as

altitude increases the intensity first increases,

reaches a maximum, and then decreases to

some fraction of the ground intensity at the

ionosphere boundary. For parameters appro-

priate to this situation, these calculations do

not show as great an increase in intensity for

the low altitudes as the measurements show,

and it must be taken into account that the

distance to NSS decreased and that the rela-

tive amount of seawater path increased as the

rocket ascended.

Whatever the influence of the last-mentioned

factors, the variation near the ionosphere is

predominantly due to the height-gain effect
since there is little change in the path or distance

for this altitude increment. And a priori

choice of 70 km for an effective height of the

lower edge of the ionosphere would be in agree-

ment with that adopted by most workers who

assume a homogeneous sharply-bounded iono-

sphere model for VLF calculations. The height-

gain calculations 5 for an assumed ionosphere

height of 70 km show a 6 db loss between 60

and 70 kin. However, the measured loss

between 60 and 70 kin, as shown in figure 5, is

about 17 db. This significant discrepancy

further suggests that the effective height of the

ionosphere and the beginning of absorption was

more nearly 60 km at the time the measure-

ments reported here were made.
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PREDICTED TOTAL ATTENUATION

Some preliminary calculations of whistler-

mode absorption have been made at Stanford

for various electron-density and collision-

frequency models of the lowest ionosphere. 6

The daytime models are applicable to this

experiment since the launch took place at about

0930 EST and the trajectory carried the satel-

lite into longitudes of even later local time.
The calculations show that almost all of the D-

and E-region absorption occurs below about

130 kin. Hence, the calculations can be

considered to predict all the absorption up
to 150 kin. The first calculation utilized the

electron-density profile deduced by Nertney 7

and the collision-frequency profile deduced by
Nicolet, 8 and yielded a total absorption of 17 db.

A second calculation utilized profiles of electron

density and collision frequency which can be

considered composite models deduced from the

data given in the survey of Waynick, 9 and

yielded a total absorption of 23 db.

Before the calculations can be compared with
the measurements, there are several other
sources of attenuation that must be considered.

These include reflection losses and the effects

of antenna polarization and changing wave
impedance within the ionosphere. The loss

due to reflection at the lower boundary of the

ionosphere will be accounted for by considering
only the direct ray. The higher-order reflected

rays should be considerably attenuated by

reflection from a daytime ionosphere. In this

case, the subrocket point at the boundary of

the lower ionosphere is just below the horizon.
However, a consideration of diffractive effects

in low frequency propagation by Wait 10shows

that the "cut-back factor" for this case is negli-

gible. A computation of the transmission co-
efficient based on the work of Budden 11 shows

that for the ordinary ray (whistler-mode) a

reflection loss of 19 db occurs for a sharply-

bounded, summer-daytime ionosphere model

(_/_,_0.6, r=60°). The extraordinary ray

which is transmitted into the ionosphere is
completely absorbed well below 150 km.

The change in wave impedance in the iono-

sphere results in attenuation since, for a given

power density, the electric field strength varies

directly with the square-root of the wave

impedance, and the wave impedance in the

ionosphere is less than that of free space.

This attenuation, assuming longitudinal prop-
agation, is found to be 11 db between the

lower boundary of the ionosphere (_/_r=0.6,

r=60 °) and 150 km where the electron gyro-

frequency and plasma frequency are estimated

to be about 1.2 and 3.0 Mcps, respectively.
Just below the ionosphere, the incident

electric field, consisting primarily of the direct

ray, can be assumed to be vertical, while just

within the ionosphere the field can be assumed

to be circularly polarized in the horizontal

plane. 12 Thus the antenna made an angle

of 70 ° with the electric field just below the

ionosphere, while making an angle of 20 ° or
less with the horizontal field within the iono-

sphere. Polarization corrections based on these

relative orientations amount to a gain of about

9 db. In addition, a loss of about 3 db is

incurred because of the spatial averaging of the

approximately circularly polarized whistler-

mode component within the ionosphere by the
linear satellite antenna.

Adding the above factors to the absorption

gives the following tabulation for the estimated

total attenuation through the summer-daytime

ionosphere up to 150 km altitude:
Torn/

Day Model Total Absorption Attenuation

Nicolet and Nertney ..... 17 db 41 db

Composite ............... 23 db 47 db

DISCUSSION

It should be noted that the predictions out-

lined in the previous section were prepared

assuming whistler-mode propagation along the

magnetic field (assumed to be vertical here) for

a constant incident electric field intensity at

the lower ionosphere. The propagation path

from Station NSS to the satellite did not quite

provide constant field intensity in the iono-

sphere below the satellite. The course of the

launch traiectory was in a north-easterly direc-

tion from Cape Canaveral and the average
distance from Station NSS to the sub-satellite

point for the altitude increment of 60 to 150 km
was about 1,000 km and changed about 15%.

Calculation for a comparable situation suggest
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that the field strength just within the iono-

sphere would probably vary by about 3 db over

this distance change. 13 This will be considered

negligible here, and the predictions as given can

be considered to apply to the measurements.
It can be seen that the total attenuation

measurement of 43 db ± 4 db compares quite
well with the calculated total attenuations of

41 and 47 db. The discrepancy is within the

experimental errors and the magnitudes of the

various effects which have been neglected in

this analysis. It should be obvious that the

calculations are only approximate since several

1 to 3 db effects have been neglected. How-

ever, the measurements also were only approxi-
mate since a rough estimate was used to select

the altitude at which absorption began. None-

theless, it appears that no unusual attenuation

phenomena were observed and that the
measured total attenuation can be accounted

for by the analysis presented above.

Since the measurements which are reported
here were made, the results of two relevant

experiments have been reported. In the first
experiment, the variation of Station NBA lo-

cated at Summit, Panama Canal Zone (18.0 kc)

signal strength with altitude up to about 115
km was measured at about 1700 local time on

14 March 1961 using a split-rocket electric

dipole antenna. 14 Aspect data was not avail-

able for these measurements. Allowing for
uncertainties in antenna orientation and such

factors as diurnal and seasonal effects, these

rocket measurements are quite consistent with

those reported here.
The second relevant measurements were those

made in the LOFTI I Satellite experiment, is. 18
The total attenuation deduced from the LOFTI

I measurements is somewhat different in that

the detailed variation of signal strength with

altitude was not obtained, although much more

data on total attenuation was, of course, ob-

tained. The measurements reported (ratio of

apparent electric field intensity at the satellite

to computed field intensity on the ground)_5
are also consistent with the measurements re-

ported here when proper allowances are made

for different measurement frequencies, the

attenuation through the F-region and the

different geometric factors for each case.

In conclusion, it appears that the launching

of the whistler mode, at least in daytime, can be

described to a first order by utilizing a sharply-

bounded model of the ionosphere to account for

the reflection-transmission phenomenon, and a

slowly-varying model to account for the ab-

sorption experienced by the transmitted wave.
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The Explorer VI observations in 1959 were

the first extensive ones made throughout the

volume of the trapping region, and they re-

main unique in giving its state at a particular

time in the solar cycle.

Since Explorer VI was placed in a very ellip-
tical orbit, and because of the inclination of

the earth's magnetic axis to its spin axis, the

satellite swept through a considerable part of

the trapping region, making possible the con-
struction of rather complete c_ntours of con-
stant counting rate and radiation dosages as

measured by the Geiger counter and ionization
chamber, respectively. Such contours nec-

essarily depend strongly on the shielding

surrounding the detectors and are thus peculiar

to the spacecraft. Nevertheless, the Explorer

VI rate contours displayed a shape quite diff-

erent from those derived by Van Allen using a
similar Geiger counter which was mounted

aboard several previous spacecraft.
The rates of the ionization chamber and

Geiger counter displayed a minimum in the

outer zone. According to the present mag-

netic data, the minimum in detector rates

does not lie on a particle shell connecting the

Capetown magnetic anomaly and, hence, cannot

be attributed to a scattering of radiation out

of the trapping region by the anomaly. A

spectral study of the outer zone suggests that

the minimum has a spectral-detector origin.

The proton differential energy spectrum,

fit to the data in the inner zone at a geo-

magnetic latitude of --28 °, has the form E -1"85
above 30 Mev. Electron fluxes in the inner

zone are inferred to be greater than 107 elec-

trons/cm 2 sec above 200 Key.

In fitting trial spectrums to the outer-zone

data it is seen that flat spectrums with electron

energies up to 5 Mev must prevail at the
inner edge of small ranges. The flux of elec-

trons of energies between 1 and 5 Mev here is
of the order of 106 electrons/cm 2 sec. With

increasing range, the spectrums steepen until

at the outer edge the ionization chamber and

Geiger counter are detecting the electrons only

through the intermediate bremsstrahlung proc-
ess.

As is indicated by the nearly constant ratio

of ionization chamber to Geiger counter rates,

the spectrum of trapped particles in the outer

zone to which the detectors are sensitive does

not change appreciably down magnetic lines

of force except at low altitudes. The counting

rates of the Geiger counter were then used to

determine the pitch-angle distributions of

the trapped particles by studying the intensity

down force lines. Such distributions in the

outer zone show that beyond the line of force

crossing the equator at 25,000 km there is

an increasing number of particles turning near

the equatorial plane. The pitch-angle dis-

tributions of the particles in the outer zone are

inconsistent with those resulting from albedo

neutron decay.

10,5
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Large rate changes are observed in the outer
radiation region, and are correlated with solar
activity having a time delay indicating that
the coupling is by means of solar plasma
streams. The percentage of decreases are
greater for lines of force at large radial distances.
The data place an upper limit of about 10

percent for time variations in the inner zone
caused by solar activity during the lifetime of
Explorer VI.

Evidence of the lowering of mirror points in
the outer zone during magnetically disturbed
periods has been obtained. The pitch-angle
distributions of "new particles" in the outer

ENERGETIC PARTICLES IN MAGNETIC FIELDS

zone after a magnetic disturbance show that

they mirror nearer the equatorial plane.
The simultaneous measurement of low-en-

ergy radiation at 42,000 km on an electron

shell connecting an aurora suggests that the
aurora is associated with a disturbance ex-

tending over many degrees of longitude and

out to large ranges. During a strong low-

latitude aurora a rapid decrease in count rate
was observed in the outer zone time coincident

with the break-up of the aurora, indicating

either the precipitation or deceleration of the

trapped particles at this time.
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Observations of the Van Allen Radiation Regions
during August and September 1959, Part 1'

BY R. L. /t_RNOLDY,_ R. A. HOFFMAN," AND J. R. WINCKLER

School of Physics

University oJ Minnesota

N65-21 976
An integrating ionization chamber and a single Geiger counter were flown o_ AUnited

States satellite Explorer VI in an elliptical orbit extending to 48,000 km. In addition to

the Van Allen inner zone and the great outer zone, a stable and distinct intermediate zone

was detected throughout August and September 1959. The outer-zone intensity showed a
large decrease following the sudden commencement of a geomagnetic storm. Later in the

storm the outer zone increased to much in excess of its prestorm level. During stable periods
the outer zone was fairly constant and less intense than it had been observed to be with

Pioneer III or Pioneer IV or the first Soviet cosmic rocket. Cosmic-ray background count-

ing rates were reached on most passes in August and September near apogee of the satellite.

The radiation 'dumped' from the outer zone during the geomagnetic storm fits very well

with the intensity and latitude distribution required to account for balloon observations of _y /
auroral X rays made during the IGY period. This paper is based on preliminary analy_---_/-_

of Explorer VI data. _

INTRODUCTION AND DESCRIPTION OF
APPARATUS

The University of Minnesota provided a

radiation-detection experiment for the payload
of Explorer VI satellite, launched August 7,
1959, from Cape Canaveral, Florida. The pro-
gram was under the auspices of the National
Aeronautics and Space Administration, and the
payload was engineered by the Space Technol-
ogy Laboratories of Los Angeles. This paper
is based on a preliminary analysis of data now
available. Additional data may be available

from magnetic tape playback during the period
under discussion in this paper. The present
paper is an extension of an earlier version pre-
sented at the first international space sympo-

' This work was supported by the National Aero-
nautics and Space Administration under contract
NASw-56. Published in the May 1960 issue of Journal
of Geophysical Research. Reprinted by permission.

2 Now at Hon6ywell Co.
3 Now at NASA Goddard Space Flight Center.

sium at Nice, France, in January 1960 [Arnoldy,
Hoffman, and Winckler, 1960].

Figure 1 shows the University of Minnesota
package before the potting compound was in-
serted to fill the container. The instruments

are an integrating ionization chamber and a

Geiger counter. The ionization chamber op-

erates on the pulsing electrometer principle,

which has been extensively used by the balloon

projects at the University of Minnesota and

was developed for cosmic-ray purposes by Neher

and Millikan [Winckler, Peterson, Arnoldy, and

Hoflman, 1958]. The specifications of the two

instruments are given in Table 1.
The ionization chamber and counter are sensi-

tive to all types of radiation, but in addition,

the ratio of the counting rates of the two instru-

ments gives a measure of the mean particle

ionization and accordingly particle energies if

the type of particle is known. For X rays,

107



108 ENERGETIC PARTICLES IN MAGNETIC FIELDS

FIGURE 1.--View of the University of Minnesota radiation experiment containing the 3-inch-diameter
aluminum ion chamber, left, and the small Anton infinite-life Geiger counter on the right side of
the package. Note transistor scaling circuits and radio-frequency filter box on the cover of the

package. This unit is completely filled with a polyurethane foaming plastic in its case.

which are an important contribution to the
radiation detected inside the satellite, the rela-
tive response of the two instruments is sensitive

to the energy of the X rays encountered, and
suitable calibrations have been carried out with

X-ray machines. Table 2 lists the rms plate
voltage of the a-c X-ray machine versus the
ionizing power ratio expressed as number of
times the ratio for minimum ionizing particles.
The unit has also been exposed to protons in
the energy range 10 to 30 Mev from the Minne-
sota linear accelerator. Using the observed

ratio for protons, and the ratio for Co e° "_ rays
given in Table 2 as characteristic of minimum
ionizing particles, very reasonable agreement
is obtained with the known specific ionization

of the Linac protons. We give in figure 2

the response of the ion chamber and counter to
known amounts of Co e° _ radiation supplied by

the high-intensity w-ray facility at the Uni-
versity of Minnesota. The radiation dosage in
roentgens is obtained from carefully calibrated
Victoreen R meters exposed, along with the
satellite package, to the cobalt radiation source.
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FIGURE 2.--Calibration curve.for the ion chamber and Geiger Counter used in the University oJ Minne-

sota Explorer VI experiment. The rates .for the two instruments are plotted against the radiation

in roentgens per hour as measured by calibrated Victoreen R. meters. The source o] radiation
was cobalt 60.

The ion chamber shows essentially a straight-

line log-log plot with a slope differing slightly

from unity. The Geiger counter shows a
dropping off at high rates which occurs because

of the dead time of the counter and circuitry.

With the aid of this calibration curve, true
counting rates can be inferred from the observed

counting rate of the counter at high rates.

Both analog and digital telemetry were used,

but only the former was analyzed for this report.

The Geiger counter fed 17 binaries in series,

samples being taken after the 8th and 17th.

These were mixed, with different amplitudes,

with the output of the 5th binary after the
ionization chamber. The record could be read

without difficulty, since usually only one of the
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TABLE 1.--Specifications of Radiation Detectors

Ionization chamber

Diameter ........................
Wall thickness of aluminum .......

Filling pressure of argon ...........

Charge collected/pulse ............

3.0 in.
0.020 in.
94 lb/in)

absolute.
2.14 X I0 -l°

coulomb/pulse.

Geiger counter

Anton type 302:

Wall thickness of stainless steel___ I 0.020 in.
Efficiency for charged particles___[ 80 percent.*

Omnidirectional factor .......... 0.55-0.75 cm.2t

*As given by manufacturer.
tComputed from direct measurements on samples

and from manufacturer's dimensions. A more accurate
value for the flight unit will be reported later.

TABLE 2.--Relative Photon Response of Uni-
versity o/ Minnesota Radiation Detectors

[Exposure was made with experiment removed from
satellite]

X-Ray Tube RMS
Plate Voltage, kv

35
38
43
50
57

Isotropic Co60_, Rays ..... 1.33 X 10-4

Approximate X-Ray
Ratio/Minimum
Ionizing Ratio

844
76
34
30
10

scaling rates of the counter and the ion chamber

was observed at the same time, owing to the
action of a 3-cps filter network.

The radiation unit in the payload was sur-

rounded by considerable material located mostly

in the plane of the figure. A preliminary evalu-

ation has been made of the complex shielding

experienced in different directions by the unit,

and in a simple way this may be expressed by

the values in Table 3 covering different ranges
of absorption. In general, the lower limit of

detectability is about 16 Mev for protons and

about 2 Mev for electrons directly. Low-

energy electrons may be detected indirectly by

the X rays generated when collisions occur with

the skin and other parts of the payload. For

such X rays the limit of detectability is approxi-

mately 30 kv, where the sensitivity of the

detectors drops off to a negligible value. The

efficiency of detection of such electrons is of
course low on account of the intermediate

bremsstrahlung process.

The payload was injected into an elliptical

orbit positioned in space as shown in figure 3

with the plane of the orbit making an angle of

38 ° with the ecliptic plane. The period of the

satellite was about 12 hours and 42 minutes,

and the payload was spun about its axis of

greatest moment at a rate of 2_ revolutions per

second. Perigee was 6615 km and apogee 48,616

km from earth center. Successful telemetry of

the channel carrying the University of Minne-

sota experiment was maintained for approxi-

mately 2 months, between August 7 and

October 6, 1959. During this period a strong
geomagnetic storm occured on August 16-17

which will be discussed in detail below. A great

solar radio noise storm took place at the end of

August, and on September 4 and 23 disturban-

ces that may be of the recurrent M-region type
were also observed. These latter storms will be

discussed in full detail in a later communication

when more data have been read.

PROFILE OF THE VAN ALLEN REGIONS

DURING THE FIRST WEEK OF

THE SATELLITE

Because the Explorer VI satellite was placed

into a high-ellipticity orbit, and because with

respect to the geomagnetic axis of the earth the

orbits swing northward and southward in

latitude, a large part of the radiation belts is

swept out in a period of several days, affording

an unusual opportunity to plot the details of

the distribution of particles that are accessible

to the instruments in this experiment. Figure

4 shows a series of typical orbits plotted in

rectilinear form, in which the geomagnetic

latitude appears as the vertical coordinate

and the range as the horizontal coordinate.

These orbits were obtained from an ephemeris
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SUN POSITION

AUG. 16,1959

14*

F1GURE 3.--The orbit of Explorer VI in space. The angle between the plane of the orbit and the

earth's equatorial plane is _7 °. The orbital plane is tipped 38 ° to the plane of the ecliptic.

On August 16 during the geomagnetic storm the major axis was directed about 125 ° away from
the sun.

TABLE 3.--Shielding Effect of Material in

Satellite Around Minnesota Package

Range Interval,
g/c m2

0-0.5

0.5-5

>5

Percentage of Total Solid Angle

Counter

16

54

30

Chamber

26
46
28

furnished by the Space Technology Laboratories.

The geographic latitude, longitude, and range
have been converted to geomagnetic latitude

and range with the aid of the earth-centered

dipole approximation of Vestine [1948]. Re-

cently the orbits in geomagnetic coordinates

from Vestine's analysis have also been furnished

directly by the Space Technology Laboratories,

in 1-minute intervals. In addition, the NASA,

on the basis of data obtained by the minitrack

net and analyzed under the Vanguard program,
has furnished orbital data in 1-minute intervals.

These various measurements are in good agree-

ment. Figure 4 also includes lines of force of

the earth's centered dipole field in the rectilinear

form of plotting.

From the Geiger counter rate during the first

14 passes of Explorer VI, a contour plot of the

radiation regions has been constructed, which

appears in figure 5 in rectilinear form. This

period, the first week after launch, was fairly

quiet magnetically, and the radiation regions
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FIGURE 4.--Typical orbits of Explorer VI plotted in the geomagnetic meridian with the lines o]]orce

of the earth's field shown for comparison. A rectilinear plot is used, the earth's surface being repre-

sented by the Y coordinate and the range by the X coordinate. The particular passes shown are

those occurring during the geomagnetic storm beginning August 16.

were stable. The dotted parts of contour lines

are extrapolations between regions where data

are available. A more recent contour plot,

making use of the geomagnetic data at 1-minute

intervals and additional data from the counter,

shows considerably more detail at low altitudes,

for example, the 'horns' derived from Explorer
IV data by Van Allen [1959a].

In figure 6, on a polar-type diagram which
is more familiar to most readers, the extent and

intensity of the radiation zones as given by Van
Allen, upper [Van Allen, 1959a], and as derived

from Explorer VI measurements, lower, are
compared. The comparison is made on the

basis of the same instrument, namely an Anton

type 302 counter. Although the shielding of

the surroundings of Explorer VI may not be

quite the same as for the Explorer IV and

Pioneer lII and IV rockets used by Van Allen,

they are not too dissimilar for the present

purpose. It is apparent that since the time of

the construction of the radiation zone figure

by Van Allen the zones have shrunk con-

siderably in intensity and extent. It is seen

that during the first week of August the

counting rate reached the cosmic-ray background

of 1.5 counts/sec at the outer extremity of the

orbit of Expolrer VI, whereas earlier in the

year the radiation intensity as deduced from
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FIeURE 5.--Rectilinear plot o/contours o/equal counting rate/or the Anton counter as obtained /rom

the first week oJ Explorer VI.

the Pioneer shots was still considerably above
this value.

Throughout the time of observation, three

distinct maxima in the trapped radiation region

were measured by both detectors. The first of

these three regions can be identified with the
Van Allen inner zone and is closest to the earth.

The second and third regions are seen at 17,000

and 23,000 km, respectively, near the equator.

Only these last two are measured on outgoing

passes, owing to the high latitude of the orbit.

Many incoming passes display all three regions

as they exist at southerly magnetic latitudes
between 20 ° and 50 ° . Maxima observed on

outgoing and incoming passes lie on connecting

lines of force in the dipole field. An example of

such an incoming pass is shown in figure 7 for

pass 27, which has an incoming trajectory simi-

lar at low latitudes to that for pass 21 (see fig.
4). The maximum rates for the two outer

regions are somewhat larger than normal, since

the pass occurred during a rising intensity
following a magnetic storm. The two inner-

most maxima have average ionizing power as
observed by the two instruments 5 to 6 times

that for minimum ionizing particles. The

outermost maximum has a ratio of approx-

imately 16 times that for minimum ionizing

particles. Such a large ratio is consistent with

soft X rays produced by electrons bombarding

the outer shell of the payload. Protons with

this specific ionization would be stopped by the

material surrounding the instruments.

Assuming that the soft outermost maximum

is due to electrons, it is possible to estimate the

flux incident upon the payload shell. Compar-

ing the ratio of the ion-chamber rate to counter

rate at this point with that from the X-ray cali-

bration of the unit yields a value of 50 key for

the mean energy of the X rays. For the max-

imum value, observed during the first week, of

10 rfar (1.9 X l0 s ev/cma.sec in air), the X-ray
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FIGURE 6.--Comparison of the counting-rate contours in the radiation zone as

given by Van Allen (upper) and as given by analysis of Explorer VI (lower)

shown on a polar plot. It is apparent that the radiation zones during the time

of Explorer VI have shrunk considerably and changed form since those inferred

from the Explorer IV and Pioneer III and IV data.
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FIGURE 7.--Radiation levels on the incoming
part o] pass 27, which show three distinct

radiation regions. The Van Allen inner zone

appears at 8500 kin, the outer zone at 11,500

kin, and the new intermediate zone close to 10,000

kin. The trajectory is closely similar to that Jor

pass 21, figure _. The relative intensities are

meaning/ul only when the position along the

magnetic lime o] /orce is considered.

energy flux is given by

dN 1.9 X 108 ev/cm 8. sec

Xdx 0.23 cm_/g X 0.0013 g/cm 3

= 6.3 X 1011 ev/cm 2.sec (1)

The mass absorption coefficient, X, in the argon

gas of the chamber is chosen for 50-kev X rays.

The electron energy flux is about 104 times

greater than the X-ray energy flux at 50 key,

owing to the inefficiency of the bremsstrahlung

process. The electron particle flux is then
found to be

6.3 X 10 '1 X 104 ev/cm2.sec 1.2 X 10U/cm2.sec (2)
50 X 10 3 ev =

Another way to compare the various measure-

ments of the radiation zones is shown in figure

8, in which the counting rate of the Geiger

counter is plotted as a function of range in kilo-

meters for passes of the Pioneer III and IV, the

Russian Mechta rocket [Vernov, Chudakov,

Vakulov, and Logachev, 1959] and a typical pass

(no. 6, August 10, 1959) of Explorer VI. It is

seen in figure 8 that the highest over-all inten-

sity was that recorded by the space probe Pio-
neer IV launched March 3, 1959, in which the

intensity in the central part of the outer region

went off sale but was perhaps as much as 108

counts/sec. The Russian Mechta rocket,

launched January 2, 1959, recorded intensities

one to two orders of magnitude less intense.
The Pioneer III data in December of 1958 are

still lower, and the closest in intensity to the

Explorer VI results. Explorer VI reached the

cosmic-ray background rate of about 1.5 counts/

sec at approximately 42,000 km, and at that

point had a rate 10 -4 of the Pioneer IV rate.

The intensity measured is strongly a func-

tion of the position of the trajectory. Figure 9

compares the trajectories of Pioneer III, Pioneer

IV, and Mechta plotted on the same rectilinear

scale on which the typical passes of Explorer VI

are shown in figure 4. These trajectories are

roughly similar, but the Mechta probe crossed

the equator at larger distances. It is clear that

large temporal changes occur in at least the

outer radiation regions surrounding the earth.

The Iowa group reports that the enormous

filling-up of the regions shown on the March 3

pass of Pioneer IV is associated with an

M-region solar-type disturbance [Van Allen,

1959b]. It will be shown that an analysis of Ex-

plorer VI data likewise shows strong dependence

on solar activity but not in a simple manner.
To illustrate some of the time variations ob-

served on Explorer VI, Table 4 lists the Geiger

counter rates along the trajectories at the maxi-

mum of the soft outer region for magnetic lati-

tudes within 8 ° of the equator. Also tabulated

are the planetary magnetic indices A_ and the

ionizing power of the trapped radiation ex-

pressed as number of times that for minimum

ionizing particles (i.e., Co 6° _/ rays). No data
were received from the ion chamber after Au-

gust 21, and hence the ratios are missing during
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TABLE 4.--Preliminary Summary o/Measurements of Outer Zone Maximum during August and

September 1959

Date

Aug 7 ............
Aug 9 ............

Aug 10 ...........

Aug 11 ...........

Aug 12 ...........

Aug 13 ...........

Aug 14 ...........

Aug 17 ...........

Aug 18 ...........

Aug 19 ...........

Atig 20 ...........

Aug 21 ...........

Aug 22 ...........

Aug 26 ...........

Aug 27 ...........

Aug 29 ...........

Aug 30 ...........

Aug 31 ...........

8ep 2 .............

Sep 3 .............

Sep 4 .............

Sep 5 .............
Sep 12 ............

Sep 27 ............

Sep 28 ............

Sep 29 ............

Time UT Pass No.

1538 1

0559 4

0727 6

0859 8

1028 10

1200 12

1330 14

0509 19

0645 21

0817 23

0900 25

1000 27

1232 29

0542 36

0710 38

1005 42

1130 44

1302 46

0312 49

0438 51

0600 53

0730 55

0446 68

0116 96

1524 99

04OO 100

Counts
(See)

X Minimum
Ionizing

Ap

Planetary

14
22

14

8

Magnetic
Latitude,

degrees

5, 050

5, 400

4, 700
5, 65O

15. 5

14. 3

14. 5

13. 9
5

6
6

114

28
21

38

34
27

8

5

13
9

9

34
33

103

34
14

21
18

9

7.

7
2

--1

6, 100

5, 500

6, 250

1, 900

8, 150

10, 000

28, 000
27, 000
28, 500

27, 000

28, 300

27, 500
22, 300

17, 200

16, 000

16, 000

5, 100

7, 600

8, 100

3, 800

4, 100

4, 000

13. 9

14. 3

7.6

15. 7

15. 7

10. 3

11.1

Indices

0

--2
1
7

0
-3

-1
-1

3
4

0

0.

3

3.
7.

6

4

2.
7.

-2

2
4

Range
from Earth
Center, km

22, 00(
23, 50q

22, 60q

22, 50q

23, 50q

22, 50_

22, 601

21, 70q

23, 50_

23, 50_

21, 70_

21, 501

20, 50q
21, 00q

20, 701

20, 50q

19, 80_

20, 50q

20, 70,

20, 00_

19, 00

18, 50

17, 20

26, 30

25, 50

25, 50

the high intensity and the subsequent decrease.

This table will be discussed further in connec-

tion with the magnetic storm of August 16-18,

1959. The table is incomplete but represents

the present state of analysis of the data.

OBSERVATIONS DURING THE GEOMAG-

NETIC STORM OF AUGUST 16-18, 1959

We shall now consider in detail tile changes

observed in the trapped radiation associated

with a strong geomagnetic storm having a

sudden commencement at about 0414 UT on

August 16. The remarkable effect observed

during the first 24 hours of this storm was a

large loss of radiation from the outer region.

It is shown in figure 10, where pass 17, which

occurred early in the disturbance, is compared

with pass 19, which occurred 1 day later.

In figure 10 the ion-chamber rate and _he cor-

rected or true counter rate are plotted in pulses

per second multiplied by 1,000 and in counts

per second, respectively. The ion-chamber rate

dropped from a maximum of 9 to about 2

pulses/sec, and the counting rate from 4800 to

about 1800 counts/sec. This means that about

two-thirds of the detectable radiation existing

in the outer zone during the first week of Ex-

plorer VI was lost during the first day of this

geomagnetic storm. As is seen from Table 4,

the trapped radiation remaining after the dump-

ing was considerably harder than before the

storm. Changes were also observed in the inter-

mediate maximum occurring at around 13,000

km, but they have not yet been analyzed in

detail.

If the change in the ion-chamber rates at dif-

ferent ranges as shown in figure 10 is con-

sidered, and the location on the surface of the
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FIGURE 8.--Comparison o] Geiger counter rates for Explorer VI, Pioneer III, Pioneer IV, and the
Russian Mechta space probe. The various counting rates are on a comparable basis within
approximately 25 percent. To compare orbits, see figures 5 and 8. Explorer VI shows the lowest
intensity of trapped radiation, and Pioneer IV the greatest enhancement of the radiation regions.
These curves illustrate the time variability oJ the outer regions over long periods.

earth where this radiation must be precipitated
is computed, on the assumption that it is dis-
charged down along the corresponding lines of
force, the precipitation or 'dumping' profile
shown in figure 11 is obtained. The radiation
intensities have been corrected, because of the

convergence of the magnetic lines of force, by

the ratio of the surface field to the field along
the orbit at the point from which the radiation
disappeared. The radiation lost from the outer
region is dumped between geomagnetic latitudes

52 ° and 62 ° with a peak intensity around 57 ° or
58 ° . This profile of precipitation lies definitely
below the usual latitude of the auroral zone.
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FIGURE 9.--Comparison of the outgoing trajectories o:fPioneer III, Pioneer IV, and Mechta.

The ratio of the ion chamber and counter for

the dumped radiation suggests that the particles
are electrons of approximately 50-key energy.
We conclude that this source of electrons could

well provide the auroral X rays seen on numer-
ous occasions in balloon flights flown near the
latitude of Minneapolis, which is about 56 °
geomagnetic [Winckler, Peterson, Arnoldy, and
Hoffman, 1958]. In fact, a semiquantitative
comparison can be made between the ion cham-

bers flown on balloons measuring the X rays
generated by the impact of the electrons on the
atmosphere, and the ion chamber contained in

the satellite measuring the X rays from the elec-
trons bombarding the outer shell of the satellite.
We estimate that for a typical strong balloon
X-ray event, considered as extrapolated above

the atmosphere, in a 24-hour period a dosage R,

of approximately 24 mr of X radiation would be
produced. From the change in the satellite
ion-chamber reading shown in figure 10, it is
estimated that 7 r/hr of radiation dosage rate
was lost from the radiation belts at the place of

maximum intensity at about 21,000 km. The
change in the number of electrons in the radia-
tion zone at 21,000 km may be expressed by

ANIo..= (,_r/hr)/K. T (3)

The number of electrons required to produce the
observed auroral X rays at balloon levels may
also be expressed

AN .... ip = (R,/K)(B/Bo) (4)

where the constant K is the number of roentgens
delivered in the form of X rays to the ioniza-
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the outer region. From this disappearance o] net radiation, it can be computed that the electrons
discharged are su.f_cient to produce the auroral X rays observed at balloon altitudes in subauroral
zone auroras.

tion chamber, either in balloon or satellite, by
one electron, T is the period of an electron

trapped in the radiation region and oscillating
back and forth between the mirror points
(approximately 1 second), Bs, is the surTace
value of the geomagnetic field, and B is the
value of the field at 21,000 kin. The ratio of

_V]o_, to _LNpreclpltated is equal to approxi-
mately 4, which means that enough radiation is
lost from the outer zone to account completely
for the bursts of X rays observed at balloon
levels. A further remarkable observation is

765-698 0-65--9

that on the night of August 16-17 a very strong
aurora was observed by one of us (JRW) at
approximately 57 ° geomagnetic latitude over
the state of Minnesota. The aurora was a

typical strong storm aurora with ray structure
and visible forms extending as far south as
54 ° or 55 ° geomagnetic latitude. The visual

observations indicated that this was the type
of aurora, when observed with balloons at

this latitude, which would produce strong
X-ray bursts. A bright corona was observed,
which has always been correlated with the
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FIGURE l l.--Estimate o] the precipitation o]
electronic radiation .from the outer regions o]
the trapped radiation onto the sur]ace o] the
earth inferred .from the measurements beJore
and during the geomagnetic storm o] August
16-17. Note that the electrons strike the earth's

surJace at about 57 ° geomagnetic latitude, and
that, at least with the profile o] radiation inten-
sity observed in August and September 1959,
they are not discharged into the auroral zone.

presence of balloon X rays if the corona is
seen near the balloon at these latitudes. It

thus seems very reasonable that the balloon
X rays can be due to the direct discharge of
the soft radiation from the outer radiation

zone.

This observation also may account for
conclusions reached by Anderson [1959] that,
although strong X-ray bursts are observed
under visible auroras in latitudes below that

of the auroral zone, balloon observations of
auroras in the auroral zone show only weak
X rays. The line of force connecting to the
auroral zone at approximately 65° geomagnetic
latitude leads into the trapped radiation at a
region where the soft radiation is at a very
low intensity, at least as seen during August and
September 1959. There is some evidence also
from examination of figure 8 that the radiation
regions tend to return to a configuration similar
to that observed in Explorer VI except for
times when there is a large acceleration or in-
jection from outside, and so the normal situa-
tion might be similar to that seen in August and

September.

These observations are concerned with only

one component of the aurora, namely electrons
around 50 kev of energy. It is not certain
what fraction of the total auroral energy is
contained in these electrons. We have esti-
mated from balloon X-ray data that some times

sufficient energy is present in the X-ray elec-
trons to supply all the energy of an auroral
display. It is probable, however, that the
solar plasma, which is presumably present but
inaccessible to measurements with our in-
struments, or a similar type of low-energy
radiation normally in the radiation regions,

discharges to the surface and produces a large
fraction of the visible auroral luminosity, both
in the auroral zone and at latitudes below it.
The association of the auroral X rays with
the visible aurora occurs only in very strong
auroras which sweep southward from the
auroral zone and are characterized by magnetic
indices of K7 to Kg.

The exact mechanism of dumping in this case

is not clear, but it seems certain that the in-
crease in altitude of the atmosphere due to heat-

ing cannot remove enough particles. By follow-
ing down the line of force with passes through
the outer zone maximum, it is found that too

large a fraction of the particles have turning

points near the equator and hence at too high an
altitude to be removed by scattering from a

rising atmosphere. Therefore some other mech-
anism besides atmospheric heating must be in-
voked to explain the great loss of particle fluxes
from the trapped radiation. Possibly perturba-
tions of the magnetic field by the solar plasma

exciting the geomagnetic storm may account for
this, and the accompanying discharge of the
particles into the atmosphere may perhaps cause
the atmospheric warming and the scattering-out
of trapped particles with low mirror points.
Evidence for this latter phenomenon has been

obtained by the Iowa group [Rothwell and Mc-
Ilwain, 1959] as the result of extensive observa-
tions with the Explorer IV satellite, which

penetrates the outer zone at low altitudes up to

1,000 km above the surface.
Another surprising observation is that, near

the end of the storm on August 18, pass 21, as

shown in figure 12, recorded an increase in the
intensity of radiation in the outer region to a
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FIGURE 12.--Pass 21 occurring at the end o/ the second day o/ the strong geomagnetic storm on August

16. Note the great increase in intensity o/ the radiation regions following the dumping shown in

the previous figure. This pass went out/rom the earth at a quite low latitude. The maximum at

15,000 km is the new intermediate zone, also shown on figure 10.

value very much higher than that we have called

normal, characteristic of prestorm conditions.

Pass 22, as shown in figure 13, showed a similar

increase above normal, although the pass went

through the trapped radiation at a very high

latitude. Table 4 shows that the intensity in the

soft outer maximum following the storm rapidly

increased on August 20 to about 5 times pre-

storm levels, _nd remained at this value until

August 30, when it began to decrease. While at

peak intensity the radiation appeared harder

than before the storm as given by the ratios on

August 20 and 21. The magnetic storm of Sep-
tember 3-4 likewise diminishes the radiation in

the soft maximum with a small intensity in-

crease following it. The data for this storm are
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FmURE 13.--Pass 29, showing the increase ]ol'

lowing the geomagnetic storm o] August 16-17.

This pass went out at high latitude and missed
the new intermediate zone.

incomplete and will not be discussed further
here.

During the peak intensity in the outermost

maximum, a great long-lasting solar radio noise

storm was observed. A plot of the intensity of

radio emission at 169 Mc/s as determined by

the Meudon Observatory group from the solar

radio station at Nan_ay, France, is shown in

figure 14, which is taken from the Boulder

reports [National Bureau o] Standards, 1959].

The sun is scanned every day, and the intensities

are plotted across the disk. Regions of moder-

ate activity appear frequently, as shown by the

small black and white spots, but on August 22

a region developed which on succeeding days

reached very high intensity. The radio emission

from this region extended beyond the limits of

the disk (shown by the horizontal lines labeled

W and E on the left margin). This long-lasting
solar noise storm has been observed at several

other stations, for example by Warwick (private

communication, 1959) at Boulder and by Erick-

son (private communication, 1959), at the Con-

vair radio astronomy station in California.

Warwick's sweep frequency interferometer cov-

ering the approximate range 15 to 100 Mc/s

showed that the emission was continuum radia-

tion, definitely not thermal, and attributable to

synchrotron radiation from electrons in a region

that appeared to be at a very great distance

from the surface of the sun.

The unusual nature of this noise storm is also

made clear by observations of the Fraunhofer

Institute, which showed numerous wide-band

rapid intensity fluctuations during the period.

Similar observations were reported by the Nora

Observatory [In]ormation Bulletin, 1960].

SOLAR RADIO EMISSION SOLAR RADIO EMISSION

INTEP.FEROHETRI(; OBSERVATIONS INTERFEROMETRIC OBSEEYATION_

Nin_*y I69 Mc Nl._y i69

'''1 .... I .... I .... I'''' I .... I''' ''1''''1''''1 .... I''''1''''

I

IA, ,_t .... I,,,, Ii_i,l_,i,iI,,_,li_lillli,Iiii,lIII,l
S 10 15 20 25 ._0 5 '_0 15 20 25 30

SEPTEMBER 1959

ALG{ ST 19%_

FmURE 14.--Solar radio noise intensity measured in Nancay on 169 Mc/s during August and Sep-

tember 1959, showing the great long-lasting noise storm beginning on August _. Between August

_ and 30 the outer radiation zone stabilized at a high intensity.
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On the basis of incomplete data used in our

earlier report [Arnoldy, Hoffman, and Winckler,
196017 a close association seemed to exist be-

tween the beginning of the intense part of this
noise storm and the increase in the outer zone.

The acquisition of additional data makes this
association less certain.

During the time of observations of the first

half of this radio noise storm, the trapped radia-

tion was extremely stable and the magnetic

indices were low. Whether the build-up of the
radiation is related to an unobserved initial

phase of the solar radio noise storm or is an

after-effect of the magnetic storm starting Au-

gust 16 cannot be determined. Nevertheless,

the injection of some particles into the trapped-

radiation region during this period is suggested

by figure 15, which shows a pass during the

high intensity in the outermost maximum. This

pass has structure at apogee and a counting
rate there about 5 times that observed for

cosmic rays during undisturbed periods. A

pass during the intensity build-up just after the

magnetic storm displayed similar structure, as
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did several other passes during the enhanced

intensity.
If the increase of electron flux is associated

only with the geomagnetic storm beginning Au-

gust 16, shown in figure 12, a tentative con-
clusion is that somehow in the wake of the storm

part of the low-energy matter that is normally

undetectable was elevated in energy and passed

across the energy threshold of the ion chamber

and counter carried in the Explorer VI satellite,

appearing as an increase in the electronic com-

ponent. Further studies of the details of the

magnetic field during this storm and similar ones
will be needed to decide on the exact mechanism

of this acceleration process, if, in fact, it does
exist.

Professor Sydney Chapman and his collabora-

tor, S. Akasofu, have kindly furnished us with

a preliminary D,, curve for the storm of August

16, obtained from eight selected equatorial sta-
tions. This curve, shown in figure 16, has been

corrected for the regular diurnal magnetic varia-

tion Sq, and for the effect of the underground

current system (by taking _/3 of the total H

variation after Sq correction). With relation to

this storm time field variation, which seems to

be a more or less typical example of a strong

storm, the behavior of the energetic trapped

electrons in the outer zone may be described by

the observations of Explorer VI. We show the

times of the appropriate passes by the indicated

bars on figure 16. Data so far have been ana-

lyzed only for the outgoing parts of the passes.

The sudden commencement occurred during

the outgoing part of pass 17, at about 25,600-km

range from earth center (see fig. 10). No ap-

preciable changes from prestorm conditions are

observed during this pass. The 'dumping' ef-
fect is observed after about 24 hours of the main

phase have elapsed. The replacement or local

acceleration effect coincides with the recovery
of the field to its normal value. These relation-

ships are probably extremely significant for un-

derstanding the morphology of the storm, but
we will defer detailed discussion until a more

complete analysis of the data has been made.

In conclusion, it must be emphasized that the

data reported herein are preliminary, as a great

amount of unanalyzed records yet remains.
We think that the essential features of this

-s¢

-it¢

-,sc

O_T ,N O_T 'N OUT DN

pass iT _Jss ,! P.ss 2_

NI AUG 17 AUG II

FZGURE 16.--The Dst(H) curve Jot the August 16

storm as analyzed by Chapman and AkasoJu.

This analysis is based on 12 observatories well
distributed in latitude and longitude between

geomagnetic latitudes 30 ° N and S. Each

record was corrected to remove the quiet-day solar

daily variation o] H. About 2/3 of the Dst(H)

variation is supposed to be o] external origin.

From figures 10 and 12, on the outgoing portions

pass 17 showed normal, pass 19 showed a large
decrease, and pass 21 a large increase in the

outer-zone intensity.

discussion will, however, be preserved. It
should also be noted that Explorer VI carried a

variety of detectors from various laboratories,

including a scintillation counter, a magnetom-

eter, a coincidence telescope train, a lead-

shielded counter, and the present ion chamber
and unshielded counter. A comparison of these

instruments, when more complete data are

available, is certain to yield a more definitive

account of the types and intensities of particles

in the radiation regions surrounding the earth.
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Observations of the Van Allen Radiation Regions during

August and September 19591

2. The Capetown Anomaly and the Shape of the Outer Belt

BY ROBERT A. HOFFMAN 2

School of Physics
University oJ Minnesota

ll65 97T

have trajectories that would pass through the position of the experimentally observed mini-
mum in the outer belt. Therefore, the minimum cannot be taken as evidence either for the
effect of the anomaly on the trapped radiation or for support of the neutron._n.n.n.n.n.n.__source

for the outer zone electrons. _,___//

Dessler and Karplus [1960] and Hess [1960]
have proposed that the relative minimum in the
outer belt as measured by radiation detectors
aboard Explorer VI earth satellite is caused by

a predominantly low-altitude injection from neu-
tron albedo decays and a local loss of particles
when those with low mirror points drift through
the Capetown magnetic anomaly. To the con-
trary, this note will show, assuming the validity
of present magnetic data, that any particles af-
fected by the Capetown anomaly do not have
trajectories that would pass through the position
of the observed minimum in the outer belt.

EXPERIMENTAL OBSERVATIONS

The experimental observations to which the
anomaly theory is here applied occurred from
August 7 to 13, 1959, when the Explorer VI
earth satellite passed twice a day through the
heart of the outer zone at latitudes near the

magnetic equator. Every even-numbered pass
showed two maxima and the minimum in the

counting rates of the ion chamber and Geiger

1Published in the December 1961 issue of Journal of
Geophysical Research. Reprinted by permission.

2 Now at NASA Goddard Space Flight Center.
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counter which the University of Minnesota had
aboard [Arnoldy, Hoffman, and Winckler, 1960].
The odd-numbered passes were too far north
magnetically to exhibit the innermost maximum.
This period of time was reasonably quiet

magnetically.
Table 1 shows for the even-numbered passes

the position of the minimum counting rate of the
Geiger counter and the small extrapolation to
the magnetic equator by use of the dipole ap-
proximation to the earth's field, R=Ro cos2h.
The average equatorial range of the minimum
for the six passes is 19,700 km from the center
of the earth at a geographic longitude of 148 ° E,

or 13,300 km from the surface of the earth.

Figure 1 is a profile for the outer belt of the

Geiger counter counting rate as it would be if a

pass went directly out the magnetic equator,
and shows the two maxima and relative

minimum.

CAPETOWN MAGNETIC ANOMALY AND

PARTICLE TRAJECTORIES

The effect of the Capetown magnetic anomaly
on the motion of trapped particles has been
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counter counting rate as iJ a pass went directly

out the magnetic equator. The position of the

anomaly affected trajectories is indicated.

thoroughly discussed by Dessler [1959] and

Dessler and Karplus [1960], and therefore will

not be repeated here. Hess [1960] and Hess and

KiUeen [1960] have calculated that the depth of

the gap as it would be seen by radiation detec-

tors, assuming a neutron source injection, to be

about a 10-percent decrease at the equator,

approximately half the value observed. How-

ever, it has never been proven that the particles

affected by the anomaly, assuming they had

drifted on their magnetic shell to the longitude
at which the experimental observations have

been made, actually would pass through the

position near the magnetic equator at which the
minimum is observed. Such a construction can
be made as follows:

The particles that would have mirror points

below about 1300 km over the anomaly are of

interest because at this altitude they begin to

be rapidly scattered into the atmosphere. The

locus of the mirror points of these particles

must be followed as they drift in longitude

around the earth to 148 ° E longitude. This

gives the location of the affected mirror points at

the longitude of experimental observation.

Then the trajectories of the guiding centers

must be found as the particles spiral out away

from the earth to the place where they would

TABLE 1

Pass Date
No.

2 Aug. 8

4 9

6 10

8 11

10 12

12 13

Averages ..........

Geo-

graphic

Longi-
tude E

206.7

183.4

160.7

136.0

111.7

89.0

148.0

Mag-
Range netic
R, km Lati-

tude

18, 030 19.8

18, 630 13.9

19, 940 7.3

19, 020 6.1

18, 590 5.7

19, 580 4.4

Ro_ kill.

20, 400

19, 800

20, 300

19, 200

18, 800

19, 700

19, 700

cross the magnetic equator. This equatorial

range is finally compared to the range at which

the minimum in the outer belt is actually
observed.

Mirror Point Loci

The locus of the mirror points of a trapped

particle has been shown to be defined by two

adiabatic invariants: (a) the magnetic moment,

which defines the magnetic field strength Bm of

the mirror point, and (b) the action integral,

I = JB,,, V-dl = JB. 1 -- B,,,/ dl

which defines the magnetic line of force followed

by the guiding center of the particle as it spirals

out from Bin, across the magnetic equator, and

back toward the earth to the field strength B_.

[Wekh and Whitaker, 1959]. Here V and VII are

the total velocity and velocity component

parallel to the field for the particle; dl is the arc

length along the path of integration; B_, B_.

are the conjugate mirror points; and B is the

scalar field along the path of integration.

Jensen, Murray, and Welch [1960] have pub-

lished tables of the geographic latitude, longi-

tude, and altitude of the loci of mirror points as

defined by various values of B,_ and In I, using a

512 coefficient expansion of the earth's field in

order to obtain a good fit near the Capetown

anomaly.

In figures 2a and 2b are plotted the loci of

mirror points in the southern hemisphere de-

fined by several values of B_ and In I. The par-

ticles having mirror points at the Capetown
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FZGUR_. 2a, b, and c.--Construction to prove that any particles affected by the Capetown anomaly do not

have trajectories that pass through the position oJ the outer belt minimum.

anomaly are slightly south of the In I = 9.5 line

in figure 2a, but not nearly as far south as In

I ---- 10.0. The tables of Jensen, Murray, and

Welch [1960] do not have the locus, of mirror

points which pass directly through the anomaly.

Figure 2b shows the altitude dependence of the

mirror points as a function of longitude. The

particles affected by the anomaly lie between

the two lines. Any particle above the upper line

never dips below 1300 km as it drifts around

the earth. Any particle injected below the

lower line, even at the maximum altitude of

the line at 125 ° E will be almost immediately

scattered into the atmosphere. The lines are

for In I = 9.5; the circled dots and squared dots

give the minimum altitude of mirror points

for In I = 10.0 at the anomaly and the altitude

at 148 ° E. Hence the four loci (ln I = 9.5,

Bm = 0.18 and 0.28; and In I = 10.0, Bm= 0.20

and 0.30) bracket the particles having mirror

points affected by the anomaly. These four

bracketing loci are shown in figure 2c as the

lower altitude and more southern latitude set

of points when at the anomaly, and the higher

altitude and more equatorial set when at 148 °

E longitude.
Hence we have found the approximate

position of the particles having mirror points
that would be affected by the anomaly when

thay had drifted to the longitude where the

experimental observations have occurred. A

typical particle has its mirror point at 148 ° E

longitude at about 29 ° south and 2,000 km
altitude.

Guidin8 Center Trajectory

The next step is to determine the altitude at

which these affected particles will cross the

magnetic equator at the longitude of experi-
mental observations. Vestine [1959] has pub-

lished tables of coordinates (4), X, h) of points

defining the geomagnetic field lines inter-

secting the earth's surface at latitude 4) and

longitude ),, appropriate at height h ---- 0,

using the 48 coefficient expansion. However,
a line having 4) _ 29 ° S, h _-- 148 ° E, and

h _-- 2,000 km is required for the construction
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for a particle which has drifted from the anom-

aly. Such a line has not been published, so it is

again necessary to bracket the point of interest.

Two such bracketing lines are plotted in figure

2c, the lower one leaving the earth at _b ---- 32 °
20' S, and X ---- 143 ° 57' E, and the upper one

leaving at _b ---- 40 ° 00' S, and X _ 150 ° 00' E.

Hence it is seen from figure 2c that particles

having mirror points affected by the anomaly

cross the magnetic equator at about 148 ° E lon-

gitude somewhere between the altitudes of 9,370

km and 5,450 km, perhaps at about 7,500 km

altitude (14,000 km geocentric range). The

minimum as experimentally observed has an

altitude of 13,300 km, well above any anomaly-

affected particles (see fig. 1).

DISCUSSION

The first conclusion resulting directly from

the above discussion is that the Capetown

anomaly is not an explanation for the minimum
in the outer belt. This conclusion is based on

the assumption that the primary magnetic data

upon which Jensen, Murray, and Welch [1960]

have based their analysis are correct. How-

ever, a comparison between the current United

States' charts of total magnetic field and a re-

cent magnetic survey of the area west of Cape-
town indicates that the field contours for 1955

could be moved east by as much as 17 ° [Heirtz-

let and Hirshman, 1960]. However, even

such a large shift of the anomaly to the east

would probably not move the anomaly-affected

particles out of the four bracketing loci of

mirror points, that is, south of the In I = 10.0

line in figure 2a. Therefore it is not likely that

agreement can be reached between the actual

position of the minimum and the equatorial

range of the trajectories through the anomaly.

Dessler and Karplus [1960] and Hess [1960]

have also used the theory of the anomaly caus-

ing the minimum as supporting evidence for

the neutron albedo decay source of the outer
belt. In order to cause the minimum in the

equilibrium population of the particles, the local

decrease in magnetic field strength at the anom-

aly would require an injection of particles that

is strongly weighted toward the surface of the
earth. Such a source is found in albedo

neutrons, whose decay density falls off rather

like R -4 [Hess, 1960]. A corollary to the first

conclusion is that the minimum can no longer

be considered as a piece of evidence in favor of
the neutron source.
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Observations of the Van Allen Radiation Regions

August and September 19591

3. The Inner Belt

during

BY R. A. HOFFMAN, 2 R. L. ARNOLDY, 3 AND J. R. WINCKLER

School of Physics

University of Minnesota

N65 978

The differential energy spectrum of an assumed power law form for trapped protons
in the inner belt has been determined from data received from the ion chamber and Geiger

counter aboard the earth satellite Explorer VI. Above an energy of 30 Mev, the spec-

trum has the form of E -'.65 at about --28 ° geomagnetic latitude. The spectrum has been

checked by comparison of the actual proton counting rate of the triple coincidence telescope

aboard Explorer VI in the inner belt with the rate calculated from such a spectrum. It is then

shown that the counting rate from the scintillation counter aboard Explorer VI is probably

due primarily to electrons. Electron fluxes at the maximum of the inner belt are given as
about 2X 109 electrons/cm_ sec from 200 to 500 key, or about 1X 10 v electrons/cm 2 see greater

than 500 kev at -- 28 o geomagnetic latitude. The spectra obtained are shown to be in agree-

ment with those previously published, and not in conflict with the spectrum calculated from

neutron albedo decay. The data also place an upper limit of about 10 percent for time

variations caused by magnetic storms, although they are probably consistent with np varia-
tions at all.

During twelve passes of the earth satellite the University of Chicago [Fan, Meyer, and
Explorer VI between August 7 and October 2, Simpson, 1961]. From calibrations of the Space

1959, telemetry was received while the satellite Technology Laboratories' scintillator [Rosen and
was passing through the maximum of the inner Farley, 196l] it will be shown that it probably
belt on the inward part of the orbit. This measures predominantly the electron flux in the
paper presents an analysis of the data received inner belt, and so estimates of this flux at the
from the four radiation detectors aboard the maximum of the belt will be given.

• #

satellite. With the assumption that the proton Comparisons with previous emulsion and
component has a differential energy spectrum of counter experiments flown into the inner belt
the power law form, one such spectrum is found will be made, and the data will be analyzed in
to be compatible with the counting rates and sueh a manner as to place an upper limit for
calibrations of the ion chamber and Geiger time variations of the proton component due to
counter which the University of Minnesota had magnetic storms.
aboard [Arnoldy, Hoffman, and Winckler, 1960]
and also the triple coincidence telescope from fiAk.18RAIION OF IHE DECIEfiTORS IO

1Published in the January 1961 issue of Journal PROTONS

of Geophysical Research. Reprinted by permission.
Now at NASA Goddard Space Flight Center. The interpretation of the data received from

8 Now at Honeywell Co. the radiation detectors, when situated inside the
130
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complex payload passing through the unknown

radiation flux of the inner belt, requires a

knowledge of the probability of causing a count

in the detector for a proton of a given energy

incident upon the payload. These numbers are

a function of the impact point on the payload,

because the particle will lose a varying amount

of energy along its trajectory to the detector,

depending on the thickness and kind of material

through which it must pass. Therefore, the

counting rates will be expressed as an average

over the entire payload, or the rate in an

isotropic flux. Such numbers will be termed

the efficiency of the detector and will be ex-

pressed as the actual counting rate of a detector

situated inside the payload to an isotropic flux

outside the payload of 1 proton/cm _ sec at an

energy E, where E is in Mev.
The efficiencies of the four radiation detectors

to protons were determined in three steps: (1)

The responses of the detectors were first ascer-

tained for the detectors outside the payload

experimentally, theoretically, or both. (2) The
distribution of matter around the detector inside

the payload was determined. It was necessary

to know the fraction of the total solid angle (4_)

about each detector having a certain thickness
of absorbing material p_: ft(p_)/4_-. (3) Then a

monoenergetic, isotropic proton flux of energy

E0 was assumed incident upon the payload.

For the various fractions of the total solid angle

having known thicknesses of absorption, the

energy loss by the protons was calculated, so

that the remaining energy for the protons (E_)

incident upon the detector for each element of

solid angle was known. Then, from the re-

sponse curves of step 1, the counting rates of

the detectors for protons from each element of

solid angle were found, R_(E_). The total

efficiency for the entire 47r solid angle was just

the sum of the products of these responses

with the fraction of the 47r having the given
absorption:

a(pO
Efficiency _ _ Ri(E_) 47r

CALIBRATION OF THE ION CHAMBER AND

GEIGER COUNTER

The ion chamber and Geiger counter and

associated electronics have been described pre-

viously [Arnoldy, Hoffman, and Winckler, 1960].

These two detectors were exposed to a beam of

protons in the energy range zero to 36.8 Mev at

the University of Minnesota linear accelerator.

To obtain the low fluxes capable of being

counted by the detectors, the protons were

elastically scattered from helium, and the energy

of the scattered beam was varied by inserting

aluminum absorbers into the beam path. The
scattered beam flux was measured with a

NaI(TI) scintillator, whose output was moni-

tored with a twenty-channel pulse height

analyzer.

Table 1 is a summary of the experimental re-
sults and also includes the calculated response

of the chamber. Since there is excellent agree-

ment between the calculated response of the

chamber and its experimental measured re-

sponse, the energy range of the calibration was

extended to higher energies by accepting the
calculated values. From table 1 it is seen that

the Geiger counter response increases with

energy, reaching its full cross section of 0.710
cm 2 at 36.8 Mev for radiation incident normal

to its axis. Above this energy the response is
constant.

The mass distribution around the detectors

was determined by three methods: a knowl-

edge of the weights, sizes, and positions of the

packages inside the payload; the measurement

of the absorption of Co 6° _ rays; and, for the

regions where the thicknesses were less than

about 1 g/cm _, by the absorption of _ rays.
The matter around the ion chamber was di-

vided into nine different absorption thicknesses,

each with a chosen average thickness; the mat-

ter about the Geiger counter was divided into

seven regions. These are listed in table 2 along

with the fraction of the total solid angle sub-

tended by each region about the specific detec-
tor.

Using the knowledge of the responses of the

detectors outside the payload to protons and

the mass distributions, the efficiencies of the

chamber and Geiger counter were calculated;

they are plotted in figures 1 and 2.

Whenever a new fraction of solid angle opens

up, allowing protons with high specific ioniza-

tion to penetrate to the chamber gas, the com-

puted efficiency undergoes a sudden increase.
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TABL_ 1.--Experimental Results from Calibra-

tion of Ion Chamber and Geiger Counter to

Protons from University of Minnesota Linear

Accelerator

[The calculated response of the ion chamber is included
to demonstrate the agreement with experiment,

justifying the use of the calculated response at higher
energies.]

Ion Chamber, pulses
(proton/cm 2)

Geiger
Counter,

counts
(proton/cm 2)E,

Mev

Experimental Calculated Experimental
Response Response Response

4. 98 X 10 -5
3. 30 X 10 -5
2. 89 X 10 -5
2. 72 X 10 -5

5. 12 X 10 -5

3. 50 X 10 -5

2. 86 X 10 -5

2. 62 X 10 -5

18.7
28. 1
33. 3

36. 8

0. 000

0. 334

0. 595

0. 710

In reality, of course, such jumps would not

occur, because _(p)/4_ would be a rather smooth

function; therefore, the efficiency must be

smoothed out as shown by the straight lines in

the figure. This straight-line approximation

will be used in the calculations, because straight

lines on the log-log plot transform to power

law efficiencies of the form ',c (E) ---- KE a,

which are easy to use with power law spectra.

The equations of the three lines are given in

table 3.

Similarly for the counter, the calculated

curve has been approximated by the straight

lines on the log-log plot, the equations of the

lines being given in table 3. For energies

greater than 180 Mev, the protons enter the

Geiger counter from all directions, so that the

efficiency is the omnidirectional geometric

factor of 0.722 cmE

TABLE 2.--Various Average Absorption Thick-

nesses for Which the Matter Surrounding the

Ion Chamber and Geiger Counter in the

Explorer VI Payload Was Divided, along with

the Fraction of the Total Solid Angle Sub-

tended by Each Region about the Specific

Detectors

Region

Ion chamber:
1 ..................

2 ..................

3 ..................

4--

5--

6 ..................

7 ..................

8 ..................

9 ..................

Avg.
Thickness,

p_ g/cm 2

0. 574

0. 915

1. 10

1. 50

2. 00
2. 70

3. 75

7. 30
18

_(p,)

471"

0.0349

0. 0659

0.0143

1315

0. 0434

160
0. 142
0. 184
0. 224

Geiger counter:
I ..................

2 ..................

3 ..................

4 ..................

5 ..................

6 ..................

7 ..................

1.10 0.027
1.78 0.097
1.97 0.267

2.65 _ 033

3.92 • 135

7.50 0.190

18 0. 251

CALIBRATION OF THE TRIPLE COINCIDENCE

TELESCOPE

The University of Chicago triple coincidence

telescope has been calibrated outside the pay-

load to protons at the Chicago synchrocy-

clotron [Fan, Meyer, and Simpson, 1961, fig. 3].

The calibration curve given in their figure for

the triples was normalized to its omnidirectional

geometric factor of 2.82 cm _ at an energy of

1,000 Mev. To obtain the efficiency of the tele-

scope inside the payload, the assumption is

made here that the mass distribution about the

detector was not too different from that around

the ion chamber, and the efficiency was calcu-

lated in the same manner as for the chamber.

This calculated efficiency is plotted in figure 3,

and the equations of the straight-line approxi-

mations are given in table 3.

CALIBRATION OF THE SCINTILLATOR

The efficiencies of the Space Technology

Laboratories scintillator have been given for

protons and electrons [Rosen and Farley,

1961]. From this reference we have constructed

figure 4, and the equations of the approxi-

mating lines are given in table 3.
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TABLE 3.--Power Law Lines Approximating the

Efftciencies o/ the Four Radiation Detectors

Inside the Explorer VI Payload to Protons

[Efficiency is expressed as the actual counting rate
of the detector situated inside the payload to an
isotropic flux outside the payload of 1 proton/cm_
see at an energy E, where E is expressed in Mev.]

Detector Efficiencies

Energy Range, Mev Efficiency

Ion Chamber

< 23.6
23. 6. - 33.
33. - 60.
60. - 1,000.

> 1, 000.

0. 00
9. 69 )< 10-la E_._
4. 87 )< 10-6 _.18
5. 87 X 10-a E -°'_
1. 26 )< 10-_

Geiger-Miiller Counter

<36. 4
36. 4-- 50.
50. -- 67.
67. -- 180.

> 18o.

0. 00
3. 73 )< 10-24 E m9
2. 64 )< 10 -6 E _._
2. 18 )< 10-_ E °.6rs
0. 722

Proportional Counter Telescope

< 68.
68. -- 92.
92. -- 140.
140.- 200.

> 200.

0. 00
9. 73 )< 10-_ _-_0._
2. 92 X 10-" _-_.0*
5. 43 X 10-s _.18
2. 82

Scintillation Counter

<2.
2. -- 10.

10. -- 180.
> 180.

0. 00
2. 1 X 10-4
1.0 X 10-3 E 1.57
3.5

ION CHAMBER AND GEIGER COUNTER

DATA

The time resolution of the data received

from the detectors while the satellite was

passing through the inner belt was often quite
coarse, for two reasons: the satellite was

moving very fast during this part of the orbit

where it was approaching perigee; and the

counting rate of the Geiger counter was high

enough so that the rate sampled from the eighth

binary was filtered out, leaving only the sam-

pling from the seventeenth binary, which
switched only a few times while in the belt.

Also, the chamber pulsing rate was scaled down

by 32, making the chamber cycles quite long.
Figure 5 shows the data from one of the

more completely recorded passes through the

inner belt. Figure 6 is a map showing contours
of constant counting rate for the counter from

data obtained from five passes between August

11 and August 21, 1959. Although inner-belt

data were received through October 2, the

present trajectory data after August 26 are not

sufficiently accurate to allow the data to be

incorporated into a contour map. The dipole

approximation has been used, but, since all the

telemetry was received at the Singapore station,

the longitude interval spanned by the data runs

only from 62 ° to 139 ° E. In this region the

dipole shells are very nearly parallel to the

actual magnetic field shells, and so the longitude

effect does not introduce errors in plotting the
data on a common meridian plane. The con-

tour plot also indicates the position of the

maximum counting rate for each of the five

passes (shown by X's). The only measurement
indicating the locus of the maximum of the

inner belt near the geomagnetic equator was
that obtained from the inbound part of the

Pioneer III flight, for which the counting rate
of the Anton 302 counter aboard was still

increasing at about 10,500 km geocentric

range, only a few degrees from the geomagnetic

equator [Van Allen and Frank, 1959a]. There-

fore, the maximum of the inner belt is appar-

ently at a geocentric range of about 10,000 km

at the equator, and follows down this line of

force to a magnetic latitude of about 25 °,
where it turns outward.

In figure 7 is plotted the ratio of the ion

chamber rate to the Geiger counter rate divided

by this ratio for minimum ionizing protons (1.57

X 10 -_ pulse/count). Since the pulsing rate of

the chamber is proportional to the rate of ioni-

zation in the chamber, the ratio is a measure of

the average ionizing power, or the average en-

ergy of the incident radiation. Although there
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FIGURE 1.--Effwiency o] ionization chamber (inside Explorer 1/1 payload) to protons.

does not seem to be any large variation in aver-

age energy in the belt, there is a tendency to
hardening toward the low-altitude side of the

belt, and perhaps a slight hardening toward

lower latitudes. Van Allen and Frank [1959b]

report a similar observation by the two counters
aboard Pioneer IV. It is also noticed from fig-
ure 5 that the radiation is hardest in the slot

between the two belts, at a time 2315:30 UT

for pass 12, probably indicating high-energy
electrons (above 2.86 Mev) from the inner side
of the outer belt.

PROTON SPECTRA

Since the discovery of the inner radiation
belt by satellite 1958a, a number of workers
have flown emulsions and counters into the

radiation to determine its nature and energy

spectrum. Both protons and electrons have

been found, and the energy spectrum of the

protons has been measured a number of times

at different positions. The electron flux is

known to be much larger but not nearly so

penetrating as that of the protons.
From the ratio of chamber to Geiger counter

rates, it is possible to determine the energy

spectrum of the protons in the inner belt; then
from the rate of either detector the flux can be

calculated. However, it must be shown that

the detectors are counting only protons; that is,

the maximum energy of the electrons must be

below the threshold energy for direct detection

by the instruments (1.50 Mev for the chamber
and 2.86 Mev for the counter). Also the con-

tribution to the count rate from bremsstrahlung

must be small. Unfortunately, the maximum

electron energy has so far evaded accurate
measurement. Freden and White [1959] place

an upper limit of one percent on the ratio of

the number of electrons to protons that can

penetrate 6 g/cm 2 of material (75 Mev for

protons, 12 Mev for electrons). Armstrong,
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FIGURE 2.--E.ff_ciency oJ Geiger counter (inside

Explorer VI payload) to protons.

Harrison, and Rosen [1959] report that electrons
greater than 11 Mev exist in an abundance of

less than 5 percent of protons having energy

over 70 Mev. Holly, Allen and Johnson [1961]

flew packages of eight Geiger tubes shielded by
various amounts of metal absorbers into the

inner belt to obtain range spectra. The data

are consistent with an end point electron energy
between 700 and 800 key, although it could run

to higher energies. Van Allen and Frank

[1959b] believe that the electrons have energies

ranging up to about 1 Mev, with a spectrum

rising strongly toward lower energies. They
give a flux in the heart of the inner zone at an

altitude of 3,600 km on the geomagnetic

equator of about 107 electrons/cm _ sec sr with
energy greater than 600 kev.

With the above measurements as evidence,

the assumption will be made here that the

electron flux entering the ion chamber and

Oeiger counter while Explorer VI was passing

FIGURE 3.--Approximate ej_ciency oJ propor-

tional counter telescope (inside Explorer VI

payload) to protons.

through the inner belt was small compared with

the proton flux. This assumption places an

upper limit in energy of 1.5 Mev for electrons.

Although it has been demonstrated by Freden

and White [1960] that the proton component

above 40 Mev is due to albedo neutrons pro-

duced ia the atmosphere by cosmic rays, it is

doubtful that such a source is strong enough to

account for the electron flux [Kellogg, 1960].

Since another electron source is apparently

necessary, it is not justifiable to assume that the

maximum electron energy is that from/_ decay

of neutrons, about 800 key.
Because the ion chamber and counter have

different efficiency curves to protons, it is

possible to solve for two parameters in any

analytically expressed spectrum of particles.

Since it is known that the protons of the inner

belt follow closely a power law energy spectrum

dN/dE ---- NcE-_ [Freden and White, 1959],

the determination of No and -_ will be exhibited.

765-698 0--6.5--10
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FIGURE 4.--Approximate eyTciency o] scintilla-
tion counter (inside Explorer VI .payload)
to protons.

From the efficiencies of the detectors, as ex-
pressed in the power law form in table 3, the
pulsing rate of the chamber to a differential
energy spectrum dN/dE = NoE-_ is

yo dNRxc = _ _Ic( E)dE = NoF_c(v)

or No times a function of _; and the counting
rate of the counter is

fo dNRuu = _-E eoM(E)dE = NoFoM(_')

Hence the ratio of the ion chamber rate to

Geiger counter rate is a function of _ only:

R_c NoFlc(_)

Ro_ NoFau(_')
F(_)

By placing various values of 7 into the count-

d
tlJ
tD

I00
(D
I--
Z
:D
0
0
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Z
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FIGURE 5.--Data .from ion chamber and Geiger

counter ]or a typical pass o] Explorer VI
through the inner belt.

ing rate integrals, and carrying out the integra-
tions, a curve of the ratio versus 7 is obtained,

and is plotted in the upper part of figure 8.
After _ has been determined for an incident

flux of protons, No can be calculated from the
counting rate of either detector:

No = RoM/FoM(_f)

NolReM = llFo_('_) is also plotted versus

in figure 8.
The above procedure will now be applied to

data obtained in the inner belt. As an example,

from figure 8 or from table 4, the summary
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FIGURE 7.--Ratio of ion chamber rate to Geiger

counter rate divided by ratio for minimum

ionizing protons. The ratio is given at the

position o{ the maximum Geiger counter rate

for a pass, marked by an X, and for one point

on either side of the maximum, marked by a
circle.

FIGURE 8.--Assuming a power law spectrum of

protons, the top part of the figure shows the

relationship between the ratio of ion chamber to

Geiger counter (times minimum), calculated

from their respective e ff_ciencies, and the

exponent _. The bottom part of the figure

shows the relationship between "y and No�RaM.
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TABLE 4.--Summary of Inner-Belt Data and Calculations

Pass
No.

10
12
25
27
14

57
72

89

104
106

85

102

Date

Aug. 12 .........

Aug. 13 .........

Aug. 20 .........

Aug. 21 ..........

Aug. 15 .........

Sept. 6 ..........

Sept. 14 .........

Sept. 23 .........
Oct. 1 ...........

Oct. 2 ...........

Sept. 21 .........

Sept. 30 .........

Mag. Lat.

--31.8 °
--29.2 °
--28.4 °
--26.5 °

--25.3 °

--24.5 °
--23.5 °
-- 23.0 °
-- 22.0 °
-- 22.00

--21.5 °
--21.0 °

Rang,

8740

8660

8625

8460

8490

Counter
Rate

_600

790

880
_900

1730

1900

1850

2200

2840

3100

1450

_3300

Ratio X
Minimum

4.75

4.72

4.61

4.82

4.50

No/ R

1.67 15.0

1.66 14.5

1.64 13.0

1.68 16.0

1.62 11.5

'1.65 114.0

Spectrum

0.90)< 1@
1.14)< 1@

1.14)< 104

1.44>< 104

1.99)< 10 _

14.0X R)<

2.66)< 10
2.59>( 104
3.08)< 10 _

3.98)< 10 _

4.34)< 104

2.03X 104

4.62)< 104

Protons
(cm 2 see

Mev)

E-I ._

E-' .66

E-I .$4

E-1"$8

E-1 .ill

E-I ._

E-' ._

_-1 ._

E-' ._
E-I._

E-' "_

.E-' .65

E-' "_

' Average.

table for the inner belt, the ratio of chamber to

counter at the maximum Geiger counter rate

of 790 counts/sec in the inner belt for pass 12

is 4.72 times minimum ionizing protons. From

figure 8, a ratio of 4.72 corresponds to a _, of

1.66, and for a _/of 1.66, No�R---- 14.5. Therefore

the proton spectrum at the maximum of the

inner belt at --29.2 ° latitude is dN/dE

-----1.14)< 104E -' '_ protons/cm _ sec Mev. Table

4 summarizes, in order of decreasing magnetic

latitude, the proton spectra obtained in this

manner up through pass 27. After pass 35, on

August 25, no ion chamber data were received,

and so the spectra could not be calculated.

However, over a change in magnetic latitude

of 6_ °, the spectrum remained quite constant

with the average value of _ equal to 1.65.

Hence, assuming that such a spectrum continues

down to a latitude of --21.0 °, the table sum-

marizes the spectra for the remaining passes on

which usable data were obtained.

The remainder of table 4 beyond pass 27

requires an explanation. It was mentioned

that the trajectory data beyond pass 36 were not

sufficiently accurate to be incorporated into the

contour plot, figure 6. The assumption is here

made that the error in trajectory is not one in

spatial position, but one of time along the orbit,

as evidenced by comparison of the newly com-

piled trajectory through pass 36 with the origi-

nal tra{ectory data. Consequently, the lati-

tude of the maximum was determined by finding

the intersection of the orbit with the 10,000-kin

line of force. The time shifts to bring the ob-

served maximum counting rates into coinci-

dence with the line of force are reasonable except

for passes 72 and 85, which require shifts of 9

minutes. The orbits of all the passes used later

than pass 36 were north of those before pass 36.

It was mentioned above that there was no

large variation in average energy during pas-

sage through the belt. It is seen from figure

7 that the ratio at ranges beyond the maximum

intensity is usually slightly larger than at the

maximum, the largest being 5.05 times mini-

mum, whereas those on the inner side of the

maximum are slightly lower, the smallest being

3.90. These ratios correspond to _'s of 1.72 and

1.53, respectively, a rather small change in slope

of the spectrum.

It is also noticed from table 4 that there is a

progressive hardening of the radiation (lowering

in exponent) with decrease in latitude, except

for pass 27. However, the Geiger counter rate

at maximum intensity for this pass is not accu-
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rately known, and could be somewhat higher,

causing a lower ratio, and therefore smaUel _.

It is of interest to check the spectrum ob-

tained from the chamber and counter rates by

calculating from it the counting rate that
should have occurred in the triple coincidence

telescope, and comparing this with the actual

rate for a particular pass. Since the counting

rate of the telescope in the inner belt has been

published for pass 27 [Fan, Meyer, and Simpson.

1960], the spectrum used is dN/dE----1.44XlO 4

E -1-68. This spectrum and the efficiencies

listed in table 3 are inserted into the counting-

rate formula,

¢. dN
Rate = J0 _*P'°P(E)dE

and the rate of 2185 counts/sec is obtained. The

maximum actual counting rate for the inward

portion of pass 27 is about 1850 counts/sec, only

18 percent lower. Assuming the accuracy of the

efficiency curves, such a reduction over the cal-

culated value of triples counting rate indicates

that the spectrum falls off more steeply than

E -1"88 at high energies since the major contribu-

tion to the above integral comes from energies
above 200 Mev. Such an increase in exponent

with energy has been observed by Freden and
White [1960] with emulsions.

ELECTRON FLUXES

For the Space Technology Laboratories' scin-

tiUation counter, the assumption that the

counting rate in the inner belt is due solely to

protons cannot be applied, because the low-energy

cutoff for electrons is about 200 key [Rosen

and Farley, 1961]. It is of interest, however,
to determine what fraction of the scintilla-

tor counting rate could possibly be due to pro-

tons. The spectrum given in table 4 for
pass 25 and the scintillator efficiencies from

table 3 are placed in the counting-rate equation,

which gives a scintillator rate of 3680 counts/

sec. The assumption is made in this equation

that the proton spectrum determined from the

chamber and counter extends down to an energy

of 2 Mev, the low-energy cutoff for the scintil-

lator. This rate of 3680 counts/sec is negligible

in comparison with an actual rate of 4.5 X 10 s

counts/sec, which, after correction for binary

failure and saturation effects, gives a true rate

of 4 X 105 counts/sec [Rosen and Farley, 1961].

Naugle and Kniflen [1961] have recently pub-

lished the results of their study of the proton

spectrum as a function of position in the inner

belt, down to energies of 8 Mev. They found

that, at higher latitudes, the slope of the spec-

trum below 30 Mev steepens considerably. At

about 33 ° magnetic latitude the spectrum is

given by

J(E) 3.2 :t: 0.6 X 106
-_ E4.5.o.6 protons/cm_ sec sr Mev

Such a steepening would increase the calculated

counting rate of the scintillator over that given

above. Hence, a proton spectrum incorporating
these results below 30 Mev will be determined

for use in the scintillator rate calculation. The

emulsion data were gathered at the lower-alti-

tude side of the belt, where the intensity is less

than at the maximum. Therefore, below 30 Mev,

the spectrum will be taken as dN/dE = KE -4"5,

and K is determined by normalizing this spec-
trum at 30 Mev to the one used above 30 Mev:

dN/dE-_ 1.44 X 104E-1"_

K is then found to be 1.90 X l0 s.

Putting this double-sloped spectrum into the

counting-rate equation, along with the efficien-
cies in table 3, gives a counting rate for the

scintillator of 5,490 counts/sec, again well below

the actual rate. Therefore, the scintillator

counting rate in the inner belt must be ascribed

principally to electrons. The efficiency for elec-
trons between 200 and 500 key is 2.1 X 10 -4,

and at slightly above 500 kev, 3.7 X 10 -_

[Rosen and Farley, 1961]. These factors would

yield fluxes in the inner belt of about 2 X 109

electrons/cm _ sec between 200 and 500 kev, or

1 X 107 electrons/cm _ sec above 500 key for the

true counting rate of 4.0 X 105 counts/sec.

The measurements are for pass 25 at about

--28.4 ° magnetic latitude.

The interpretation of the scintillator count-

ing rate in the inner belt as due to electrons

explains the noncoincidence of peak counting

rates of the scintillator and proportional counter

telescope while passing through the inner belt.
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TABLE 5.--Comparison of Exponents to Power
Law Spectra for Protons from Data in Inner
Belt

I Altitude, Energy
Experiment km Mag. Lat. _, Range,

Mev

Emulsions

o
25 ....... 1.84 75-700Freden and

White

[1959].

Armstrong
and Heck-

man

[i961].

Naugle and

Kniffen

[1961].

1,230 max_

1,200 av

1,170 max_

1,080 av

1,600 .....

22 ° .......

o27_ ......

1.80

1.7

80-600

40-100

Counters, etc.

Holly, Allen,
and John-

son [1961].

Flight 4 .....

Flight 5 .....

Explorer VI
chamber

and

counter.

940 .......

1,I00 .....
2,225 av___

26 ° ......

o19 .......
o-- 28.2 av_

1.42

I. 68

1.65

_17.5

_23

_23.6

This is shown in Figure 11 of Ro_en and Farley
[1961], where the scintillator peak is at a range
250 km larger than the telescope peak.

The good agreement between the calculated
counting rate of the telescope and the actual
rate adds a justification to the assumption that
the electron flux entering the ion chamber and
Geiger counter in the inner belt was small com-

pared with the proton flux, placing an upper
limit of about 1.5 Mev for electrons in the inner
belt.

COMPARISONS WITH OTHER EXPERIMENTS

Besides the satellite measurements, there
have been several emulsion flights and two
counter flights into the lower side of the inner

belt. Since they have occurred at different

geographic locations, it is difficult to compare
their relative intensity measurements, but the
exponents (-y) to the power law energy spectra
determined from the various data are of in-
terest. Table 5 summarizes the results.

Above about 100 Mev, the proton spectrum
obtained from emulsions is in good agreement
with that expected from neutron albedo decay
[Freden and White, 1960]. Below 80 Mev, the

calculated neutro_ decay spectrum falls off to
an exponent of only 0.72.

The spectra derived from both Geiger counter
experiments and the chamber and counter com-
bination are somewhat less than the spectrum

from emulsions, probably for two reasons.
First, the exponent decreases with decreasing
energy. Since the spectra derived from the
counters and chamber are average spectra valid
to lower energies than those quoted for the
emulsions, the exponent would be expected to
be smaller. Recent emulsion work to low

proton energies has also shown that there is a
small maximum at 30 to 40 Mev, and a mini-
mum at about 20 Mev at latitudes lower than

Naugle and Kniffen's flight [Freden and White,
1961; Armstrong and Heckman, 1961]. This
falloff in intensity from a power law at low
energies would also tend to lower the exponent
derived from Geiger counter experiments. The
sharp rise in spectrum at energies below 30
Mev found by Naugle and Kniffen [1961] would

probably not affect the chamber and counter
combination, because the low-energy proton
cutoffs are at 23.6 and 36.4 Mev, respectively.

Therefore, we can conclude that the spectra at
the inner belt maximum derived from the
chamber and counter are not in disagreement

with the spectrum from neutron albedo decays.

No other electron fluxes have been measured

at the latitude where Explorer VI crossed the
maximum of the belt. Van Allen, on the basis

of observations from Explorer ]V and Pioneer
III, has suggested tentative fluxes at the heart
of the inner zone on the geomagnetic equator

[Van Allen and Frank, 1959a]:

Electrons
_20 kev _2 X 101°/cm 2 sec
_600 kev _2 X 108/cm 2 sec

To these estimates are now added the scintil-
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lator measurements at -- 28.4 o geomagnetic lati-
tude:

Electrons

200-500 kev _2 X 10°/cm _ sec
or

500 key _1 X 107/cm = sec

TIME VARIATIONS

The contour plot of figure 6 contains three

passes, 10, 12, and 14, during a quiet time
before the magnetic storm of August 16, 1959,

and two passes during and after considerable

magnetic activity, passes 25 and 27. Between

passes 14 and 27, the outer belt underwent

large changes in intensity. The Geiger counter

first showed a decrease to an intensity one-third

that of the prestorm value, and then an increase

by a factor of 5 above the prestorm value

[Arnoldy, Hoffman, and Winckler, 1960]. The

inclusion of passes 25 and 27 in the plot produces

smooth contour lines, especially on the low-
altitude side of the maximum. From this

analysis, the data are consistent with no time

variations due to magnetic activity.

Figure 9 is a plot of the maximum counting

rate for each pass versus geomagnetic latitude,

as listed in table 4. Except for passes 27 and 85

the points fall reasonably near a smooth curve.

There were magnetic storms between almost all

the passes beyond pass 72. Hence, if proximity
to the smooth curve is taken as the criterion for

stability, the inner belt does not change more

than about 10 percent.

Passes 72 and 85 can possibly be accounted

for by trajectory error, as was previously men-
tioned. Pass 27 remains somewhat trouble-

some. Even though the maximum rate could

not be read accurately, it is most likely not
higher than 1,000 counts/sec. It is noticed from

figures 6 and 7, however, that the range of the
maximum is slightly smaller than where the sur-

rounding passes indicate that it might be. Mov-
ing the maximum to the intersection of the orbit

with the line of maximum intensity shown in

figure 6 displaces the latitude of the maximum

almost one degree south. This displacement,

coupled witn a true maximum rate of 1,000

counts/sec, brings the point within 10 percent

of the line in figure 9. It should be pointed out

that there is still a question about the accuracy

141

5000

tU
u_

¢/)
l-
Z
_)
0
r_

_E
_)

x

lOOC

500

i i

I i

\io2
o.,,_I06
Io4o\

89°._"?,,,,,57
72o o14

12_'_

,O_Oo' ' ' ' '
GEOMAGNETIC LATITUDE

FmURE 9.--Maximum Geiger counter rate vs.

magnetic latitude o] the maximum .for each

pass through the inner belt .from which data
were received.

of even the new trajectory data near perigee

(J. A. Lindner, private communication). With
this fact in mind, it seems possible that the data

plotted in figure 9 might be consistent with no
time variations in intensity of the inner belt

due to magnetic storms for protons of energies

greater than about 30 Mev.

SUMMARY

The principal results obtained from this

investigation are: (1) For an assumed power

law energy spectrum for the trapped protons,
the spectrum has a form 1.14 X 104 E -l"u at

the maximum intensity at about --28 ° mag-

netic latitude. Spectra for other latitudes are

listed in table 4. (2) The radiation becomes

slightly softer with increasing range through
the belt, and with increasing latitude. (3) Elec-

tron fluxes at the maximum intensity at --28 °

magnetic latitude are about 2 X 109/cm 2 sec
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from 200 to 500 key, or about 1 X 107/cm 2 sec
greater than 500 key. (4) The proton spectra
through the belt are not in disagreement either
with those previously published or with the
spectrum calculated from the neutron albedo de-
cays. (5) An upper limit of about 10 percent is
placed on time variations of the proton com-

ponent due to magnetic storms, although the
data are probably consistent with no variations
at all.
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4. The Outer-Zone Electrons
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A study is reported of the data from the radiation detectors aboard the Explorer VI
earth satellite (19598_. launched August 7, 1959) as the spacecraft passed through the outer

zone during a period when the count rate time variations and the geomagnetic activity were
low. The radiation detectors aboard the satellite were an ionization chamber, a Geiger counter,
a proportional counter telescope, and a scintillator. Extensive calibrations were made to

determine the response of these detectors to monoenergetic electrons when inside a spare pay-
load. In using these calibrations and fitting assumed power-law spectra of electrons to the

data, it is seen that the spectrum is flat and must extend to several Mev at the small ranges,
with the ion chamber and Geiger counter responses there due primarily to direct electron
detection. The intensity of the energetic electrons is shown to decrease with increasing
range as the spectra steepen and the radiation softens, resulting in an increasing contribution
of bremsstrahlung to the rates of the chamber and Geiger counter. Any attempt to utilize
the bremsstrahlung response of the Explorer VI detectors to determine fluxes is useless if an

appreciable portion of their counting rate is produced by direct energetic particles. The
spectral shape of the outer zone as suggested by this analysis allows us to interpret the
minimum observed in the Geiger counter rate at an equatorial geocentric range of 19,000 km
as having spectral-detector origin rather than as representing the removal of radiation by
an anomaly in the earth's magnetic field. This analysis is only capable of fitting trial
spectra to the data; the procedure does not eliminate the possibility of more complex spectra
existing in the outer zone which would lead to different conclusions about the nature of the
trapped radiation. , J

This paper reports a study of the energetic

radiation trapped in the outer Van Allen zone,
using data from the detectors aboard the Ex-

plorer VI satellite. The orbit of Explorer VI

was very elliptical, with an apogee of 48,800

km and perigee of 6,600 kin. Since the period

of revolution was about 12 hours, the satellite

1 Published in the July 1962 issue of Journal of Gea-
physical Research. Reprinted by permission.

s Now at Honeywell Co.
3 Now at NASA Goddard Space Flight Center.

passed twice a day nearly through the heart of

the outer zone. Owing to the slow precession

of the orbit and the inclination of the earth's

magnetic axis to its spin axis, the satellite

swept through a considerable part of the outer

belt. The upper part of figure 1 shows the

average Geiger counter rate in the geomagnetic

equatorial plane versus range Compiled from

the first fifteen passes; the lower part is a plot

of the orbit of a typical pass, pass 12, for a

rectangular coordinate system.

143
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FZGURE 1.--Top: Average Geiger counter rates

and ratios of ion chamber to Geiger counter

rates on the geomagnetic equatorial plane

versus geocentric range compiled from the first

fifteen passes. The dashed line in the Geiger

counter curve represents an extrapolation to the

equator made from a plot of contours of constant

counting rate. The arrow marks the equatorial

positiou of the shell upon which Walt and

co-workers meazured an electron spectrum.

Bottom: A rectangular plot of the orbit of
Explorer VI for pass 12.

Data were obtained from Explorer VI for

approximately two months, and time variations

associated with geophysical events were re-

corded during this period. The first fifteen

passes of the satellite will be considered the

normal state or 'quiet time' representation of

the trapped radiation in the outer zone as

measured by Explorer VI, since no significant

intensity variations occurred during this period.

This paper will discuss the trapped radiation as

measured along the orbit of a quiet time pass,

pass 12, between geocentric ranges of 11,000

and 37,000 kin. Within these ranges the satel-

lite on the outgoing part of pass 12 did not

move more than 30 ° off the geomagnetic equa-

tor, as can be seen in the lower part of figure 1.

In figure 2 are plotted the ratios of the ion

chamber to Geiger counter rate for the quiet

time passes measured along the line of force

that crosses the equator at a geocentric range of

17,000 km. This plot shows that the ratios re-

main constant along the line of force from the

equator to at least 30 ° latitude, indicating that

the spectrum of the radiation to which the ion-

ization chamber and Geiger counter are sensi-

tive does not change in this interval. Experi-

mental ion chamber to Geiger counter ratios

along other lines of force give similar results.

Consequently, radiation measured along the

orbit will be nearly identical to that in the

equatorial plane when traced down appropriate

lines of force to the equator. This is further

indicated by the similarity in the shape of the

curve for the average ratio of the ion chamber

rate to the Geiger counter rate versus range in

the equatorial plane in figure 1 (top) and the

curve for the same ratio versus range along the

orbit in figure 4.

However, from figure 2 it should be noticed

that for latitudes greater than 30 ° the ratios in-

crease, indicating that the spectrum does change
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netic latitude along the line of force.
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at large distances off the equatorial plane and
near the earth. This point will be discussed fur-

ther when the measurements along the orbit are
compared with low-altitude outer-zone data.

Counters aboard the Pioneer III space probe,
launched December 6, 1958, first measured the

trapped radiation as having two distinct in-

tensity peaks [Van Allen and Frank, 1959a],
now commonly called the inner and outer zones.

Since that time several space probes and satel-

lites have passed through the outer zone, among
them the Explorer VI satellite. The results ob-

tained from this analysis of the Explorer VI

data will be compared with the other measure-
ments.

Unless otherwise stated, ranges used in this

discussion will refer to geocentric distance to
positions on the orbit.

EFFICIENCIES

Before we can study the outer zone it is

necessary to know the radiation response
characteristics of the detectors aboard Ex-

plorer VI. These detectors are the University

of Minnesota ionization chamber and Geiger
counter (Arnoldy, Hoflman, and Winckler,

1960a], the University of Chicago proportional

counter [Fan, Meyer, and Simpson, 1960], and

the scintillator furnished by Space Technology

Laboratories [Rosen and Farley, 1961]. The

counters of the University of Chicago experi-

ment were operated in the semiproportional re-

gion with the circuitry simply counting all
pulses above a fixed bias. Both the count rate

from one of the counters and the triple coinci-

dence rate were telemetered. In this study the
single rate is used unless otherwise stated. The
scintillator count rates used in this discussion

are the observed rates corrected for a binary
failure and saturation.

Because of electron bremsstrahlung and the
complicated distribution of matter about the

detectors in which it is produced, the detector

responses to electrons from 30 key to 1 Mev

were obtained experimentally. To obtain these

responses or efficiencies calibration experiments

were performed jointly by the experimenters,

with the detectors inside a spare payload.
From zero to 90 key a small d-c electron acceler-

ator constructed at the University of Minnesota

for this purpose was used. Electrons from
several hundred key to 1 Mev were obtained

from a Van de Graaff generator (Hi Voltage

Engineering, Inc.) and a Cockcroft-Walton
electron accelerator (General Electric Co.).

For the calibration of the ionization chamber

and Geiger counter, the surface area of the pay-
load was divided into 86 approximately equal

areas, many of which were further subdivided

if they were close to the detectors. About 140

spots on the payload surface were bombarded

with electrons at various energies and known

currents while the detector rate inside the pay-

load was monitored. The response from this

bombardment at a given energy was integrated

over the whole surface of the payload to obtain

the efficiency of the detector. The efficiency is

expressed as the actual counting rate of the

detector inside the Explorer VI payload when

the payload is immersed in an isotropic flux, J0,

of 1 electron/cm 2 sec at an energy E (key).

(J0 has the usual definition ,that is, the counting

rate of a spherical counter of 1 cm 2 cross

section.)

To obtain the efficiency of the ionization

chamber and Geiger counter beyond I Mev, /_-

and "y-ray measurements of the payload thick-
nesses for various directions of incidence were

made. These absorption measurements were

then used in conjunction with the positions in

the payload, wall thicknesses of the detectors,

and the sensitivity and gas pressure of the
ionization chamber to calculate the efficiencies

of the counter and chamber.

The efficiencies of the proportional counter
and scintillator obtained from the calibrations

have been published [Fan, Meyer, and Simpson,

1961; Rosen and Farley, 1961]. Figure 3 is a

plot of the efficiency curves for the four detec-

tors. The proportional counter efficiency curve

is a factor of 4 lower than that given by Fan,

Meyer, and Simpson [1961], because it is ex-

pressed in terms of the isotropic intensity in

space. The scintillator efficiency curve was ex-

tended beyond the 1-Mev value given by Rosen

and Farley [1961] by requiring it to approach

the detector geometrical factor of 3.5 cm 2 at

energies sufficient for electron penetration of

the payload from every direction about the

detector, taken as 50 Mev. Likewise, the pro-
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portional counter efficiency curve was extended

to approach its omnidirectional geometrical
factor of 5.5 cm _ at 50 Mev.

TABLE 1

Proton Energy,
Mev

36
40
50
60
75

Ion Chamber Rate
GM Rate X Minimum

co

35
18
13
8

The discontinuity in the ion chamber effi-

ciency curve at 1.55 Mev and in the Geiger
counter curve at 2.86 Mev shows that some

electrons above this energy were able to pene-

trate certain parts of the payload and reach the

chamber and counter directly, instead of being
detected through the less efficient bremsstrah-

lung process. The proportional single counter

was surrounded by 5 g/cm _ of lead, so that no
electrons below 13 Mev could be detected

directly. The scintillator had an electronic bias

so that its theoretical threshold for photon

detection was about 220 key [Rosen and Farley,

1961]. From 200 to 500 kev electrons were

detected through a thin aluminum window in

the payload skin; above 500 key the electrons

could penetrate a significant fraction of the

payload skin to produce the discontinuity in

the efficiency curve.

The proton sensitivities of the ionization

chamber and Geiger counter are presented in

an article by Hoffman, Arnoldy, and Winckler

[1962]. For the ionization chamber, the thresh-

old for proton detection was 23.6 Mev, and for

the Geiger counter it was 36.4 Mev. The pro-

portional counter, being shielded by 5 g/cm _ of

lead, had a threshold when in the satellite of

about 75 Mev [Fan, Meyer, and Simpson, 1961].

By detection of protons through the window in

the satellite skin, the scintillator could measure

protons above 2 Mev in energy with an omnidi-

rectional factor of 2 X 10 -_ cm _ [Rosen and

Farley, 1961]. For detection of protons pene-

trating the satellite skin the threshold of the
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scintillator was 10 Mev, the omnidirectional

factor increasing to 4 X 10 -3 cm 2.

Measurements made by Van Allen and Frank

[1959b] with detectors aboard Pioneer IV,

launched March 3, 1959, gave an outer-zone

proton flux for energies greater than 60 Mev of

less than 100 particles/cm _ sec. Instruments

flown on the Cosmic Rocket II [Vernov,

Chudakov, Vakulov, Logachev, and Nikolayev,

1960], launched September 12, 1959, detected

less than 1 proton/cm * sec of energy greater

than 30 Mev. The data from the proportional

counter telescope aboard Explorer VI are con-

sistent with these results in detecting no protons

above 75 Mev energy in excess of the galactic

cosmic-ray background [Fan, Meyer, and Simp-

son, 1960]. The large rate, then, of the propor-
tional singles .counter aboard Explorer VI can

only be attributed to electrons.

For the ionization chamber and Geiger

counter, protons of 75 Mev energy make their

ratio of rates 8 times that for minimum ionizing

radiation. This ratio rapidly increases to

infinity for lower proton energies, as can be seen

in table 1, because of the larger threshold of the

Geiger counter. If a significant number of pro-

tons below 75 Mev are trapped in the outer

zone, they would have to be concentrated be-

tween geocentric ranges of 19,000 and 33,000
km where the measured ratio of the ion cham-

ber rate to the Geiger counter rate was above 8.

Furthermore, there can be no significant con-

tribution to the rates by protons of energy

between 24 and 50 Mev, since this radiation

would increase the measured ratio much beyond
the maximum value of 18 times minimum ioniz-

ing that was observed. Thus, for an appreci-

able proton contribution to the ion chamber and

Geiger counter rates in the outer zone, the

protons would have to be trapped in a very

narrow range interval and have energies be-
tween 50 and 75 Mev. In view of this and

the results of the previous measurements, the

analysis presented here will contend that only

electrons were detected by the ion chamber

and Geiger counter.
It is more difficult to understand the scintilla-

tor rates, but, if they are due entirely to pro-

tons, they require a steep spectrum of l0 s to 10 '°

protons/cm * sec between energies of 2 to 75

Mev. But such a steep spectrum has a suffi-

cient number of protons in the energy interval

24 to 36 Mev, that is, between the ion chamber

and Geiger counter thresholds, so that the ratio
of the rates of these two detectors would become

very large and be inconsistent with the meas-

ured values. We cannot rule out the possi-

bility that a large flux of protons between 2 and
24 Mev exists in the outer zone and was detected

only by the scintillator. However, if the scin-

tillator rate was due entirely to protons of

2-Mev energy, the energy density of the radia-

tion would exceed that of the trapping field at

the heart of the outer zone; similarly, a mono-

energetic flux of 24-Mev protons producing the

counting rate of the scintillator would nearly

equal the field energy density. It will be

assumed here that electrons, which produced

the rates of the other detectors, rather than

protons, contributed predominantly to the

scintillator rate.

EXPERIMENTAL OBSERVATIONS

The Geiger counter rate along the orbit of

pass 12 is plotted versus range in figure 4,

along with the ratios ion chamber to Geiger
counter (ion/GM), proportional singles rate to

Geiger counter (prop/GM), and scintillator rate

to Geiger counter (scint/GM). The major

quiet time characteristics of the outer-zone

electrons measured by the Explorer VI detectors

are displayed in this plot. First, the Geiger

counter shows two maxima in its counting rate.

The proportional counter singles rate would

likewise show these peaks in approximately the

same spatial configuration, but the relative

intensity of the two peaks is quite different for
the two instruments. The scintillator detects

three maxima in count rate [Rosen and Farley,

1961], the third being beyond the two seen by

the Geiger counter. The spatial intensity

distribution as detected by the ion chamber,

proportional counter, and scintillator will be

analyzed by studying their rates in ratio to the

Geiger counter rate as plotted in figure 4.

The second characteristic of the outer zone

is that the ion/GM ratio varies smoothly with

radial distance and is quite closely followed by

the prop/GM ratio. It is not clear whether the
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FIGURE 4.--Geiger counter rate and the ratios

oJ the rates of the detectors to the Geiger counter

rate measured along the orbit oJ pass 12. The

geocentric range is measured to points on the
orbit.

decrease in the prop/GM ratio beyond 29,000

km and its subsequent increase is a significant

effect or a manifestation of the large fluctuations

in the ratio at large distances as seen by Fan,

Meyer, and Simpson [1961]. These fluctuations

could arise from the slightly different time in-

tervals over which the counting rates of the

instruments in ratio are obtained. At high

counting rates such time differences are neg-

ligibly small, but with decreasing intensity of

the radiation the different scaling factors for

the two instruments cause shifts in the time

intervals over which the rates are taken.

Third, thc ratio of ion/GM shows no maxima

coincident with count rate maxima but rises

steadily to reach a peak ratio at 26,500 km and

then decreases rather slowly to the cosmic-ray

ratio of about 3 times minimum ionizing. The

last point to observe in figure 4 is the large

increase in the ratio of scint/GM after the

maximum in ion/GM ratio and when Geiger

counter rate has diminished to 2 percent of its
peak value.

RATIO CALCULATIONS

By using the efficiencies of the counters, the
rates and ratios of detectors can be calculated

for assumed spectral forms for the trapped elec-

trons. Matching these calculated ratios with

the experimental observations, we can solve for

certain parameters of the assumed spectra, thus

providing a spectral interpretation of the domi-
nant outer-zone features displayed in figure 4.

If a differential energy spectrum of electrons,

dN/dE, is assumed, the counting rate of a detec-

tor having a known efficiency dependence on

electron energy, e(E), can be calculated from

the equation

E=.. dN e(E)dERate = _-_
Em|.

The measured efficiencies of the detectors as a

function of electron energy are approximated in

figure 3 by a series of n straight lines, AiE b_,

where the subscript i refers to the energy inter-

val, Et to E_+,, over which the straight-line

approximation is made. There are seven such

straight lines in the approximation for the ion

chamber and six for the Geiger counter from 25

kev and 40 kev, respectively, up to 5000 kev.

Hence the counting rate of a given detector for

an assumed differential power-law spectrum of

electrons, dN/dE = NoE-L is then

R = _ l E'+' A,EbiNoE-_dE
i = 1 JE_

The energies E are always given in kev. The
ratios of the detector rates have been calculated

for a range of "_, with E_+, variable. Figures 5
to 7 show the dependence of the various ratios

on _, and also the large dependence on the
choice of the upper limit of integration, E_+,.

This sensitivity to the high-energy cutoff is due
to the discontinuity in the Geiger counter ef-

ficiency resulting from direct electron detection.

The prop/GM and scint/GM ratio curves be-

come a double-valued function of_, for spectrum

high-energy cutoffs greater than the Geiger

counter cutoff for direct detection at 2.86 Mev,

whereas the ion/GM ratios are double valued

for high-energy cutoffs below this energy. The

scintillator rates are obtained by integration of
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FmVRE 5.--Ratios of the ion chamber to Geiger
counter rates as a function of the exponent _,
for assumed power-law spectra of electrons.
Ratios were obtained from calculations using

the measured e_ciencies of the detectors.
The various curves are labeled according to the
high-energy cutoff (in key) imposed on the
assumed spectra.

(1) with a lower limit of 200 kev, whereas the

Geiger counter, ion chamber, and proportional

counter rates for figures 5 to 7 have zero as

the lower limit. Zero can be used because the

efficiency drops faster with decreasing energy
than the number of electrons increases; i.e., bl

is greater than 7 for the range of 7 considered.
We might think of figures 5 and 6 as con-

taining two sets of curves, one set representing

solely the bremsstrahlung response of the de-
tectors (curves with high-energy cutoffs less
than the thresholds for direct electron detection)

and the other set the response for both brems-

strahlung from low-energy electrons and direct
detection of energetic electrons. Figures 8 and
9 give the ion/GM and prop/GM ratios, respec-
tively, for spectra of electrons above 1,000 key

energy and hence represent the detector re-
sponses for only energetic electrons.

It is of interest to introduce another param-
eter to the assumed power-law spectrum and

study its influence on the ratio curves. If the
power-law dependence is not continued down to
very low energies, but the spectrum is made
completely flat below some energy El, the ion/
GM ratio curves will take a form as shown in

figures 10 and 11. The rate of a detector for a
power spectrum flat below Ef is given by

k rE_+lRI = NoEt-_ _a A_Ebl dE
i=l JE_

+ _, r E,+_ NoE_.,AiEb, dE

i=k+l J Ei

where E I equals Ek+l. /c is the number of
straight-line approximations to the efficiency
curve that are included in the energy interval

E1 to EI. E_ can be taken as zero in the calcula-
tion, because of the rapid drop in efficiencies
toward low energies.

A power-law spectrum with a fiat portion at
low energies makes the ratio of ion/GM decrease
when 7 increases from 4 to 6. However, as
can be seen in figure 13, the flattening of the

spectrum at low energies great]y increases the
scint/GM ratio for large _ because counts are
removed from the Geiger counter rate and none

or few (depending upon the extent of the
flattened portion) from the scintillator rate be-
cause of its electronic bias. The same is true

for the prop/GM ratios in figure 12, because the
Geiger counter is more efficient at lower energies
than the proportional counter.
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FmURE 6.--Ratios of the proportional

counter to Geiger counter rates as a

function of the exponent _, for assumed

power-law spectra of electrons. Ratios

were obtained from calculations using
the measured e y_ciencies of the detectors.

The various curves are labeled according

to the high-energy cutoff (in key) imposed
on the assumed spectra.

In comparing figures 10 to 13 with figures

5 to 7, it is seen that, when the detectors are

measuring both bremsstrah]ung and energetic

electrons directly, the introduction of a fiat

portion to the power-law spectrum at low en-

ergies has little or no effect on the ratio curves

for a _ of 4 or less. Furthermore, by comparing

figures 8 and 9 with figures 5 and 6, respectively,

we observe that, even when all the low-energy

radiation, i.e., less than 1,000 key, is removed,

the ratio curves for a _ less than 4 are quite

similar to those for which the response to

low-energy electrons is included. It thus

becomes evident that, for not too steep a spec-

trum, i.e., _ less than 4, the ratios of the

Explorer VI detectors become very insensitive

to the low-energy radiation when the Geiger

counter is directly detecting energetic electrons.

As will be seen later, this behavior limits the

extent of the analysis of the outer zone that

can be made using the Explorer VI counters.

OUTER-ZONE RADIATION FOR RANGES

LESS THAN 26,500 KM

In this section the experimental detector

ratios in figure 4 from 11,000 to 26,500 km

range will be investigated. In this region the

ion/GM ratio steadily increases with increasing

range from 3.5 times minimum ionizing to a

maximum in the outer zone at 26,500 km of

18.8 times minimum ionizing. From an exami-

nation of figures 5 and 11 it is seen that the low

ratio of 3.5 at 11,000 km can be obtained in

several ways. These will be listed here and

then studied in the light of the requirements

of the experimental prop/GM and scint/GM

ratios. The first possibility (a) is to have at

small ranges a fiat spectrum containing only

low-energy electrons, i.e., have a high-energy

cutoff less than 1,500 key, and then steepen the

spectra with increasing range to obtain the in-

creasing ratios. A second alternative (b) is

again to have fiat spectra that steepen with

range, but to have them contain energetic

electrons that are detected directly, i.e., high-

energy cutoffs greater than 2,860 key. A final

possibility (c) would be to have a steep spectrum

at small ranges with a flat portion at low

energies extending from zero to a couple
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FIGURE 7.--Ratios of the scintillator to

Geiger counter rates as a function of the

exponent "r, for assumed power-law spectra

of electrons. Ratios were obtained from

calculations using the measured e_cien-

cies of the detectors. The various curves

are labeled according to the high-energy

cutoff (in key) imposed on the assumed

spectra.

of hundred key; we would obtain then the

smoothly increasing ratios with increasing range

by decreasing the exponent, i.e., by flattening

the spectra.

The prop/GM ratio rises from a value of

0.18 at a geocentric range of 11,000 km to 0.80

at 26,500 km. The only two interpretations
for this behavior that are consistent with the

ion/GM ratios are (a) and (b) above. First,

the flat spectra that steepen with range and

contain only low-energy electrons fit both ratios.

However, since the prop/GM ratio curves for

high-energy cutoffs less than 1,500 key have a

slope opposite to those for the ion/GM ratio, an

increasing prop/GM ratio that is consistent with

the ion/GM ratio can be obtained only by

steadily moving from a curve with a low cutoff

at small ranges to curves with larger high-energy
cutoffs. The second interpretation consistent

with the two experimental ratios, (b), is to

have flat spectra containing energetic electrons

steepen with range.

Because the prop/GM and scint/GM ratio

curves rise when flat portions at low energies

are introduced to steep spectra (see figs. 12

and 13), the low experimental ratios at small

ranges cannot be matched by such spectra,

hence the last interpretation of the experimental

ion/GM ratio, (c), must be incorrect.

Finally, the experimental scint/GM ratios

limit us to just one interpretation of the meas-

urements of the outer zone between 11,000 and

26,500 km that is consistent with all the detector

rates. The analysis that attributes the detector

rates to low-energy electrons, (a), must, accord-

ing to the experimental prop/GM ratios, have

the high-energy cutoffs smoothly increase from

500 to 600 kev with increasing range. How-

ever, the scint/GM ratio curves give a very

rapid jump in ratio for a small change in _ in

going from a cutoff of 500 to one of 600 key.

Such a sudden increase in the scint/GM ratio

is not experimentally observed at small ranges;

hence the interpretation is not consistent with

the scintillator measurements. The large dif-

ference between the 500- and 600-key ratio

curves in figure 7 reflects the discontinuity in

the scintillator efficiency at 500 kev due to

electron penetration of the satellite skin.

765-698 0-65--I I
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with the best fit to the data giving a cutoff of

I00 I 1 I l ] I _ 3.5 Mev at this range. We wish to emphasize
here how the spectral parameters tend to change

- POWER LAW SPEGTRUM with range rather than their exact numerical

- FOR ELECTRONS_O00 KEV values. This analysis was made by using
dN •" --r

i d-_ N°l:" / curves that reflect the general behavior of the

detector ratios for various spectra. Since the

exact shape of the curves and the numerical

spectral paramenters associated with them are

_ , J / the result of complicated calibrations, idealized
calculations, and estimations of the scintillator

i and proportional counter response character-

i| I I I I
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for assumed power-law spectra of electrons.

Ratios were obtained from calculations using

the measured e_ciencies of the detectors. The

assumed spectra contain only electrons of energy POWER LAW SPECTRUM
greater than 1,000 kev. The various curves are FOR ELECTRONS>KX)O KEV

labeled according to the high-energy cutoff imposed dN •
on the assumed spectra. _" NEE-7'

The remaining interpretation is, then, the one

that has energetic electrons trapped in the

outer zone, namely (b). At 11,000 km the

data require electrons of energy 5 Mev or

larger. Using the curves of figures 5 and 7,

the exponent of an assumed power-law spectrum

fit to the data will be between 2 and 3 at 11,000
km and increase to between 3.5 and 4.5 at

22,500 km range, the position of the second

count rate maximum. The high-energy cutoff
must decrease with increasing range in order to

obtain the large ratios measured at 22,500 km,

0.01
1 I 1I I l

3 I 2 3 4 5 6 7

?,

FIGURE 9.--Ratios of the proportional counte7

to Geiger counter rates as a function of the

exponent % for assumed power-law spectra of

electrons. Ratioswere obtained fromcalculations

using the measured effwiencies of the detector_.

The assumed spectra contain only electrons of

energy greater than 1,000 kev. The various

curves are labeled according to the high-energy

cutoff imposed on the assumed spectra.
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FIGURE lO.--Ratios of the ion chamber to Geiger

counter rates as a function of the exponent _,

for assumed power-law spectra of electrons.

The power-law spectra have a fiat portion from
zero to 100 key. The various curves are labeled

according to high-energy cut-off imposed on

the assumed spectra.
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FIGURE 11.--Ratios of the ion chamber to Geiger

counter rates as a function of the exponent %

for assumed power-law spectra of electrons.

The power-law spectra have a fiat portion

from zero to 280 key. The various curves are

labeled according to the high-energy cutoff im-

posed on the assumed spectra.

istics above 1 Mev, it is difficult to assign an
estimate of error.

Because the detector ratios become insensi-

tive to the low-energy radiation when energetic

electrons are measured, it is not possible to in-

vestigate the low-energy electrons in the range
interval 11,000 to 26,500 km by using the Ex-

plorer VI data. This fact is exemplified in fig-
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FIGURE 12.--Ratios oJ the proportional

counter to Geiger counter rates versus

the exponent % /or power-law spectra
oJ electrons. The assumed power-law

spectra have a fiat portion .from zero

to 100 key/or the dashed curves and

a fiat portion from zero to 280 key for
solid curves. Various curves are

labeled according to high-energy cut-

off imposed on the assumed '_pectra.
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FIGURE 13.--Ratios of the scintillator

to Geiger counter rates versus the

exponent 7, /or power-law spectra o/
electrons. The assumed power-law

spectra have a fiat portion from zero

to 100 key �or the dashed curves and a

fiat portion .from zero to 280 ]cev /or the
solid curves. Various curves are labeled

according to the high-energy cutoff im-

posed on the assumed spectra.
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ure 14, in which are plotted the ion/GM ratios
versus, for a fixed-high-energy cutoff and as a
function of the extent of the low-energy flat por-
tion. We see from this figure that even for an
exponent as large as 4 the ion/GM ratio is insen-
sitive to what is done to the low-energy end of
the power spectrum. Without a unique spec-
tral form for the low-energy radiation, flux
estimates that include the low-energy electrons
cannot be made.

The fact that an assumed power-law spectrum
has been used for the electrons does not restrict

the general conclusions arrived at in this paper

about the trapped radiation between 11,000 and
26,500 km as being peculiar to the power-law
spectrum. If we use an exponential energy de-
pendence for the electrons of the form dN/dE
= Noe-_, the existence of energetic electrons
can be demonstrated as was done for the power-
law spectra. The ion/GM and prop/GM ratio
curves versus k of the exponential law are shown
in figures 15 and 16. Note that it is only for k
values between 0.00 and 0.01 that the effect of

direct electron detection becomes significant.
For k greater than 0.01 the ion/GM and prop/
GM ratio curves have different slopes, hence the
smooth rise in both experimental ratios from a
range of 11,000 to 26,500 km can be obtained
from these figures, as was true for the power-law
spectra, only by introducing energetic electrons
that give the curves the same slope for some
range of k less than k = 0.01.
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FIGURE 14.--Ratios o] the ion chamber to Geiger
cou_ter rates as a Ju_ctio_ o] the exponevt _/]or
assumed power-law spectra oJ electrons. The
high-energy cutoff imposed on the spectra is
fixed at 3,600 key. The various curves ar_
labeled according to the extent o] the fiat portion
introduced in the spectra ]rom zero to the energy
in key shown.

TRAPPED RADIATION BEYOND 26,500 KM
RANGE

As is shown in figure 4, beyond a range of
26,500 km the ion/GM ratio decreases, until
at 37,000 km it is at nearly the same low value
that prevailed at 11,000 km. The prop/GM
ratio, however, continues to increase to reach
a maximum at 29,000 km, and exhibits some
fluctuation, but never returns to a value as low

as measured at small ranges. The scint/GM
ratio rises sharply beyond 26,500 km. This
large increase in the ratio is due to a maximum

in the scintillator count rate at 29,000 km,
where the other three detectors are decreasing
in rate with increasing range. Rosen and
Farley [1961] interpret this maximum in count

rate as due to efficient detection of radiation

through the window, to which the other de-
tectors respond inefficiently.

The flux of protons of energy between 2 and
about 20 Mev necessary to produce the large
rate maximum at 29,000 km would have a par-
ticle energy density exceeding the magnetic

field energy density at this range. The fact that

dipole lines maintain their identity in the

trapped radiation indicates that this is not the

situation [Fan, Meyer, and Simpson, 1961]. The

only way the large prop/GM and scint/GM
ratios can be consistent with the low ion/GM

ratios at large ranges if the rates are due to elec-

trons is to have steep spectra with flat portions

at the low energies. By studying figures 11 to
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FmVR_. 15.--Ratios of the ion chamber to Geiger
counter rates as a Junction oJ the parameter k,
.for assumed exponential spectra oJ electrons.
Ratios were obtained .from calculations using
the measured ej_ziencies of the detectors. The
various curves are labeled according to high-
energy cutoff imposed on the assumed spectra.

13 we see that such spectra can produce the
measured ion/GM and prop/GM ratios beyond
a range of 26,500, km but cannot give the mag-

nitude of the scint/GM ratios. We could sug-
gest the possibility of an error in the scintillator
saturation correction, but it seems more likely
that we cannot compare the scintillator data
beyond 26,500 km with that from the nearly
omnidirectional Gciger counter by means of

the ratio curves of figure 13.
Evidence for a change in the distribution of

the trapped radiation along magnetic field lines
for ranges beyond about 23,000 km is given in
figure 17. In the figure are plotted the Geiger
counter rates measured along lines of force
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:FIGURE 16.--The ratio oJ proportional counter

to Geiger counter rates as a Junction oJ the
parameter k .for assumed exponential spectra
of electron_. The "ratio_ are obtained fl'om cal-
culations using the measured ey%ciencies oJ the
detectors. The various curves are labeled

according to the high-energy cutoff imposed
on the assumed spectra.

labeled by their goecentric range. The abscissa
is the field strength along the line of force in
units of the equatorial field (B0) for that par-
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FIGURE 17.--Geiger counter rates measured along
magnetic dipole lines versus the field strength
along the line. The different dipole lines
are labeled according to the range where they
cross the e_uatorial plane.

ticular line. Lines of force beyond the 22,400
km line have an increasing Geiger counter rate
near the equatorial plane, as is indicated by the
upswing in the curves near B/Bo -_ 1. This en-
hanced Geiger counter rate is not due to a spec-

tral change for radiation trapped near the equa-
tor, since the ion/GM ratio along the line of
force does not change significantly. The en-
hanced rate can only mean an increasing con-
centration of radiation near the equatorial plane
having a spectrum similar to that for the radia-
tion that turns further down the line of force.

The 28,000-kin line shows that about 50 percent
of the intensity measured at the equator is due
to trapped radiation having turning points near

the equatorial plane. Orientation of the spin-
stabilized satellite so that the look direction of

the scintillator through the window is also per-
pendicular to the field lines would greatly in-

crease the efficiency of the scintillator above
that used in the calculation of the ratio curves

for detection of this radiation if a significant
fraction of it lies in the energy interval 200-500
key. Hence, we could not expect under these
circumstances to study the measured ratio with
the curves of figure 13.

Regardless of whether the above interpreta-
tion of the scint/GM ratio is correct or not, we
must conclude from the scintillator rates and

the ion/GM and prop/GM ratios that the spec-

trum is steep at large ranges. To obtain the ion/
GM ratio of 4.4. times minimum ionizing at
37,000 kin, a flat portion of 200 to 300 key in ex-
tent is necessary at the low-energy end of the

steep spectrum. Whether such rounding of the
spectra at low energies occurs at smaller ranges
cannot be determined in this analysis because
the detectors are insensitive to the low-energy
radiation at the smaller ranges, as was pointed
out above.

SHAPE OF THE OUTER ZONE

By means of the crude spectral analysis of
the outer zone presented in the previous dis-
cussion, it is possible to interpret the minimum
in detector rates at 19,000 km as having a
spectral-detector origin rather than as represent-
ing a minimum in intensity. Relative to this
second maximum, the first Geiger counter rate
peak is larger; for the proportional counter,
however, the first peak is much smaller than its

second count rate maximum. This suggests that
the two maxima can be looked upon as the
result of the addition of two intensity curves
folded in with the sensitivities of the detectors.

One curve represents the decreasing number of
energetic electrons caused by the steepening
spectra and decreasing high-energy cutoff with
increasing range; the other represents the large
increase in the low-energy electrons resulting
from the steepening spectra with range. The
first maximum is thus due to the efficient

detection of energetic electrons. Since the
Geiger counter efficiency is greater than that
of the proportional counter because of direct
electron detection, its count rate relative to its
second peak is much larger than that for the
proportional counter. As the number of ener-
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getic electrons decreases the rates go down, but

they are soon increased again by the increasing

number of low-energy electrons. The second

peak is thus produced by the detection of a large

number of these low-energy electrons. Because

of the great difference in the efficiencies of the

counters for measuring the two groups of elec-

trons, the second peak, even thoug_n it is smaller

for the Geiger counter rate than the first one,

represents the maximum in intensity. Thus

the intensity of the radiation increases steadily

with range because of the increasing contribu-

tion of inefficient low-energy-electron detection
to the total rate of the counters. The fact that

different counters do not measure the minimum

at the same range reflects the different sensi-
tivities of the detectors. The shift of the

minimum in range during disturbed periods
when time variations occur in the outer zone

indicates the changing spectral shape of the

trapped radiation.

COMPARISON WITH OTHER

MEASUREMENTS

The first suggestion of trapped energetic
electrons in the outer zone was made by the

Russian scientists [Vernov and Chudakov, 1960]

in their analysis of data from Cosmic Rockets

I and II launched on January 2, 1959, and

September 12, 1959. A flux of 108 electrons/cm 2

sec with energies between 1 and 3 Mev was
inferred from the detector rates of Cosmic

Rocket II, with the scintillator measuring the

flux of electrons of energy greater than 5 Mev

to be less than 1 particle/cm _ sec. Shielded

Geiger counters aboard Cosmic Rocket II,

sensitive to energetic electrons, reached their

peak rate at smaller ranges than the maximum

in ionization, the counter having the greater

shielding being at a slightly smaller range than

the less-shielded counter. The exponent of

the integral power-law spectrum fit to these

energetic particles observed at the edge of the

outer zone was approximately 2. These results

support the Explorer VI observations that have

energetic electrons at small ranges with a

high-energy cutoff of 5 Mev or more at an

equatorial range of 15,000 km. A differential

power-law spectrum fit to the Explorer VI

data at this equatorial range can have an

exponent as low as 2. For such a spectrum
the flux of electrons from 1- to 5-Mev energy

is of the order of 106 electrons/cm 2 sec.

Walt, Chase, Cladis, and ImhoJ [1960] meas-

ured the spectrum of the trapped radiation
with an electron spectrometer aboard a rocket

flight into the foot of the outer zone on July 7,
1959. The vehicle reached an altitude of 1,045

km, and measurements were made on a dipole
line of force that crossed the equatorial plane

at about 15,000 km. In figure i (top), the posi-

tion at 125 ° east longitude of the electron she]]

upon which Walt's measurement was made is

indicated with respect to the profile of the outer

belt at this longitude. It is seen that the spec-
trometer measurements are on the inside edge

of the first Geiger counter rate maximum.

The spectrum obtained from this measure-

ment is quite steep, the exponent of a differen-

tial power-law spectrum fit to the data above a
few hundred key being about 5. The observed

counting rates were not inconsistent with a

spectrum having an end-point energy of 760

kev. An absolute upper limit to the number
of electrons above 1.5 Mev is less than 1 per

cent of the total flux observed, which is less

the 104 electrons/cm _ sec. However, since the

background corrections were of this order of

magnitude, the presence of electrons of energy

greater than 1.5 Mev was not established by the
measurement. The Explorer VI measurements

suggest a flatter spectrum and definitely estab-
lish the existence of electrons above 1.5 Mev.

The difference in spectral shape is probably

due to the fact that the spectrometer spectrum
was measured at a low altitude whereas the Ex-

plorer VI measurements were made nearer the

equatorial plane.

By studying the prop/GM ratio at low alti-
tudes and near the equatorial plane, the spectra

in the two places can be compared. The pro-

portional counter is used, since no ion chamber
data are available at low altitudes, owing to the

reduced intensity of the trapped radiation.

The average prop/GM ratio for a time interval
in which the satellite spanned an altitude from

700 to 1,900 km and moved northward in mag-
netic latitude from 40 ° to 49.5 ° was 0.63 for a

quiet time pass. The ratios measured near the
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equatorial plane as the satellite cut lines of

force enclosing the geographic interval over
which the low altitude ratio was obtained

varied from 0.40 to 0.18 for a latitude interval

of 28 ° to 5 ° . This indicates that the spectrum
changes down the line of force when low

altitudes are approached, and, to be consistent

with the ion/G1V[ ratios, the prop/GM ratios

near the equatorial plane require high-energy

electrons. The only explanation for the higher

prop/GM ratio at large distances off the equator

is to have the spectrum steepen, as, indeed,
Walt's measurement indicates.

DISCUSSION

In an earlier draft of this paper (Cosmic Ray

Group Tech. Rept. CR-46, University of Min-

nesota) we deduced electron energy spectra and

fluxes in the range 30 to several hundred key by
fitting trial spectra to the measured instrument

responses. It is now completely clear, however,

that any attempt to utilize the bremsstrahlung
response of Explorer VI instruments is useless

if an appreciable portion of their counting rate

is produced by direct energetic particles. This
fact is evident in the calibration curves of

figure 3, which show the nearly_three orders of

magnitude difference in efficiency between the
bremsstrahlung and direct measurements of
electrons.

The realization of the importance of this
effect has come from the new measurements in

the outer zone made by the Explorer XII satel-

lite, which for the first time directly measured

electrons below 100 key [O'Brien, Van Allen,
Laughlin, and Frank, 1962].

We therefore believe that total fluxes de-

duced in the heart of the outer zone by fitting

trial spectra to the Explorer VI data are mean-
ingless. This statement must include the

preliminary flux value quoted by the Minnesota

group in an earlier paper [Arnoldy, Hoffman,

and Winckler, 1960a]. The inability to deter-
mine fluxes is in principle a result not of insuf-

ficient knowledge of the bremsstrahlung process

as suggested by Dessler [1960] but rather of the

presence of a much more powerful competing
effect that dominates certain detectors. How-

ever, certain aspects of the kind of analysis pre-

sented herein appear to be on a firm basis and
are useful.

In fitting assumed power-law spectra of elec-

trons to the Explorer VI data, it has been seen

in this discussion that the spectrum must ex-

tend to several Mev at the small ranges, with

the ion chamber and counter responses there

due primarily to direct electron detection. The

intensity of the energetic electrons was shown

to decrease with range as the spectra steepen

and the radiation softens, resulting in an in-

creasing contribution of bremsstrahhng to the

rates of the chamber and Geiger counter. At

the outer edge of the trapped radiation,

bremsstrahlung is the dominant factor.

The spectral dependence of the trapped radia-

tion on range might be attributed to the source

of the radiation and (or) loss mechanisms that

operate in the outer zone. Very little is known

about the source of the radiation, although three

general origins have been discussed. They are,

first, the injection of electrons into the trapping

region from the decay of cosmic-ray albedo neu-

trons [Hess, 1960]; second, the direct injection

of electrons into the trapping region from

solar gas clouds; and last, the local acceleration

of low-energy electrons present in the exosphere

or from the solar stream [Van Allen and Frank,

1959b; Arnoldy, Hoffman, and Winckler, 1960b].

It is possible that all the above-mentioned

sources, and perhaps even some that have not

been considered, contribute to the intensity of
the radiation. Present data, which we must

admit are meager, indicate that some unknown
local acceleration mechanism is the dominant

origin, only by reason of eliminating the other

two possibilities as strong sources.

The existence of energetic electrons, i.e., elec-

trons of energy greater than 1 Mev, poses a

serious problem for the neutron albedo theory.

The neutron decay electron is less than 1 Mev

in energy, and the kinetic energy of a decaying

neutron by conservation of momentum is given

primarily to the decay proton. Hence, the elec-

trons from neutron decay are too low in energy

to account for the energetic outer-zoneradiation.

To raise the energy of the decay electrons an
acceleration mechanism is needed. It is then

no longer clear that, if acceleration is taking

place in the outer zone, the decay electrons
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remain as the dominant source, in view of the
large quantity of low-energy electrons available
for acceleration from the solar stream. Fur-

thermore, the measured electron flux along a line
of force in the outer zone is found to be incon-

sistent with the calculated distribution expected
from a neutron decay source [Hess, Killeen, Fan,
Meyer, and Simpson, 1961] (Hoffman, private
communication, 1961), indicating that other
processes, in addition to electron injection by
neutron decay, are responsible for the distribu-
tion of the outer-zone electrons.

Simultaneous measurements of the trapped
radiation by detectors aboard the Explorer VII
satellite IVan Allen and Lin, 1960] and of the
radiation in a solar cloud in transit to the earth

by similar detectors aboard the Pioneer VI
space probe [Arnoldy, Hoflman, and Winchler,
1960b] indicate that for the particular solar
cloud encountered by the space probe the maxi-

mum flux of electrons present in the cloud of
energies characteristic of the trapped particles
was about three orders of magnitude too low
to account for the subsequent electron intensity
changes that the satellite observed in the outer
zone. In fact, the space-probe data are consist-
ent with no energetic electrons in the cloud,
since the response of the detectors can be at-
tributed to solar protons that were also in tran-
sit to the earth at the same time and were

measured by balloon-borne detectors. This
single observation suggests that direct solar
injection is not a likely origin for the outer-zone
electrons.

Although a local acceleration process has been
generally conceded as fundamental in a source
for the outer zone, the exact mechanism is not
known. Loss of trapped radiation resulting
from violation of one or more of the adiabatic

invariants has been discussed [Parker, 1960;

Parker, 1961; Welch and Whitaher, 1959]. How-
ever, the role of local acceleration and loss

mechanisms in establishing the properties of the
outer zone as discussed in this paper cannot be
fully understood until more data on the
dynamics of the magnetosphere are available.
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Observations of the Van Allen Radiation Regions during
August and September 19591

5. Visual Auroras, High-Altitude X-Ray Bursts, and Simultaneous Satellite
Observations

BY R. L. ARNOLDY, 2 R. A. HOFFMAN, S AND J. R. WINCKLER

School of Physics

University o/Minnesota

S.-I. AKASOFC

Geophysical Institute

University of Alaska

The measurements made in the outer trapped radiation region by the University of

Minnesota ionization chamber and Geiger counter and the scintillation counter furnished

by Space Technology Laboratories, Inc., aboard the Explorer 6 earth satellite during the

August 16, 1959, magnetic storm are studied. The variations in the detector rates are

correlated with the visual aurora recorded by all-sky cameras and with high-altitude X-ray
bursts observed by balloon-borne detectors. An increase in radiation observed at a geocentric

range of 42,000 km simultaneously with the occurrence of a visual aurora on the electron

shell connecting with the satellite measurements suggests that the aurora is associated with

a disturbance extending over many degrees of longitude and out to large ranges. Further-
more, a rapid decrease in the Geiger counter rate coincident with a strong low-latitude

aurora at Fargo, North Dakota, indicates that energetic radiation is either precipitated out

of the outer zone during strong auroras or decelerated by a perturbation of the earth's

magnetic field accompanying the aurora. Frequent observations of rate variations at the

outer edge of the trapped radiation and at apogee point out the great instability there that

results in the frequent diseharge of radiation into the atmosphere observed by balloon-borne

detectors at the high latitudes connecting with the region. The close correlation of outer-

zone intensity variations and solar phenomena indicates that the energy invoke

d yna mi es of the trapping re gi on has a solar origin. _L-_/_

INTRODUETION in detail by Arnoldy, Hoffman, and Winckler

During the lifetime of the Explorer 6 earth

satellite (August 7 to October 6, 1959) five

magnetic storms occurred. Variations in the

count rates of the detectors associated with

these magnetic storms, while the satellite was

in the trapped radiation, have been discussed

11962 issue of Journal of Geophysical Research.
Reprinted by permission.

2 Now at Honeywell Co.

s Now at NASA Goddard Space Flight Center.
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[1960a], Farley and Rosen [1960], Rosen and

Farley [1961], and Fan, Meyer, and Simpson

[1961].
The maximum count rate of the Anton 302

Geiger counter while the satellite was in the

outer zone and close to the equatorial plane

(within 4- 10 ° geomagnetic latitude) is shown in

figure 1 to summarize the general features of

the outer zone during the lifetime of the satel-

rite. The intensity of the horizontal co mponent

of the earth's field at Honolulu (geomagnetic
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FIGURE 1.--Time correlation of measurements during the lifetime o.f the Explorer 6 transmitters. The
Geiger counter rate at the outermost maximum in the outer belt (top), the daily average of the earth's
magnetic field (middle), and the daily average of the bihourly counting rate .from the Deep River
neutron monitor (bottom).

latitude 21.0 ° N, data from the IGY Data Cen-
ter A for Cosmic Rays) and the neutron monitor
data from Deep River (courtesy of H. Car-

michael through the IGY Data Center A for
Cosmic Rays) for the same period are also

shown in the figure. The August 16, 1959,
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storm produced the largest rate variation as _omc

measured by the Explorer 6 Geiger counter;

this is the period considered here. (_

In studying the rate changes of the Explorer

6 detectors, however, we must keep in mind the

response characteristics of the instruments, _ax
since such changes reflect variations only for
the part of the spectrum to which the detectors

are sensitive• For example, a reduction in the

Geiger counter rate does not necessarily mean
that the over-all intensity of the trapped radia-

tion is reduced. The Explorer 6 Geiger counter
had a cutoff of 36.4 Mev for proton detection

and a 2.9-Mev threshold for direct electron de-

tection. Below 2.9 Mev, electrons were de-

tected less efficiently through the intermediate

bremsstrahlung process [Arnoldy, Hoflman, ann

Winckler, 1962]. The response characteristics
of the scintillator will be discussed in the next

section.

The state of the outer zone before, during,

and after the August 16 storm is represented

by the observations during passes 12, 16, 17, 19,

20, and 25 shown in figures 2A to 2F. In these

figures the rates on the ion chamber and Geiger

counter are plotted as a function of radial dis- _omc

tance from the earth's center. The profile of the

outer zone as the Geiger counter would have

measured it if prestorm conditions had pre-

vailed is sketched for each pass. This profile is

obtained from curves giving the prestorm Geiger _x

counter rate along dipole lines of force. The

prestorm rates for a given pass are read from

these plots at the position along a given force _ _
line where the orbit for the pass crossed the line. §

The important features of each of the passes

may be summarized as follows:

Pass 12: represents the "normal state" of the

trapped radiation as far as the Explorer 6 data

are concerned.

Pass 16: observed the reduction in ion cham-

ber and Geiger counter rates at large ranges

before the sudden commencement of the August

16 magnetic storm•

Pass 17: the ssc of the magnetic storm oc-

curred at 0404 UT August 16, when the satel-

lite was at a range of 26,400 km. The rates

were further reduced below prestorm levels at

the large ranges.
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FIGURE 2A.--The outer zone as measured during

the outgoing part oj pass 12.
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FIGURE 2B.--The outer zone as measured during

the outgoing part o] pass 16.

Pass 19: the minimum count rates in the

outer zone for the ionization chamber and

Geiger counter were observed on this pass.
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the outgoing part oJ pass 20.
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FmURE 2D.--The outer zone as measured during

the outgoing part o/ pass 19.

Pass 20: first measurement of the radiation

built-up occurring after the minimum.
Pass 25: the maximum count rates in the

outer zone were recorded by the Explorer 6
detectors during this pass.

The state of the heart of the outer zone

following the sudden commencement as meas-
ured by the ion chamber and Geiger counter is
uncertain because of the lack of data from these
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FIGURE 2F.--TAe outer zone as measured during

the outgoing par_ of pass _5.

detectors for pass 18. Pass 19 measured the
reduction in Geiger counter rate by a factor of
2_ some twenty hours after the sudden com-
mencement.

In this paper our effort is concentrated on
correlating the variations of the Explorer 6
detector count rates with simultaneous visual

auroras recorded by all-sky cameras and with

high-altitude X-ray bursts observed by balloon-
borne instruments.
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AURORAS
0440-0710 UT, August 16, 1959

During pass 17 the satellite detectors recorded
their first large rate fluctuations, superimposed
on the general reduction in the outer-zone rates
at the large ranges. These rapid variations
began at about 0550 UT, 1 hour and 46 rain
after the ssc and when the satellite was at

ranges larger than 42,000 km. In figure 3A
the Geiger counter and scintillator rates are
plotted versus time as the satellite moved from

a range of about 34,000 to 46,000 km and from
the equatorial plane to about 20 ° S geomagnetic
latitude. Also shown in the figure is the in-
ferred prestorm rate curve of the Geiger counter
obtained from the first 15 quiet-time passes.

The prestorm curve for the scintillator, crudely
obtained from the contour plot of the trapped
radiation made from the first 15 passes, is
given in the paper by Rosen and Farley [1960].
The decrease in the count rates from those that

would have occurred if prestorm conditions had
prevailed is evident. However, it is not clear
whether the fluctuations represent new radia-
tion added to the depleted intensity or whether
the important feature is the selective removal

of radiation from the prestorm intensity result-
ing in the observed structure. The evidence

available, however, suggests that the structure

represents new radiation added to the depleted

trapping region. The Geiger counter peak at

0628 UT is about an 80 percent increase above
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FIGURE 3C._The _or_zo_f_/_ coT_pon_ o] t_beearth's magnetiz field as observed at Meanook, Canada.

the prestorm curve and is outside the statistical
fluctuations of the counter.

Moreover, we must not isolate these meas-

urements made on pass 17 from the over-all
picture in the outer belt of the rate variations

associated with the August 16 magnetic storm.
On pass 18 the scintillator rates increased above

prestorm levels [Farley and Rosen, 1960], in
contrast to the reduction seen during pass 17
and displayed a large amount of fluctuation.
Unfortunately, no data are available from the

ionization chamber and Geiger counter at the
center of the outer zone for pass 18, but on

pass 19 these detectors recorded a large reduc-
tion in rates (see fig. 2), in contrast to a further
increase in the scintillator rates. Since the

scintillator had a lower threshold for proton
detection than the other detectors the rate in-

creases of passes 18 and 19 have been attributed
to low-energy protons [Farley and Rosen, 1960].
(The scintillator could detect radiation through
a window in the satellite skin. The threshold

for proton detection through the window was
2 Mev and for electron detection 200 key.

The detector had an electronic bias giving it a
theoretical threshold for photon detection of

765-698 0-65--12
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about 200 kev [Rosen and Farley, 1961]. The

threshold for detection of protons through the

satellite skin was 10 Mev and for electron de-

tection 500 key.) With an understanding of

the response of the Explorer 6 detectors to

electrons an alternative explanation is possible;
the scintillator rates could be due to an increase

in the low-energy electron component. If the

Geiger counter and ion chamber respond pri-

marily to the high-energy electrons (_ 1.5 Mev)
[Arnoldy, Hoffman, and Winckler, 1962], the
reduction in their rates would indicate a de-

crease in this component. All this amounts to

a very large steepening of the spectrum of
electrons.

Consistent with the above interpretation,

then, the structure at apogee on pass 17 seen

in figure 3A could represent the start of the

enhancement of the low-energy electrons seen

by the scintillator on passes 18 and 19. Evi-

dence that the structure is due to low-energy

electrons is that the Geiger counter barely

responds to the radiation, whereas the scin-

tillator measures it more efficiently. The ratio

of the scintillator rate to the Geiger counter

rate at 0614 UT is what would prevail for a
monoenergetic beam of 500-key electrons.

Measurements with a low-energy laboratory

accelerator have shown that, for a sufficiently

large flux of electrons, "pile-up" of low-energy

pulses gives a significant efficiency to the

scintillator for electrons of energy less than the

200-key electronic bias (Farley, priv.ute com-

munication). Using these data, we can obtain

the scintillator to Geiger counter ratio for the

maximum rates at 0614 UT by means of a large

flux (10 l° electrons/cm 2 sec) of monoenergetic

electrons of 40-key energy. Because of the long
time required per pulse at apogee for the ion

chamber, it is not possible to use it to investigate
the energy of the radiation.

If the measurements of pass 17 are of low-

energy electrons shortly after a sudden com-
mencement, it is of interest to see whether there

is any association of such radiation with

auroras. If a time and spatial correlation exists

between the satellite measurements and the

visible aurora we might infer that the detectors

observed the energetic component of auroral

electrons. We concentrate our attention first

on the large rate changes between 0525 and
0622 UT.

Figure 4 is a polar map on which several of

McIlwain's L curves [Mcllwain, 1961] are

plotted. These curves may be considered the
intersection of the earth's surface and the "L

shells" on which trapped particles move, if the

guiding center approximation can be used for

these particles. Also shown in the figure is the

projection of the orbit of Explorer 6 for pass 17

along L shells onto the surface of the earth.

The positions of the satellite at 0525, 0600, 0614,

and 0618 UT are marked on the trajectory for
later discussion.

The all-sky-camera photographs (courtesy of

the Upper Atmospheric Research Section, Radio
and Electrical Engineering Division, National

Research Council, Ottawa, Canada) in figure
3B show the auroral activity at Churchill

(geomagnetic longitude 322.7 °, geomagnetic

latitude 68.7 ° N) during the time interval 0558

to 0622 UT. Approximate positions of the

aurora seen in the photographs at 0614 and

0618 UT are given on the polar map in figure 4.
If we consider that in a steady-state aurora

primary particles move on an L shell, the
aurora is the luminosity produced by the

interaction between the particles precipitating

from the shell and the upper atmospheric gas

at the ionospheric level. Therefore, the pro-

jection of the lower border of an auroral arc

along lines of force into the earth's surface can
be considered an L curve.

From 0525 to 0614 UT the satellite was cross-

ing the successive shells that intersect the earth
to the south of Churchill and was moving away

from the earth with an average speed of 1.5

km/sec, i.e., toward the Churchill shell of

L=8.5. However, the aurora in the Churchill

all-sky-camera photograph at 0600 UT, if

present, was too far south for its location to be
determined (Churchill is the only statioe avail-

able for this particular time); thus, no correla-

tive study can be made for the two small

scintillator peaks at 0558 and 0602 UT.

Between 0600 and 0608 UT the aurora in-

creased its brightness and started to move

northward (typical phenomena in the break-
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FIGURE 4.--The intersection of L shells with the surface oJ the earth and the projection oJ pass 17 along

L shells to the sur]ace o] the earth. The numbers near the left-hand margin refer to the satellite

positions during the pass given by the circled points at the jollowing times: (1) 0525, (2) 0600 (3)

0614, and (4) 0618 UT, August 16, 1959. The position oJ the sun at 0614 UT is indicated at

the top o] the figure. Approximate positions o] the aurora at 0614 and 0618 UT are also shown.
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up of auroras during large magnetic storms

[AkasoJu, 1962]). The northward motion of the

aurora can be interpreted to be an outward mi-

gration of auroral particles or the auroral dis-
turbance from one L shell to another. The

migration speed in the equatorial plane, esti-
mated from motion of the visual aurora, is of

the order of 10 km/sec, much faster than the

satellite's 1.5 km/sec. In this interpretation,

the satellite was apparently overtaken by the

auroral disturbance or particles at 0614 UT,

when it was on the shell L = 7.2, producing the

pronounced peak in the scintillator and Geiger
counter data. From figure 4 it is seen that

the position of the aurora at 0614 UT obtained

approximately from the all-sky-camera data
coincides with the 7.2 L shell.

At 0618 UT the aurora reached the zenith at

Churchill (L = 8.5), while the satellite was

still on the shell L = 7.3. After reaching the

zenith at Churchill, the aurora lost its simple

curtain form, which is a typical late phase of

the break-up. It is seen in the magnetic data
from Meanook, Canada, in figure 3C that the

break-up of the aurora was accompanied by

a polar magnetic storm of more than 500 "y

(courtesy of the National Research Council,
Ottawa, Canada). The irregular count rates

after 0614 UT may correspond to the active

auroral forms during the break-up, but it is not

possible to make a detailed correlation.

In general, satellite measurements involve an

inherent uncertainty in that any variation ob-
served could be one of space or time, possibly
a combination of both. If the rate fluctuations

on pass 17 are time variations, and if the earth's

field before the break-up had not been distorted

from the quiet-time field so that the L values of

figure 4 hold, then the spatial and time cor-
relations of the satellite rates and the visual

aurora suggest the possibility that the peak
detector rates at 0614 UT were the result of

an auroral electron shell passing through the
satellite position. Since the satellite measure-

ments were made near the equatorial plane and

at a longitude nearly 70 ° to the west of Church-

ill, the close time coincidence obtained suggests

that we can think of an L shell containing

auroral electrons that extends over a large range
of longitudes--over at least half the dark side

of the earth. The enhancement of the low-

energy electrons, perhaps by some acceleration

mechanism, must have occurred over a large

part of the shell at the same time; it cannot be

due to electrons spreading from a point source

on the shell, since even 1-Mev electrons take

about 3.5 min to drift 90 ° in longitude. Such

a conclusion is supported by the observation of

a large auroral X-ray burst at Minneapolis

on September 23, 1957 [Winckler, Peterson,

Arnoldy and Hoffman, 1958], that exactly coin-

cided with the break-up of the aurora in Alaska

[Akasofu, 1960].

The outward migration of the auroral shell is

most likely to be due to an eastward electric

field E, according to the relation

v = E X H/H _

where v denotes the migration velocity and H

the intensity of the earth's magnetic field. How
such an eastward electric field is created and

how it is related to an acceleration mechanism

for the auroral particles are important problems
to which solutions are not currently available.

However, a group of low-energy protons and
electrons, when they are captured and trapped

in the earth's field, will tend to spread in differ-

ent directions; the protons drift westward and

the electrons eastward, producing an eastward

electric field, at least for a short time, in the

magnetosphere (the break-up of the aurora

itself is a transient phenomenon).
There is evidence from the Explorer 7 (19590

data that the satellite crossed an auroral shell

of electrons at an altitude of 1,000 km on No-

vember 28, 1959. Narrow zones of intense radia-
tion were detected over a visible aurora

[O'Brien, Van Allen, Roach, and Gartlein, 1960].

Our study here indicates that shells of auroral

particles probably extend to the equatorial

plane at geocentric ranges of more than 40,000
km.

0530-0615 UT, August 17, 1959.

During pass 19 the Geiger counter aboard

Explorer 6 showed, superimposed on the general

reduction in rate, a sharp decrease in rate

(about 30 percent) at 0552 UT on August 17.

The satellite was at a geocentric range of 29,400
km and on the shell L = 4.6. Simultaneous



VAN ALLEN RADIATION REOIONS, 5 171

observations of the earth's magnetic field made
aboard the satellite gave a large deviation of
more than 150 -_ from the calculated field in-

tensity [Project Able-3, 1960]. The Geiger
counter data and the magnetic field measure-
ments are shown in figure 5_4 and B.

Time-coincident with the sharp reduction in

the Geiger counter rate, an aurora at Fargo,

North Dakota (geomagnetic longitude 324.4,
geomagnetic latitude 56.7 ° N), became very ac-
tive at the zenith, undergoing a typical break-up
as seen in the all-sky-camera pictures (data
from the IGY Data Center A for Instrumental

Auroral Observations) in figure 5C. The
Meanook, Canada, magnetogram in figure 5D
shows a large polar magnetic storm of more
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than 800 _, at this time. Stations at latitudes

lower than that of Fargo did not observe strong

auroras; Churchill, through a partial cloud

cover, recorded auroral activity in the southern

sky during this period. The sharp time coinci-

dence of the auroral break-up at Fargo and the

decrease in Geiger counter rate and magnetic

field measurements made aboard Explorer 6

suggest an association between the phenomena.

In figure 6 are given the positions of the satel-

lite at 0525, 0535, 0552, and 0559 UT in terms
of L values. It is seen that at 0552 UT the

satellite was at an L of 4.6 that intersects the

earth's surface at a more northerly latitude than

Fargo's (L : 3.5). Assuming a correlation be-

tween the satellite data and the Fargo auroral

break-up, we can suggest several explanations
for the difference in L values. First, there is no

way of knowing what rate changes took place

on the L ---- 3.5 shell at 0552 UT, since the satel-

lite was not there but moving away from it.
The measurement of the rate reduction on the

4.6 shell could be only the edge of a rather
broad disturbance that occurred at 0552 UT

and was centered about the L : 3.5 shell.

Second, at 0552 UT the sun was at about 270 °

and the satellite at 172 ° W longitude. Since

Fargo is at nearly 97 ° W longitude and at 0552

UT 173 ° away from the sun, it would lie on the

electron shell connecting with the satellite

measurements, if the field lines on the night

side of the earth were stretched by the solar

stream. Last, since the event occurred at

about the maximum epoch of the main phase

of the magnetic storm, the earth's magnetic

field was greatly distorted, so that the two

measurements could be nearly connected by
the disturbed field.

According to previous measurements of high-

altitude X rays observed at low latitudes during

auroras [Winckler, Peterson, Arnoldy, and Hoff-

man, 1958; Winckler, 1960; Winckler, Peterson,

Ho_man, and Arnoldy, 1959; May, 1961], we

can speculate that the auroral activity during

this period was of the type that would have

X rays associated with it. Unfortunately no

high-altitude measurements were made during

the 0550 UT auroral event. It has been sug-

gested [Winckler, 1960; Arnoldy, Hoflman, and

Winckler, 1960b] that the trapped radiation

serves as a source of the primary energetic
electrons that produce the high-altitude X rays.

The Explorer 6 measurements on pass 19 of a
rate decrease in the outer zone time-coincident

with active auroral forms might be evidence for

such precipitation of particles from the trapped
radiation into the atmosphere. From the data

on this event, however, we cannot determine

quantitatively whether precipitation from the

outer zone is adequate to account for the X-ray

fluxes observed during similar auroral disturb-

ances. Simultaneous with the precipitation of

particles out of the trapping region, and pos-

sibly associated with it, there could be accelera-

tion mechanisms operating which supply more

particles and energy.

An alternative interpretation of the sudden

decrease in counter rate observed during pass

19 must be kept in mind, however; the decrease

does not necessarily mean removal of radiation

from the trapping region, for the energy of the

particles and the efficiency of their detection by
the counter could be lowered as a result of

betatron deceleration by the changing field.

0900 UT, August 17, 1959

The Fargo all-sky-camera photographs at
about 0900 UT on August 17, 1959, show

another outburst of aurural activity and a very

strong break-up. At the time of break-up,
the satellite was at a range between 7 and 8

earth radii and nearly 110 ° in longitude to
the east of the sun-earth line. The fact that

the Geiger counter during this time detected

no significant intensity of radiation above

cosmic-ray background means that fewer than

108 electrons/cm _ sec of 100-key energy were

injected from the solar stream into the earth's
field, as measured at the position of the

satellite during the aurora, and supports the

measurements made aboard the space probe

Pioneer 5 [Arnoldy, Hoffman, and Winckler,

1960b] giving fewer than 107 electrons/cm 2 sec

of energy greater than 50 kev in a solar cloud
in transit to the earth. (In fact, the space

probe data are consistent with no energetic

electrons in the cloud, since the response of the

detectors can be attributed to solar protons

that were also in transit to the earth at that
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FIGURE 6.--The intersection of L shells with the surface o] the earth and the projection o] pass 19 along

L shells to the surface o] the earth. The numbers near the left-hand margin refer to the satellite

positions during the pass given by the circled points at the Jollowing times: (1) 0525, (2) 0535, (3)

055_, and (_) 0559 UT, August 17, 1959. The position o] the sun at 0552 UT is indicated at the
top o] the figure.
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time and were measured by balloon-borne

detectors.) If a large number of electrons of

such energy are present in the low-latitude
aurora, and auroral X rays indicate that

there are [Winckler eta/., 1958; Bhavsar, 1961],

we suggest that they must originate from the

trapped radiation or be accelerated locally
within the confines of the earth's field.

HIGH-ALTITUDE X-RAY BURSTS

During the build-up of the outer zone as meas-

ured by the ionization chamber and Geiger

counter beginning with pass 20, it was fairly

common to observe structure in the outer edge

of the trapped radiation and radiation above

cosmic-ray background at apogee. During

this period high-altitude observations at Fort

Churchill by Anderson and Enemark [1960] re-
corded numerous bursts of X radiation that

were qualitatively correlated with surface meas-

urements of the magnetic field and cosmic-noise

absorption but that in general were not asso-

ciated with the visible aurora; the two largest

X-ray bursts occurred near local noon. In

figure 7 are summarized the balloon data and

times when Explorer 6 crossed the electron shell

connecting with Churchill. Only once was the
satellite on the Churchill shell at the time of an

observation of high-altitude X rays. This was

during pass 21 on the inbound portion of the

trajectory, and the Geiger counter measured

no significant radiation above cosmic-ray back-

ground. The intensity of high-altitude X rays

measured at this time, however, was small in
comparison with the other bursts observed.

Enhanced rates were recorded near apogee on

passes 20 and 22, which occurred after the large

X-ray bursts were measured at Fort Churchill

at 1800 UT August 17 and 1830 UT August 18,

respectively. In figure 8 are plotted the Geiger

counter data for pass 20 as the satellite was

approaching and returning from apogee. The

prestorm rate curves are also given in the figure,

and it is seen that from 31,000 to about 43,000

km the rates were above the prestorm level by

nearly a constant amount, reflecting the over-aU

build-up of the outer zone. Starting at about

43,000 km and on out to apogee there was a
maximum in the enhanced rates. Radiation

above background was observed again on the

inbound part of the pass where the background

rate is that due to cosmic rays. The Churchill

shell is marked on the figure along with several

others. The measurements near apogee on pass

22, plotted in figure 9, are similar to those of

pass 20.

The satellite was at apogee for passes 20 and

22 in the early evening and before darkness at

Churchill, hence we cannot correlate the meas-

urements with the all-sky-camera data taken

at this station. Furthermore, it can be seen

from figures 8 and 9 that there were no distinct

rate maxima on the Churchill shell; rather, the

radiation was broadly distributed.
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About all that can be said about the measure-

ments of passes 20 and 22 is that they show the
great instability of the outer edge of the trapped
radiation. During the build-up of the radia-
tion after the minimum of pass 19, energy is sup-
plied to the outer zone. In the ensuing proc-
esses some of the radiation is turned into the

escape cone and precipitated into the atmos-
phere. The structure observed on passes 20
and 22 happens to be the state of the radiation
at the time of the measurements and after the

disturbance that precipitated the large quantity
of radiation into the atmosphere producing the
high-altitude X rays observed at Churchill.

The frequent occurrence of radiation above

cosmic-ray background at apogee and of struc-
ture in the outer edge of the trapped radiation
indicates that source mechanisms are operative

in this region a large percentage of the time.
Since this is the region where the solar stream is
first influenced by the earth's field it is reason-
able that it be very dynamic and disturbed as
far as radiation variations are concerned. The

frequent precipitation of radiation into the at-
mosphere as a result of disturbances here is
consistent with Anderson's estimate [Anderson

and Enemark, 1960] that an average flux of 10
photons/cm _ sec may be present as much as 40
percent of the time at high altitudes for north-
ern latitudes. As was suggested by Winckler
[1962], since the auroral zone connects with
this region, the high-altitude X rays observed
in the auroral zone can be expected to differ in
average energy, flux, and correlation with
auroras from X rays at low latitudes, where

their origin might be due to electrons precipi-
tated out of the intense trapped radiation.

Radiation above cosmic-ray background meas-
ured at apogee appears to be trapped; i.e., it
will often be observed on the same electron shell

during the outward and inward parts of a pass
and, ocbasionally, on the same shell during the
next pass some 10 to 12 hours later. However,
the radiation is observed to have a sharp bound-
ary on the shell that crosses the equatorial
plane at 54,000 km, for the detector rates drop
sharply to cosmic-ray background beyond this
shell. It is likely that this boundary represents
the termination of the earth's field, as far as its
ability to trap radiation is concerned.
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Observations of the Van Allen Radiation Regions during

August and September 19591

6. Properties of the Outer Region

BY R. A. Hoffman, * R. L. Arnoldy, 3 and J. R. Winckler s

School of Physics
University of Minnesota

i,

/ 65-2198!
A

This last in a series of six papers summarizing the results of measurements with ion

chamber and Geiger counter instruments aboard the Explorer 6 satellite discusses the general

intensitY, structure, and shape of the outer radiation region as displayed by contours of
constant counting rate from the Anton Geiger counter. These contour plots show the large
variation in counting rate, volume, and structure to which the outer radiation region is sub-
jected during magnetic activity. Frequently two maximums are observed in the outer zone.
It is shown that the depth of the minimum between these maximums as a function of altitude
is an argument against any earth surface magnetic anomaly as the cause of the minimum in

intensity. An explanation given previously is again suggested, namely, that the minimum is
a result of changing spectrum of the trapped electrons, together with the spectral response of
the counting instruments. By using the Geiger counter rate along a magnetic line of force,
together with the ionization rate ratio, to determine the constancy of the spectrum, pitch-
angle distributions at the equatorial plane are derived. The equatorial pitch-angie distribu-

tion is unfolded by means of a form of Able's integral equation with a mathematical approxi-
mation to the counting rates as a function of magnetic field strength. The pitch-angle
distribution is derived before and after a large magnetic storm. Finally, a discussion of
properties of the outer radiation zone during magnetically quiet times and the changes asso-
ciated with a series of magnetic storms during August and September are discussed in detail.
It is concluded that major intensity changes always correlate with solar activity, a time delay
indicating the coupling by means of solar plasma beams. Intensity changes are independent

of the occurrence of a Forbush type decrease caused by the plasma cloud. Counting rate
changes during storms mainly associated with energetic electrons near 1 Mev are observed.
Counting rates near the equator decrease for all lines of force if the storm has a main phase.
Sometimes the decrease near the equator is accompanied by an increase near the atmosphere
showing the lowering of mirror points. The percentage decreases are larger for lines of force

at large radial distances. Large decreases on all lines of force are accompanied by widespread
aurora. Counting rate increases occur during the recovery phase of magnetic storms and
are apparently due to a local acceleration mechanism. The increased flux consists of particles
having large pitch angles with a spectrum similar to that of the prestorm conditions. This

paper includes a summary of conclusions, that are thought to be of continuing interest, from /2/
all six papers in the series.

I Published in the November 1962 issue of Journal of Geophysical Research.

2 Now at NASA Goddard Space Flight Center.
s Now at Honeywell Co.

Reprinted by permission.
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This sixth and last in the series of analyzing
data received from the University of Minnesota

ion chamber and Geiger counter experiment

aboard Explorer 6 satellite (launched August 7,

1959) investigates, first, the properties of the

outer radiation region that can be ascertained

when the time variations of the earth's magnetic

field are at a minimum, and, second, the varia-

tions of the properties of the trapped radiation

during magnetic storms.

ELECTRON ENERGY RANGE OF RESPONSE

It may be well to review briefly the energy

ranges of electrons in the outer region to which
the detectors are thought to be responding. In

the most extensive analysis to date of the re-

sponses of the Explorer 6 detectors (part 2,

Arnoldy, Ho¢fn_an, and Winckler [1962]), we

concluded that at 11,000 km the data require

electrons of energy 5 Mev or larger with an

assumed differential power-law spectrum fit to

the data having an exponent between 2 and 3.

Furthermore, the spectrum steadily steepens

with range, whereas the high-energy limit de-

creases out to 26,500 km, where the best fit to the

datagives a cutoff at about 3.5 Mev. The de-

tectors are relatively insensitive to low-energy

radiation when energetic electrons exist. Beyond

26,500 km the spectrum is thought to continu-

ously steepen with an increasing contribution of

bremsstrahlung to the detector rates. The na-

ture of the spectrum with range, however, has

been attained by fitting trim spectrums to the

data and is, therefore, not a unique determina-
tion.

The Explorer 7 detectors, which measure the

low- and high-energy radiation separately, are

clarifying this entire response problem [O'Brien,

Van Allen, Laughlin, and Frank, 1962]. How-

ever, for the purpose of this study, it can be

said that the properties of the outer region

derived here will pertain primarily to the

high-energy electrons.

SEQUENCE OF GEOPHYSICAL EVENTS

To orientate the reader to the sequence of

geophysical events during the lifetime of Ex-

plorer 6 telemetry, reference is made to figure

1, in which a number of observations are plotted

as a function of time. The top curve shows the

maximum cbunting rate of the Geiger counter

in the outermost maximum of the outer region

for those passes having data within ±10 ° of

latitude about the magnetic equator. The

second curve is the daily mean of the horizontal

component of the earth's magnetic field as

measured by the Honolulu, Hawaii, observato .ry

(obtained from the I.G.Y. World Data Center

A, Cosmic Rays, University of Minnesota).

The next histogram is the daily average count-

ing rate from the Deep River neutron monitor

(courtesy of Hugh Carmichael, through Data

Center A, Cosmic Rays. At the bottom of the

figure are indicated the specific periods that will
be discussed in detail.

SHAPE OF THE OUTER RADIATION REGION

The general intensity, structure, and shape of

the outer radiation region can be displayed by
means of contours of constant counting rate

from the Geiger counter. Because of the high

elllpticity of the orbit of the satellite, and be-

cause, with respect to the geomagnetic axis of

the earth, the orbits swing northward and south-
ward in latitude on successive passes, a large

part of the radiation region was swept out in a

period of several days, affording the opportunity

to plot the details of the distribution of particles

in space that are accessible to the instruments.

Three such contour plots on geomagnetic merid-

ian planes in rectangular form appear in figure
2. To obtain a consistent set of data for a plot,

time periods were selected when magnetic activ-

ity was low. Data were plotted on either side

of the quietest time until the points showed a

general variation. Then the averaging contour
lines were drawn to the best fit to the points.

The top diagram of figure 2 includes data

from the first 15 passes of the satellite, from

August 7 through August 14, 1959. This period

of observation displayed for the first time three

distinct maximums in counting rates for the
radiation detectors. The first of these, evident

at about 8000 km range and --30 ° magnetic

latitude, can be identified with the inner zone.
The second and third are seen at about 17,000

km and 22,500 km range near the equator; they

comprise the outer zone.

i
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The second contour plot encompasses passes
32-43 _ the period August 24-30, and is labeled
"post-storm" in figure 1. Between these first
two quiet periods, two magnetic storms occurred
whose end result was an increase in counting

rate of the detectors in the outer region to five
times the prestorm value. The second and third
maximums were still discernible at northern

latitudes, but near the equator only one broad
maximum in counting rate appeared.
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After some rather intense magnetic activity
during the first few days of September, the
trapped radiation stabilized to the intensities
shown in the bottom plot, which includes passes
57-67 from September 6-11. Although the
contours are very incomplete, the very striking
observation was made that the outermost maxi-

mum had completely disappeared, whereas the
initially second maximum had retained an in-
tensity comparable to the August 7-14 period.

During the last half of September, the mag-
netic indices rose to values sufficiently high so
that variations in intensity of the outer region

might be expected. During the last week and a
half of September, after a storm on the 20th,
there was a slow emergence of another broad
maximum at about 27,000 km at the magnetic
equator, although it took almost a week before
it showed as an actual maximum on passes even
10 ° off the equator.

This series of contour plots displays most
impressively the large variations in counting
rate, volume, and structure to which the outer

radiation region is subjected during magnetic
activity.

However, to attach quantitative significance

to the contour plots we must consider the spec-
tral response of the instruments as well as the

value of the counting rate. Positions may be

found on the contour plots for which the ratio
of chamber to counter rates is the same. For

example, it will be shown in the section on pitch-

angle distributions that this condition prevails

along a given line of force until altitudes near

the atmosphere are reached. This observation

means that over the range of energies which con-

tribute predominantly to the response of the

detectors the spectral form is constant. Sup-

pose that the differential energy spectrum over

this energy range is given by dN/dE=NoJ(E),

where J(E), some function of energy, is the

spectral form. Then the counting rate of the

counter is proportional to the intensity factor

No. Therefore, if the spectrum is known at

any point on a line of force, such as those in-

dicated in part 4, the spectrum is also found at

any other point on the same line of force by

merely adjusting the intensity factor by the

ratio of the counting rates at the two points
These counting rates can be read from the
contour plots.

Whether the two maximums in the outer zone

are a general feature is difficult to say. Of the
61 days of telemetry from Explorer 6 they were
present at the equator 46 days, as closely as can
be ascertained, or 75 per cent of the time. Pio-
neer 3 (December 6, 1958) [Van Allen and
Frank, 1959], on the outbound leg of its trajec-
tory, showed a slight inflection in the counting
rate of the Geiger counters versus range through
the belt, but no actual minimum. On the
inward portion of the trajectory the next day
there was seen even less sign of inflection.

Mechta 1 [Vernov et al., 1959], on January 2,
1959, also showed a somewhat large inflection
in its scintillator and total ionization crystal,
but again no actual minimum. No data were

received from Pioneers 6 and 5 in this region.

If all, or at least an overwhelming majority of,

the electrons in the outer region have the same

source, the occurrence of a minimum in the dis-

tribution in space is a puzzling phenomenon.

Some discussion has appeared concerning the

minimum, and additional experimental evidence

is available regarding its properties.

The Capetown Anomaly and the Outer-Zone
Minimum

The effect of the Capetown magnetic anomaly

on the trapped radiation has been debated in

the literature, and part 2 [Hoffman, 1961] of

this series brings the reader to the current state

of the discussion: assuming the validity of pres-

ent magnetic data, the particles affected by the

anomaly do not have trajectories that would

pass through the position of the experimentally

observed minimum in the outer zone, but are

probably almost an earth radius too low. How-
ever, a comparison between the current United

States charts of total magnetic field and a recent

magnetic survey of the area west of Capetown
indicates considerable error in the field contours

for 1955. Therefore, the next step in this anom-

aly discussion is necessarily a determination of

the exact location and shape of the anomaly.

765-698 0-65--13
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Altitude Dependence of Depth of the Outer-Zone

Minimum

A study of the depth of the minimum as a

function of altitude also produces another argu-

ment against an earth magnetic anom-

aly causing the outer-zone minimum. If the
electrons in the outer zone were to have their

source in the decay of albedo neutrons, and the
minimum in the belt were due to particle loss

in the Capetown anomaly, the depth of the
minimum would show an altitude dependence:

the minimum would be more pronounced near

the atmosphere than at large distances on the

magnetic-field shell that passes through the

anomaly [Dessler and Karplus, 1960].

The orbit of Explorer 6 was ideal for this

study. For example, the minimum in counting

rate of the Geiger counter on the outbound part

of pass 12 through the outer belt was obtained

at a range of 20,200 km at a magnetic latitude

of 3 ° N and geographic longitude of 89.1 ° E,
whereas the minimum in rate on the inbound

portion occurred at a range of 11,200 km at a

magnetic latitude of 42.5 ° S and geographic

longitude of 72.6 ° E. Thus the outbound por-
tion lay close to the equator for large radial

distances and the inbound portion crossed many

shells at fairly constant low altitude.

To compare the profiles of the belt at the two

different altitudes, it is desirable to plot the

counting rates of the counter for both the out-

bound penetration of the be]t and the inbound
as a function of a common coordinate of range.

Such a coordinate is the range at which the mag-

netic field shells cross the equator in the longi-

tude region of 72 ° to 89 ° E. However, only two
such shells, based on the 48 coefficient expansion

to the field, were available (through the courtesy

of Dr. Paul Kellogg, University of Minnesota),

one having a maximum range of 24,500 km (the

magnetic equator for this shell) and the other

of 17,090 km. To obtain the equatorial mag-

netic shell ranges of all the other points along

each part of the trajecto .ry, the dipole equatorial

ranges were compared with the two magnetic
shell ranges to determine the accurateness of the

dipole approximation to the earth's true field.

Then all dipole ranges in between were adjusted

to magnetic shell ranges by a linear interpola-

tion, R --_ AR' _- B, where R' are the dipole

ranges.
For the outbound portion of pass 12, the ad-

justing equation was

R = 0.920 R t T 1,650 km

For the inbound portion,

R ---- 1.004 R r -k 10 km

In figure 3 the counting rates of the Geiger

counter versus the magnetic shell ranges are

plotted for both the outbound and inbound

parts of pass 12. The three hourly K_ mag-

netic indices did not exceed 2 ° during the 12
hours between the two intersections of the belt.

The upper part of the figure shows the ratio

of inbound to outbound rates on a given shell

(shell range at equator plotted as abscissas).

If the trapped radiation were preferentially re-

moved at low altitudes by the magnetic anom-

aly, and if this were the cause of the minimum
in the outer zone, a marked decrease in the
inbound to outbound ratio should occur at a

OJ

_I

? , ?.
14 iQ IS IO I_ _ N

RNIIE AT [OUAT01_ (x 10s Ira)

Fmu_E 3.--Comparison o/ the profiles o/ the

outer belt at two different altitudes during pass

12 to study the altitude dependence oJ the
outer-belt minimum.
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shell range corresponding to the outer-zone

minimum. We note that actually the ratio

curve in figure 3 smoothly changes through

this region with no minimum. Thus the alti-

tude dependence sampled at two points along

each shell corresponding to the satellite trajec-

tory fails to show a strong alteration of mirror-

point distribution on the shell corresponding
to the outer-zone minimum consistent with the

continual removal of radiation at the anomaly.

As can be clearly seen in figure 3, however, the
ratio is not constant but increases to a maxi-

mum at a shell range of 18,000 km, then de-

creases slowly through the outer zone. This

smooth variation with range appears to be the

result of the increasing concentration of par-

ticles near the equator with increasing shell

range (see part 4) and the changing altitude

at which the radiation was sampled along the
inbound orbit.

To compare directly two Geiger counter rates,

it is necessary that the spectrum of particles in

which the payload is immersed be the same at

the two points of comparison, and only the

intensity be different. As was explained previ-

ously the ratio of the chamber to counter rates

is a measure of the shape of the spectrum.

Therefore, it is desirable to compare this ratio
for the outbound and inbound excursions

through the belt on the same type of magnetic

shell range coordinate as that used in figure 3.

Figure 4 has such a comparison, and it is seen,
especially at the location of the minimum, that

the ratios are identical, and counting rates
should be proportional to particle intensities.

Possible Cause of the Outer-Zone Minimum

An alternative explanation of the minimum,
which we have advocated for some time (Arn-

oldy and Winckler [1960]; Arnoldy, Hoffman,

and Winckler [1962]), is a spectrum of trapped

electrons changing with range. The total in-

tensity continually increases between the two

observed maximums, but their spectrum steep-

ens and the maximum energy of the electrons

decreases. Most radiation detectors flown,

including all four on Explorer 6, have a rapidly

increasing efficiency with increasing energy.

Therefore, the decrease in counting rate past

the inner maximum is caused by a loss in that

part of the counting rate contributed by the

high-energy electrons not being offset by the

increased intensity of the lower-energy elec-

trons. Beyond the minimum, the increase in

number of lower-energy electrons contributes

more counts to the counter than are being lost

from reduction in only the high-energy elec-

trons, so another maximum is eventually
reached.

2O

-- INBOUND

L ] [ L 1 1 [ , l l l
14,000 16,000 18,000 20_X)O 22,000 24,000 26,000

SHELL RANGE AT EQUATOR

FmVRE 4.--Comparison oJ ratios of chamber to counter counting rates along the two profiles oJ the outer

belt during pass 12.
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Another explanation is that the distribution

is merely the result of the injection, acceleration,

and perturbing mechanisms operating in the
outer magnetosphere. The region of the outer-

most maximum and beyond undergoes much

larger time variations than the region of the
inner maximum, so the number and position of

the maximums observed during the quiet period

following a storm is a reflection of the distribu-

tion of mechanisms that are perturbing the

trapped particles during the storm.

PITCH-ANGLE DISTRIBUTIONS

Further properties of the outer-belt electrons
can be derived from a study of their mirror-

point and pitch-angle distributions as a func-

tion of range and time. The results of such a

study provide requirements for any possible

injection, acceleration, and precipitation mech-
anisms.

Intensity along Lines oF Force

Because the guiding centers of the particles

trapped by the earth's magnetic field follow the

lines of magnetic force, it is possible to obtain

the pitch-angle distribution of the particles from

a plot of particle intensity as a function of mag-

netic field strength along a line of force.

As was discussed earlier, the Geiger counter

rate is interpreted as proportional to the flux

of electrons in the energy range that contributes

significantly to the counting rate of the counter.

However, if the constant of proportionality

does not change with distance along a line of

force, which will be true if the spectral shape

remains constant, then the relative change in

counting rate down a line of force suffices for

obtaining the relative pitch-angle distribution.

Now there is no a priori reason to believe that

the spectrum remains constant, so again the
ratio of chamber to counter rates down the force

lines must be studied to justify the constancy

of the spectral shape. If the ratio, and there-

fore the spectral shape, remains constant, then

the mirror-point distribution is independent
of energy.

The earth-centered dipole approximation is
used for the magnetic field lines. Since the

satellite orbit slowly precessed around the earth

and swung northward and southward with

respect to the geomagnetic axis, the satellite

crossed a given dipole line or shell at various

points for a series of passes.

For obtaining the pitch-angle distribution
from the counter rate down a line of force it is

more useful to plot the counter rate as a func-

tion of field strength than of magnetic latitude

or altitude. The field strength can be obtained

from the magnetic latitude by the equation

B (1 + 3 sinZ/_) 1/2

B0 cos6/_

where /k is the geomagnetic latitude, B0 is the

field strength at the magnetic equator, and B is

the field strength at a latitude/k.

Figures 5, 6, and 7 show the counting rates
of the counter as a function of B for the dipole

lines of force 17,000 km, the inner maximum,

22,400 km, the outer maximum, and 28,000 km

in the lower parts of the figures, and the ratio
of the ion chamber to counter rates in the upper

parts for passes 1-15, labeled "prestorm" in

figure 1. Data were not used in the approxi-

mate longitude range 250 ° E to 80 ° E for a
latitude south of about 30°N magnetic in

order to make a better fit of the dipole to the

true field. In this region the mirror points dip
closer to the earth's surface than the average

over the rest of the earth. Though the ratio

points do scatter, especially for the higher

values, it is judged that the pitch-angle distri-

butions are energy-independent enough so that
it is worthwhile to derive the distributions from

the data. A part of pass 7 was almost tangent

to the 22,400-km field line, though at a slightly

greater range. The ratio is especially useful

in this pass, since it shows an excellent con-

stancy with B. The ratio is somewhat higher

than the other points plotted because the ratio

rapidly increases with equatorial dipole range

in this region. It was also shown in the study

of the depth of the outer-belt minimum as a
function of altitude that the ratio was the same

on a given magnetic shell for the outbound and
inbound intersections of the outer zone.

Figure 8 has curves approximating the

counting rates versus B for five lines of force.

The important feature to notice is the progres-



VAN ALLEN RADIATION REGIONS, 6 187

A

:E
PRE-STORM 17,000 KM.=E

1
_ el3

x 4_

"-" ,4 2° ,15

__o 0 _ l , _ ,T , , ,

i,ooc
O
uJ
(n

(n

Z
-%
O
O

10C

I0

] i i i I 1

-1
I I I ,I

I0
I 5 I I J

I00

F1GUI_E 5.--Cou_ting rate o] the Geiger counter
as a Junction oJ B (bottom) and ratio of ion

chamber to counter rates versus B (top).for the
dipole line oJ .force 17,000 kin, passes 1-15,
August 7-15, 1959.

sive concentration of particles toward the
magnetic equator with increasing range. How-
ever, the energy spectrum of those particles
near the equator is apparently the same as those
particles contributing to the "knee" at about

equal to 10, as judged by the constancy of
the ratios as observed in figures 5, 6, and 7.

Figures 9 and 10 contain the counting rate

of the counter as a function of B for the dipole
lines of force 17,000 km and 22,400 km during
the "post-storm" period in figure 1. Since no
data were available during this period for
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FIG_aE 6.--Same as figure 5 except .for 22,$O0-
km dipole line.

B> 6.5 for the 17,000-km line, figure 9 con-
tains points from passes 25-30 for the larger

values. It will be seen later that the inten-

sities for large _ do not fluctuate appreciably

during smaller magnetic disturbances. There
were insufficient data to construct a similar

plot for the 28,000-km line of force after the
storms.

Pitch-Angle OistriSutions

From the data curves in figures 5, 6, 7, 9, and
10 it is possible to derive the pitch-angle dis-
tributions of the outer-belt electrons at the

magnetic equator.
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By Liouville's theorem [Janossy, 1948], the
flux of particles per unit solid angle is constant
as we follow the particles down a line of force,
for particles having all the same momentum.

Let No(P, ¢0) be the number of particles per

unit volume and per unit solid angle at ¢0 per
unit momentum interval at P, at the equator.
This is the pitch-angle distribution, for which a
solution will be found. The pitch angle (_bor
¢0), measured between the trajectory and the
local field line, is independent of the direction of
particle motion and does not exceed 90 ° .
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FmVR_ &--Curves approximating the counting
rates versus B for five lines of force before the
August 16, 1959, storm. Notice the progres-
sive concentration of particles toward the mag-
netic equator with increasing range.

The flux of particles per unit solid angle at
¢0 per unit momentum interval at P at the
equator is V.No(P, _bo).

Let f(P, ¢, B) be the number of particles per
unit volume per unit solid angle at _bper unit
momentum interval at P at a point where the
field is B. Then the flux of particles per unit
solid angle at ¢ per unit momentum interval
at P where the field is B is VJ(P, ¢, B). At

the equator

V.f(P, ¢o, Bo) = V. No(P, C0) (1)

Hence, by Liouville's theorem, everywhere

along a line of force

V .f(P, _, B) = V. N0(P, C0) (2)

The counting rate C of an omnidirectional
detector due to particles of velocity V is propor-
tional to

x/2
B)'_Vr-oa¢ I(P' ¢' B) sin _bd_, (3)C( V,
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FmvRS. 9--Counting rate of the Geiger counter

as a function o.[ B for the dipole line of force

17,000 kin.for passes 32-_3, and passes 25-31

.[or B>6.5, after the August 16 and 20 storms.

where the integration is the flux per unit solid

angle over the total 4_ solid angle. Using (2)

r

C(V, B),_VL No[P, ¢o] sin _bd¢_
jo

(4)

Expressed in terms of values at the equator,

using the first adiabatic invariant,

(5)sin_ _ sin 2 ¢0

B Bo

(6)sin ¢_ cos Cd_h sin _bocos ¢od¢_o

B Bo

ains _o =a=
C( V, B)a V No(P, _bo)

B d(sin 2 _ho)
o--
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(_)

where the upper limit is obtained by setting

_h = 90 ° in (5).

If the efficiency of the detector to particles

of velocity V is _ (V), then the total counting

40,00¢

mo 1,00G

Z
:3
O
O

10C

10

POST-STORM 22,400 KM
i i i i I i

%
-- _

t I I I I t

K)

FIGURE lO.--Counting rate of the Geiger counter

as a ]unction of B for the dipole line o] ]orce
22,400 km.for passes 31-_3.

and so
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rate of the detector at a field strength B is

proportional to

f.i,, _o maxfie V._(V) dV Jo No(P, d/o)C(B) a

B d(sin 2 _bo) (8)°_

_ _sIn

Since the pitch-angle distribution is independent

of the energy of the particles, the first integral

over velocity can be replaced by a constant.

If this constant and the constant of propor-

tionality in the previous equation are taken

together and designated K, then

sin* t_. m.zC(B) = K No(_bo)

S d(sin 2 1/,o) (9).--

Be (
-- B in 2 _O) 1/2\ 1 _ s

but

and

d(1/B) = d(Bo/B) = -- Bo/l_ dB

sin 2 _ko = Bo/B,.

where Bm is the value of the field at the turning

point of a particle with equatorial pitch angle _b0.
Therefore

d d

d(sin 2 _bo) d(Bo/B,)

1 d B=_ d

So d(1/ B_,) Bo dB.

Then

2 d
No(_bo) = -_ B,. _ dB,.

(13)

This integral equation must be inverted to

solve for N0(Co). Here B is the point of the
detector.

To solve, transform the equation into the

form of Abel's integral equation [Valterra, 1930].
Let

= B/Bo

Then

x = sin _ ¢_o

dx = d(sin _ _bo)

t = sin * ¢/o.., = 1/B

' dx (10)2K tw_C(l/t) = No(x) (t -- x) '/_

By Abel's equation, this can be inverted:

_ 2 d f_ t'/2C(1/t) dt
No(x)

lrK dx Jo (x -- 01/2

Substituting back,

2 d
N0(_bo)

irK d(sin 2 _bo)

.[ , C(B) d(1/B) q(B)l/2(sin2 _/o -- 1/B)I/2J

where B_ B,_.

A simplification in the expression can be ob-

tained through the substitution y2 = (B/B_ --

1), so that

dB

dy = 2(B/B=- 1) *_

Then
4 d

No( _bo) -- --_r---KB"u dB---_

[1 fo° c[B.(u' +• V. C + 1)= (14)

To use, find the counting rate C down a line of

force as a function of the field B. Substitute

into this function B(y 2 + 1) for B, and place into

(11) the equation for N0(¢_o). Note that y is a
parameter that is integrated out.

The actual derivation of the pitch-angle

distributions of the outer-belt electrons was

accomplished by using two approximation

methods, the approximation of C(/_) by a series

of power laws, and by a series of straight lines.

Approximation method using power laws.--Let
(12). the counting rate as a function of _ be approxi-
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matedby a seriesof straightlineson theln-ln
plotof C versus B, or power laws.

C(B) = Nd-B" for _, _< B _< _+1 (15)

Then, dropping the subscript m,

--4B2 d
No(_bo) = -_ d"-B

• _ f_, B"(y'-b 1)"'(y' + 1)'

__ 4 _ (n, + 1)N,R, (16)
irK _ B"

where

_"*' dyR, = , (y_ 4- l) "'÷2

Note that if C(B) can be approximated by a

power law for all values of B

No cc sinS- ¢o (17)

Approximation method using straight lines.--

Let the counting rate as a function of B be

approximated by a series of straight lines on a

linear plot of C versus B,

C(_) = _- _
for

_, < _ < _,.,
Then

(18)

4 B2 d
No(_bo) --- _-K d-B

4
= _r-K _ a,I(y,., -- y,) (19)T

where the L_ are terms independent of B, and

_(Y'÷' - Y (y*+ 1)*

(20)

Figure 11 shows the pitch-angle distribu-

tions for the 17,000-km line of force derived

from the curves in figures 5 and 9. Figure 12

shows the same information for the 22,400-km

17,000 KM LINE
[

,-" POST-STORM

FiGua_, ll.--Equatorial pitch-angle distribu-

tions for the 17,000-km line of force derived

from the curves in figures 5 and 9. N(¢0) is

the relative density of particles per unit solid

angle at #o.

line, and figure 13 for the 28,000-km line. All

the curves are normalized to 100 at ¢0 equal to

90 °. Table 1 itemizes the type of approxima-

tion used to derive each distribution, and the

number of lines approximating the counting

rate curves. An isotropic distribution would

appear as a straight horizontal line.
It is thought that through the use of these

approximation methods the pitch-angle distri-
butions are within the accuracy of the counter

data. The largest errors will occur for large

values of B, or small pitch angles, where an

error of several factors is possible for _b0< 15 °

because of the scarcity of data and the changes

in ratio.

The definition of pitch-angle distribution used

here is the usual one, but must be made clear.

No(¢o) was defined as the number of particles

per unit volume and per unit solid anglo, or

density per unit solid angle, with pitch angles

near _k0at the magnetic equator. Since flux is

velocity times density, these distributions can
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22,400 KM LINE 28,000 KM LINE

PRE-STORM -

POST-STORM
z

20" 40" 60" 80"

%

FIGURE 12.--Equatorial pitch-angle distribu-

tions for the 22,_O0-km line of force derived

from the curves in figures 6 and 10.

also be considered as the flux measured by a

telescope looking at an infinitesimal solid angle
at ¢J0. This definition is different from the one

used by Fan et al. [1961b] in their study of

pitch-angle distributions, in that theirs is in-

tegrated over time. That is, they count each
electron once as it crosses a unit area normal to

the line of force at the magnetic eqhator, but

TABLE 1.--Type of Approximation and Number

of Lines Used for Approximating the Counting
Rate of the Geiger Counter as a Function of

in Deriving the Pitch-Angle Distributions

Dipole
Line,
km

17, 000

22, 400

28, 000

Time Period

Prestorm .......

Post-storm.....

Prestorm .......
Post-storm .....
Prestorm .......

Straight Line
Approxima-

tion

5 lines .....
(B 6.8) 4

lines .....
7 lines .....
8 lines .....
Not used___

Power-Law
Approxima-

tion

Not used.
(B 6.8) 3

lines.
3 lines.
Not used.
6 lines.

FIGURE 13.--Equatorial pitch-angle distribu-

tion for the 28,000-km line of force derived

from the curve in figure 7.

continue counting until all electrons that will

ever pass through the unit area have been

accounted for. As a result, the pitch-angle

distributions from the two definitions appear

quite different.

Storm-Time Mirror Points

The derivations of the pitch-angle distribu-

tions in the previous section required data

from a series of passes during magnetically

quiet times in order to obtain a distribution of

counting rate points along a line of force.

During magnetically disturbed times the in-
tensities fluctuate between successive passes

so that pitch-angle distributions cannot be
studied.

However, an indication of the mirior-point

changes can be observed by plotting the count-

ing rate of the counter versus the prestorm

values at the points of intersection of the orbits

with the prestorm dipole shells. This is done
for the usual three dipole lines, 17,000 km,

22,400 km, and 28,000 km in figures 14, 15,
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FIGVRE 14.--Counter rate as a ]junction o]j

(bottom) and ratio o]j chamber to counter rates

versus B (top) .for the dipole line o]j .force

17,000 lcm, passes 16-31, during the August
16 and 20 storms.

and 16. Also shown are the pre- and post-

storm distributions for comparison.

MAGNETIC STORMS

In the first part of this paper, the properties

of the radiation during magnetically quiet times

before and after magnetic disturbances were
discussed. In this section the variations in the

trapped radiation during magnetic storms are

analyzed in conjunction with other geophysical

phenomena. Since data acquisition was most

complete for the first month of operation of the
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FIGVaE 15.--Same as figure 1_ .for the 22,_O0-
bn line.

satellite, the three storms of August (9, 16, and

20) and the first storm in September (3) will be

analyzed most thoroughly.

Types of Data Analyzed

In the storm-time analysis, six different

phenomena are considered. The first two are

ground level, magnetometers and a sea-level

neutron monitor; two are satellite measure-

ments, the radiation detectors and satellite
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FIGURE 16.--Same as figure 14 .for the 28,000-kin line.
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magnetometer; and two are solar, solar flares
and solar radio emission. They will be con-

sidered in the following order for each storm:

(a) Since magnetic storms are defined by

abnormal excursions of the ground-level mag-

netic field, the first observation to be discussed

in the analysis of each specific event will be the

magnetograms from several observatories. The

major trends of the ground-level magnetic field

were obtained by deriving the average Ds, curve

from the hourly averages measured at Freder-

icksburg, San Juan, and Honolulu. For the

storm of August 16, Sydney Chapman and

S. Akasofu have kindly furnished a Dst curve
based on 12 observatories well distributed in

latitude and longitude between geomagnetic

latitudes of 30 ° N and S. It must be pointed

out of the series of hourly averagings elim-
inates short time fluctuations and has a

tendency to decrease sudden commencements.

(b) The next measurement was from the

Geiger counter and ionization chamber. Spe-

cifically, the counting rate of the counter was

considered at the points of intersection of the

orbits with the prestorm dipole shells. Because

the counting rate down a line of force was

extremely dependent upon latitude, the per-

centage change from the prestorm values has
been considered instead of the absolute value

of the counting rate; i.e.,

counting rate _ /average counting_
at _ for /--/ rate at B /

storm-time pass] \ before storm /×100

average counting rate at _)before storm

The comparison of counting rates for a series

of storm-time passes at the points of intersection

of the orbits with the nonperturbed dipole shells

must be justified, because mechanisms are

known which can move trapped particles in

range, thereby causing an apparent change in
intensity of radiation in a given location of

space. For such a study the locations of the

outer belt maximums and minimum in counting
rates of the Geiger counter for two storm-time

passes are compared with the locations during

quiet periods. Table 2 contains the equatorial

ranges (R0) of the lines of force through the

TABLE 2.--Comparison o] the Equatorial Ranges
of the Two Outer-Belt Maximums and Mini-

mum during Magnetically Quiet Periods with

the Ranges During Magnetic Storms to De-

termine Whether Radial Drift o] the Trapped
Particles Occurs

Pass No.

2 ....... 17,
4 ....... 16,
8 ....... 16,
10 ...... 16,
12 ...... 16,
14 ...... 16,
Averages. 16,
6 ........ 16,
19 ...... 16,

Inner
Maximum

R0, km

300
900
500
300
300
500
600 -4-300
500
800

Minimum
R0, km

Outer
Maximum

Ro, km

20, 400
19, 800
19, 200
18, 800
19, 700
19, 400
19, 600± 400
20, 300
19, 900

22, 900
22, 800
22, 500
22, 100
22, 600
22, 300
22, 500± 200
22, 800
21,400

two maximums and minimum for the even-

numbered passes surrounding the August 9-10

storm and preceding the August 16 storm as

well as the locations for pass 6 on August 10 and

pass 19 during the main phase of the August 16
storm. It is seen from the table that the six

ranges of comparison for passes 6 and 19 do

not display any systematic variation from the

average ranges. Each individual position could

be determined to within a couple of hundred

kilometers. The odd-numbered passes from 1

to 15 as well as pass 20, also during the main

phase of the August 16 storm, were too far off

the magnetic equator in the heart of the outer

belt to be of use in this comparison, since the

positions of the maximum and minimum change

in the profiles of the radiation toward the

earth's surface, especially during magnetic
storms.

This justification also established one require-

ment for decelerating and dumping mechanisms
on the radiation: that there can be no large

radial drifts of the particles.

(c') Measurements of the magnetic field in

extraterrestrial space were made by a search

coil magnetometer and a phase comparator

aboard Explorer 6 [Sonett et al., 1960]. The

search coil utilized the spinning of the payload

to measure ]B±], the component of the magnetic
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field perpendicular to the spin axis of the vehicle.

The phase comparator indicated the angle

between B± and S±, where S± represents the

projection into the payload equatorial plane
of a unit vector pointing in the direction of the

sun. The theoretical values of B± and the phase

angle have been calculated on the basis of the

spherical harmonic expansion of the earth's
surface field and extrapolation to the location

of the vehicle. A phase change to smaller angles

corresponded to a decrease in field amplitude
and to an increase in amplitude of a perturba-
tion field.

(d) Listings of solar flares and radio emis-
sion were obtained from the Solar Geophysical

Data reports, Part B [Natl. Bur. Standards,

1959-1960] and from the High Altitude Observ-

atory summary report [Trotter and Roberts,

1960].

(e) The other ground level measurement is

the Deep River neutron monitor hourly average

counting rate.

It is generally believed that there is a direct

correspondence between the observation of a

magnetic storm and the interception by the

earth of a solar plasma beam [Dessler and

Parker, 1959]. Now there are apparently two

types of plasma, one containing magnetic fields

and one deficient in fields, provided that the
criterion for such a determination is the simul-

taneous observation of a Forbush decrease. If

one occurs, the plasma contains a field; if the

cosmic-ray intensity remains constant, the

plasma is field free. It is now known that the

cause of a Forbush decrease is not geocentric,

i.e. dependent upon the earth and its magnetic

field, because, simultaneous with the occurrence

of a magnetic storm [Fan et al., 1960; Coleman

et al., 1961], one was observed 5,000,000 km
from the earth with detectors aboard Pioneer 5.

A Forbush decrease and magnetic storm were

also recorded at the earth during tile same

period.

Magnetic Storm Observations

August 9-1 O, 19S9, Magnetic Storm

(a) Earth surface magnetometers. This

small magnetic storm is not listed as a principal

magnetic storm [Lincoln, 1960] but was detected

because of the d_crease in counting rates of

passes 5 and 6 over the average values when

wewere constructing figures 5, 6, and 7. A scan

of the magnetograms from the three observa-
tories considered shows no sudden commence-

ment. In fact only the Fredericksburg record

indicates what might be a positive phase of

about 10 % commencing at approximately 1115

UT on August 9. The hourly averages and

other related data appear in figure 17.

(b) Counting rate changes. Pass 4 inter-
sected the outer belt about six hours before the

storm, and the counting rates appeared normal

at the crossings of all the lines of force. Pass 5

occurred during the main phase and intersected

the 22,400-km and 25,000-km lines at two

points. The counting rate data show the very

interesting phenomenon of a decrease in inten-

sity near the magnetic equator, but an increase

at lower altitudes, though still well above the

atmosphere. The ratio of chamber to counter

rates increased only a few per cent except at

large ranges, indicating a very slight softening
of the radiation.

The intensities were returning to prestorm

level in pass 6 during the recovery stage of the

storm, and the ratios were essentially normal.

Pass 7 was basically normal in the heart of the

belt, but especially at 35,000 km; it remained

depressed thereafter.

(c) Satellite magnetometer. The Expldrer 6

magnetic field measurements have been pub-
lished for pass 5 [Smith et al., 1960; see their

fig. 2], which strikingly displays a negative

perturbation in the distant field. This charac-

teristic anomaly has been interpreted as a ring
current at 60,000 km carrying a current of

5X106 amperes in a circular cross section of 3
earth radii. About 25_ hours later the same

region of space was again intersected on pass 7,

but the start of the magnetic-field perturbation

had moved out by about 9000 km (see their

fig. 1). The orbit for pass 5 was within 6 ° of

the geomagnetic equator from 30,000 to 43,000

km orbital range, and for pass 7, from 33,000 to

45,000 km range.

(d) Flares. The most prominent flare pre-

ceding this period occurred at about, 1555 UT,

August 7. Table "_contains the observations of

the flare as reported in the Solar Geophysical
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AUG, 9 AUG. I0

FLARES ,t--(m_ auG. 7, 2, 44 MIN, E46)

PASSES[
4

W 22,400

25,000

6 75

Lo<lt_; 1.4

N _ 0 -

o -- -I1% --

/ e,:9.9+,7% -,e% N_M_.R \ k L75 -z9 %

J 6-23.6 +140 % - 12% -It %
M \ __%

A -50 % -20% -17 %

L -,, -55% - -60% ,,,-60 %

FmURE 17.--Correlation analysis .for August 9-10 magnetic storm. Top: DBt hourly averages.

Second: Deep River neutron monitor hourly averages. Bottom: Geiger counter rate changes at

various lines oJ Jorce.

Data Report of September, 1959 (Natl. Bur.

S_andards, 1959-1960]. This McMath plage

region 5315 was a recurrence of region 5265

which caused the very interesting July 1959

events [Smith et al., 1960], since the time lapse

between the July and August central meridian

crossing of the region was about 26 days 12
hours.

Trotter and Roberts [1960] describe the activity

of this region (Main Solar Region 59-Q) as

follows: when the region returned in August

it showed a redevelopment of activity quite sim-

ilar to that in July. Strong, complex coronal

looped prominences associated with yellow line

emission and moderate surges were again in

evidence. Three classes 1+ flares early in the

passage produced short-wave fadeouts, but from

central meridian passage on the region declined

rapidly.
No solar flare occurred during the period of

the gradual commencement (GC) during the

eleventh hour on August 9, so that the counting
rate decrease cannot be attributed to an immedi-

ate solar cause. The nearest flare reports were

before 0940 and at 1214 UT.

(e) Neutron monitor. It is shown in figure

17 that no Forbush decrease accompanied the
storm.

August 16, 1959, Magnetic Storm

(a) Earth surface magnetometers. The most

fully documented storm of the Explorer 6 epoch
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TABLE 3.--Solar Flares

Date Observatory

Universal Time

Max-

Start End imum
Phase

Lati-
tude

Location

McMath Dura-
Merid- High tion,

Jan Altitude hminutes
Dis- Plage Observ-

tance Region atoryRegion

Import-
ance

Iono-
spheric
Effect

Aug. 7

Aug. 14

Aug. 18

Aug. 18

Sept. 1

Sept. 2

Sept. 3

August 9 Storm

Lockheed ...... 1551

Sac Peak ....... I 1554

Wendel ........ I 1558

Locarno ....... 1600

1635 1604 N15

1634 1606 N15
1634 _ _ N17

1636 i;i; N16

E46

E46

E46

E44

!!!!

........ i ........

44

40

26

36

1

1+ S-SWF.

2

22

August 16 Storm

Hawaii_____________ 0044 0234 0119 N12 E28 5323 59-L _ 110 2+ G-SWF.Mitaka___ 0211 2326 0236 N10 E27 ............... 75 2

August 20 Storm

Wendel ........ 1019

Stockholm ..... 1020

Locarno ........ 1020

Meudon ....... 1022
RB0. Herst .... 1203

Sac Peak ....... 1654

Climax ........ 1656

Wendel ........ 1657

Zurich ......... 1714

1149

1243

1250

1216

1235

1822

1814

1813

1726

1050

1058

1203

1726

1733

N12

N13

Nil

Nll

N12

N05

N08

N04

N05

W31

W32

W34

W38

W30

or

El5

El7

El6

El6

5323 59-L

iiiiiiilli ill

30 2+

83 2

150 3 I
114 3

32 2

88 2+

77 2

2+

I

September 3 Storm

S-SWF.

Slow.

S-SWF.

Lockheed ...... 1947

Sac Peak ....... 1948

Good Hope ..... 0720
Athens ......... 0724

Pirculi ......... 0724

Krasnya ....... 0729

2030

2030

0954

0900

0905

0830

1953

1956

0830

N09

N09

N10

I N06

Nll

N09

W15

W15

or

WlO

W09

W09

W09

5344

5344

59-X

59-X

43

42

154

96

101

61

1 Slow.

2 S-SWF.

2

3 Slow.

3 S-SWF.

2

September 3 Solar-Proton Event

Alma-Ata ...... 0421 0436 0423 N25 W85

Sydney ...... 0421 0438 0423 N27 W86
Tashkent ...... 0421 0439 0422 N23 W86 1512I17 ...... S-SWF.

18 2 +
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was the one commencing on August 16, 1959,

at 0404 UT. The positive phase, though begin-

ning sharply, was of rather small amplitude, and

it remained for only about two hours before the

large characteristic negative bay of about 140

appeared. It should be pointed out that the

previous half day was somewhat disturbed mag-

netically, the last three Kp indices for the 15th

being 5 °, 4_-, and 6--. In fact Fredericksburg,

Huancayo, and Toolangi reported small storms

beginning at 12xx, 1407, and 1342 UT, respec-

tively, and lasting several hours.

(b) Counting rate changes. This storm pro-

duced major changes in the radiation intensity,

whose prominent features have been discussed

previously [Arnoldy et al., 1960a]. However, a

more complete analysis of the data shows the

following properties (graphed in fig. 18).
Pass 15 was normal during the first half of

August 15, but pass 16 already showed a de-
crease on the outer side of the outer belt at and

beyond the 25,000-km line of force near the

equator. Pass 17, during which the sudden com-

mencement occurred, indicated a slight further
decrease for the same lines of force. Unfortu-

nately the receiving stations recorded data from

both low-power transmitters for only the initial

portion of pass 18 during the main phase of
the storm as observed at the earth's surface.

However, decreased intensity was observed at

points off the equator, contrary to pass 5, when

an increase was observed off the equator. Pass

19, also during the main phase, showed a de-
crease at all lines of force, the fractional de-

crease from before the storm varying only from

--53 to --68 per cent from the 17,000-km to
the 28,000-km lines. However, the fractional

decrease between passes 17 and 19 was very

range dependent, the entire decrease occurring

for 20,000 km and closer, but none occurring

beyond the 28,000-km line.

From passes 20 to 22 the intensity at the

equator recovered for the inner half of the outer

belt and rose to above prestorm values at ranges

from the outermost maximum and beyond.

From passes 22 through 24 conditions remained

stable. It is of interest to follow these changes

on figures 15, 16, and 19.

(c) Satellite magnetometer. The magnetic

field observations from Explorer 6 during the

August 16 storm are fully illustrated by study-

ing the phase comparator data from each pass

[Space Technology Labs., 1960].
1. Pass 15 was normal, a negative deviation

from the theoretical phase beginning at about

35,000 km. A negative phase change corre-

sponds to a decrease in field amplitude.
2. Pas's 16 showed the deviation occurring at

33,000 km, much sharper in depth than pass 15.

This may be due to the disturbance reported in

the last half of August 15.
3. Pass 17 had the deviation retreated to

35,000 km again, but considerable structure ap-

peared, characteristic of the magnetic elements

at the earth's surface during a storm.

4. On pass 18 these effects were enhanced,

with the deviation region beginning at about

31,000 km.

5. On pass 19 the deviation was noticeable at

27,000 km, structure occurring at altitudes even
lower than before.

6. Pass 20 showed some recovery of the field,

the deviation having retreated to 35,000 km,
and a much smoother field.

7. The deviation of pass 21 again moved in

to about 28,000 km but was considerably

smaller in amplitude and smoother.

8. The field had recovered for pass 22, the

deviation beginning at about 38,000 kin.
The actual field measurements were not

nearly as complete as the phase comparator

data, but the observations are very interesting.

Figure 19 contains the observations from three

passes, 18, 19, and 22, taken from Space Tech-

nology Labs. [1960]. The deviations in field

amplitude generally follow the phase compara-

tor. A noteworthy feature is the close agree-
ment between the theoretical field and experi-

mental measurement for ranges smaller than

the deviations, except for the appearance of
structure.

(d) Flares. The August 16 storm is gener-

ally attributed to a flare at the beginning of

August 14 (see table 3). The active region,

McMath 5323 (High Altitude Observatory

Main Solar Region 59-L), was a recurrence of

region 5280, which was rather inactive during

its July central meridian passage 26 days 19

hours previously, but which produced many

small flares from August 10 through August 18.

765-698 O-65-- 14
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Again the counting rate changes cannot be
attributed to an immediate solar cause because

only one flare was reported on August 16, a
class 1 before 0928.

The High Altitude Observatory summary

report of solar activity states that the aurora
associated with this disturbance was visible

well into central United States on August 16

and into southern Canada on August 17. (For

a detailed discussion see part 5, Arnoldy,

Hoffman, Winckler, and Akasofu [1962].)

(e) Neutron monitor. Only a small Forbush

decrease occurred, as is seen in figure 18.

August 20, 1959, Magnetic Storms

(a) Earth surface magnetometers. In the

first data analysis of Explorer 6, this storm was
also missed. About half the magnetic observa-

tories listed in this Journal [Lincoln, 1960] re-

ported it. The sudden commencement at 0412

UT was sharp and very large, with the positive
phase lasting about four hours. The main phase

never fully developed, but irregular negative

excursions continued for several days.

(b) Counting rate changes. Contrary to the

two previous storms, no counting rate reduc-

tions were apparent (see fig. 18).

(c) Satellite magnetometers. Unfortunately

no Explorer 6 magnetic data have been pub-

lished during this storm. It would be interest-

ing to determine whether there is a relation

between the change in location of the negative

anomaly due to the ring current structure in the

field throughout the belt, the nonappearance of

a main phase on the earth's surface, and the lack

of "dumping" of the trapped radiation.

(d) Flares. The source of this storm could

have been either of two flares on August 18,

both of which are listed in table 3. Region 5323

had previously produced the August 16 storm

and was recurrent, and region 5329 was newly

active during this revolution. The High Alti-

tude Observatory attributes the magnetic storm

to the region 5323 (or 59-L) instead of region

5329 (59-U) and, as for the previous two storms,

no flare was reported near the sudden com-
mencement.

(e) Neutron monitor. For the first time a

large Forbush decrease occurred, as is seen in

figure 18, indicating the arrival of a magnetized

gas cloud.

Radio noise storm.--As the earth's magnetic

field and the trapped radiation became stabi-

lized after the August 20 storm, a great long-

lasting solar radio noise storm was observed.

A plot of the intensity of radio emission at 169

Mc/s, as determined by the Meudon Observa-

tory group from the solar radio station at

Nancy, France, is shown in part 1, figure 14, of

this series, which is taken from the Boulder

reports [Natl. Bur. Standards, 1960]. The sun

is scanned every day, and the intensities are

plotted across the disk. Regions of moderate

activity appear frequently, as shown by the

small black and white spots, but on August 22

a region developed that on succeeding days

reached very high intensity. The radio emis-

sion from this region extended beyond the

limits of the disk (shown by the horizontal

lines labeled W and E on the left margin).

This long-lasting solar noise storm was ob-

served at several other stations, for example,

by Warwick (private communication, 1959) at

Boulder and by Erickson (private communica-

tion, 1959) at the Convair radio astronomy sta-

tion in California. Warwick's sweep-frequency

interferometer covering the approximate range

15 to 100 Mc/s showed that the emission was

continuum radiation, definitely not thermal,

and attributable to synchrotron radiation from

electrons in a region that appeared to be at a

very great distance from the surface of the sun.

The unusual nature of this noise storm is also

made clear by observations of the Fraunhofer

Institute, which showed numerous wide-band

rapid intensity fluctuations during the period.

Similar observations were reported by the Nera

Observatory [InJormation Bulletin oJ Solar

Radio Observations in Europe, 1960].

During the period of observations of the first

half of this noise storm, the trapped radiation

was extremely stable, permitting the construc-

tion of the contour plot of figure 2 (middle)

and the pitch-angle distributions of figures 11

and 12. This observation is at some variance

with the interpretation of Fan et al. [1961a] of

their figure 13A, which is similar to our figure

1, in which a steady decline in intensity of the
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outermost maximum is concluded over the pe-

riod August 20 to September 3. However, plot-

ting the data as in figures 9 and 10 definitely

proves a stability in the radiation for about six

days.

The second half of this noise storm was still

proceeding when the radiation intensities de-

creased during the August 29 to September 2

period (see fig. 20). Since the increases of

intensity shortly before the observation of the

noise storm can be accounted for by the wake

of the August 20 magnetic storm, and since the
decreases did not commence until the noise

storm had been in progress for a week, it is

difficult to associate the trapped radiation
variations with the solar radio noise.

On the basis of incomplete data, in the first

report of the Explorer 6 results [Arnoldy et al.,

1960b], it was tentatively concluded that a close

association existed between the beginning of

the noise storm and the intensity increase, but

with the acquisition of additional data the as-
sociation became less certain, as was reported

in the second publication [Arnoldy et al., 1960a].

However, suspicions still lingered as to the

cause of the build-up, whether it might be
related to an unobserved initial phase of the

solar noise storm, but the analysis of the

August 20 magnetic storm provides an adequate

explanation.

Some comments should be presented relating

to magnetic and solar activity during August

29-31 because of the large changes in the count-

ing rates during this period. No magnetic

storms were reported after August 20 and the

geomagnetic planetary three-hourly indices K_

did not exceed 3 ° at any time except for 4 °

from 1500-1800 on August 29, when there was

a small, sharp excursion on the magnetograms.

The magnetic field in figure 20 is quite stable,

as was the neutron counting rate. However,

it is interesting to note that the sunspot num-

bers for August 29 through September 1 were

by far the highest for the entire third quarter

of the year. In fact, for the solar rotation

1417, from August 9 to September 4, the

sunspot index reached the highest level since

January 1959. Numerous class 1 and 1+ flares

were reported as well as two class 2, the first

before 2250 on August 29 on central meridian,

and the other at 1536 on August 30 at 37 ° W.

September 3, 1959, Magnetic Storm

(a) Earth surface magnetometers. Another

moderately sized storm occurred on September

3, the sudden commencement being at 2150

UT. The positive phase, though sharp, went

rapidly negative after only a half hour.

(b) Counting rate changes. The accuracy

of radiation intensity measurements at various

lines of force during this period are complicated

by the possibilities of errors in the trajectory.

This problem arose in the consideration of inner

belt data in part 3 [Hoflman, et al., 1962] where

it was stated that new trajectory data were

available through pass 36, and a comparison of

the new with the old required shifts up to sev-

eral minutes in time along the orbit to acquire

coincidence in position. However, in figure 20

the present trajectory has been considered as

accurate, keeping in mind that the percentage

changes for lines 22,400, 25,000, and 28,000 km

near the equator and all lines off the equator
could be decreased to about half the values

plotted. Passes 32-41 and the lower altitude

parts of passes 42 and 43 have been considered

as prestorm for the discussion of the September

3 magnetic storm.

In spite of this possibility, it is definitely

known that between passes 41 and 44 there oc-

curred a large decrease in intensity, because no-

where along the trajectory of pass 44 did the

intensity reach prestorm values. This slow de-

crease continued for all lines of force until pass

49 on the beginning of September 2, when the
intensities leveled off until the storm at the end

of September 3. Again, as for the storm of

August 9-10, the intensities seemed to increase

off the equator.

The September 3 magnetic storm is further

complicated by the observation of solar protons

apparently from a flare beginning on September

3 [Fan et al., 1961a]. The flare beginning at

0421 resulted in high-energy particles first arriv-

ing in the vicinity of the earth within approxi-

mately 20-30 minutes. An increase by about a

factor of 2 over cosmic-ray counting rates

occurred in the University of Chicago triple
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coincidence telescope and continued for several

hours. Although during this period the trapped

radiation remained stable (passes 51 and 52),

the solar proton event was of such small magni-
tude that we would hesitate to draw from this

any conclusions as to the effects on the belts of

similar, though larger, events.

The storm of September 3-4 brought a fur-

ther depression of intensities, especially for the

outermost maximum, the 20,000- and 22,400-km

lines of force. During the recovery stage of the

storm, the equatorial intensity of the 17,000-km

line recovered, while the lower altitude intensity

on this line was depressed, similar to the August

16 and 20 magnetic storms. However, the in-
tensities on the other lines remained stable.

(c) Satellite magnetometer. Unfortunately

no satellite magnetometer data have been

published for this period.

(d) Flares. The designation of the flare

causing this storm is again possibly arbitrary.

Trotter and Roberts [1960] state: "A geomag-

netic disturbance began early on 2 September

and lasted until 5 September. The beginning
of the disturbance coincided with the central

meridian passage of Region 59-K. Then, a

class 2 flare on 1 September was followed 50

hours later by a sudden commencement geo-

magnetic storm superimposed on the storm

already in progress. The auroras visible across
the United States as far south as Denver on

1 and 3 September were associated with this
storm."

The other possibility is a class 3 flare on

September 2 at 0720 from the same region

5344 (or 59-X) during the first passage of this

region across the sun. Both flares are plotted

in figure 20. No flare was reported after 1840

on September 3 during the period of the sudden
commencement.

(e) Neutron monitor. A Forbush decrease
occurred coincident with the storm at the end

of September 3.

Rest of September.--Another description of

the intensity variation appears in figure 21, in

which the Geiger counter rate is plotted for

various periods of time along the orbit of pass

19. Points on the lines marked "prestorm" and

"post-storm" were obtained from figures 5, 6,

7, 9, and 10 for August 7-15 and August 24-29,

L I

,/ \, POST-STORM

PRE-STORM / _,
0

w

PASS 19-__

10C--_ _ ' ' -- r , I _''=

8,000 12.OOO 16._ 20.000 24000 28.0OO _ 36.000

GEOCENTRIC RANGE- K,LOMETERS

FIGURE 21.--Geiger counter rate versus range

along the orbit of pass 19 for various periods

of time. This graph shows the large vari-

ability in intensity and shape of the outer belt.

"Prestorm" and "post-storm" are before and

after the August 16 and 20 magnetic storm

period.

respectively. Pass 19 is the dumped pass during

the August 16 magnetic storm and pass 64,

having identical magnetic coordinates, occurred

during the quiet time after the September 3-4

storm. This pass exhibits, as does the contour

plot of figure 2 (bottom) only one maximum in
the outer belt. This feature continued until

September 20, when a moderate storm occurred

at mid-day. A second maximum at about

26,500 km began to grow after the storm, and

by the end of the month appeared as in pass

99, whose orbit is within 1° in latitude of pass
19 from 20,000- to 32,000-km range.

Summary of Oloservations

A systematization of the observations taken

during the four magnetic storms and the August

29-September 1 quiet period indicate rather

loose correlations between the various phenom-

ena, as is shown by the entries in Table 4.

The following tendencies do appear however, for
the outer belt:

1. Solar dependence. (a) Major intensity

changes always correlate with solar activity.

(b) The time delay indicates the coupling is by

means of solar plasma beams. (c) A great long-
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TABLE 4.--Storra Summary

Flare recurrent

region.
Plasma transit time_

Surface magnetic
field:

Sudden com-

mencement.

Main phase ......

Length ..........

Forbush decrease_ __

Trapped radiation:
Main phase:

Equatorial .....

Low altitude___

Recovery phase:

Equatorial .....

Low altitude___

Pitch-angle dis-
tribution :

¢_0_90 °- .........

¢_0_23 °- .........
Aurora southern-

most latitude.

Aug. 9 Aug. 16 Aug. 20 Aug. 29-Sept. 1 Sept. 3

Yes ............

43 hr..........

NO ............

Small, _50 -____

24 hr ..........

None ..........

Decrease,

1%000 km.

Increase:

22,400 km,

25,000
km.

Yes ............

51 hr ..........

Moderate .......

Moderate,

_150 -y.

14 hr ..........

Small ..........

Decrease all

lines.

Decrease:

_22,400

km; no

change.

No, Yes ........

35 hr, 42 hr.....

Large and

sharp.
Small and

irregular.

NO ............

None ..........

17 hr ...........................

Average ........ None ..........

17,000 km, Decrease all

large increase; lines.

28,000 km,

no change.
Increase all Increase,

lines. <22,400 km.

Increase ........

Recovery ......

Little change ....
Increase ........

None .........

22,400
km.

Increase all

lines.

Increase all

lines.

Little change

except de-
crease at

22,400 km.

Decrease 22,400

km; increase

20,000 km.

Increase........ Large increase___

.................................

40th parallel, (?) (Probably
southern very little).

Canada on

Aug. 17.

Decrease ......

Increase ........

35th parallel ....

No, No.

40 hr, 51 hr.

Small but sharp.

Moderate,

_-_130 _.
32 hr.

Average.

Decrease all

lines.

Recovery

17,000 km ;

others, no

change.

Decrease 17,000

kin;others,(?).

Decrease.

40th parallel.

lasting solar radio noise storm apparently had

no effect on the trapped radiation.

2. Intensity changes are independent of the

occurrence of a Forbush decrease.

3. Radial dependence. (a) The larger the

radial distance of a line of force, generally the

larger the variations and less correlation with

earth surface magnetometer field changes. (b)

The lower side of the belt (17,000-kin line) is

the most stable, and variations are reasonably

coincident with earth surface field changes. At

the equator on this line the counting rate always

recovers to prestorm values, though small varia-

tions in pitch-angle distributions do occur.

4. Counting rate decreases. (a) Counting

rates near the equator decrease for all lines of

force if a magnetic storm occurs having a main

phase. However, the decrease may begin before

or after the main phase is observed on the

earth's surface. (b) If the counting rate de-

crease is not large or rapid at the equator, the

rate increases for points nearer the atmosphere,
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meaning that the mirror points of the particles
are moved down the lines of force. (c) The
percentage decreases are usually larger for lines
of force at larger radial distance. (d) Decreases
can occur when the earth's surface field is quite
stable. (e) Decreases are best correlated with
inward movement of the ring current magnetic

anomaly. (j) For large decreases at all lines,
auroras appear at subauroral-zone latitudes.

5. Counting rate increases. (a) Counting
rate increases occur during the recovery phase
of magnetic storms. (b) The increases are
apparently due to a local acceleration mechan-
ism. (c) The particles have large pitch angles.
(d) The percentage sizes of the increases can be
independent of the radial distance of the lines of
force for ranges 20,000 km and beyond. (e) The
spectrum, as indicated by detector ratios of new
particles, is similar to the prestorm spectrum
and the spectrum is dependent upon the par-
ticular line of force and not on the size of the

intensity change. (J) Increases are independent
of the observation of structure in the field in
the belt.

SERIES SUMMARY

In concluding this series of papers on the
analysis of Explorer 6 data, we attempt here to
summarize the major experimental results that
were obtained. Although many of the results
that will be presented here have been studied
by more recent satellite experiments, it is sig-
nificant that the Explorer 6 observations in
1959 were the first extensive ones made through-
out the volume of the trapping region, and they

remain unique in giving its state at a particular
time in the solar cycle.

(a) Since Explorer 6 was placed in a very
elliptical orbit, and owing to the inclination of
the earth's magnetic axis to its spin axis, the
satellite swept through a considerable part of
the trapping region, making possible the con-
struction of rather complete contours of con-
stant counting rate and radiation dosages as
measured by the Geiger counter and ionization
chamber, respectively. Such contours neces-
sarily depend strongly on the shielding sur-
rounding the detectors and are thus peculiar to
the spacecraft. Nevertheless, the Explorer 6

rate contours displayed a shape quite different

from those derived by Van Allen using a similar

Geiger counter aboard several previous
spacecraft.

(b) The rates of the ionization chamber and
Geiger counter displayed a minimum in the

outer zone. According to the present mag-
netic data, the minimum in detector rates does

not lie on a particle shell connecting with the
Capetown magnetic anomaly, hence cannot be
attributed to a scattering of radiation out of the
trapping region by the anomaly. A spectral
study of the outer zone suggests that the
minimum has a spectral-detector origin.

(c) The proton differential energy spectrum
fit to the data in the inner zone at a geomag-
netic latitude of --28 ° has the form E -1"8sabove
30 Mev. Electron fluxes in the inner zone are

inferred to be greater than 107 electrons/cm _ sec
above 200 kev.

(d) In fitting trial spectrums to the outer-
zone data it is seen that flat spectrums with
electron energies up to 5 Mev must prevail at
the inner edge or small ranges. The flux of
electrons of energies between 1 and 5 Mev here
is of the order of 106 electrons/cm 2 sec. With

increasing range the spectrums steepen until at
the outer edge the ionization chamber and

Geiger counter are detecting the electrons only
through the intermediate bremsstrahlung
process.

(e) As is indicated by the nearly constant
ratio of ionization chamber to Geiger counter
rates, the spectrum of trapped particles in the
outer zone to which the detectors are sensitive

does not change appreciably down magnetic
lines of force except at low altitudes. The
counting rates of the Geiger counter were then
used to determine the pitch-angle distributions
of the trapped particles by studying the inten-
sity down force lines. Such distributions in
the outer zone show that beyond the line of force
crossing the equator at 25,000 km there is an
increasing number of particles turning near the
equatorial plane. The pitch-angle distributions

of the particles in the outer zone are inconsistent
with those resulting from albedo neutron decay.

(f) Large rate changes are observed in the
outer radiation region correlated with solar ac-
tivity having a time delay indicating that the
coupling is by means of solar plasma streams.
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The percentage decreases are greater for lines
of force at large radial distances. The data

place an upper limit of about 10 per cent for time

variations in the inner zone caused by solar

activity during the lifetime of Explorer 6.

(g) Evidence for tile lowering of mirror

points in the outer zone during magnetically
disturbed periods has been obtained. The

pitch-angle distributions of "new particles" in

the outer zone after a magnetic disturbance show

that they mirror nearer the equatorial plane.

(h) The simultaneous measurement of low-

energy radiation at 42,000 km on an electron

shell connecting with an aurora suggests that
the aurora is associated with a disturbance

extending over many degrees longitude and out

to large ranges. During a strong low-latitude
aurora a rapid decrease in count rate was

observed in the outer zone time coincident with

the break-up of the aurora, indicating either

the precipitation or deceleration of the trapped
particles at this time.
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Introduction to the Cosmic and Trapped Radiation

Studies Designed by the University of Chicago

BY C. Y. FAN, P. MEYER AND J. A. SIMPSON

Enrico Fermi Institute for Nuclear Studies

University of Chicago

In retrospect, the investigations on Explorer

VI provided several important contributions to
the understanding of both the solar modulation

of cosmic radiation and to the origin and struc-
ture of the Van Allen belts. To carry out spe-
cific studies it was essential to design an in-

strument which could, on the one hand, measure
proton fluxes down to cosmic ray background
levels in the presence of large fluxes of trapped
electrons, and also separate high energy trapped
protons from electrons in the belts. On the
other hand, it must also measure cosmic radi-
ation nucleon flux levels in space down to a well-
defined cut-off energy (_75 MeV for protons).
Electron fluxes were determined by means of
their Bremsstrahlung effects within the detec-
tor. These measurements were accomplished
by using a wide-angle, triple-coincidence, semi-
proportional counter telescope of high stability,
which is described in reference 1. The separa-
tion of protons and electrons was achieved and a
typical cross-section curve showing the separa-
tion of protons and electrons in the radiation

belts appears in figure 5 of reference 1. Even
in the presence of the trapped electrons, small
solar flare proton events could be detected
(ref. 2).

To summarize the results, we divide the

studies into two categories: those related to
trapped radiation in the magnetosphere, and
those concerned with testing various theories
of cosmic ray modulation and therefore inter-
planetary observations in the sense that only
cosmic ray fluxes were measured at great dis-
tances on Explorer VI in the proton channel.

55-21 982
TRAPPED RA]_IATION _A_D A _AGNETO-

SPHERIC STUDIES

On the basis of evidence from more recent

satellite launchings (e.g. Explorer XII and
Explorer XIV) it is true that the range of
electron and proton energies and their distri-
butions in the magnetosphere are more extensive
and detailed than could be deduced from Ex-

plorer VI instrumentation. Nevertheless, Ex-
plorer VI was the first of the series of sophisti-
cated satellites that examined in detail and,

for the first time, provided evidence of many
features of the radiation belts. The most

important conclusion drawn from the experi-
ments is that the changes in the outer electron
belt intensity and energy spectrum were taking

place irreversibly and, hence, that local accelera-
tion of the electrons is almost certainly required.

Two irreversible processes among all the changes
in the outer electron belt were identified during

geomagnetic storms (refs. 1 and 3). It fol-
lowed that it was unlikely the outer belt
electrons could be solar electrons which arrive

with subdetection energies to undergo local
post-acceleration. It is probable that irrever-
sible processes of gain and loss operate on the
ambient electrons (and possibly beta decay

electrons).

A general development of the Explorer VI
data led to the conclusion that the flux and

energy distribution of electrons in the outer
belt were closely correlated to changes in the

geomagnetic field. Since these magnetic field
changes were brought about by geomagnetic
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storms, it followed that the solar wind provided

the energy input to the magnetosphere. It is

further shown that in the region of the outer

radiation belt the geomagnetic field is well

described by the magnetic dipole approxima-

tion. The magnetic field parameters may be

represented by the three parameters Bo, O, and
b (ref. 1).

The inner belt proton distribution above 75

MeV was measured for the first time (fig. 5

of ref. 1).

The analysis of electron fluxes along a line

of force in the geomagnetic field indicates major

discrepancies with those predicted from the

neutron decay theory for the origin of the inner

belt and regions nearby (ref. 4). An investiga-

tion of the pitch-angle distribution of the outer

belt electrons indicates a surprising concen-

tration in the equatorial zone (ref. 5).

Explorer VI results pointed to a downward
revision of the maximum electron flux to be

expected in the outer radiation belt. Whereas

it was formerly assumed in 1959 to be of the

order of 1011 cm -2 see -1, the Chicago measure-
ments and interpretation limited the electron

fluxes to <109 cm -2 sec -1 (table 2, ref. 1).

EXPERIMENTAL TESTS FOR RESOLVING

COSMIC RAY MODULATION THEORIES

By 1959 it had already been proven that the

galactic flux of cosmic radiation was modulated

through the intervention of magnetic fields

controlled by solar plasma. Consequently,

cosmic ray intensity variations and changes of

cosmic ray spectrum are changed by solar

activity. The most successful model for trans-

porting magnetic fields into the interplanetary

medium by solar plasma was the model of the

solar wind by E. N. Parker. The fundamental

question then arose as to whether plasma inter-

actions with the magnetic environment outside

the magnetosphere provided the main source

of modulation (geocentric modulation), or

whether the magnetic fields were vast in scale,

occupying a large portion of the inner solar

system and leading to intensity variations

throughout the inner solar system independent

of the presence of the earth. The first steps in

deciding these matters were made with Ex-

plorer VI. A sharp reduction in cosmic ray

intensity (known as the Forbush decrease) from
ionization chamber measurements was ob-

served simultaneously near the apogee of Ex-

plorer VI and by the University of Chicago
neutron intensity monitors on the earth's

surface. It was thereby proven that Forbush

decreases could be seen in interplanetary space

independent of the earth's system (ref. 6).

The slowly changing solar activity cycle

produces an l 1-year change in the galactic

cosmic ray intensity; this was also shown to be

primarily heliocentric since the general cosmic

ray intensity level at the apogee of Explorer VI

was essentially the same as that measured at

the earth's surface for an integral flux above

75 MeV (ref. 7). The final proof of both of

these effects came from the flight of Pioneer V
in March 1960.
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Cosmic Radiation Intensity Decreases Observed at the

and in the Nearby Planetary Medium I

Earth

BY C. Y. FAN, PETER MEYER, AND J. A. SIMPSON

Enrico Fermi Institute ]or Nuclear Studies

University o] Chicago

This note reports preliminary experiments

which prove that existing theories for the modu-

lation mechanism responsible for rapid decreases

of primary cosmic-ray intensity cannot invoke

the presence of the earth or its magnetic field.

Forbush first noted sudden intensity de-

creases in ionization chambers located deep
within the atmosphere which followed in the

order of 20 to 40 hours some large solar flares)

These intensity decreases arose from changes

in the secondary radiation produced by pri-

mary cosmic rays and were frequently accom-

panied by substantial geomagnetic field dis-

turbances. It was later shown experimentally
that this kind of world-wide decrease was a

property of the primary cosmic radiation

observed at the earth, and arose neither as a

consequence of the geomagnetic storm nor by

phenomena which might change temporarily

the magnetic cutoff rigidities, such as ring

currents around the earth3 The changes in

the primary spectrum during times of de-

pressed intensity--namely, a larger decrease for

low magnetic rigidity particles than for high
rigidity particles--suggested that the modula-

tion was due to interplanetary magnetic fields

in the vicinity of the earth3 For a typical

event, the high rate for reduction of prevailing

1This work was supported in part by the National
Aeronautics and Space Administration and in part by
the U.S. Air Force Office of Scientific Research. This
article was published in the April 1960 issue of Physical
Review Letters. Reprinted by permission.
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cosmic radiation intensity at the earth also

placed bounds on the requirements for magnetic
field intensity and scale size of suitable modulat-

ing electromagnetic fields, i.e., intense fields of
large scale size, or vice versa.

Several hypotheses have been advanced for

this solar-produced modulation of galactic
cosmic radiation. On the one hand are models

which may be described roughly as helio-

centric; namely, where the cosmic radiation

intensity in a substantial volume of the inner

solar system is reduced by either disordered, 3

or ordered magnetic fields 4,5 of solar origin

independent of the presence of the earth and its

geomagnetic field. On the other hand are

models which depend upon the solid earth and

its permanent magnetic field for creating the

decrease of cosmic-ray intensity; namely, geo-
centric models2 To decide between these two

classes of hypotheses, we ask the question:

How far into the interplanetary medium is the

full decrease of galactic cosmic-ray intensity

observed during a Forbush decrease? Is the

pre-existent radiation intensity found at dis-

tances beyond which the geomagnetic field could
be invoked to account for the Forbush de-

crease, or is the intensity also reduced in the

nearby interplanetary medium as it is at the

earth? For all existing models which invoke

the presence of the geomagnetic field, a suitable

limit for the effective extent of the modulating

region is 6 to 10 Re, where Re is the radius of
the earth.
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To answer these questions, we have performed

a direct experiment using a cosmic-ray detector
carried by the Explorer VI satellite launched

August 7, 1959 in an orbit which extended

beyond the region of trapped Van Allen radia-

tion and reached a range in excess of 7.5R_,.
In addition to the satellite observations, we

measured simultaneously the changes in the

nucleonic component at the earth over a wide

range of geomagnetic cutoff rigidities. For this

purpose we used neutron intensity monitors

extending from the geomagnetic equator to

high latitudes.

The cosmic-ray detector in the satellite was

a triple-coincidence, proportional counter sys-

tem which measured protons in excess of 75-

Mev energy, or electrons in excess of 13-Mev

energy. The triple coincidence detector does

not respond to bremsstrahlung, such as from

electrons trapped in the geomagnetic field.

The satellite orbit was an ellipse of apogee ap-

proximately 48,800 km and perigee approxi-

mately 6,600 km, with its orbital plane in-

clined by about 46 o to the geographic equator.

A description of the instrument, its perform-
ance, and the satellite and its motions will ap-

pear elsewhere/ Most of the data recorded at

the earth during the two months when the tele-

metry was operative covered the first four weeks

after the launching. During this time, one

outstanding sharp decrease of cosmic-ray in-

tensity and two smaller decreases were ob-

served in the neutron intensity monitors at the

earth. The results we report here are for this

period. Only satellite data in the range 35,000

to 48,800 km were used for analysis. The

continuous record of the neutron intensity

monitor at Climax, Colorado (located at a

geomagnetic rigidity cutoff of _2.5 By) was

chosen from among the network detectors to

represent the changes at the earth. Only

neutron intensity data for time intervals which

overlapped the satellite triple-coincidence data

were used as shown in figure 1. The statistical

errors of the satellite data are less than l percent

for all points used in figure 1. All neutron

data have smaller errors. From figure 1 the
over-all correlation between the detectors at

35,000 to 48,000 km and at the earth's surface

is obvious. Only the large decrease on August

20 provides data of sufficient accuracy to com-

pute the ratio of the relative change of intensity
at the satellite and at the earth as shown in

figure 2. The ratio is:

Relative change in satellite detector
1.9.

Rel. change in nucleonic component detector

The correlation coefficient for the two sets of

data in figure 2 is 0.96. We now compare the

amplitude of the Forbustl decrease at great dis-

tances from the earth with the amplitude in the

primary radiation at the top of the atmosphere.

Therefore, we have to relate the intensity

changes of secondary neutrons as observed at

Climax to the changes of primary intensity out-

side the atmosphere above Climax. For this

purpose we may use neutron intensity measure-
ments at balloon altitudes which have been

carried out for typical Forbush decreases over a

number of years by our laboratory. For the

present phase of the solar cycle, and cosmic-ray

spectrum, this factor is approximately 1.8.

Therefore, within an experimental error of
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FmuR_ 1.--Cosmic-radiation intensity as a

function of time showing on August 20, 1959

a Forbush-type intensity decrease of _15 per-

cent within five hours. The nucleonic com-

ponent monitor provides a measure of pri-

mary intensity changes at the earth. The

lightdashed and solid lines are used to con-

nect the periods for which satellite data are
available.
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FIGURE 2.--The relative changes in cosmic-ray
intensity at the satellite and at the earth for

the sharp intensity decrease of August 20

shown in figure 1. The correlation coey_cient
is 0.96.

approximately 10 percent, the magnitude of the

sharp decrease of primary cosmic radiation was
the same at the earth as it was out to dis-

tances as great as 7.5 R_. Thus the decrease of
August 20, 1959 means that more than 15

percent of all the cosmic-ray particles were

removed within 5 hours by the modulation
mechanism. Using neutron intensity monitor
data we have shown that this event is world-

wide, and that the spectrum has undergone

changes which are typical of other Forbush

decreases studied at this phase of the solar cycle.

We believe this experiment excludes existing

hypotheses which invoke the presence of the

earth and the geomagnetic field to account for

the Forbush decreases of cosmic-ray intensity.

Thus, geocentric models such as solar plasmas

containing disordered magnetic fields overlying

the geomagnetic field, or the roughing-up of the

geomagnetic field by a solar wind do not account

for our observations. On the other hand, we

know that these sharp intensity decreases at the

earth are the delayed consequences of large
solar flare outbursts on the visible side of the

sun. Forbush decreases are observed at the

earth only for restricted angular positions of

the solar events relative to the position of the

earth. Therefore, the modulation region may

be confined to a volume of space surrounding

COSMIC RADIATION INTENSITY DECREASES 217

the Sun-Earth fine. This restricted heliocentric

system of fields is different, at least in scale

size, from the mechanism required for the mod-

ulation of cosmic radiation intensity over the

l 1-year solar activity cycle, s We do not here
go into further details of suitable models.

The space probe Pioneer V (launched March

11, 1960) carrying equipment identical with the

Explorer VI satellite may soon provide further

tests of the scale size for the Forbush intensity
decrease at distances _ _8R_.

Figure 1 also shows that the radiation meas-

ured by the satellite undergoes a stepwise in-

tensity decrease following each of the two de-

creases which is not apparent in the relativistic

energy range of the spectrum as represented by
the neutron intensity monitors on the earth.

This may indicate the persistent exclusion of

some low-energy particles by the mechanism

producing the Forbush decreases and is being

investigated.
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provided by Space Technology Laboratories,
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Experiments on the Eleven-Year Changes of Cosmic-Ray

Intensity Using a Space Probe I

BY C. Y. FAN, _ PETER MEYER, AND J. A. SIMPSON

Enrico Fermi Institute/or Nuclear Studies

University of Chicago

The total intensity of cosmic radiation reach-

ing the earth changes with the 11-year solar

activity cycle._ The energy spectrum of relativ-

istic particles up to at least 20 Bey changes ap-
proximately from E -_.7 (1954) to E -2-° at maxi-

mum solar activity (1957-8) with the intensity

being reduced at solar maximum by a factor 2

for the relativistic particle fluxfl and by a factor

in excess of 4 for the integral flux down to --_100

Mev for protons2 Figure 1 shows the change in

nucleonic component intensity between 1954 and

1960. Experimental evidence strongly supports

the view that the spectrum at solar minimum

approximates the full galactic spectrum outside

the solar system, and that through an electro-

magnetic modulation mechanism, initiated by
solar activity, the galactic particle flux having

access to the inner solar system, or the earth,

,wisgreatly reduced at solar activity maximum2

e have performed direct experimefits_which

prove that any mechanism changing the cosmic-
ray intensity over 11 years is centered about the
sun, and the scale size is > 1 astronomical unit

(a.u.) for the volume of Space in which the cos-

mic-ray intensity is reduced at this period of

the solar activity cycle. We also find that the

I This research was supported principally by the
National Aeronautics and Space Administration, and
in part by the Air Force Cambridge Research Center,
Geophysics Research Directorate, and the Air Force
Office of Scientific Research. Published in the Septem-
ber 1960 issue of Physical Review Letters. Reprinted
by permission.

2Also Laboratories for Applied Science, University
of Chicago, Chicago, Illinois.
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gradient of cosmic-ray inten_ity'near the orbit

of Earth is so small as to suggest that modula-

tion of galactic intensity occurs at distances

much greater than the orbit of Earth.

The experiment consists in carrying a cosmic

radiation detector from the Earth to great dis-

tances in interplanetary space near the time of

solar maximum. The detector measures protons

above 75 Mev and, hence, integrates over that

part of the cosmic-ray spectrum which changes

by a factor of 2 to 4 in intensity between solar

maximum and solar minimum._ If the reduced
intensity is restricted to the vicinity of the

Earth, the flux measured in interplanetary space
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FIGURE 1.--Changes in the nucleonic compo-

nent intensity between 1954 and 1960 at

Climax, Colorado (,_2._ Bv magnetic rigidity
cuto#).
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will be greater by a factor of 2 to 4. If the

volume in which there is reduced intensity is

heliocentric, then there will be an intensity

gradient in the direction of the sun, the magni-
tude of which depends greatly upon the model

adopted for the solar origin of the l 1-year,

cosmic-ray intensity variations.

Identical cosmic-ray detectors were carried

by the satellite Explorer VI (launched August 7,

1959) and the space probe Pioneer V (launched

March 11, 1960) and are described elsewhere. 4,6
Since this detector was not sensitive to breIns-

strahlung _ from trapped electrons in the outer

radiation belts of the Earth, the cosmic-ray flux

was measured from less than 10,000 km to

48,000 km from Earth by Explorer V]. The

data for August 9, 1959 are shown in figure 2.

Between this data and the launching of Pioneer

V on March ll, 1960, the integrated cosmic-

ray intensity at the Earth increased by +13

percent as deduced from nucleonic component

monitors. The August 9, 1959 rates in figure 2

have, therefore, been increased by 13 percent

for comparison with the Pioneer V data.

We note that the cosmic-ray flux was approxi-

mately constant from inside the terrestrial

field far into the interplanetary medium.

--Explorer VI "_ Pionee, V

c 6 0

5 5 t ty _ Temporary

intensity decrease

_ 45 I I I I I III1 I I I I I I Ill I

IO _ I0 _ 10 6 2,10 6

Range in kiJometers from 1he Eorth

FIGURE 2.--Counting rate oj triple coincidence

events in Explorer 171 satellite (August 9,
1959) and Pioneer V space probe (March

1960). The 13-percent correction in Explorer

VI data arises from intensity changes known to
take place outside the atmosphere between

August 1959, and March 1960, due to the

ll-year cycle (see fig. 1). Assigned errors

on each interval of data are less than 1 percent.
Pioneer IV (March 1959) also observed con-

stant intensity between 92,000 and 658,000 kin. 8

Therefore the l 1-year depression of cosmic-ray

intensity is not geocentric.

We know from analysis of nucleonic com-

ponent data such as shown in figure 1 that the

cosmic-ray intensity measured at the Earth as
the Earth moves in its orbit about the Sun is

not significantly dependent upon solar system

longitude. Thus, at solar maximum the cosmic-

ray intensity is not only depressed within the
inner solar system but the depression is roughly

concentric about the Sun in the ecliptic plane.

Provided these intensity changes are brought

about by solar modulation of the galactic flux,
these results lead to the conclusion that there

must be a cosmic-ray intensity gradient some-

where between interstellar space and the inner

solar system. This gradient will exist in the

regions of space where the electromagnetic mod-

ulation is taking place.

On the one hand, if the inodulating region

lies beyond the orbit of Earth (_1 a.u.) then

the gradient between Sun and Earth will be

very small. A model in this category would

be convective removal of particles by advancing

magnetic field irregularities arising from insta-
bilities of a solar wind. 8 On the other hand,

if the Earth lies inside the modulation region

_he cosmic-ray flux will decrease as one ap-

proaches the Sun. Several models, including a

recent proposal of Elliot, 7 require a large,

negative gradient between Sun and Earth.

One of the objectives for the space probe

Pioneer V was to examine this problem. At

this time we have data over the initial 50 days

representing a change in solar radial distance
of 0.1 a.u. (10 percent of the distance to the

Sun) which sets upper limits on the radial

gradient of cosmic-ray intensity in interplane-

tary space. To remove the time-dependent

changes of cosmic-ray intensity, we determined
the ratio of the intensities in Pioneer V to the

intensities at the Earth represented by the

nucleonic component inonitor at Chicago.

This ratio, normalized to unity at time of launch,

March 11, is shown in figure 3 as a function
of solar radial distance, and time. We have

averaged data over intervals of two to three

days for this analysis.
It is immediately apparent from figure 3 that

there was a sudden loss of flux of nonrelativistic
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particles at the time of the rapid, Forbush

intensity decrease of March 31-April 1. 5 This

change in the primary spectrum persisted to

the last available measurements 30 days later.

The stepwise decrease in the very low energies
was also detected in the Explorer VI data, 4 and

will be discussed in a later publication. Smaller

intensity decreases occurred at the times shown

by arrows in figure 3. This effect is a change

1.00

_-_ 090

0.85

Times of rapid decrease of intensity

11 1

dru
I I l I l I I I
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FmuRE 3.--The change of cosmic-ray intensity

radially along the sun-earth line and relative

to the intensity at the orbit of Earth. The

errors assigned to these averaged intervals o]

data are less than 0.5 percent. The arrows

indicate the existence oJ known perturbations

in the low-energy portion o] the cosmic-ray

spectrum and data for these periods are not used

in determining the intensity gradient.

in spectrum which must be taken into account

in measuring the gradient. There also exists

the possibility that the negligible gradient

observed from 0.95 a.u. to 0.90 a.u. (25th to

50th day) is the result of a space gradient plus

a compensating gradual return of the low-

energy particles. However, such a coincidence

of effects is not likely to continue over so long
a period.

We obtain a radial omnidirection intensity

gradient of --(15±20)_v/a.u. measured near
the orbit of the Earth and in the direction of the

Sun. This value is inconsistent with the exist-

ence of a positive gradient such as required

for an appreciable, steady solar production of

the radiation. This small but negative gradient
shows that (during the period of this measure-

ment) any electromagnetic modulating mecha-

nism required to account for the eleven-year

intensity variations is located principally out-
side the orbit of Earth. Such results from

Pioneer V place strong constraints upon accept-

able heliocentric models for the eleven-year

cosmic-ray intensity variation.

We hope that additional data at later times

in May may be extracted from the noisy data
arising from the low signal level at these great
distances.

For their contributions to the engineering

and construction of our apparatus we wish to

thank Mr. J. Jezewski, Mr. J. Lamport, Mr. L.

Petraitis, and Mr. R. Takaki of the Labora-

tories for Applied Science, University of

Chicago. We also appreciate the overall en-

gineering and management of the Pioneer V

project by Dr. A. Thiel, Dr. J. Lindner, and the

staff of Space Technology Laboratories. The

assistance of Dr. J. Lindsay of the NASA for

the Pioneer V project and the use of the

Jodrell Banks radio telescope by Professor

A. C. B. Lovell enhanced greatly the results of

these experiments.
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Dynamics and Structure

N65-21985
of the Outer Radiation'BHt I

_Y C. Y. FAN, _ P. MEYER, AND J. A. SIMPSON

Enrico Fermi Institute for Nuclear Studies

University of Chicago

From an analysis of electron measurements in the Explorer VI sateUite (August 7-

October 6, 1959) four time-dependent parameters which characterize the outer electron belt

have been investigated. They are: (1) the equatorial electron intensity I0; (2) the equatorial

range from the earth R0 of the peak intensity; (3) the electron-density distribution along a
line of force through the intensity peak; and (4) a measure of the change in electron spectrum

with time. These parameters, along with measurements of magnetic field intensity, make

it possible to study the origin of the changes in electron intensity and distribution which are
known to occur in the outer belt. Several magnetic storms occurred during the observation

on Explorer VI. Within the sequence of changes in the outer belt induced by these geo-

magnetic storms, there are some changes of the parameters which are accounted for only

by invoking an irreversible energy gain or loss within the outer belt. The energy gain process

appears to be through irreversible local acceleration of electrons. The energy loss process

leads to a stable mirror-point distribution characteristic of the periods between geomagnetic

storms. The time intervals within which each of these processes is operative are identified.

Reversible processes are possibly the cause for other changes.

The foregoing analysis rests upon the proof given in this paper that the outer-belt

peak intensity coincides over a wide range of geomagnetic latitudes with magnetic field

lines of force in the centered dipole approximation. Consequently, the measured electron-

intensity maximum is used as a 'tracer' of the geomagnetic field lines of force for analyzing

changes in the outer belt with time. It is shown that even during geomagnetic storms the
trace of the electron-intensity maximum followed a centered dipole line of force. This

indicates that at all times the particle-energy density of the radiation belt is much less than

the energy density of the magnetic field in the region. The electron fluxes, high-energy

proton fluxes, and possible electron spectra are investigated. Two distinct peaks of electron

intensity are identified to persist in the outer belt for about 2 months, and it is shown that

these peak distributions undergo radial motion during geomagnetic d_es.
__--gr- ]

1. INIRODUClION inner belt composed of energetic protons and

electrons, and an outer radiation belt dominated

The first measurements of charged particles by energetic electrons. Single traversals of the

trapped within the geomagnetic field were made outer belt made at different times led to the

by the Iowa [Van Allen, Mcllwain, and Ludwig, conclusion that the characteristics of this outer

1959] and by the U.S.S.R. groups [Vernov, belt changed with time and solar activity. The

Chudakov, Vakulov, and Logachev, 1959a]. Sub- origin of the inner belt protons is satisfactorily

sequent observations proved the existence of an accounted for by the decay products of fast

neutrons escaping from the terrestrial atmos-

i Published in the September 1961 issue of Journal of phere. Although the origin of the outer belt at

Geophysical Research. Reprinted by permission, first was ascribed to electrons accelerated at the
2 Also Laboratories for Applied Sciences, University

of Chicago, Chicago, Illinois. sun and subsequently trapped in the geomag-

222
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netic field, this hypothesis foundered on both

the basis of physical principles and through

experimental evidence, including results re-

ported in this paper. Therefore, if electrons are

to be introduced from the sun, or other sources

at very low energy, it is required that they be

accelerated in the geomagetic field to yield the

persistent, variable flux of energetic electrons
observed in the outer radiation belt. On the

other hand, if the outer-belt electrons are

ambient electrons, or electrons from neutron

decay [Hess, 1960; Dessler and Karplus, 1960],

then the changes in electron intensity and

spatial distribution must also arise from mag-

netic field changes.

Therefore we conclude that a study of the

changes in the electron outer belt brought about

by changes in the geomagnetic field may lead us

to the origin of these trapped electrons.

The energy that produces the variations of

the external geomagnetic field comes from solar

events, such as the solar flares, which emit

ionized plasma leading to the classical geomag-
netic storm.

There are a variety of ways in which some of

these changes in energy and distribution of

trapped electrons may be brought about [e.g.,

Northrop and Teller, 1960; Parker, 1961a].

Either rapid field changes including hydro-

magnetic wave propagation lead to the violation

of one or more of the adiabatic invariants, and
hence to irreversible acceleration or loss of

energy in the belt, or slow field changes can

dominate to produce reversible acceleration and

consequent changes in the particle distributions

in space.

The main purpose of the present investigation

is to decide whether reversible processes deter-

mine the changing character of the outer elec-

tron belt or whether irreversible processes must

be invoked. The experiment, therefore, re-
quires frequent, sequential traversals of the

outer electron region at intermediate and low

latitudes for extended periods of time under

quiet field conditions as well as during geomag-

netic storms. An investigation of this kind was

first undertaken by the Explorer VI satellite

launched August 7, 1959, in the highly elliptic

orbit shown in figure 1. This satellite carried

a group of charged-particle radiation detectors

having a wide dynamic range and variety of

energy responses, as well as a magnetometer.

The types of radiation detection instruments

are given in appendix A, table 1, along with a

list of all space vehicles which at this writing

have passed through the outer belt at low

latitudes (app. A, table 2). The measurements

were obtained under fortunate circumstances,

since the geomagnetic field remained quiescent
for a week before the commencement of two

geomagnetic storms closely spaced in time.

All the data axe within the period August 7

through October 6, 1959, following which time

the transmitter ceased to operate.

A preliminary account of our experiments

[Fan, Meyer, and Simpson, 1960] has shown

several new properties of the trapped electrons

in the outer belt, such as the persistent existence
of a double belt structure in the outer zone and

radial motions of these peak intensity distribu-

tions with time. We also observed the large-

scale time-dependent changes of intensity and

particle distributions following geomagnetic

storms which have also been reported by other

investigators with apparatus on Explorer VI

[Arnoldy, Hoffman, and Winckler, 1960a; Rosen,

Farley, and Sonett, 1960]. However, our de-

tailed study and conclusions regarding the
outer-belt electrons have awaited the full re-

TH_ SUN-EARTH

L.INI_ ON AUG _1990
I

/
NORMAL/_F THE _N AXIS OF THE EARTN
OASITAL PLANE 4?2

13_o PERIQEE

EQUAT_

_ _ NODt_

$_ f I _

./• 62 •

v" ,j

FIGURE 1.--Perspective drawing oJ the Explorer
VI satellite orbit. The orbital data are as

jollows: period, 12 hours _8 minutes; apogee,

_8,788 kin; perigee, 6,626 kin; Geographic in-

clination _7°; Tilt o] orbit, 38 ° with respect

to ecliptic plane.
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duction of data, the availability of correlating

solar geophysical data, and improved orbit

calculations for Explorer VI.

To prove whether there exist irreversible

changes or only reversible changes, our in-

vestigation centers on the identification and

measurement of parameters that describe the
characteristics of the outer belt and their

changes with time. We first show that a cen-

tered dipole magnetic field is a good approxi-

mation for the description of trapped electron

guiding centers in the outer belt, even during

periods of geomagnetic storms. Thus, the

positions of intensity maxima in the outer belt

become "tracers" by which we follow changes

in position, intensity, or other parameters as a

function of time. It is then possible to follow

systematically through the progress of a geo-

magnetic storm the changes of parameters such

as the equatorial range R0 of the outer belt, or

the equatorial intensity maximum I0. To in-

vestigate reversible and irreversible processes

we also need to know the electron mirror-point

distribution along a magnetic line of force and

the changes in this distribution with time.

Having proved that the centered dipole ap-

proximation describes the lines of force in space

in the outer belt, we are able to construct ex-

perimental curves of electron intensity as a

function of position along magnetic lines of force

and to relate the changes in their distributions

to geomagnetic storms.

The analysis of bremsstrahlung intensity rests

upon some knowledge of the changes in electron

spectrum with time arid position in the geomag-

netic field. Through the introduction of a
parameter that reveals when the electron spec-

trum changes as a function of position or time,

we separate spectral changes during magnetic

storms from changes in mirror-point distribu-
tions, etc. The measurements show that there

is a concentration of electrons at the equator

during some geomagnetic storms.
Our results lead to the identification of two

irreversible processes among all the changes in

the electron outer belt during geomagnetic

storms. One is an energy or particle gain; the

other is an energy or particle loss. Although

not disproved, it also appears unlikely that the
outer-belt electrons are solar electrons which

arrive with subdetection energies to undergo

local postacceleration. It is probable that the

irreversible processes of gain and loss operate

on ambient electrons and beta decay electrons.

Some conditions are established for developing

specific models of the electron outer belt.

2. CHARACTERISTICS OF THE DETECTOR

SYSTEM

In order to separate high-energy protons

(P_ 75 Mev) and electrons (E _ 13 Mev) from

bremsstrahlung produced by lower energy elec-

trons, a triple coincidence telescope consisting

of seven methane-argon filled gas counters was

used for the detectors (fig. 2). These counters

operated in the semiproportional range with a

_.1 Amplifier for | _,SubCorrier I

I _ SIImi- Propo¢tionol Counter (CH4 - A (Jot)

I_Ltod Shield 5gm-cm "z

FIGURE 2.--Block diagram of instrumentation in

Explorer VI used for the analysis of the outer
electron belt.

dead-time of 0.8 microsecond. This makes it

possible to distinguish the cosmic ray flux from

the trapped radiation in the outer radiation belt

and to separate the bremsstrahlung production

from energetic protons in the inner radiation

belt. Groups of these counters were combined

as shown in figure 2 to form a wide-angle,

triple-coincidence counter telescope, so that the
accidental rate would be negligible even for the

highest fluxes expected in the outer belt. The

wide-angle was chosen to avoid the variation of

counting rates due to any possible anisotropy

of the radiation in the geomagnetic field. The

lead shield surrounds the triple-coincidence tele-

scope for two reasons: (1) It provides a threshold

for the minimum energy protons detectable by

the triple-coincidence telescope (75 Mev for



OUTER RADIATION BELT 225

protons and > 13 Mev for electrons). (2) The

5 g-cm -2 of lead reduces the total counting rate
in each of the individual counters to such a level

that even for the highest fluxes attainable in the

outer radiation belt, only minor corrections due

to the dead-time were needed, and never more

than 2 percent.

The information from the outputs of the two

scalers in figure 2 were transmitted to ground

receiving stations through two subcarrier chan-

nels in the Explorer VI satellite.

The response of this detector system to pro-

tons was studied with the University of Chicago

synchrocyclotron proton beam. The results are

shown in figure 3 for the detector axis perpendic-

ular to the proton beam over an energy range of

,,_7C

_,6c

_5c

_ 4O

I I I I

Proton Beam / ,-o-_

i--4--4

Counter Teles

1 /.,,,,_-_, ! I i

0 50 I00 150 200
Proton Energy- Mev

t40

i
80

40

2O

FIGURE 3.--Detector response Jor protons .from

the synchrocyclotron beam oJ the University of
Chicago.

50 to 250 Mev. In measuring relatively flat

spectra like the cosmic radiation and the inner-

belt protons [Freden and White, 1960] this

detector possesses a sharp cutoff at the mean

energy of 100 Mev. For solar flare protons

where the spectra may be as steep as lIE s, the

gradual change in sensitivity in the region from

75 to 100 Mev, as shown in figure 3, must be
taken into account.

The noncoincident high counting rates of the

single counter during the passage through the

outer belt must be due exclusively to geomag-

neticaUy trapped electrons which produce

bremsstrablung either in the satellite shell,

interior objects, or in the surrounding lead

shield. With an unknown energy spectrum it is

obviously impossible to relate the count rate of

the single counter to the ftux of particles or

energy flux carried by the electrons incident on

the vehicle. However, with lJroper calibration,

we shall show in section 11 that significant

limits on the particle flux and on the particle

energy spectra may be derived.

The response of this bremsstrahlung detector
to monoenergetic electrons was studied in the

laboratory using the electron beam from Van

de Graaff generators (High-Voltage Engineering

Company and the General Electric Company)

and a low energy X-ray source at the University

of Minnesota. The completely assembled spare
payload of Explorer VI, with a mass distribu-

tion identical to the flight unit, was mounted so

that it could be rotated about two mutually

perpendicular axes for exposing any portion of
its surface to direct electron bombardment.

(The electron flux in the energy range from 250

key to 1 Mev in discrete energy intervals

irradiated the payload from various directions,

so that an averaged response of the counter for
isotropic radiation could be deduced. This

experiment differs from an exposure to particles

in space in two ways: there was air present

inside the payload; the electron beam for each

exposure was unidirectional instead of omni-
directional. Additional measurements were

obtained inside the vacuum system using the

bremsstrahlung detector with an absorber

simulating the satellite shell.)

Since the shell of Explorer VI payload is made

of aluminum 170 mg/cm _ thick, all electrons

with energies below 500 key are stopped in the

shell. Therefore the response of our radiation
detector to electrons below 500 key is due

entirely to bremsstratflung produced in the pay-

load shell. This was verified by showing that the

count rate for an equivalent electron flux was

proportional to the inverse square of the dis-
tance between the detector and the irradiated

area on the shell. The angular distribution of

X-rays within the satellite appears to be suffi-

ciently isotropic to use the inverse square law

for those parts of the payload where no appreci-

able absorption material is located between the

satellite shell and our detector. The assumption

of isotropy for the X-rays produced in the shell

will be an even better approximation in the
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actual case of omnidirectional incidence of

electrons in space.

For the equatorial plane of the vehicle where
the instruments and associated equipment are
located, the experimental count rates for the
electron flux incident at various payload longi-
tudes were used to compute the bremsstrahlung
contribution. The openings between equipment

and eletronic parts in the payload were studied,
and the calibration takes into account factors
that could influence the count rate from low

energy X-rays.
From these measurements we wish to obtain

the flux of monoenergetic electrons isotropically
incident upon the satellite from the counting
rate of our bremsstrahlung detector. To this

i0-3 ....
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Counting Rate For Omnidirectional

Electron Intensity Of One Electron

Per cm 2 Per sec. Incident On

Explorer 3Z]. Shell
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I | t iwtlil i i t Ittlil
I00 IO00

Incident Electron Energy in Kev

FIGURE 4.--Calibration curve .for the center
counter shown in figure _. These electron
data were obtained with the detector in the
duplicate Explorer VI vehicle.

end we integrated over the response curve in the

equatorial plane, and added the upper and lower
hemisphere integrations of the payload shell
separately. Thus we obtained the response
curve in counting rate per electron per square
centimeter bombarding the shell as shown in
figure 4. The portion of the curve between 200

and 1,000 key can be expressed as a power law
E4"7.

The performance of our detector system for
separating trapped protons and cosmic radiation
from bremsstrahlung is clearly shown in the
Explorer VI measurements of figure 5 which
represents a traversal through the inner and
outer radiation belts at high geomagnetic
latitudes2 The triple-coincidence counting rate
rises to a maximum value at 8,500 km repre-
senting the peak of the inner radiation belt for
protons ) 100 Mev, and decreases to a cosmic-
ray background at the radial distance of 9,500
km and beyond.

For counting penetrating particles in a single
counter the calculated omnidirectional cross sec-

tion is 5.5 cm 2, which is 1.95 times the cross sec-
tion for triple coincidences measured with
Explorer VI, and 1.93 with Pioneer V. These
measurements were obtained by using the omni-
directional cosmic-ray intensity at great dis-
tances from the earth with no bremsstrahlung
present. Any increase in this ratio signifies
bremsstrahlung detected by the single counter.
For example, in the outer belt the bremsstrah-
lung rate reaches 1.8 X 104 counts/sec com-
pared with a triples count rate of 5 to 6 counts/
sec from cosmic radiation. In figure 5 it is
seen that detectable bremsstrahlung sets in on
the outer slope of the inner radiation belt and
increases until reaching a peak intensity of the
outer belt. These measurements demonstrate

the separation of the detection of bremsstrah-
lung from energetic nucleonic particles. It is
also interesting to note that the triple-coinci-
dence detector has measured untrapped solar
flare protons while it was in the outer radiation
belt where the highest singles count rate was

a During each period of satellite motion there are two

passes through the Van Allen belts; we define an ingoing

or outgoing traversal of the trapped radiation as a pass,

numbered consecutively from launch. The dates of the

consecutively numbered passes are given in appendix

A, table 3.
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FIGURE 5.--Counting rate data along the satellite trajectory (pass 27) showing the existence oJ the high-
energy proton region P_ (inner belt) and the E3 peak Jrom electrons in the outer belt. Note that the

triple-coincidence (proton) count rate beyond P1 is due to cosmic radiation alone.

6,500 counts/sec [Fan, Meyer, and Simpson,
19601.

3. THE EXISTENCE OF TWO ELECTRON

INTENSITY PEAKS

Typical data recorded during passes through
the trapped radiation regions are shown in

figure 6 and figures 7 a, b. They immediately

reveal the existence of the two electron intensity

peaks reported in 1959 [Fan, Meyer, and

Simpson, 1960]. Using an ion chamber and

Geiger counter, the Minnesota group have
confirmed the existence of this double-electron-

peak structure [Arnoldy, Hoffman, and Winckler,

1960b]. Since our data show throughout the 8

weeks of Explorer VI recordings that a double

peak is a persistent characteristic, and since a

re-evaluation of earlier space-shot data suggests

the possible existence of this intermediate

range peak even over greater periods of time,

we suggest that two separated electron intensity

maxima may be a persistent feature of the outer

radiation belt. Therefore this paper uses the

nomenclature, proposed earlier, designating

with the subscripts 1, 2, 3 the peak intensities at

successive radial distance, and indicating by
letter P or E whether we observe protons or
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FIGURE 6.--Counting rate along the satellite

trajectory (pass 13) showing the existence of

regions P1 (inner belt), E2, and E3 (outer belt).

Statistical errors are approximately the size

oJ individual data points.

electrons: i.e., the electron regions E2 and E3
are the outer Van Allen belt; thus the maxima

in figure 6 are identified as Pi, E2 and E3.

The two peaks in figures 7a and 7b lie in

the E2 and E3 regions. To reduce the Explorer
VI observations to a quantitative study, it is

necessary to trace the identity of these regions
through intensity changes or positional changes

of the outer belt with time before, during, or

after geomagnetic disturbances. Therefore, we

have defined the maximum intensity of E2 and

the maximum intensity of E 3 as "signatures" of
the E2 and E3 regions, and we use these maxima

to trace the E2 and Ez electron distributions in

the geomagnetic field both in space and time.

For example, for a given peak distribution at the

equator during times of quiescent geomagnetic

field, the peak intensity is to be assigned to a

magnetic line of force of the dipole field at

range R0, as we show in the next section.

With the assumptions that the guiding center

approximation holds for the trapped electrons,

and that both the energy spectrum and the

pitch-angle distribution do not drastically
change in the neighborhood of the line of force

through E_ (max), we find that the maximum

intensity of the electrons will be along a line of
force over the entire range of latitudes for

which the radiation is trapped [Fan, Meyer, and

Simpson, 1961]. Thus, we may use the position
of maximum intensity to give us the trace in

the meridian plane of the geomagnetic line of

force passing through E3 (max) or E2 (max).

4. THE GEOMAGNETIC FIELD AND THE
REPRESENTATION OF EXPLORER Vl ORBIT

Since the magnetic field of the earth is

described by a dipole inclined with respect to
the rotation axis, plus higher order terms, and

the period of the satellite is approximately 12.7
hours, the satellite successively passes through

different portions of the magnetic field in its

motion about the earth, only returning to its

initial position with respect to geomagnetic

coordinates after approximately 32 satellite

passes. For studies of the outer radiation belt
where the range R (distance from dipole to

satellite) is the order of 15 X 103 to 30 X 108

km or more, we can neglect the higher order

terms. The best test for the validity of this

approximation is found in the consistency with
which data obtained in the outer radiation belt

fit together smoothly with the dipole approxima-
tion over a wide range of geomagnetic coordi-
nates and at different times. This is shown as

follows:

In figure 8 we plot the positions of E3 (max)

in R0, cos _ _, coordinates for which the line of

force in the center dipole approximation be-

comes a straight line passing through the origin.
The data were obtained in a short time interval

since we find that the position of the intensity

maximum changes with time. The high lati-

tude data have been corrected according to

appendix 2. Within the limits of experimental

errors, which we believe to be :k300 km, the

data lie on straight lines. The data for August
21 were obtained during magnetic disturbances

(fig. 13) when the intensity was changing by a

large factor. Hence, we conclude that the

centered dipole approximation is valid in the

outer radiation belt not only for the undis-

turbed field but also during times of geo-

magnetic disturbances. This result has been
shown in our earlier report [Fan, Meyer, and

Simpson, 1960]. The important implication of

the alignment of E3 (max) with undistorted

dipole lines of force is that the energy density
p, at all times must be less than the magnetic
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FIGVRE &--Proof that the outer belt maximum E3 (max) lies on magnetic lines o] ]orce in the centered

dipole approximation even .for periods o] geomagnetic storms.

field energy density p_ in the outer radiation

belt (for otherwise the magnetic field line would

have been distorted by the presence of the
particles).

Thus the problem reduces to the description

of the satellite motion in the geomagnetic

dipole meridian plane--a representation used

also by other investigators in the description of

satellite and space probe measurements.

Figure 9 shows typical trajectories in the X-R

plane and indicates how, over an extended

period of time, large volumes of space in the

vicinity of the trapped radiation are covered by

the Explorer VI orbit.
However, we wish to point out another

representation for the orbit trajectory [Fan,

Meyer, and Simpson, 1961]. If the dipole

approximation is valid for outer-belt analysis

as we have claimed, then the geomagnetic field

lines are described by the equation R = R0 cos 2
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FmuR_ lO.--Representation o/ Explorer VI trajectory in coordinates Ro vs. R in the approximation

o/ a centered dipole magnetic field where R= Ro cos2X.

X, where X is the geomagnetic latitude and R0 the

equatorial distance of a line of force from the

center of the dipole. Lines of force with range

R0 around the earth are equivalent (azimuthal

symmetry). Thus, the orbit may be described
on a plane R0 vs. R wherein each field line
becomes a horizontal line in the two-dimensional

plot. Trajectory data in these coordinates are
shown in figure 10. We see that a significant

portion of the satellite motion may be projected
onto a single dipole line of force whose range at

the equator is Ro'. Since the electron intensity
is measured continuously we may obtain curves

for intensity as a function of X (or magnetic

field intensity) along a line of force as shown in

section 7. If we allow a range spread of about

200 km, we then obtain useful data of this type

from over one-third of all Explorer VI trajectory

passes. Among these passes we find many

that lie on the same R0 as the position of
E3 (max).

In section 7 it will be shown that the intensity

along a line of force near E3 (max) changes

rapidly with X. Also, we note from figure 9

that the satellite sometimes moves obliquely

across the region of /£3 (max) where the in-

tensity is a strong function of latitude and range.

For such cases the observed position of electron

intensity peak and the true position of intensity

maximum are in general different. This problem

is discussed in appendix B. The problem is

restricted to high latitudes, since at low lati-

tudes the traversals are always at a large angle

with respect to the lines of force. From appen-
dix B it is clear that corrections in range and

latitude are significant in locating the true

position of E3 (max) at high latitudes. We

have applied these corrections in the region of

E3 (max) in this paper.

In figure 11 the positions of the maxima for

regions E2 and E3 are plotted in the meridian

plane for a large number of trajectory passes.
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F_aV_E 12.--The position oJ E3 (max) extrapolated to the geomagnetic equatorial range R0 as a function

o] time.

This is an extension of results already published

[Fan, Meyer, and Simpson, 1960]. From figure

11 it is clear that the two maxima lie along lines

of force and retain their separate identity to
very high latitudes. It is also clear that the

intensity minimum between E_ and E3 in the

outer belt is not the "gap" described in the
literature between the inner and outer belts.

5. THE RADIAL CHANGE OF ELECTRON
BELTS

To investigate in greater detail the radial

motion of the two electron belts as a function of

time evident from figure 11, we have used all

passes through E_ and E_ with the criterion for

identification of maxima outlined in appendix B.

We then determined the equivalent equatorial

range R0 of the magnetic dipole line of force on
which each maximum was found to lie. The

results of this extrapolation appear in figure 12.

Since systematic and progressive errors in tim

time-position data of the satellite trajectory

could introduce "drifts," we have investigated

the question of the accuracy of the orbital data,

especially with respect to variable atmospheric

drag at perigee. Although we know there are

errors between the calculated and real positions

of the satellite at small range---serious for inner

belt studies--the errors in the outer region until

at least September 9 are from 500 to 100 km in

range (see app. B). Consequently, the large
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changes of range in figure 12 represent real

changes of the intensity maxima with time
and lead to the conclusions:

1. There exist rapid and simultaneous changes

in range of E3 (max) and E_ (max) during

geomagnetic storms. The magnitude of

the change may be as great as 10 percent

of the total range from the dipole center.

2. Both regions tend to undergo the same
inward direction of motion with the

magnitude of change being much less

for E_.

Whether outward motion occurs depends

upon the interpretation placed on the data after

the geomagnetic storm on September 3. Unfor-

tunately the ground stations were closed for a

few days. We have indicated by arrows the

alternative interpretations that may be placed

on the data after September 3. Two regions

continue to persist but their identities become

obscure. The maximum appearing beyond

27,000 km after September 25 might be inter-

preted as either a new region forming and

moving inward or a shift in the previous E3

(max). In any event, inward motion is certain

at some times, and outward motion is not

excluded at other times by our results.

The physical explanation for these radial

motions of the outer belt is unclear. If, as

appears likely, the motions are mainly inward,

then drift or diffusion across lines of force might

seem to be an attractive explanation, especially

since the drift occurred during a geomagnetic

disturbance. Although inward motion of elec-

trons in nonuniform magnetic fields is a well-

recognized possibility [HerloJson, 1960; Parker,
1961a], both the short time constants and the

persistence of a "sharp" maximum with high

intensity at all times in the experimental data
argue against inward diffusion.

The changes have the gross appearance of

lines of force moving inward as though the scale

of the dipole were decreasing. It has been

argued that as a consequence of the insulating

shell of the earth, lines of force may be progres-

siveIy brought inward [Gold, 1959]. However,

the peak distribution would rapidly disappear,

contrary to fact.

The Argus experiment [Van Allen, McIlwain,

and Ludwig, 1959b] showed that the intensity

maximum of trapped fl rays from fission prod-

ucts did not change radially during the entire

period of observation by more than -,_ 30 km,

even though geomagnetic disturbances were

taking place. Since the ranges of the Argus

'shells' were less than for region E_, the radial

motion we have found presumably has its origin

in magnetic field and current system changes

beyond the range of E_ and E3 at the times of

geomagnetic storms.

6. INTENSITY CHANGES OF E2 AND E_

REGIONS WITH TIME

Since satellite trajectories cover a wide range

of geomagnetic latitudes as a function of time,

the spatial distribution and changes with time
of the intensities are intermixed. We shall first

consider exclusively the data obtained in an

equatorial band of latitudes ±10 ° for which

case the spatial variation may be neglected.

We shall then extend this analysis to higher

geomagnetic latitudes, and, finally, to a descrip-

tion of the intensity along a magnetic line of
force as a function of time.

The results for intensity changes in the equa-

torial plane are shown in figure 13 for the region

E_. For the first 7 days after launch the

intensity is constant within the accuracy of the

measurements. Thereafter large intensity vari-

ations occurred in association with geomagnetic

storms. On August 16, a severe geomagnetic

storm began with sudden commencement at

0400 UT. The magnitude of the changes in the

equatorial horizontal component of the geomag-

netic field at the surface of the earth is plotted

in figure 13A. The magnetic field in the outer

belt was also measured at this time (inset fig.

13B) [Smith and Rosen, 1960; Smith and Sonett,

1961, to be published]. The period of violent

magnetic disturbances, represented by large

values of Ap, continued into August 17-18.
Since it is well known that more than 7 to 10

days are required for the field to return to its

normal condition, the second sudden commence-

ment magnetic storm, which began at 0410 UT,

August 20, must have been superposed on the

recovery phase of the August 16 storm. The

August 20 storm was coincident with a sudden
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decrease of -,_ 15 percent of cosmic-ray intensity

in space [Fan, Meyer, and Simpson, 1960].

Gross changes of intensity in the E_ region
have also been observed with the other radiation

detectors on Explorer VI [Arnoldy, Hoffman,

and Winc/cler, 1960a, 1960b; Rosen, Farley, and

Sonett, 1960]. The most obvious phenomena

we note are a sudden decrease of intensity fol-

lowing the initial phase of the storm and, later,

a buildup by a factor 3 in intensity within 24

hours during the main phase and recovery of

the first storm. The equatorial peak intensity
increased by another factor _ 3 at the time of

the second magnetic storm on August 20. The

intensity then gradually declines, and, after

the magnetic storm of September 3, reaches

approximately the values obtained at the time

of launch. We note here that geomagnetic

storms occurred also on September 20 and
October 3. These two storms were minor com-

pared with the events of August 16 and 20.

We now investigate the intensity changes

with time at higher geomagnetic latitudes, viz.,

at higher field intensities along lines of force

through Ea (max). Since the intensity decreases

rapidly with increasing latitude, curves similar

to figure 13 at higher latitudes can only be

obtained by using data from small intervals of
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intervals. The solid points represent data within ± 5 ° o] the 20 ° curve or the _0 ° curve.

latitude. Therefore, all data in the latitude
intervals _ = 20 ° ± I0 ° and 40 ° + I0 ° were

interpolated (sec. 7) to 20 ° and 40 °, respectively,

and are shown in figure 14. These curves for

0 °, 20 °, and 40 ° reflect the changes of electron

pitch-angles with time. We discuss quantita-

tively the physical meaning of these observa-

tions after examining the detailed electron-

intensity distribution along a line of force.

7. THE ELECTRON INTENSITY ALONG LINES

OF FORCE AS A FUNCTION OF TIME

From the electron density measured along a

tube of force, either the distribution of mirror

points or the equatorial pitch-angle distribution

of electrons may be determined. These meas-
urements are fundamental to an understanding

of the electron source and loss mechanisms in

the outer belt.

We note from section 4, figure 10, that for

some passes the satellite moved along a dipole

line of force for a significant interval of time,

and that approximately one-third of all passes

contained data of this kind. Curves for in-

tensity I vs. X have been constructed by supple-

menting these passes with individual crossings

of the same force line at different latitudes but

at closely related times.
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FIGURE 15.--Electron intensity at E3 (max) along lines o__orce in the centered dipole approximation.

We first show in figure 15 the intensity along
a line of force passing through the maximum of
E3 during times when the geomagnetic field is
relatively quiet. Curve A is for a period before
the geomagnetic storms, and curve B represents

a quiet period 4 where the counting rate was still
high following the geomagnetic storms.

4 The lowest magnetic disturbance indices for August

and September occurred on August 26.
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FmVRE 16.--All experimental data for E3 (max)
along lines oj Jorce similar to figure 15, but
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All additional data along segments of lines of
force, not necessarily through E3 (max), are
given in figure 16 for both magnetically quiet
and geomagnetic storm periods.

We have found that all these data, to a good
approximation, may be represented by

,/%= _o (t)

at intermediate latitudes, and, for periods free
from magnetic storms, even to the equator.
The symbols I0 and B0 refer to equatorial
electron and magnetic field intensity, respec-
tively.

The data from figures 15 and 16 have been
plotted in figures 17 and 18 using expression (1)
and a dipole magnetic field for those cases where
the lines of force passed through E_ (max).
The values of the exponent x for these curves
are listed in table 1.

Provided there are no large changes in the
electron spectrum with time along a line of
force through E_ (max), a condition we later
show to be satisfied (sec. 8, fig. 21), then the

FmvR_. 17.--Electron intensity along magnetic

lines oJ force through E3 (max) as a function of
time. Using the data from figure 15 and data
during the geomagnetic storms August 16-20,
it is shown that I ---- Io[B/Bo] -=.
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FIGURE 18.--Electron intensity along magnetic

lines o] ]orce through E3 (max) as a junction o]
time later than August 26, 1959.

curves in figure 17 prove that the pitch-angle
distribution (or mirror points) is changed during
the main phase of the first geomagnetic storm.
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The relationship between the exponent x and

equatorial pitch-angle distribution has been
discussed recently [Fan, Meyer, and Simpson,

1961]. Figure 17 also proves that the particle-

intensity increase is initially concentrated at

the equator, and only at a later time in the

development of the magnetic storm does the

electron flux at large B/Bo (high latitude)

begin to rise.

o

E

2

c

o

.o
x

TABLE 1.--Values oJ Exponent x as a Function "--=

of Time at Intermediate Latitudes

Pass, day X

0. 58

0. 91

0. 95

0. 79

0. 63

0. 60

R/cos_ x ._

23480

21480

23400

20820

20900

20790

Curve A (8-10 to 8-15) .........

22 (8-18) .................

23 (8-19) .................

28 (8-21) .................

Curve B (8-26) ................

43 (8-29) .................

In the same way we investigate the region E2.

Unfortunately, owing to the high latitudes of

the trajectory through the region of E_ maxi-

mum, there are only individual points and no

sections of data along lines of force. There-

fore, we must be content with constructing the

intensity along tubes of force using data grouped

over a period of several days. Since we showed

[Fan, Meyer, and Simpson, 1960] that the region

E2 is relatively immune to the large-scale solar-

induced phenomena associated with E3, we use
data over intervals of time for which there was

negligible change in range R0 for E2. These

time intervals--As, B2, C_, D2--are given in

figure 19. The assumption that the spectrum

is independent of latitude no longer holds for

region E_, as we shah show in section 8. Hence,

we must confine our attention to the relatively
large-scale changes in slope of the curves with

time. The electron intensities along lines of

force are shown in figure 19 where the steep

slope of curve B2 corresponds to the time

August 17-18 of the first geomagnetic storm.

We conclude that during this phase of the storm

the mean pitch-angle of electrons in region E2
also increased.
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FmURE 19.--For the region o] E= (max) the

intensity along lines oJ .force have been deter-

mined by using data in the ]oUowing time

intervals: As, August 7 to 15, 1959; B_, August

17 to 18; C2, September 8 to 11; D2, September

2_ to 25.

8. CHANGES IN ELECTRON ENERGY SPEC-

TRUM WITH RANGE, LATITUDE AND TIME

The analysis of the outer-belt electrons has

so far provided us with the time-dependent

parameters of electron intensity I, equatorial

range R0 and Es (max), and a function x repre-

senting the electron pitch-angle, or mirror-point,

distribution along a line of force. Since the

electron flux is measured by its bremsstrahlung

produced in the satellite, it is also essential to

understand the major changes that may take

place in the spectrum of trapped electrons

during and after the magnetic storm. For

example, if the spectrum of electrons changed

along a line of force in such a way that the mean

energy is much higher near the equator than at

high latitudes during the magnetic storm (for

example, during pass 22) it could not be argued

that the observed increase in x (fig. 17) was
due to an increased concentration of particles

at the geomagnetic equator.

We approach this problem of spectral change

with time and position as follows. Although we
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do not know the electron spectrum we can

determine if there are changes in the spectrum

by observing the relative change in count rates

of two bremsstrahlung detectors, each having a

different response to the electron spectrum.

Two detectors suitable for this purpose are the

GM counter of the Minnesota Group [Arnoldy,

Hoffman, and Winckler, 1960b] and the single,

lead-shielded proportional counter.

Therefore, we use the change in the ratio

Z

GM count rate

proportional count rate

as an indicator of changes in the trapped

electron spectrum.

The ratio Z is shown in figure 20 as a function

of equatorial range R0 in 5 ° intervals of latitude.

It decreases with increasing range R0 but levels

off at approximately 22,000 kin. Thus, the

electron spectrum at high latitudes and small

range is quite different from the spectrum at

E3 (max). Beyond 22,000 km there is a

negligible change in spectrum.

These conclusions are verified in figure 21,

where we have plotted Z along selected lines of

force. Pass 33 lies in the E_ region. The data

for pass 22 were obtained during the intense

magnetic storm, thus proving that the intensity

changes along the line of force in figure 17 are

not due to changes in electron spectrum with

latitude.

To isolate gross spectral changes with time

from these spatial changes, we have selected

only values of the ratio at E3 (max) in the

equatorial zone. This ratio is plotted in Figure

22 as a function of the single proportional

counter intensity. We note here that (a) there

are no significant changea in spectrum until after

reaching maximum intensity at pass 25; (b) after

pass 25 there is a systematic change of spectrum

for many days (even though some of the varia-
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tions in ratio may be due to changes in range,

etc.).
These results reveal that the electron spectra

for curves A and B in figure 17 were different.

The above analysis did not depend upon

assumptions regarding the form of the electron

spectrum. If we assume, owing to lack of
detailed information, that the electron spectrum

is given by N(E)dE = AE-_ dE, then we may

predict specific changes in the energy spectrum.

This has been done in appendix C where the
value of 7 is derived from the count-rate ratios

and the detector response curves.

9. THE ORIGIN OF CHANGES IN THE OUTER

ELECTRON BELT

In the preceding sections of this paper we

have established four parameters to represent

the physical characteristics and changes with

time of the outer electron belt, namely (1) the

maximum electron intensity at the equator I0;

(2) the mirror-point distribution along a line of

force represented by the exponent x; (3) the

equatorial range of the dipole line of force

passing through the principal maximum E3

(max) of the outer belt R0; and (4) the ratio Z

which is sensitive to changes in the electron

spectrum. All these parameters possess spatial

and time-dependent characteristics.
We now investigate the basic question of the

origin for changes in these parameters with
time. It is clear that the time dependence

originates with events at the sun which trans-

port energy by means of plasma, radiation, or

particles to induce geomagnetic storms. It is

not settled, however, whether the outer-belt

electrons have a long trapping time and undergo

changes in energy and trajectory through varia-

tions of the geomagnetic field in such a way
that when the field returns to its initial condi-

tions, so will the parameters of the trapped
electrons. Is the origin of the changes with

time to be found entirely in reversible proc-

esses-for example, the betatron effect? Or,
are we forced to conclude that at least part of

the effect is brought about by particle loss, local

electron acceleration or injection, and, there-

fore, are we required to admit that irreversible

processes are prominent in the changing char-
acter of the outer electron radiation belt?

In this section we shall show how the analysis

of the four parameters I0, R0, x, Z, along with a

gross knowledge of the form of the time changes

in geomagnetic field B, enable us to decide
between these alternatives.

First, we bring together in figure 23 the main

results of our analysis in earlier sections for the

period before, during, and after the two geomag-
netic storms on August 16 and 20. This interval
of time was chosen because of the large-scale

effects, and the availability of large amounts
of data.

Second, our analysis is restricted to the region

E3 where the position of the maximum intensity

in the dipole field is used as a "tracer" to follow
the electron distribution with time. When we

state that a particle distribution remains on a

line of force through R0, we are using this line

of force as representative of all lines of force
around the earth at range R0 across which these

particles drift with time. We have assumed

the centered dipole approximation where the

field shape is independent of longitude.

Third, since the intensity changes of the

geomagnetic field were measured in the E3

region by the magnetometer on Explorer VI as
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shown in figure 13B, we call attention here to
the conclusion, important for the analysis that
follows, that the magnetic field changes at the
location of the E3 region and at the surface of

the earth (see fig. 13A) are similar, especially
with respect to the sign of the change in inten-
sity with time. We also note that significant
deviations of the magnetic field from the dipole
approximation do not appear in the Explorer VI
magnetometer records during the magnetic
storms until ranges in excess of 25,000 km are
reached [Sonett, Smith, Judge, and Coleman,
1960].

From figures 13 and 23 we divide into eight

successive time intervals the major changes in
the outer radiation belt and relate them to the

physical properties of the belt and the magnetic
field.

Period tl (Aug. 7-15).--This is the prestorm
period where the mirror-point distribution was
constant and the intensity changed by less than
1 percent per day for the order of 7 days.

Io(tl) = constant

x(tl) = 0.57

Ro(tO = 23,000 km

Z(tO = constant

These represent the initial conditions for our

analysis.

Period t_ (Aug. 16-17).--The sudden com-
mencement of a magnetic storm occurred at

0405 UT, August 16. Our first data after that

time were obtained on pass 19 (August 17)

during the main (depressed intensity) phase of
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the magnetic storm. The magnetic disturbance
index AT was high throughout this time period.

Io(t_) = Io(tl)
3

x(t_) unknown

Ro(t2) = 22,000 km

Z(t_) = Z(tl) (negligible spectrum change)

We conclude that the changes between t_ and
t2 could be explained by betatron deceleration, s

Period ts (Aug. 17-18).--The magnetic field
intensity at both the earth and the region of E3
(max) had rapidly returned to within _ 0.6 of

its prestorm value for pass 21 on August 18.
The magnetic disturbance index A_ was still

high.
Io(ts) = 210(tl)

x=1.2

Ro(ts) = Ro(tl)

z(t3) = z(t,)

Since (1) the range R0 of E_ (max) was the same
as before the storm, (2) the magnetic field has
remained undistorted, and (3) the field intensity

was still below the prestorm value, the increase
of I0 at ts by a factor _ 2 above Io(t_) can only
be explained by some irreversible process. In
fact not only is Io(ts) _ I0(tl) but also x(ts)
x(t_).

Period t4 (Aug. 18-19).--The magnetic field
continues slowly to increase toward normal
intensity on pass 23. The electron flux is in-
creasing and a flux appears at great distances
(_ 40,000 km) as shown in section 10.

Io(t4) = 310(tx)

x=l

Ro(t4) = R0(tx)

z(to = z(tl)

This step could be possibly accounted for by
betatron effect.

Period ts (Aug. 20).--The second magnetic
storm with sudden commencement at 0410 UT

August 20 was followed within 4 hours by pass
25.

lo(ts) -- 610(t0

Ro(tn) -- Ro(t4) = -- 2000 km

x_l

z(ts) = z(t,)

We could account for the flux increase as a

reversible process iJ the field increase comes
about through the change in range of 2000 km
for E3 (max). Note the high concentration of
electrons confined to within ± 15° of the geo-
magnetic equator at this time.

Period ts (Aug. 21-26).--Between tn and t8

there are the following changes:

Io(ts) = 410(tx)

= 2/31o(t6)

x(te) = 0.6z -- (t3

Ro(ts) = Ro(t_)

z(t,) > z(t_)

(This significant change of the spectrum 6 is independ-

ent of latitude.)

The measurements for curve B centered in time

on August 26 are for a period of magnetically
quiet days even though the magnetic field
intensity at E3 (max) was still below prestorm
level. Note that the data suggest a lowering of
mirror points and an increase in flux at high
latitudes even though the field strength in this
region continued to increase.

Period t7 (Aug. 26-30).

lo(t7) = 21o(tl)

Ro(tT) = Ro(tl)

x(t9 = x(t6) = x(t_)

Z(t9 = Z(te)

We find here a reduction of intensity by a

factor of _- 2 without a significant change in the
pitch-angle distribution and the spectrum.

Period ts (Sept. 3).--The magnetic storm of

September 3 with sudden commencement at
2200 UT was followed by high AT values and
resulted in a rapid return of I0 to the value
Io(tl) without a significant change in x as seen

in figure 16.

s The STL scintillation detector count rate increased 8See appendix C for probable form of spectrum
at this time. We discuss this increase in section 12. change.
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Io(ts) = l(t,)

x(ts) = z(t3

R0(ts) = uncertain

Z(ts) >_ Z(tO

It is difficult to prove experimentally that a

process is reversible because so much must be

known about both the particle and magnetic

field parameters. For example, Parker [1961b]

recently has shown that the superposition of two
deformations of the geomagnetic field can

approximate almost any variation of electron

distribution which maintains a "bell-shaped"

latitude dependence. Parker finds three ad-

justable parameters are required to describe

the possible reversible changes in a slowly

changing geomagnetic field: namely, T(t),

which determines the magnitude of the field

Bo, a(t), giving the scale of the field; and

v(t) describing the form of the field lines.

Accordingly, wherever we state that a given

step could be explained as a reversible process,

we imply the possibility of invoking changes in

these magnetic field parameters to reconstruct

the observed change in electron distribution.

The changes occurring between some of the

eight periods above may be reversible. How-
ever, there are some changes which, under any

model for trapped particles, could not be ex-

plained by reversible processes. Indeed, we

need only prove that one of the series of changes
is irreversible, and we prove the process as a
whole to be an irreversible effect. For this

test we choose first the change from period ti to

period t_.
We note that between t, and t3 the magnitude

of B decreased (T(t) was decreased) whereas

both the dipole character of the field lines and

the range of the field line through E3 (max)
were preserved (a(t) and v(t) constant). Yet

the electron density at t3 was everywhere

greater than at t,. This change in the radiation

belt had its origin either in an increase in energy

of the already trapped electrons, or additional

particles have been added in the energy range to

which the detectors are sensitive.

What irreversible process could bring about

this result? Briefly, there exist two extreme
alternatives:

1. If, at period t2 during the main phase of

the geomagnetic storm with the total field

intensity at its minimum value, electrons are

injected somehow with energies below the
detection level of the bremsstrahlung detectors,

than, when the field recovers to .-_ 0.6 of its

initial value, these new particles could be

brought up to energies where they produce

bremsstrahlung with increased efficiency. How-

ever, this explanation is unlikely since it is

required to preserve the ratio Z (or the spectrum)

and the new particles would have to be con-

centrated about E3 (max) to preserve the range

of E3 (max).

2. During the period is of the storm's main

phase there were small-scale but rapid magnetic

field intensity variations (high A v) which could

be invoked through some irreversible process to

accelerate electrons. Such an unspecified proc-

ess plus the partial recovery of over-all field

intensity could not only bring the intensity

above its prestorm value but also increase the

electron density near to the equator.
We do not attempt here to build models for

the observed irreversibility but only emphasize

that the existence of this step removes the

possibility for a reversible theory of outer belt

intensity variations
Another irreversible step clearly exists be-

tween t_ and ts. On the basis of equatorial data

the magnetic field intensity increases while the

changing electron distribution remains along a

dipole line of force of constant R0. The

evidence is against any change in scale of the
field. The electron mirror-point distribution

returned to nearly the prestorm values, wtfich is

equivalent to the equatorial intensity declining

while the high latitude intensity increased.

These changes were accompanied by a change

in energy spectrum. If we assume that the

spectrum was of the form E-_ then we observed

an increase in % These changes reveal an

irreversible loss of particle energy, or particles.

The data indicate a relative loss of particles at

high energy which could come about either by

the escape of high-energy particles or a radiative

energy loss at high energy. A similar irrevers-

ible process is found between t6 and tT.

Thus our investigation has led us to two

irreversible processes, one an irreversible energy
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gain and the other an irreversible loss. At

present we do not understand either of the

underlying phenomena.

10. THE ELECTRON FLUXES BEYOND THE

OUTER BELT

At ranges greater than 40,000 km (corre-

sponding to lines of force reaching the earth at

geomagnetic latitudes greater than 67 ° ) the

proportional counter normally detects only the

cosmic-ray flux. Therefore, we may invoke a

hypothetical, spherical surface with radius of

40,000 km to surround the trapped radiation

and determine the fluxes of high-energy elec-

trons, if any, that are trapped or pass through

this "boundary" from time to time. We do this

by plotting in figure 24 the single count rate for

all data at distances greater than 40,000 km as
a function of time. As shown in section 2, this
count rate is the sum of the omnidirectional

cosmic-ray intensity, normally 9.5 counts/sec,

and any bremsstrahlung produced by electrons.

The singles count rate for the cosmic radiation

exhibited three successive Forbush-type inten-

sity decreases, as shown by the arrows in figure

24. Thus, the excess count rate over approxi-

mately 10 counts/sec is due to bremsstrahlung

by electrons incident on Explorer VI. One
single count indicates an omnidirectional in-

tensity of 3 X 106 electrons/sec/cm _ if the

energy is 200 key. W note that in addition

to low level fluctuations (less than 1 count/sec)

there exist occasional outstanding bursts, espe-
cially the increase on August 19, which would

represent a flux of 9 X 106 electrons/sec/cm s for
200 key electrons.

The scintillation counter detected rapid in-

tensity fluctuations correlated with magnetom-

eter fluctuations in the same regions of space

[Farley and Rosen, 1960]. These electrons must

be trapped.

Since these electrons appeared during the

period of intensity buildup in region Es, it is

tempting to assume that the flux represents the

arrival of solar electrons, which diffuse inward
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in the equatorial magnetic field. However,

they could not be preaccelerated electrons that
find their way into the E3 region for the purpose

of producing the many-fold increase of equa-

torial intensity because (1) the E3 intensity

buildup began (between periods t2 and t3) many

hours beJore this distant flux reached a high

level and only after the kind of field fluctuations

which might allow trapping had subsided; (2)

there is no a priori mechanism whereby the

process of trapping new particles should pre-

serve the location of E3 (max), or the energy

spectrum; and (3) as a precondition for trap-

ping, the incoming particle density must ap-

proximate the trapped particle density; but, on
August 18-19 the flux was several orders of

magnitude lower than required.

However, the possibilities exist that these

particles are "spillage" from the auroral zone, or

that they have drifted outward from the equator

as a result of instabilities 7 during the rapid

buildup of E3 (max) intensity.

11. ELECTRON FLUX, ENERGY DENSITY, AND

SPECTRUM

Bremsstrahhng measurements do not give

directly the electron flux and energy spectrum.

Therefore, we shall assume an energy spectrum

and compute the electron flux from the single

counter count rate and response curve in figure
4 for monoenergetic electrons. For any assumed

energy spectrum, we have the additional bound-

ary condition that the energy density of the

geomagnetic field pro, at any point must con-

siderably exceed the electron energy density pe

at that point. This condition was proved in

section 4 for both normal and disturbed geo-

magnetic field conditions. This boundary con-

dition, pm _ pe, is most severe in the limiting

case of the geomagnetic equator at the range of
maximum E2 intensity, where the electron

density is highest and the field energy density

is lowest along the line of force passing through

E3 (max). For the quiet period before August

14, 1959, where Ez (max) lies at approximately

7 For example, the recently studied velocity-space

instablity observed in mirror-machine geometries by
R. F. Post (private communication to J.A.S.) [Post

and Perkins, 1961].

22 to 23 X 103 km, we find for an undisturbed

dipole field a magnetic field energy density of
_2 X 10 -6 erg/cm 3.

Experimental evidence on the electron spec-

trum is scarce. The only direct measurements

[Walt, Ghase, Cladis, Imho], and Knecht, 1960;

Cladis, Chase, ImhoJ, and Knecht, 1961] were

carried out at low altitude (_ 1,000 km) along

a line of force passing through the geomagnetic

equator at a range of _ 9,000 km and, therefore,

far below the range of E2 (max).

In the energy range accessible to our detectors
their data are consistent with a differential

energy spectrum of the form N(E) dE = AE-_

dE with 4 _ 3' _ 5. This exponent agrees with

the analysis of the ratio of GM and proportional

counters for a range less than the range of E2

(max) as shown in figures 20 and 25, Appendix
C. It then follows that if we continue to

assume a power law spectrum to ranges beyond

E3 (max), then the exponent drops to -y _-- 3.
Thus in the discussion which follows we shall

assume a differential power law spectrum with

3_'r _5.

We may determine the electron flux for the

time interval August 7-14, 1959, at E3 (max)

in the equatorial plane as follows. The counting

rate, I, of a single proportional counter is given

by
E=

I = JE|-_ N(E) G (E) dE

where N(E) is the electron differential energy

spectrum and G(E) is the response function of

our detector, shown in figure 4. The lower

limit E1 is not critical for determining I since

the function G(E) fails off faster than E 4"7

below 100 key. On the other hand, the value

of pe is extremely sensitive to E1 since the power

spectrum is divergent as E1 ---) 0. For the

present case we set E1 = 100 key. The upper
limit, E2, is not well known. From Walt and
his co-workers it should be less than 800 key.

From the results of Van Allen and the Soviet

measurements, E2 is consistent with a value less
than 1000 kev. Therefore, we assume E2

= 1000 kev. The parameter A in the expres-

sion AE-" depends very little on the choice of

E_, but is sensitive to the choice of E2. In-

creasing E2 reduces A.
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TABLE 2.--Parameters/or Electron Flux and Energy Density in Region E3 at the Geomagnetic Equator

3 ...........................

3 ...........................

Equilibrium spectrum from
neutron decay only 1........

El, _ !2,
_ev k _v

100 1,000
100 2, 000
100 1,000
100 2,000

0 800

A
electrons
cm2 sec (kev) _'1

1.6 )< 10Is
2.4 )< 1012

5 )< 1018
2.8 )< 1018

5.3 X 10-s

N(E _ 100 key),
electrons/cm 2sec

8 X 108
1.2 X lOs

1 X 101°
7 X 10°

N(E > 0 kev)
4.4 X lOs

Pey _om2

ergs/cm s ergs/cm s

4 X 10-8 2 X 10-6
6.8 X i0-°

8 X 10-7
3.3 X 10-T 2 X 10-6

3.6 X 10-8 2 X 10-6

I Based on spectrum from Hess and Poirier (private communication to J. A. S.)

The values for the integral electron flux in

the region E3 at the geomagnetic equator are

given for _ = 3 and _ = 5 in table 2, along with
the parameters used in the calculations. To

show that the results are not very sensitive to

the choice of the upper limit E2, flux values for

both E2 = 1 Mev and E_ -----2 Mev are given.

The electron energy density is then,

where

fE_" N(E)P" = . , ve(E) E dE

re(E) = c [_/(_/ + 2)]'/2
_/-- 1

is the velocity of the electrons, ,7 = E/m,c _,
and me and c are the electron mass and the

velocity of light, respectively. The computed
values of pe are given in table 2.

Since there is some evidence [Vernov, Chuda-

kov, Vakulov, and Logachev, 1959] that there are

electrons in the spectrum below 100 key, our
calculations tend to be lower limits. We also

note that the total intensity at Es (max) in-

creased sixfold at the equator by August 21

still under the condition p_ > pe (with the

spectrum essentially unchanged as shown in

fig. 22). Thus it is clear that the exponent

cannot be much in excess of -¢ = 3, under the

assumption of a power law spectrum.

In Table 3 a similar analysis in the region of

E, (max) at Ro _ 16-17,000 km shows that

p_ << p_ even for the case of _ = 5.

12. SUMMARY AND DISCUSSION

Structure of the Outer Belt, the Geomagnetic Field,
and Fluxes of Electrons and Protons

Measurements of bremsstrahlung in the satel-

lite Eaplorer VI have revealed that for about
2 months there existed two distinct peaks of

electron intensity, identified as regions E, and

E3. This kind of structure is a persistent

feature of the outer belt. It is proved that the

maximum intensity in the E3 region coincides

over a wide range of geomagnetic latitudes with

magnetic lines of force in the centered dipole

approximation. Thus, the measured electron

intensity maxima may be used as tracers of

the geomagnetic field lines of force for the

purpose of analyzing changes in the belt with

time. During geomagnetic storms the electron

intensity increased manyfold at E3 (max), but
even under these conditions the trace of the

intensity maximum followed a center dipole line
of force. This leads to the conclusion that the

electron energy density must have been every-

where less than the magnetic energy density

throughout the time of our measurements.

The observed range for the maximum electron

intensi_y undergoes large and rapid inward

shifts during geomagnetic storms which amount

to as much as 10 percent of the total range of

the outer belt. This effect is likely to have its

origin beyond the range of E3 and connected

with the irreversible energy gain in the outer
belt discussed later in this section.
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TABLE 3.--Parameters ]or Electron Flux and Energy Density i_ Region E_

El, key

3 100

3 100

5 100

5 100

E2, key

1, 000

2, 000

1,000

2, 000

A
electrons

cm_ see (kev)_-I

1.1 X 1013

1.6 X 1012

3.3 X 10 TM

1.9 X 10 TM

N(E _ 100 kev)
electrons/era 2 sec

5.3 X lO s

8 X i0 -°

7 X 10 9

4.7 X 10 9

P_,

ergs/cm 3

2.8 )< 10 -s

4.4 X 10 -°

5.2 X 10 -7

2.2 X 10 .7

Pro,

ergs/cm 3

1 X 10-_

1 X 10 -5

By introducing the assumption that the

bremsstrahlung is produced by an electron

spectrum of the form E-v, and by noting that

the particle energy density is everywhere less

than the magnetic energy density, we may
calculate the maximum allowed electron fluxes

in the region of E3 under a variety of assump-

tions. For this assumed spectrum and energy

limits of 100 to 1,000 key, we find that _ should

be close to 3 and cannot be as large as 5. This

agrees with independent calculations derived
from the measured ratio of GM counter to

proportional counter counting rate. Under

these assumptions the omnidirectional electron

flux at R0 = 22,000 km is 8 X l0 s electrons/cm 2

sec. At smaller range in the E2 region, a larger

value for the exponent is allowed from energy

density arguments, and is calculated from the

observed change in counting rates of brems-

strahhng detectors. For the region E2 a value

of _ ---- 5 is consistent with high latitude
observations.

The bremsstrahlung detector data show that

the energy spectrum along a line of force E3

(max) is essentially independent of latitude, but

through E.2 (max) is sensitive to geomagnetic

latitude, being strongly energy dependent at

high latitudes. For example, if the electron

energy spectrum has the form E-_ with an

upper energy limit between 1,000 and 2,000 key,

then the form of the spectrum in the outer belt

tends to become flatter (decreasing _,) with

increasing range in the outer belt. The electron

spectrum near E3 (max) was observed to remain

essentially unchanged even though the intensity

changed over a factor of 6 as a result of a geo-

magnetic storm. At a later time, the spectrum

was observed to change significantly and in such

a way that for our assumed spectrum the value

of the exponent increased by 25 to 50 per cent

within a few days, and persisted long after the

termination of the magnetic storm. Thus, it is

evident that geomagnetic storms may induce

changes of the outer-belt electron spectrum as

well as changes in total intensity.

The proton flux in the outer belt for energies

in excess of 75 Mev is (0.0 ± 0.1) protons/cm 2

sea.

The Origin of the Outer-Belt Electrons

We have described properties of the outer

electron belt (sec. 9) by four parameters repre-

senting equatorial intensity Io(t), location of the

magnetic dipole line of force through E3 (max)

at the equator, R0, the electron density distribu-

tion along a line of force I ---- Io(B/Bo)-_ charac-

terized by the parameter x, and a measure Z of

spectral change of electrons with time. We

find that within the sequences of changes in the

outer belt induced by geomagnetic storms, there

are some changes of these parameters which are

accounted for only by involving an irreversible

energy gain or energy loss within the belt.

Since we measure bremsstrahlung, our count

rate I (single counter) is given by

I =f; G(E) N (E) dE

where N(E) is the spectrum and G(E) is the

detector efficiency. Although we know G(E)

(see fig. 4), we do not know N(E), and therefore

cannot prove whether a change in I arises from

the gain or loss of particles, or whether there is
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a kinetic energy gain or loss for a conserved
number of particles. Thus, we confined our
conclusions to the proof that there exist two
kinds of irreversible processes: namely, (1)
particle or energy gain to the belt; (2) particle
or energy loss, leading to a stable intensity and
electron mirror-point distribution.

Regarding the process of energy gain we have
found arguments that strongly favor local
acceleration of the electrons. Some of these

arguments are of the negative kind. The moni-
toring of the high-energy electron flux beyond
the outer belt proves that preaccelerated elec-

trons are not present with sufficient density
even if it were possible to trap them efficiently.
An injection of electrons at subdetection

energies (< 50 key) followed by local accelera-
tion is unlikely because the electron distribution
of added particles would have to maintain the
original E3 (max) location in the magnetic
field and leave the resultant energy spectrum
unchanged.

We are led, therefore, to consider mainly
local acceleration of electrons already trapped
and to ask where and at what times during the
magnetic storm could this irreversible energy
gain occur. The time of occurrence is fairly
well limited to the last part of the main phase
and extending through the first hours of re-
covery from the main phase of the geomagnetic
storm (August 18 and 19, as shown in figs. 13
and 23).

The mechanism for energy gain in this period
is obscure. For example, if a statistical acceler-

ation process, such as Fermi acceleration, were
operative at this time, while small-scale mag-
netic irregularities were moving through the
dipole field, we might expect that protons

would be even more effici_ently accelerated than
electrons. Is it not likely that the sudden
increase of particle intensity observed in the
Explorer VI scintillator [Rosen and Farley,
1961] could be the low energy protons be-
ginning at the time when all bremsstrahlung
detectors and the ion chamber still observed

low intensity on August 17? The scintillator

detects protons of energy > 2 Mev. It may
also be argued that the energy input is coinci-
dent with the rapid recovery of the geomagnetic
field--such as ring current changes--on August

17-18. In any event, any successful model of
acceleration must include (1) the preservation
of E3 (max) over an intensity range of factor 6;

(2) no drastic changes in the form of the spec-
trum; and (3) a concentration of the excess
intensity in the vicinity of the equator.

The loss processes are of a different kind.
They are associated with a changing spectrum,
a decrease of electron pitch angles and a gradual
reduction of intensity. All these changes occur

while the geomagnetic field gradually increases
to its prestorm level and becomes unperturbed.
The loss process seems to go on with a longer
time constant than the irreversible acceleration

discussed above. Again we are not sure
whether particles are escaping from the trapped
distribution or whether we are observing particle
deceleration. The changes are consistent with
the latter alternative, especially if we assume a

spectrum of the form E -_. We then interpret
the losses of particles or energy in two successive
stages: first, there is a loss at high pitch angles
and high energy, and second, there is a loss at
all latitudes independent of pitch angle.

The changes take place as though there

existed some instability, or energy loss process
(possibly radiative) which returns the electron
intensity distribution to the "steady state." In
fact, one of the most remarkable results of our
analysis is the observed tendency for the E3
region to stabilize around a characteristic pitch-
angle distribution where x = 0.6 except during
magnetic field perturbations. Note that
x = 0.6 even for the period after the September

3 magnetic storm (fig. 16).
The fluctuations of high-energy electron

intensity beyond the outer belt introduce the
possibility that there may also be a loss of
particles in near-equatorial orbits on or about

August 20 when the equatorial concentration of
electrons was greatest.

It has been suggested [Arnoldy, Hoffman, and
Winckler, 1960b; O'Brien, Van Allen, Roach and
Gartlein, I960] that the large reduction in
observed bremsstrahlung intensity with the

main phase of a magnetic storm (in our case,
pass 19) is in reality "dumping" of particles to
form the aurora. We believe that the small

energy density of high energy electrons cannot
account for the much larger auroral energy
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release, and that betatron deceleration between

tt and t_ is more likely.
The results are consistent with the accelera-

tion of ambient electrons to the observed energy

distributions. Probably through collective mo-

tions of high-temperature solar plasma some-

what more energetic particles could be trapped

from time to time, but their equilibrium energies

and distribution would still be dominated by

processes in the geomagnetic field. In view of

our conclusions, the question of the origin of

energy gain and loss processes is more significant

than the question: from where do the electrons
come?

The beta decay electrons from neutrons

certainly contribute to the outer belt ]Hess,

1960; Dessler and Karplus, 1960]. Recently,

however, it was shown that processes other than

injection of neutron decay electrons must be

operative in order to account for the spatial

distribution of electrons in the outer belt ]Hess,

Killeen, Fan, Meyer, and Simpson, 1961]. This

again points to the existence of energy gain and

loss processes.

It is important to note that satellite brems-

strahlung observations in low altitude orbits,

such as Explorer VII, will appear to have a

time dependence different from our equatorial

results for the outer belt. This is readily under-
stood from figures 14 and 23 for the August

1959 magnetic storms. For example, the in-

crease of intensity would appear at the "tip" of

the outer belt a few days after reaching maxi-

mum intensity at the equator. The position in

latitude of the maximum intensity near the

"tip" should shift rapidly by _ 1° to 3 ° cor-

responding in our analysis of changes in Ro (note

that for low altitudes the center dipole approxi-

mation is not sufficient to describe the real field).

Finally, we caution the reader to recall that

we have been able to analyze only two magnetic

storms. We would expect the detailed changes

in the outer electron belt from one magnetic

storm to another to be as diverse as geomag-

netic storms themselves have proven to be

through many years of analysis by many investi-

gators. Indeed, the magnetic storm of Septem-

ber 3 (for which we have very few data) did not

lead to an irreversible acceleration, but only a

loss mechanism which preserved the prevailing

electron pitch-angle distribution.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge the essential

contribution to the engineering of our appara-

tus in Explorer VI by L. Petraitis, R. Takaki,
J. Jezewski, W. Six, and J. Lamport of the

Universities Laboratories for Applied Sciences.
For data reduction and analysis we thank .¥I.

Case, C. Gloeckler, K. Schwarz, R. Langford,
and G. Lentz. A continuous watch for un-

usual solar events by R. Tjonaman and the

staff of the Cosmic Ray Group assisted in in-

creasing the data acquisition during August

1959. The assistance of R. D'Arcy in the X-

ray calibration of the duplicate payload was

appreciated. We thank R. S. Rochlin and the

General Electric Company for the use of their

linear accelerator, and D. Yovanovitch for as-

sistance in carrying out the proton calibrations.
Discussions of our results with E. N. Parker

have been both stimulating and helpful to us.

We appreciate the collaboration among those

conducting experiments in Explorer VI, espe-

ciaUy the Minnesota group of Arnoldy, Hoff-

man, and Winckler and the Space Technology

group of A. Rosen, T. Farley, and E. Smith,

where we have mutually exchanged data. We

thank the Minnesota group for permission to

use their unpublished GM counter data and

for the use of their X-ray apparatus.

In carrying out the Explorer VI project we

are especially indebted to J. Lindsay and H.
Newell of the National Aeronautics and Space

Administration, and to A. Thiel, J. Lindner,

and K. Moe of Space Technology Laboratories.

This research was supported in part by the

National Aeronautics and Space Administra-

tion under contract NASw-24, and in part by
the Air Force Office of Scientific Research under

contract AF-18(600)-666.



OUTER RADIATION BELT 253

APPENDIX A

TABLE 1.--Characteristics el. Charged-Particle
Detectors and Magnetometer on Explorer VI

Proportional Counter Telescope

A. Triple coincidence counts measure

protons (E _ 75 Mev) and elec-
trons (E _ 13 Mev) and are not

affected by intense bremsstrahlung.

B. Single counts measure bremsstrah-

lung and particles under A.
GM Counter and Ion Chamber

A. GM counter measures sum of

protons (E _> 36 Mev), electrons

(E _ 2.8 Mev), and ambient

bremsstrahlung.
B. Ion chamber measures average

ionization per particle (protons

E _ 24 Mev, electrons E _ 1.6

Mev) plus bremsstrahlung.
Plastic Scintillation Counter

A. Measures electron flux directly for
E _ 200 Kev; plus

B. Bremsstrahlung; plus

C. Protons with E _ 2 Mev

Spin Magnetometer

Measures component of magnetic
field perpendicular to the spin axis of

Explorer VI down to 10 -_ gauss.

University of

Chicago

University of

Minnesota

Space Tech-

nology Labo-
ratories

Space Tech-

nology Labo-
ratories

TABLE 2.--Low-Latitude Traversals Through the
Outer Radiation Belt Which Yielded Data

1. Pioneer I ...........

2. Pioneer III .........

3. Lunik I ............

4. Pioneer IV .........

5. Explorer VI ........

6. Lunik II ...........

7. Pioneer V ..........

Dates

Oct. 11, 1958 ....

Dec. 6, 1958 ....

Jan. 2, 1959 ....

Mar. 3, 1959 ....

Aug. 7-Oct. 6,
1959

Sept. 12, 1959___

Mar. 11, 1960___

Number of
Passes

Through
Outer Belt

1

1

1

2

113

TABLE 3.--Times for Orbit Pass Numbers oJ
Explorer VI (Aug. 7-Oct. 6, 1959)

Pass PassPass Date Date
Date No. No. No.

8-7 1 8-28 41 9-19 81
8 2 29 42 19 82

8 3 29 43 20 83

9 4 30 44 20 84

9 5 30 45 21 85

10 6 8-31 46 21 86

10 7 9- 1 47 22 87

11 8 1 48 22 88

11 9 2 49 23 89
12 10 2 50 23 90

12 11 3 51 24 91

13 12 3 52 24 92

13 13 4 53 25 93

14 14 4 54 25 94

15 15 5 55 26 95

15 16 5 56 26 96

16 17 6 57 27 97

16 18 6 58 28 98

17 19 7 59 28_ 99

17 20 7 60 29 100

18 21 8 61 29 101

18 22 8 62 30 102

19 23 9 63 9-30 103

19 24 10 64 10- 1 104

20 25 10 65 1 105

20 26 11 66 2 106

21 27 11 67 2 107

21 28 12 68 3 108

22 29 12 69 3 102
23 30 13 70 4 llfl

23 31 13 71 4 111

24 32 14 72 5 112

24 33 14 73 5 112

25 34 15 74 ..............

25 35 15 75 ..............

26 36 16 76 ........ ......

26 37 16 77 ..............

27 38 17 78 ..............

27 39 17 79 .............

28 40 18 80 ..............

APPENDIX B

Processof Determinin9 the Position o| a Radiation
Belt

We define the position of a radiation belt by
the location in the geomagnetic equatorial
surface at which the counting rate of a radiation
detector is a maximum.
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Consider a line of force of the geomagnetic

field. A position on this line may be specified

by means of a parameter b = B/Bo where B is the

magnetic field intensity at this position, while

Bo is the minimum magnetic field intensity

along the line of force. Since an equatorial

surface is a surface generated by the points of
minimum field intensity on lines of force, i.e.,

the B0 surface, the constant B0 lines and their

orthogonal lines, denoted by constant ¢, may

then be conveniently used as a coordinate

system to specify the positions of lines of force.

Thus, the three variables, B0, _, and b determine

a point in space, and we can write the counting
rate as

I=I(Bo, _, b) (1)

The variation of counting rate per unit arc

length ds along the traiectory of the satellite is

1o,1 Ioj]i-ft. +.,--_-+-- _ Bo,b d8

+ _ ,°,° _ (2)

If there is an axial symmetry so

(_I/5*)Bo._ = O, equation 2 becomes

that

(3)

The physical meanings of [bI/5b]Bo._ and

[5I/5Bo]_. b are respectively the variation of the

counting rate along a.line of force and that along
the intersection of a constant b and a constant¢

surface. The positions of the maxima shown in

figures 5, 6, 7a, and 7b are the solutions of

dI/ds = 0 and are called the observed maxima,
whereas the true maximum of the radiation belt

by our definition is given by the equation

This is, of course, correct only if the pitch-angle

distribution, n(v, _o) [Fan, Meyer, and Simpson,

1961] does not vary greatly with respect to Bo.

The following is a working process by which

the solution of (5I/bBo)_.b -_ 0 may be found.

Figure 17 shows that for a limited segment

along a line of force of a center dipole field:

equation 1 assumes the following simple ex-

pression
I = f(Ro) (b)-_ (4)

where, if R and _ are respectively the range and

the magnetic latitude,

R,, = R/cos 2h, b -- (1 "f- 3sin 2X)_/2c°s 6 h (5)

and x is in general a function of B0. B0 is then

M/Ro 3. Therefore, if the magnetic field in the

vicinity of the short portion oJ the trajectory is

not greatly different from a center dipole field,
and if the value of x is ahnost constant, the

position of the maximum off(R0) (_- Ib _) will be

approximately the solution of (OI/bBo)_.b -_ O.
In the determination of the maximum of

J(R0) we encountered two difficulties: (1) the

determination of the position of E3 required a

knowledge of the value of x for Ro = 22,000 km,

which is not always available; (2) the position

data errors are determip.ed by the accuracy of

the trajectory data discussed below.
The values of x during the quiet period of

August 7-14, 1959, at R0 _-- 22,000 km were
0.5 to 0.6, whereas in the magnetically disturbed

days (August 16-20) they increased to about
1.0-1.2. This is about the total range in the

measured values of x. The following criterion

was used for the actual determination. If the

value of x for certain passages at R0 between

19,000 and 24,000 km was available, this value

was used; otherwise, the value of x of the

passages immediately preceding or following was

used, provided that no magnetic storms were

under way.
Take passage 20 as an example. The maxi-

mum counting rate along the trajectory (dI/
ds _ 0) is at )_ -_ 12.4 ° and Ro -----24,500 km,

whereas the solution of dJ/dRo _ 0 is at X

14.4 ° and R0 ---- 23,600 km.

We have used improved trajectory calcula-

tions prepared by the staff at Space Technology
Laboratories which take into account the vari-

able a_mospheric drag at perigee. Ttlese data

appear to be accurate within _ +100 km at
the outer belt until at least September 12.

However, a new trajectory for Explorer VI will

be prepared based on minitrack data providing
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more accurate position-time data at small range.
In view of these trajectory errors the corrected
positions of E2 and E3 have been worked out
only for the cases where the solutions of dI/
ds = 0 and dJ/dRo = 0 are widely different. No
corrections are needed for values of X _< 10 °,
since B/Bo _ 1.

Two final remarks must be added:
1. Since

-- I B _ d/ dRo
ds -_u - dRQ ds

there always exists an extreme value of I
(B/Bo) _ at the position where dRo/ds = O, and
this is in general different from the solution of
dJ/dRo = O.

2. It can readily be shown that the "ridge" of
equal counting-rate contours, frequently used
as the definition of the position of a radiation
belt, coincides with a line of force passing
through the solution of d]/dRo = 0. Therefore,
these two definitions are equivalent.

APPENDIX C

in the outer belt is dN(E) = AE-_ dE, which
we shall use in our calculations. Our second

assumption is that the maximum energy for the
outer belt electrons is E < 2.8 Mev, i.e., no

direct electron detection is possible by either
detector (Arnoldy, Hoffman, and Winckler,
private communication).

We may then calculate directly the expected
values of 3"for given values of the ratio Z. The
solid curve shown in figure 25 uses the measured
response curve in figure 4 and a maximum
electron kinetic energy of 1,000 key. To dem-
onstrate the sensitivity of these calculat ions to
the shape of the response curve we have also
calculated Z vs. 3' for the case where the single
counter response is proportional to E 4'7over the
entire energy range. Clearly, the changes in 3"
are not extremely sensitive to the shape of the
low energy portion of the calibration curve

except for high values of Z.

I0

o

Derivation of Changesin Electron Spectrum Using
BremsstrahlungDetectors _ e

o
(D

We showed in section 8 that whatever may
be the form of the electron spectrum in the outer _:
belt the spectrum undergoes changes with range _ G
and along lines of force in the vicinity of the E2
region. However, the spectrum was approxi-

mately constant along lines of force through E3

(max). _ 4.
We shall now introduce an assumed form for

the spectrum and calculate the changes in the o
ratio Z of count rates from two bremsstrahlung

detectors, each having different responses to a
given energy spectrum. The response curve for ._ 2
the single proportional counter has been de-

scribed in section 2 and figure 4. The response
curve of the GM counter in Explorer VI has

been made available to us by Arnoldy, Hoff- o
man, and Winckler. (The three groups of in- o

vestigators using Explorer VI for radiation
measurements have exchanged their calibration
and detector characteristics.)

From section 11 it appears that a reasonable
form of the electron energy spectrum prevailing

r I i I ' [I

f
dN : A___

dE E 7 t
Err_x = I000 Key

- /

j/_ /

/
[ 1 I I t .I

2 4

I \\

ii \
/ \

/ \

i I

For G(E)_E 4"7

I I I
6 8

FIGURE 25.--The calculated relationship between

the ratio Z and the exponent % assuming that
the electron spectrum is dN = AE-* dE
(E <_ 1 Mev).
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Thus the changes in spectrum at E3 (max),
which occurred during recovery from geomag-
netic storms in figure 22, would be interpreted
as a change from approximately E -8 to _.- E -4
for the electron differential spectrum between

August 20 and August 26, 1959.
If these assumptions were approximately

correct, the dependence of Z on R0 in figure 20

would imply that the electron energy spectrum
becomes "flatter" with increasing range.
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The Observed Outer-Belt Electron Distribution and the

Neutron Decay Hypothesis'
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Measurements of electron flux along a line of force in the outer radiation
pared with calculations that assume that all electrons are injected by neutron decay. The
comparison shows that the two distributions are quite different at intermediate and low
latitudes where corrections are unimportant. It is concluded that other processes, in addition
to electron injection by neutron decay, are necessary to explain the experimentally observed

flux distribution along a line of force. _ _ j

Theories for the sources and losses of electrons

in the outer radiation belt must take into ac-

count not only electron flux and energy spectrum
but also the spatial distribution of electron mir-

ror points along a line of force in the geomagnetic
field. Different sources lead to different

distributions [Killeen and Boer, 1960]. The

theory that the outer belt is entirely due to 8-

decay electrons from neutrons leaking out of the

terrestrial _tmosphere requires that low-altitude

electron injection be dominant [Hess, Canfield,

and Lingenfelter, 1961]. Therefore, it is of

interest to compare the predicted distribution

for the neutron decay hypothesis (Hess and

Killeen, to be published) with a recent experi-

ment [Fan, Meyer, and Simpson, 1961] which

shows the electron intensity along lines of force

can be obtained directly from Explorer VI

*Published in the August 1961 issue of Journal of
Geophysical Research. Reprinted by Permission.

_Now at NASA Goddard Space Flight Center.

satellite measurements using a detector sensitive

to bremsstrahlung principally from electrons

above 100-key energy. This is an energy range

suitable for comparison with the energy spec-
trum from neutron decay. Since the calculated
distribution of electrons at intermediate and low

latitudes in the outer radiation belt is deter-

mined more by the source distribution--which is

well known--than by the details of the loss

mechanism, a comparison of experiment and

theory is a valid test of the neutron decay

hypothesis.

There are three equivalent ways to represent

the electron distribution along a line of force;

namely, the flux, or the mirror point distribu-

tions along a line of force, or the pitch angle dis-

tribution at the equator of particles trapped

along a line of force [Fan, Meyer, and Simpson,

1961]. In this paper all results are expressed as

an electron flux along a line of force through the

maximum intensity of the E3 region of the outer

257
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FmvRv, 1.--Relative electron flux measured along
a geomagnetic dipole line of.force whose range
at the equator is Ro=21,000 km (Fan, Meyer
and Simpson, 1961). For comparison the
calculated electron flux distributions assuming
only _ decay electrons .from neutrons escaping
from the terrestiral atmosphere are shown for
nearby lines of force (Hess and Killeen, to be
published). (B0/s the magnetic field intensity
at the geomagnetic equator).

belt. For both the experimental results and the
calculations, the geomagnetic field is assumed

to be a dipole field. This has been found experi-
mentally to be a good representation for the
outer electron belt [Fan, Meyer, and Simpson,
1960].

The measured electron intensity along a dipole
line of force passing through the equator at the
geocentric range R0= 21,000 km, or intersecting
the earth at the geomagnetic latitude X=57 °,
is shown in figure 1. B0 is the geomagnetic
field intensity at the equator, and B is the field
intensity at any latitude X. This is also the line

of force through the maximum intensity of the
E3 region in the outer belt [Fan, Meyer, and
Simpson, 1961]. These measurements were

obtained in a period free from large-scale tem-

poral changes of electron intensity or magnetic

field intensity, and represent _he prevailing
electron flux along a line of force at this range.

Since the electron fluxes are derived from

bremsstrahhng measurements, it is especially
important to note that the change in electron

spectrum along the hne of force through Ea
maximum was found to be negligible (Fan,
Meyer, and Simpson, to be published).

It has been shown that the measured electron

intensity I along a line of force may be well
represented at intermediate and low latitudes by
£ = £o (B/Bo) -_, where I0 is the equatorial
intensity (Fan, Meyer, and Simpson, to be pub-
lished). Thus, changes in x reflect changes in
electron pitch angle distribution. The smallest
values of x are found during undisturbed periods
and have the value x _ 0.5 as derived from

figure 1. During geomagnetic disturbances,
z may increase in value to _ 1.2.

The calculated electron flux along lines of
force intersecting the earth at X = 56 ° and
k = 60 ° are also shown in figure 1, normalized

to the experimental curve at the equator (Hess
and Killeen, to be published). These calcula-
tions assume injection by neutron decay elec-
trons with energies greater than 100 kev. This
represents nearly all the electrons in the neutron
decay spectrum. Two loss processes were con-
sidered. First, trapped electrons are slowed
down by collisions with thermal electrons--this
is the dominant loss mechanism at high altitudes

for electrons with energies greater than 100 kev.
Second, at altitudes below a few thousand
kilometers where the exosphere becomes prin-
cipally oxygen and nitrogen, instead of hydro-
gen, the dominant loss process becomes Cou-
lomb scattering.

The inclusion of scattering losses only changes
the calculated flux distribution along a line of
force at high latitudes, as indicated by the
uncorrected curves drawn by dotted lines in
figure 1. This will not affect the low latitude
calculations where the comparison with experi-
ment is valid.

A comparison of the exponents x in figure 1
proves that X _ 0.23 for the neutron decay
hypothesis lies below the possible range of x
values (x > 0.5) found by direct measurements
in the outer radiation belt. Thus, there are
relatively more electrons with mirror points at



OUTER BELT ELECTRON DISTRIBUTION 259

low latitudes than predicted by the neutron
decay hypothesis.

Therefore, other processes in addition to
electron injection by neutron decay are neces-
sary to explain the experimentally observed flux
distribution along a line of force in the outer
electron belt.

ACKNOWLEDGMENT

The calculations of Hess and Killeen were

supported by the U.S. Atomic Energy Commis-
sion. The work of Fan, Meyer, and Simpson
was supported in part by the National Aero-
nautics and Space Administration and in part
by the U.S. Air Force Office of Scientific Re-
search, contract AF 18 (600)-666.

REFERENCES

Fan, C. Y., P. Meyer, and J. A. Simpson, Trapped

t_nd cosmic radiation measurements from Explorer

VI, Space Research, edited by H. Kallmann-Bijl,

North Holland Publishing Company, Amsterdam,

pp. 951-966, 1960.

Fan, C. Y., P. Meyer, and J. A. Simpson, The equatorial

pitch angle distributions of electrons in the outer

radiation belt, EFINS-61-20, Second International

Meeting of COSPAR, Florence, Italy, April 1961.

(To be published.)

Hess, W. N., E. Canfield, and R. E. Lingenfelter,

Cosmic-ray neutron demography, J. Geophys. Re-

search, 66, 665-677, 1961.

Killeen, J., and G. Boer, Densities of particles trapped

by the geomagnetic field, Bull. Am. Phys. Soc. [2],

5, 312, 1960.

(Manuscript received May 19, 1961.)



I

Section 3. Scintillation Counter Experiments Designed
by Space Technology Laboratories, Inc.



It • •

Introduction to the Scintillation Counter Experiments

Designed by Space Technology Laboratories, Inc.

BY T. A. FARLEY 1

Space Technology Laboratories, Inc.

The scientific information obtained from the

scintillation counter experiment on Explorer
VI has been published in the papers included
here.

The paper, "Charged-Particle Variations in

the Outer Van Allen Zone during a Geomag-
netic Storm," by Farley and Rosen, called

attention to observations of the particle inten-
sity immediately following the sudden com-

mencement of a geomagnetic storm. The
scintillation counter observed an increase in

the intensity of trapped particles within 12
hours of the sudden commencement. The
other radiation instruments on the same vehicle

(and, indeed, all previously flown radiation
detectors) showed a decrease during this period.
This apparently paradoxical situation was
better understood as it became apparent over
a period of time that the instruments observing

decreases were responding primarily to high
energy electrons (> 1 Mev), or to the brems-

strahlung from high energy electrons, in con-
trast to the experimenters' assumptions that
they were responding to bremsstrahlung from
low energy (< 100 kev) electrons. The scintil-

lation counter, then, gave the first evidence
that the injection of fresh particles into the
radiation belt is not delayed until the recovery
phase, but begins immediately.

This paper also presented correlations of the
particle intensity with the magnetic field as

measured by the magnetometer on board the

1 Now at Institute of Geophysics and Planetary

Physics, Univ. of Calif. at Los Angeles.
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same vehicle. These out-of-phase correlations
indicated a particle intensity (of energies below
threshold) capable of controlling the magnetic

field at the edge of the radiation belt. Investi-
gations of this sort are still badly needed in
order to understand the phenomena of this
boundary region. Rosen and Sanders are pre-
paring further data for publication concerning
the short term particle fluctuation in the radia-
tion belt.

The paper, "Characteristics of the Van AlleB
Radiation Zones as Measured by the Scintilla-
tion Counter on Explorer VI," by Rosen and
Farley, presents a broad survey of the scintilla-
tion counter data, together with a detailed
description of the instrument and the correc-
tions which were applied to the data for satura-
tion and binary failure effects. A preliminary
report had been made by Rosen, Farley and
Sonett at the First International Space Science
Symposium in 1960. The results of a careful

remeasurement of the geometrical factor of
the instrument are shown. In the calculation

of the geometrical factor an error was made,

which we take the opportunity to correct here.
The geometrical factor should be a factor of 4
larger, and the reported fluxes a factor of 4
smaller, at all energies except for high-energy
particles which could reach the scintillator
from all directions. Consequently all the
reported fluxes (except those for high energy
cosmic rays) in all the papers presented here
should be reduced by a factor of 4. The
authors have claimed only an order of magni-
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tude accuracy for their flux estimates, and no

change in this uncertainty is indicated. A

factor of four will, however, bring the estimated

quiet day outer zone intensity, _500 key,

down from 2 X 107 electrons/cm 2 sec to 5X108

electrons/cm _ sec, which is more in line with

subsequent measurements on more recent
vehicles.

The paper also presents comparisons of
scintillation counter data from the other radia-

tion experiments of Explorer VI. Some ob-

servations are made concerning the dis-

crepancies in flux estimates, energy spectrum

estimates, and peak intensity positions among
these instruments. None of the instruments on

the satellite were particle spectrometers, and

consequently all of them were sensitive to both

energy spectrum changes and intensity changes

in such a way that it has proved impossible to

construct either a detailed energy spectrum or

a correct record of the intensity variations using
the data from these instruments.

The paper, "Pitch Angle Distributions and
Mirror Point Densities in the Outer Radiation

Zone," by Farley and Sanders, presents a

method for the calculation of equatorial pitch

angle distributions and mirror point densities
from the observations of an omnidirectional

particle counter at all points along a line of

force. The technique is applied to both the

scintillation counter data, and to the University

of Chicago's proportional counter on Explorer

VI. For the scintillation counter, the data

along the line of force with ro _- 21,000 km

was examined. The results indicate an ap-

parent relative absence of electrons with pitch

angles of 90 ° during quiet periods.



Charged-Particle Variations in the Outer Van Allen Zone

during a Geomagnetic Storm 1

BY T. A. FARLEY _ AND A. ROSEN

Space Technology Laboratories, Inc.

The geomagnetic storm whose sudden com-
mencement began about 0400 GMT on August
16, 1959, was associated with intense and un-

usual fluctuations in the particle intensity meas-
ured by the Space Technology Laboratories'
scintillation counter on the Explorer VI earth
satellite. Comparison of these data with a spin
coil magnetometer [Sonett, Judge, Sims, and
Kelso, 1960] on the same vehicle has revealed a

180" out-of-phase correlation between the par-
ticle intensity and the magnetic field strength.
The storm was also accompanied by an increase
in the count rate of the scintillation counter in
the outer zone within 12 hours after the sudden

commencement, whereas other radiation instru-
ments on the satellite, sensitive to bremsstrah-
lung from electrons, saw a decrease. This letter

presents data relating to these observations and
some comments about the phenomena observed.

The scintillation counter on the Explorer VI
earth satellite is sensitive to 500-key electrons

and 10-Mev protons that penetrate the payload
shell, and to 200-key electrons and 2-Mev pro-
tons that enter a foil-covered window having a
geometrical factor 180 times smaller. The fluc-

tuations seen by this counter, rising and falling
by as much as three orders of magnitude within
a few minutes, were first observed about 0600

GMT August 16 on pass 17 of the Explorer VI
satellite at approximately 41,500 km from earth

center. The occurrence of these fluctuations,
shown in figure 1, corresponds very closely to

I Published in the October 1960 issue of Journal of
Geophysical Research. Reprinted by permission.

2Now at Institute of Geophysics and Planetary
Physics, Univ. of Calif. at Los Angeles.
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the beginning of the main_ph'ase of the storm

as observed on ground-station magnetometer
records. Similar intensity variations at these
distances, differing in fine structure, were ob-
served on passes 18 and 19, on August 16 and

August 17, respectively.
Various investigators [Dessler and Karplus,

1960; Rosen, Farley, and Sonett, 1960; Arnoldy,
Hoflman, and Winckler, 1960; Fan, Meyer, and

Simpson, 1960] have raised the question whether
these and other fluctuations might be the result

of a betatron mechanism, which would alter-

nately raise and lower the energies of large

numbers of particles above and below the

threshold of the instrument as the magnetic

field alternately increases and decreases. Ac-

cordingly, a detailed comparison has been made
between the scintillator count rate and the

Space Technology Laboratories' magnetometer

[Sonett: Judge, Sims, and Kelso, 1960; Sonett,
1960] carried on the same vehicle. A number of

intervals have been found, covering a consider-

able period of time in each case, in which the

magnetic field shows a very good in-phase _cor-

relation with the scintillation counter, demon-

strating the existence of the betatron-type

mechanism (D. L. Judge and P. J. Coleman,

to be published). The fluctuations during the

geomagnetic storm, however, show an out-of-

phase correlation. Figure 2 shows some of the

detailed correlations made at 44,000 km on

August 16 during pass 18 of the satellite.
These observations indicate that there is a

magnetic field associated with the particles seen
265
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FIGURE 1.--Rapid variations in particle

by the scintillation counter which is capable of
substantially reducing the geomagnetic field at
that distance. This depression of the magnetic
field may possibly be the result of an intrusion
of diamagnetic gas clouds into the geomagnetic
field caused by the increased pressure of the
storm-day solar wind. The particles in these
ragged gas clouds evidently have disordered
internal motions which become ordered as the

particles take up internal orbits that will ex-
clude the geomagnetic field. The field outside
the clouds is increased because some of the
lines of force are excluded from the interior of
the bubbles. The field inside the clouds is not

zero, since the geomagnetic field lines are not
completely excluded, or else because the clouds
have some internal fields of their own.

The local time on this satellite at 7 earth radii

is always about 7 PM, and the satellite is,

therefore, always on the side of the earth away
from the sun at this distance. Whether these

TIME, AUGUST 16, 1959

intensity during a geomagnetic storm.

gas clouds ever penetrate to distances less than
7 earth radii on this side of the earth has not

yet been determined, and correlations with the
magnetometer are being made at closer dis-
tances in order to settle the question.

The particles seen by the scintillation counter
at this time may be either electrons or protons.
If they are electrons above 500 kev, which seems
likely, and if the particle flux is isotropic, a
count rate of 104/sec corresponds to a flux of
approximately 3 X 105 electrons/cm 2 sec. This
flux of 500-key electrons has an energy density

of about 10-11 erg/cm 3. The magnetic energy
density in a field of 100 gamma (10 -3 gauss) is
4X10 -3 erg/cm 3 Even if the particles are
protons, the particle fluxes measured by the
scintillation counter are inadequate to cause the
observed variations in the magnetic field, and

there must be large numbers of low-energy
particles associated with the particles seen by
the scintillation counter.
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FIGURE 2.--Simultaneous particle intensity and magnetic field measurements at _,000 km during a

geomagnetic storm.

Figure 3 shows a comparison of the particle

flux on passes 17 and 18, both on August 16,
in the outer Van Allen zone. Pass 18 shows a

very unusual amount of structure in the particle

flux and a modest increase in peak intensity--

evidence that new particles have appeared in the

geomagnetic field at distances beyond approx-

imately 3 earth radii. This increase in peak

intensity, taking place during the main phase

of the magnetic storm, is quite small compared

with the 20-fold increase that had occurred by

pass 21 on August 18. It is important to note,

however, that there is no net decrease in peak

intensity in the outer zone of particles to which

the scintillation counter is sensitive at any time

during the storm, although there is a decrease

at radial distances beyond the positio n of peak
intensity. This may be contrasted with the

results of Arnoldy, Ho_man, and Winckler [1960]

and Fan, Meyer, and Simpson [1960], who

observe a decrease in the peak intensity of

bremsstrahlung from electrons.
Since the instruments on this satellite sen-

sitive to bremsstrahlung from electrons see a

decrease in peak intensity, the increase in peak
intensity seen by the scintillation counter must

be the result of an increase of protons above 2
Mev in the geomagnetic field. The evidence

presented here does not settle the question of

the origin of these protons. If they enter the

field in diamagnetic gas clouds, the geomagnetic

field will diffuse almost immediately into these

clouds, trapping a fraction of the newly arrived

particles along the lines of force of the geo-

magnetic field. The irregular structure of

the outer Van Allen zone at this time suggests

the presence of hydromagnetic waves which

may cause some scattering loss of particles
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FmVRE 3.--A comparison o/ the particle intensities in the outer Van Allen zone just before

and just after the s_aiden commencement of a geomagnetic storm. All count rates have been

This program was carried out under the

direction of the National Aeronautics and

Space Administration.

corrected for saturation effects.

already trapped in the field. If a generalized

depression of the field is also present at this

time, causing a large-scale betatron deceleration

of trapped particles, these phenomena may

account for the decreased count rate in the

satellite instruments sensitive to bremsstrah-

lung.

The pimnomena described here are con-

sistent with the geomagnetic storm model of

Dessler and Parker [1959], and the confirmation

of the increase of energetic protons in the

geomagnetic field during a storm makes plau-

sible the establishment of the field stresses

which account for the main phase of a geo-

magnetic storm in that model.
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Pitch Angle Distributions and Mirror Point Densities
in the Outer Radiation Zone 1

BY T. A. FARLEY 2 AND N. L. SANDERS

Space Technology Laboratories

A method is presented for the calculation of the equatorial pitch angle distribution
(unidirectional intensity distribution) of trapped radiation from the count rate of an omni-
directional detector along a line of force. An expression is derived for the calculation of the
mirror point density from the equatorialpitch angle distribution. The method is applied to
data obtained from the Space Technology Laboratories scintillation counter and the Uni-
versity of Chicago proportional counter on the Explorer VI satellite. The results from the
scintillation counter show a relative absence of electrons with pitch angles of 90 ° during quiet
periods, a sharp increase in such particles shortly after a sudden commencement magnetic
storm, and restoration of the prestorm distribution at a higher intensity level after the
storm. The results from the proportional counter are qualitatively similar with the exception

which does not appearf
of the apparent deficiency of 90 ° pitch angles during quiet periods, ___.._

The determination of the spatial distribution

of the electrons trapped in the geomagnetic field

requires a great many samplings of the particle

intensity at different locations throughout the

field. The Explorer VI satellite, with a period
of 12 hours and 42 minutes, crossed the line of

force at an equatorial geocentric radius of 21,000

km either two or four times per period. Suffi-

cient data were obtained from these crossings

during a 3-week period to permit detailed anal-

ysis of the spatial distribution along this line in

terms of the individual particle orbits. The ob-

servations covered a range of geomagnetic lati-
tudes from 0 ° to 50 °.

This satellite was launched on August 7, 1959,

into an elliptical orbit with apogee at 48,600

km from earth center. A scintillation counter,

one of three radiation experiments on board,

was supplied by Space Technology Laboratories.

1Published in the June 1962 issue of Journal of
Geophysical Research. Reprinted by permission.

2Now at: Institute of Geophysics and Planetary
Physics, Univ. of Calif. at Los Angeles.

Rosen and Farley [1961] have given a detailed

description of this instrument and the data ob-
tained from it. All count rates of this instru-

ment used in this paper have been corrected
for saturation effects as described by Rosen

and Farley. The efficiency of the instrument
for detection of electrons is shown in figure 1.

A proportional counter was supplied by the

University of Chicago for this satellite, and de-
tailed results from that instrument have been

given by Fan, Meyer, and Simpson [1961 a and

b]. Some of the count rate data published by
these authors have been used here for the cal-

culation of pitch angle distributions.

The problem of calculating unidirectional in-

tensities at a point from knowledge of the omni-

directional intensity at every point along a line

of force has been solved by Ray [1960]. The

solution presented by him differs in form from

that presented in this paper. Approximate so-

lutions to this same problem have been ob-

tained by Fan, Meyer, and Simpson [1961 a and

b] and by Lenchek, Singer, and Wentworth
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FIGURE 1.--The eyTciency of the scintillation counter for the detection of electrons

[1961], who apply their solutions to the data
obtained from the proportional counter on
Explorer VI.

Exact expressions for the equatorial unidi-
rectional intensity (pitch angle distribution)
and the mirror point density are presented in

this paper in a simple form. These theoretical
results are then applied to the omnidirectional

intensities measured by the scintillation counter
and proportional counter on the Explorer VI
satellite. The unidirectional intensities cal-

culated from the exact expressions derived here-

in are in excellent agreement with those calcu-

lated from the same data by the approximation
technique of Wentworth. Comparison is made

between the pitch angle distributions calculated
from the data and those calculated from the

omnidirectional intensities given by Hess and
Killen [1961] for neutron-decay electrons.

THEORETICAL DISCUSSION

The equilibrium distribution of trapped par-
ticles obeying the adiabatic invariance condi-
tions along any line of force may be described
in at least three different ways: by the omni-
directional particle intensity at all points along

the line; by the unidirectional intensity at all
pitch angles at the geomagnetic equator; and by
the density of particles having mirror points at
each point along tile line. In a given magnetic
field these three descriptions are equivalent,

contain exactly the same information, and are
convertible one to another. The equatorial

pitch angle distribution is derived here from the
omnidirectional intensity along the line of force
for an arbitrary magnetic field. The mirror
point density is derived here from the equatorial
pitch angle distribution by assuming that the
field is a magnetic dipole.
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Definitions

The pitch angle s is the angle between the

particle velocity vector and the magnetic field

vector at the point where the magnetic field

magnitude is B. It is equal to 90 ° at the
particle mirror point and has a minimum value

when the particle crosses the equator.

The unidirectional intensity j(B, cos a) is

the number of particles per cm 2 sec ster having

velocity vectors between s and a + ds.

The omnidirectional intensity J(B) is the

integral of j(B, cos a) over the solid angle.

B0, jo, etc., refer to the value of the variables at

the geomagnetic equator. Bm refers to the

value of the magnetic field at the particle

mirror point.

The unidirectional intensity in the equatorial

plane, jo(cos s0), is called the pitch angle
distribution.

The mirror point density o_(),) is the number

of particles per unit volume having mirror

points between the geomagnetic latitudes )x and
_ q- d),.

T (_,) is twice the time required for a particle

to travel from its northern mirror point at X

to its southern mirror point at -- k, i.e., one

complete period.

Pitch Angle Distribution

From the definition,

2 .J(B) = 4_r m_J(B, cos a) sin a da (1)

j0(cos ao) can be obtained from the solution of

this integral equation as follows. Consider a

group of particles which have equatorial pitch

angles between so and ao + dso, and which

mirror between ), and k + dk. Neglecting

their slow longitudinal drift, the guiding centers
of these particles move on a bundle of flux lines

which constitute a flux tube extending from

to qk. In equilibrium, the same number of

guiding centers per unit time must cross one

tube section in one direction as cross any other
tube section in the same direction. Thus:

27rj(B, cos a) sin a da cos etdA

= 27rj0(cos a0) sin ao dao cos ao dAo

Using the mirror relation for adiabatically

trapped particles,

sin *a0_ sin2a
Bo B

j(B, cos a)BdA = j0(cos ao)Bo dAo

and therefore

j(B, cos a) = j0(cos a0)

This equality states that the unidirectional in-

tensity at some so at the geomagnetic equator

is equal to the unidirectional intensity at s at

any point along the line of force if a is related

to a0 by the mirror equation. Equation 1 can
be rewritten as

("r/2 .
J(B) = 4r Jaml 30(cos a0) sin a da (2)

Using the mirror equation sin 2 s = B/B,_, the

variable of integration may be changed to Bm:

J (B) jo(Bm) dSm
= f;m'" B)I/_ (3)(B,_)s/_(Bm --

where j_(Bm) is the function obtained by

changing the variable in j0 from cos so to B,.

Bm_. is the value of the field at which the par-

ticle having pitch angle amln mirrors. Notice

that those particles having mirror points at

B, _ B (i.e., higher altitudes) do not con-

tribute to J(B).

Making the substitutions

jot(B,,,) jot(Bma,_ -- y)

J(B) _ J(B .... -- t) = _k(t)
27rB 21r(B_- t)

equation 3 becomes

fo_ l(y) dy¢(t) = (t- y)'_ (4)

with _(0) ---- 0 since J(B_a.) ---- 0.

This is Abel's integral equation, and its solu-

tion is (e.g., Courant [1956])
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1 d fo' el(y) dyt(t) = ;, _t (t -- y)'_ (5)

Integrating by parts, differentiating under

the integral sign, and replacing the original
variables:

jo(COS_o) = jo'(B=)

d (J(B)).,_

= ,,- . _8 :_)_ (6)

Equation 6 is the general solution for j0 (cos ao)
when J(B) is known. The differentiation and

integration may be performed by computer.

The change of variable from Bm to cos a0 is ac-

complished through the mirror relation sin 2

ao = Bo/B,_.

Mirror Point Density

Particles having equatorial pitch angles

between a0 and a0 -_ da0 have mirror points

between k and k + dX. In equilibrium, the

time rate at which the guiding centers of these

particles pass through the cross section of a

flux tube at the equator is equal to the time

rate at which they mirror in the volume element
dAdl of the flux tube at X:

(X) dldA

4xjo(cos ao) sin aodao cos aodAo = T(X)

where _ and T are the mirror point density and

bounce period as previously defined. In cylin-
drical coordinates (dl) 2 = dr 2 + r2(dX) 2, and for

a dipole field

dl = ro cos 7 X(B/Bo)dX

where r0 is the geocentric radius in the equa-

torial plane. Therefore

_(_) 2_T(_) [BoV[1 dB_,
- ,o co_ _ \_-] _B-j_/jo_CO__o) (7)

In a dipole field
B

Bo

so that

(4 -- 3 cos 2 X)1/2
cos ° X

l dB I Bo 2B 1Bo-d-_ -- 3tanX B cos---_ox-t-_o

From the definition of the bounce period,

_B_

T(X) = 4 I dz
• 10 /,I COSO_

_ 4r____ofo x B cos 7 X dX-- v B--_[1 : BTB-_-] 'z2
(10)

Equation 10 has been numerically integrated,

and the results are shown in figure 2. The

bounce period is evidently inversely propor-

tional to the particle velocity. The period,

often described as approximately independent

of the mirror latitude, actually varies by a

factor of approximately 1.7 from the geo-

magnetic equator to a latitude of 60 °.

Bringing together equations 7, 8, and 9, the
result is

61rT(X) sin X(8 -- 5 cos 2 X)

w(X) ----- to(4 -- 3 cos * X) 3/2 cos 2 X jo'(X) (11)

where j0(X) is the result of a change in variable

from cos a0 to X in jo(cos ao).

If the particles are all of the same velocity

(e.g., all relativistic), equation 8 may be used

together with values of T from figure 2 to

obtain the mirror point density from the pitch

angle distribution.
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FIGURE 2.--The bounce period of particles
(8) adiabatically trapped in a dipole field plotted

as a function of the latitude at which the

particle mirrors, ro is the geocentric radius of

(9) the line o] ]orce in the equatorial plane, and v

is the particle velocity.
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Detector Efficiency

The ideal "instrument for measurements of
the omnidirectional intensities for use in these

expressior_s is one whose directional response

is isotropic and whose energy response is con-

stant within some energy interval and zero

elsewhere. Such an instrument would produce

data from which a correct pitch angle dis-

tribution could be calculated for the particles

in that energy interval.

If the detector response is anisotropic in such

a way that the efficiency depends on the pitch

angle and local satellite orientation, the data are

not readily usable to calculate the pitch angle
distribution.

If the instrument is omnidirectional, but has

an efficiency that depends on energy, the omni-
directional count rate R(B) will be given by

R(B) = 4_r f= fs ¢(E )

.dff(B, E, cos a)
dE

sin ada dE

Ifj' (B, E, cos a) can be written asj(B, cos _)
(E), which indicates that the energy spec-
lm does not change along a line of force, then

Fr
dn(E) dEl4 TR(B) = LJE e(E)

• f j(B, cos_) sins da kJ(B)

and an undistorted pitch angle distribution will
result.

If the energy spectrum does change along a
line of force (and therefore changes with pitch
angle at a given point on the line), the unidi-
rectional intensities determined from the ob-

served count rates will be weighted (distorted)

according to the efficiency of the detector for
particles from that direction. For example, if
the efficiency of the detector rises with energy,

the unidirectional intensities will appear too
large in the directions from which the high-

energy particles come and too low in the direc-
tions from which low-energy particles come.

Data and Results

The data from which the pitch angle and
mirror point distributions have been calculated
are the count rates of the scintillation experiment
at the time the satellite crosses one particular
geomagnetic field line. The field line that
crosses the geomagnetic equator at 21,000 km
from earth center has been chosen, because the
satellite crossings of this line take place over a
wide range of northern latitudes and because

comparisons with the published results of Fan
and coworkers can be made along this same line
of force. This field line is also the approximate
position of one of the outer-zone electron peaks
observed by the scintillation counter and
designated peak 2 by Rosen and Farley [1961].
The position of the field line in space has been
calculated from an earth-centered dipole approx-
imation in which the north geomagnetic pole
intersects the surface of the earth at 78.5 ° N

latitude and 291 ° E longitude.

The data points have been grouped into three
time intervals. Figure 3 shows the data from

all available crossings of this line of force dur-
ing the magnetically quiet period from August 8
to August 16, 1959. Figure 4 shows data points
taken during the magnetically disturbed period
of August 18 to August 22, which followed the
severe magnetic storm of August 16, 1959. Fig-
ure 5 includes data taken during a quiet period
following the storm. The data points have been
divided in this way to show the major changes
that took place during these three weeks.

The assumption has been made that these
count rates are proportional to the omnidirec-

tional particle intensity at the point in space
at which the data were taken. This is equiva-

lent to the assumption that the counter effi-
ciency _ is independent of particle pitch angle
for all satellite orientations. Even though the
scintillation counter is averaging over each spin
cycle of the vehicle, its efficiency is still anise-
tropic in such a way that it is more sensitive
to particles striking the vehicle parallel to the
spin axis direction than to particles striking
perpendicular to the spin axis direction. Near
the geomagnetic equator at 21,000 km the ve-
hicle spin axis was approximately perpendicu-
lar to the magnetic field line, so that the in-
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strument was most sensitive to particles having

90 ° pitch angles. Therefore the apparent ab-
sence of these particles, which is a result of the

decreased count rate near the equator, cannot

be explained by the somewhat anisotropic

response of the counter. Except for the appar-
ent hole near 90 ° and the loss cone near 0 °

the pitch angle distribution is nearly isotropic

at the equator, and a somewhat anisotropic re-

sponse is of little consequence. At high lati-

tudes, where the pitch angles are all near 90 ° ,

considerable error which depends on the satel-
lite orientation can be introduced. Because of

the existing uncertainties in vehicle orientation

with respect to the line of force, no attempt

has been made to omit data points or to cor-

rect for these errors, which certainly contribute

to the data point scatter at the high latitudes.

Crossings of the line of force at northern lati-

tudes have been plotted with solid circles, and

those at southern latitudes with open circles.

The line drawn through these points represents

our best estimate of the omnidirectional par-

ticle intensity.

Comparison has been made ill each figure

with the count rate of the University of Chicago

proportional counter rate [Fan, Meyer, and

Simpson, 1961 a and b]. Since tile University

of Chicago group used the line of force passing
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FIGURE 3.--Radiation detector count rates for the
magnetically quiet period from August 8 to 16.

The proportional counter rates have been arbi-

trarily normalized to the scintillation counter

rate at the geomagnetic equator in all count

rate figures.
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FIGURE 4.--Radiation detector count rates for the

late recovery phase oJ the magnetic ,torm of

August 16, 1959, which was followed by a

magnetically disturbed period .from August 18
to 22.
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FIGURE 5.--Radiation detector count rates for

the magnetically quiet period from August 2_
to 27.

through their E3 outer-zone maximum, their

curve in figure 3 is for a neighboring line of

force at R0=23,000 km, while in figures 4 and
5 their curve is for the same line as the scintilla-

tion counter data. In each case the propor-
tional counter data had been normalized to

the scintillation counter rate at the geomagnetic

equator, even though the poststorm intensity

increase is considerably greater for the scintilla-

tion counter than for the proportional counter.
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We attribute the change in count rate ratio

of these two counters along the line of force to

a small change in the average electron energy

along the line of force. For example, a small

increase in the proportion of high-energy elec-

trons (_1 Mev) would cause the observed

increase in proportional counter to scintillation

counter ratio near the geomagnetic equator

because the proportional counter efficiency is

proportional to E 4.7 [Fan, Meyer, and Simpson,

1961 a and b] whereas the scintillation counter

efficiency is rising only slowly in this energy
range (fig. 1).

The authors believe that the scintillation

counter is responding entirely to electrons of

energies above 500 key because of the improb-

ably large fluxes of electrons below this energy

that would be required to cause a significant

fraction of the observed counting rate. There-

fore, the pitch angle distributions calculated
from the scintillation counter data are those

for electrons above 500 key, weighted by the

slowly rising efficiency of the counter. The

distributions calculated from the proportional
counter data are those for the entire electron

energy spectrum, weighted by E '.7. If there

are changes in the energy spectrum along the
line of force the scintillation counter distribu-

tions will be only mildly distorted whereas those

of the proportional counter may be very

considerably distorted according to the argu-
ment presented in the theoretical section.

A number of qualitative similarities between

the STL and Chicago data may be pointed out.

First, there is a sharp peaking-up of the count

rate curves of both counters at the geomagnetic

equator during the recovery phase of the mag-

netic storm. Unfortunately, there are few
crossings of this line of force at intermediate

latitudes during this period, and the STL count

rate curve has simply been drawn in a shape
similar to that of the preceding period at these

latitudes. Second, there is a return to the pre-

storm count rate curve shape during the third,

magnetically quiet, period.

Figures 6, 7, and 8 are presentations of the

corresponding equatorial pitch angle distribu-

tions computed by the method described in
the theoretical section. Since the unidirectional

intensity has been plotted against the cosine
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FIGURE 6.--Pitch angle distributions calculated

.from the count rates in figure 3. _ is the

average eyTciency o] the detector jot the particles

to which the instrument is responding.
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FIGURE 7.--Pitch angle distributions calculated

.from the count rates in figure 4.

of the pitch angle, the area under each curve is

simply the count rate of each instrument at

the geomagnetic equator. Because of the equa-
torial normalization of the count rates of the

instruments, both the scintillation and propor-
tional counter curves have the same total areas.

The equatorial peaking of the count rate curve

during the storm is apparent here as a sharp

increase in particles having pitch angles near
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FIGURE 8.--Pitch angle distributions calculated

.from the count rates in figure 5.

90 ° . It does not seem possible to say whether

these particles have been removed by August

24, or whether they have been distributed over

smaller pitch angles.

The pitch angle distributions given here for

the proportional counter differ substantially
from those given by Fan, Meyer, and Simpson

[1961 a and b], primarily because of a different

definition of the pitch angle distribution used

by them.

Figure 9 is a plot of the mirror point distri-

butions that correspond to the three time pe-

riods, calculated from the scintillation counter
data.

Experimental Discussion

The equatorial pitch angle distributions
calculated from the scintillation counter data

are compared with a theoretical distribution of

neutron-albedo decay electrons in figure 10.

The theoretical distribution has been computed

from the omnidirectional intensity presented by

Hess and KiUeen [1961] for the neutron-decay
electron,_ along the line of force at r0 = 20,500

km. All three curves in this figure have been
arbitrarily normalized at cos a0 = 0.66.

The neutron-albedo decay theory is so far
the only theoretical source mechanism for the

outer-zone electrons from which a pitch angle
distribution has been calculated, and it is for

that reason that these comparisons have been

made. The authors believe that the Explorer
VI results indicate the presence of substantial

GEOMAGNETIC LATITUDE-- DEGREEs

FIGURE 9.--The mirror point density as a func-

tion of the latitude at which the particles mirror,

using the scintillation counter rates for the three

periods considered.
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FIGURE lO.--Comparison of the August 8-16

and August 18-22 pitch angle distribution with

that calculated from the omnidirectional intensi-

ties given by Hess and Killeen (1961)for

neutron-decay electrons. The curves are arbi-

trarily normalized at cos ao = 0.66.

fluxes of electrons of energies of at least 1 Mev,

and that the flux of these particles increased

markedly after a geomagnetic storm. These

facts appear to be incompatible with the exist-

ence of an unmodified neutron-decay electron

energy spectrum in this region. Indeed, the

only part of the neutron-decay hypothesis com-
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patible with the observations is the possibility
that neutron ilecay is the source mechanism for
electrons that are subsequently modified both
in energy and pitch angle distribution by an
unknown time-dependent mechanism.

The magnetic history of the period for which
data have been presented may be summarized
as follows: August 12, 13, and 14 were among
the five quietest days in August. On August
15, a gradual commencement storm was re-

ported at some stations. At approximately 0400
on August 16, a sudden commencement storm

began which continued until the end of August
17 or the beginning of August 18. This storm
was classed as severe (corresponding to a K

index of 8 or 9). Huancayo reported a moder-
ate, gradual commencement storm which began
at 0635 on August 18 and ended at 2000 hours
the same day. A moderately severe, sudden
commencement storm began on August 20 at
0412. There is no general agreement as to when
this storm ended. (Some stations estimated
that it ended on August 20, but others recorded
disturbed conditions until August 24.) August
27 and 28 were the two quietest days of the
month.

During the two magnetically quiet periods,
there appears to be a relative absence of par-
ticles having pitch angles near 90°. This fact is

a consequence of the decreasing count rate near
the geomagnetic equator. Mathematically
speaking, the intensity of particles having pitch
angles of 90 ° is found by subtracting from the
equatorial count rate the contribution of all par-
ticles mirroring at higher latitudes, and desig-
nating the remainder as the count rate of

particles having 90 ° pitch angles. If this
remainder is small (as actually it is) it will be
quite sensitive to any variation or error in the
count rate at the equator. For example, the
decrease in count rate at the equator of less than
15 percent (figs. 3 and 5) causes a drop of
approximately 100 percent in the pitch angle
distribution at 90 ° (figs. 6 and 8). Neverthe-
less, the assertion that there is a relative

absence of particles with pitch angles near 90°
during quiet periods appears justified by the
data.

During the main and recovery phases of a
magnetic storm, either a substantial number
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of new particles are injectea or else acceleration

of particles already present takes place, causing
the twentyfold increase in count rate of the

scintillation counter. The injection or acceler-
ation must be such as to increase sharply the
intensity of particles trapped near the geomag-
netic equator. High-latitude injection or ac-
celeration of geomagnetic storm electrons,
therefore, appears inconsistent with the data.

The disappearance of the electrons with pitch
angles near 90° takes place sometime after the
pass 29 crossing of the line of force at 1232 UT
on August 22, 1959, during a period of lessening
magnetic disturbance. August 22 is also the date
on which a great solar radio noise storm com-
menced, and the possible connection of this
storm with the outer radiation zone has been

discussed by Arnoldy, Hoffman, and Winckler
[1960]. How this solar event might have influ-
enced electrons with pitch angles near 90° deep
within the geomagnetic field is not known. The
fact that the resulting pitch angle distribution
resembles the prestorm distribution may indi-
cate that it is the result of the same mecha-

nism that produced the prestorm distribution at
some earlier date.

APPENDIX

A useful analytic solution to equation 6 can
be found if J(B) can be conveniently expressed
as a polynomial in B, i.e.,

k-n

J(B) = __, A_B _
k----8

where s and n are positive integers.
Then

k-nd_
2_'_-_ = _ (k-- 1) AkB _-_

k---m

Substituting into equation 6 and performing
the integration, we find that

4_#o'(B)

2B'V_ I B) t/2 k-,,- - 2(B=., - _ (1 - k)B_-'a.
71" [. k=_

i-0 t+ _ (1 -- i)A,I, (12),
i----B
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where

(B_,,_ -- B) x/_

I_ = (1 " ,-i
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l.

, 2i(1)-b 2_2--- _ _ I,+, i< 0

(B_-- B) '/2 (B) '/2

For each value of B, j(cos ao) is equal to that

value of y (B) for which

cos a0 = (1 -- BolB) u2

In using the above derived expressions, it is
usually convenient to express B in units of Bo,
the value of the magnetic field intensity in the

equatorial plane.
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Characteristics of the Van Allen Radiation Zones as Measured

by the Scintillation Counter on Explorer VI 1

BY ALAN ROSEN AND THOMAS A. FARLEY _

Space Technology I_boratories, Inc.

 65-2 990
A scintillation counter responding principally to direct electrons ha_ beea.flown on

the Explorer VI earth satellite in an elliptical orbit extending to 48,600 kin. The instrument
measured fluxes of electrons above 200 key and protons above 2 Mev. After a week of
magnetically quite observations, a geomagnetic storm occurred, and an immediate increase
in the counting rate of this instrument was detected; other radiation instruments showed a
decrease in counting rate at this time. Gross fluctuations in particle intensity were observed
at the edge of the outer zone of the Van Allen radiation belt during the storm, and these
fluctuations are closely related to simultaneous geomagnetic activity. The increased
particle intensity in the outer zone declined quite slowly after the storm until the next period
of magnetic activity about two weeks later. This paper presents a detailed summary of the

observations made by the scintillation counter during the period of data reception from the _/_

satellite. _C___

Space Technology Laboratories, Inc., has latitude of Florida, and apogee took place at

constructed, calibrated, and flown a scintillation approximately 9:00 PM local time in high

counter on the Explorer VI earth satellite, southern latitudes. The satellite did not go

The object of the experiment was to make into the earth's shadow in the 6-week period

direct observations of electrons in both the inner during which the analog transmitter broad-

and outer zones of the radiation belt with a casting the scintillation counter data was

detector insensitive to bremsstrahlung, operating.

The Explorer VI satellite, constructed by The geomagnetic storm that is frequently

Space Technology Laboratories, Inc., was referred to in this paper, and that produced such

launched at 14:23 GMT on August 7, 1959, profound effects on the trapped radiation, began

into an elliptical orbit having an apogee with a sudden commencement at 0404 GMT on

48,600 km from earth center and a perigee at August 16, 1959. The initial phase lasted

6,600 km (230 km altitude). The period of the approximately 2 hours. The main phase

satellite was 12 hours and 42 minutes, and the decrease in horizontal intensity began at about

payload spun about its own axis at a rate of 2.8 0600 GMT, and the storm main phase ended

cps. The orbit was inclined 38 ° with respect to late on August 17, and was designated

the plane of the ecliptic. Perigee took place moderately severe at most ground station

at about 9:30 AM local time at the approximate observatories.

1 Published in the July 1961 issue of Journal of
Geophysical Research. Reprinted by permission.

Present address: Inst. of Geophysics and Planetary
Physics, U. of Calif. at Los Angeles.

765-698 0-65--19

INSTRUMENTATION

The detector used in this experiment con-

sisted of a cylindrical plastic scintillator,

279
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FIGURE 1.--Photograph o/flight instrument showing photomultiplier housing and associated circuitry.

approximately 1 inch in diameter and Y4inch
thick, cemented to a I)umont 6467 photo-
multiplier tube. Figure 1 shows a photograph
of the photomultiplier tube package and
associated circuitry. The output pulses of the
photomultiplier were amplified and fed into a
binary register having a capacity of 22° pulses.
Voltages representing the state (on or off) of the
ninth, fourteenth, and twentieth binaries were
added and used to modulate a subcarrier oscil-

lator, so that transitions between the states of
these binaries could be used to determine the

counting rate. The output of the 22obinary was
also fed into a digital register whose contents

were broadcast in digital form by a second
transmitter.

The detector was covered with a foil having
a thickness of 3.3 mg/cm 2. An electronic bias
was used in order to count only particles losing
100 kev or more of energy in the scintillator;
this bias was adjusted by using the 624 key
electron conversion peak of Cs t_7 as an energy
standard. This instrument, mounted inside the

shell of the satellite, responded to radiation
penetrating a 3.3 mg/cm _ foil-covered window,
and to more energetic particles passing through
the payload shell. The minimum energy de-

tectable, determined by the foil thickness, the

permitted angle of penetration of the foils, and
the electronic bias of 100 kev, was 200 kev for

electrons and 2 Mev for protons.

The omnidirectional geometrical factor 2 of
this instrument for the direct observation of

electrons and protons was estimated from geo-
metrical considerations to be approximately
2 X 10-4 cm 2 for 200-500 key electrons and 2-10

Mev protons. Five hundred kev electrons and
10 Mev protons could just penetrate the she]]
and he detected, and at these energies the
omnidirectional geometrical factor was esti-
mated to be 4X10 -2 cm 2. The geometrical
factor rose s]owly to a maximum value of 3.5
cm 2 for very penetrating particles.

The saturation characteristic of the entire

detector system, including flight power supply
and all flight electronics, was determined before
the satellite was launched by tests made on the
actual flight instrument. The results of this
test are shown in figure 2. A 1 millicurie
source of Sff ° was used for this test, and the

incident intensity was increased by decreasing
the source to detector distance. The observed

count rate continued to rise slowly, even for
very high incident intensities, because the

2 The omnidirectional geometrical factor G, which

depends on the counter surface area and the solid

angle through which radiation can reach the counter,

is defined by _G= R/J. R is the corrected counting rate
of the detector and J. the omnidirectional intensity

of isotropic radiation, is the flux per unit time of

particles from all directions through a sphere of unit

cross-sectional area (J is measured in cm -2 sec-1).

e, the detection efficiency for the radiation in question,

is assumed to be 100 percent for electrons and protons.
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FIGURE 2.--Observed count rate of the flight

instrument as a function o] incident intensity

o] Sr 9° source. The data points were obtained

before flight in a laboratory measurement on

the actual detector, power supply, and elec-
tronics that were used in the satellite. This

curve has been used to correct the count rate

]or saturation effects.

potential across the later dynode resistors of

the photomultiplier dropped, the output pulse

height and width decreased, and a higher count

rate could be handled by the succeeding elec-
tronic circuitry.

The scintillation counter was relatively in-

sensitive to bremsstrahlung, and the counting
rate of this instrument due to electrons of a

given energy must considerably exceed the

count rate due to bremsstrahlung from electrons

at the same incident energy. The only photon

interaction of importance in a plastic scin-

tillator is the Compton interaction, and because

of the electronic bias of 100 key, the theoretical

threshold for photon detection was about 220

key. Electrons having energies below the

threshold could not produce bremsstrahlung

that would be registered by the detector.
Because a plastic scintillator has a low effi-

ciency for detection of photons above 220 key,

and because electrons having energies of several

hundred key have a small probability of pro-
ducing 220 key photons, the instrument re-

sponded principally to direct electrons at all
energies.

The calculated estimates of the efficiency and

geometrical factor for bremsstrahlung detection

were confirmed by measurements after Explorer

VI was launched on a similar instrument with

the same bias level. An entire payload, identi-

cal to Explorer VI, was subjected to an electron

bombardment at the High Voltage Engineering

Corporation in order to measure the response of
the various radiation instruments to electrons at

1 Mev, and to bremsstrahlung from mono-

energetic electrons at 500, 350, and 250 key.

At 1 Mev the electrons were permitted to strike

the payload directly, whereas at 500, 350, and
250 key the electron beam was absorbed in an

aluminum plate placed near the payload allow-

ing only bremsstrahlung to reach the satellite.

The bombardment was made from a variety of

directions, and the response was integrated over

the surface of the payload to measure the

product eG for each of these energies. These

measurements represent the bremsstrahlung
efficiency even at 1 Mev, for the scintillation

counter was never directly in the rather narrow
electron beam. These results are shown in

figure 3 together with the estimated geometrical
factors for direct detection of electrons. The

total response of the detector for measurement

of electron flux is the sum of these two curves,

and is also shown in the figure. It is this total

response curve that must be used to interpret
the counting rate of the instrument in orbit.

While bremsstrahlung from electrons below

about 220 key could not in theory produce

counts in the detector, sufficiently high intensi-

ties of low-energy photons could cause pulse
pile-up above the threshold of the scintillation

counter. The spare Explorer VI payload was

bombarded with low-energy electrons from an

electron gun at the University of Minnesota,

and the duplicate scintillation experiment count
rate was observed. The omnidirectional elec-

tron fluxes required to produce the count rates

observed in the outer zone on a quiet, prestorm

day were calculated from these measurements,

and were as follows: at 40 key, 2 X 10 TM elec-

trons/cm 2 sec; at 60 key, 6 X 10 H electrons/cm _

sec; at 85 key, 3 X 10 _ electrons/cm 2 sec.
The fluxes would have to be more than an order

of magnitude higher to produce the counting

rate observed after the geomagnetic storm.

Because the required fluxes are so large, it is

unlikely that pulse pile-up due to bremsstrah-

lung from low-energy electrons contributed more
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electrons, both directly and by means o] bremsstrahlung ]rom the electrons.

than a minor fraction of the count rate in the
outer zone.

Two examples of the data as reduced from the

telemetry records, one taken before and one
taken after the great increase in count rate
during the geomagnetic storm beginning August
16, 1959, are shown in figures 4 and 5. The
corresponding trajectories are shown in figure 6,
together with the trajectories of other traversals
of the radiation belts discussed in this work.

The trajectories are plotted in a geomagnetic
coordinate system based on an earth-centered
magnetic dipole axis intersecting the earth's
surface at 78.5 ° N latitude and 291 ° E longitude.

The high observed count rates plotted in
figures 4 and 5 clearly indicate that the true
radiation intensity saturated the instrument at
the peak of the outer Van Allen zone. Further-
more, the observed count rates were consider-

ably higher than those obtained with very high
intensities of Sr g° in the laboratory with the

flight instrument.
Figure 5 illustrates a condition common to

all traversals of the high intensity radiation

regions after August 18: there are maxima at
approximately 620,000 to 640,000 counts per
second on both sides of the region of highest
intensity. These "shoulders" have been identi-
fied as the characteristic maximum in the sat-

uration curve shown in figure 2. Since these

maxima always appear at just double the
310,000 counts per second maximum in the
saturation curve, the very high count rates have
been attributed to a binary failure that resulted
in a doubling of all observed count rates. This
conclusion is supported by a count rate outside
the radiation zones that consistently indicated

an interplanetary cosmic-ray flux of approxi-
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FIGURE 5.--Typical observed and corrected count

rate curve in the outer Van Allen zone after the

geomagnetic storm of August 16, 1959.

mately twice the value observed by the other

experiments on this vehicle. Approximate true

intensity curves have been constructed, there-

fore, by halving the observed count rate, and

by reading the true intensity from the saturation

curve. The corrected count rates, calculated

as described here, are also shown in figures 4

and 5. All other particle intensities referred
to or illustrated in this work have been corrected

in this way. An analysis of the possible errors

and uncertainties which may be introduced by

this correction procedure has been placed after

the data presented in the next section.

90" 80 o 70" 6O" 5 =° 4O* 5O o

20"

_PASG IS-AUG IG

PASS 23-AUG 19

<_ I O 20 30 O"

-fly,

9 -2°"

DEGREES OF GEOMAGNETIC LATITUDE

FIGURE 6.--Rad/a/ distance and geomagnetic

latitude for the trajectory portions used in this

paper.

DATA

The data from this experiment show sys-

tematic differences from that obtained by the

bremsstrahlung detectors on the same satellite,
and these differences must be due to the different

energies to which the scintillation counter

responds. The data are presented here in a way

that facilitates comparison with the other
instruments on this vehicle.

Pass 10 in figure 4 has three identifiable peaks

labeled 1, 2, and 3. This pass is representative

of data taken between August 8 and 16,
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FIGURE 7.--Positions o] the three pealcs seen by the scintillation counter. The solid lines are magnetic

dipole lines of ]orce. The dotted line connects the points representing peak I that are not distributed

alor_g a line oJ force.

although peak 1 is never outstanding and is

sometimes missing. None of these peaks are to

be identified with the high energy proton

"inner belts" since the counting rates are much

too high, and the satellite passes too far north

on the outward traversal to see these protons,

according to Fan, Meyer, and Simpson [1960].

Pass 23 in figure 5 illustrates the type of data

obtained from August 18 to September 3.

Peak 1 is never seen, and on the most northerly

passes only one peak is observed.
The position of these peaks, both before and

after the magnetic storm, are plotted in figure 7
in the above-described geomagnetic coordinate

system. This figure includes the magnetic lines
of force along which peaks 2 and 3 are found.

It also shows the large change in position of

peak 3 after tile occurrence of the geomagnetic

storm, and the apparent merger of peak 3 with

peak 2 at high latitudes after the storm.

The position of peak 2 appears to be es-

sentially independent of the geophysical events
that took place during the lifetime of the

satellite. The points representing peak 1,

unlike the other peaks, do not fall along a line of
force.

An indication of the substantial day-to-day

variation in the outer Van Allen zone may be

obtained from the data plotted in figure 8.

This figure shows the count rate at 10 ° south

geomagnetic latitude using data taken from

each pass when the satellite was within 1 ° of
this latitude.

Figures 9, 10, and 11 show comparisons
between simUltaneous measuremen'ts made by

the STL scintillation counter, the University of

Minnesota Geiger counter and ion chamber

[Arnoldy, Ho_man, and Winclcler, 1960]; and the

University of Chicago proportional counter

[Fan, Meyer, and Simpson, 1960]. Figure 9
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shows data taken on August 16 immediately
before the geomagnetic storm. Figure 10 shows
the remarkable changes that had occurred by
August 17 : the scintillation counter peak
intensity has increased while the instruments
sensitive to bremsstrahlung show a decrease.

After passing through apogee at approxi-
mately 48,000 km from earth center, the satel-
lite spent several hours at high southern
latitudes outside the radiation zones, and then

re-entered the outer belt at fairly low altitude,
passing rapidly through a region of depressed
intensity and the inner zone containing the
high-energy protons. Figure 11 shows typical
scintillation counter results during this period
and compares them with simultaneous mea-
surements made by the proportional counter of
the University of Chicago. There was never
more than one peak in the scintillation counter

results while passing through the outer zone at
these distances.

The systematic discrepancies in the position
and behavior of the peak intensities between the
scintillation counter and the instruments sensi-

tive to bremsstrahlung raise important ques-
tions concerning the type and energy of the
particles to which each instrument is respond-
ing. These questions will be considered more
fully in the next section.

Figure 12 shows the results of three day-by-
day passes beginning immediately before the
geomagnetic storm of August 16 and continuing
through pass 21 on August 18 when the in-
crease due to the storm was over. The initial

increase seems to be mostly in peak number 2,
with the increase and change in position of
peak 3 occurring between passes 19 and 21.

Although the trajectory of the satellite was not
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identical for these four passes (see fig. 6), the

increase certainly cannot be attributed to a

change in the trajectory, for even on pass 18

the intensity rose to a higher value than any

seen between August 8 and August 16. There

is, therefore, no decrease in the peak intensity

of either peak in the outer Van Allen zone of

particles to which the scintillation counter re-

sponded. Figure 8, however, shows that the

intensity far out in the outer zone did show a

tendency to decrease during the early stages of

the storm on passes 18 and 19.

Figure 13 shows the maximum peak intensity

in the outer zone for essentially all the available

passes. Sometimes the maximum intensity is

at peak 2 and sometimes it is at peak 3, although

the difference in peak heights is always small.
While the uncertainties in the reconstruction of

the intensity curves and the uncertainty in the

estimate of the efficiencies for particles of various

energies do not permit accurate measurements
of the particle flux, the relative day-to-day

changes are probably quite well represented in

figure 13. For example, the alternate increase
and decrease in peak intensity starting with pass

20 was at least partly the result of traversals

alternately at high and low geomagnetic lati-
tudes. Since the period of the satellite was just

slightly greater than 12 hours, consecutive

passes differ in geographic longitude by approxi-

mately 180 °. Therefore, the magnetic dipole

axis was alternately tipped toward the satellite

(high geomagnetic latitude pass) and away from
the satellite (low latitude pass). A few days

later, because the satellite period was incommen-

surate with the earth's period, the magnetic axis

was tipped to the side on each traversal, and

both passes were at intermediate geomagnetic

latitudes. The low latitude passes produced the

high count rates, and the high latitude passes,
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the low ones. The appearance of such expected

effects supports the validity of the reconstruc-

tion of the peak intensities from the saturation
curve.

At radial distances of about 7 earth radii, the

trapped radiation intensity decreased to a low

value, presumably the interplanetary cosmic-

ray flux. The decrease in intensity was quite

rapid, varying approximately as the inverse

fifteenth power of the radial distance at constant

latitude, as shown in figure 8. On several

occasions during periods of magnetic activity

observed at surface observatories, large fluctua-

tions indicative of very disturbed conditions in
the radiation field have been seen at the outer

edge of the outer Van Allen zone. The three

best examples of these fluctuations are shown in

figures 14, 15, and 16, together with some

simultaneous data from the University of

Minnesota Geiger counter in figures 14 and 15.

The data shown in figures 14 and 15 were taken

during the main phase of the August 16 geomag-

netic storm. The data in figure 16 were taken

during a period of irregular magnetic activity

that lasted from September 2 to September 4.
The authors have shown in a separate work

[Farley and Rosen, 1960] that the scintillation

experiment count rate is negatively correlated

with the magnetic field for at least a 20 minute

period during these fluctuations. The magnetic

field was measured by the Space Technology

Laboratories' magnetometer [Sonett, Smith, and

Sims, 1960; Smith, Coleman, Judge, and Kelso,

1960] carried on the vehicle. The correlation is

probably typical of all the fluctuations shown

in these figures, in sharp contrast to the quiet-

day positive correlations found between these

same two instruments by Judge and Coleman
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(private communication), which they have

identified as a betatron-type acceleration of

trapped particles.

A continuing investigation is being carried out

to see what connection these fluctuations may

have between distant and ground station mag-

netic disturbances, and what relation they may

have to hydromagnetic waves propagating in

the geomagnetic field.
The count rate outside the radiation belt at

high southern latitudes varied from about 5.5 to

10 counts/sec (corrected) from day to day,

although it often seemed quite steady over
several hours' time. This count rate corre-

sponded to an omnidirectional flux of 1.6 to 2.9

particles/cm 2 sec if it was caused by particles

having sufficient energy to penetrate to the
scintillator from all directions. During the

period of the geomagnetic storm this count rate

rose to 50 counts/sec and more, probably owing

to low-energy particles in this region as a result
of the storm.

It is now appropriate to consider to what

extent these results, differing markedly in some

respects from those of the bremsstrahlung in-

struments, have been affected by the saturation

and binary failure corrections applied to the

STL data. Perhaps the most noticeable differ-

ence in this experiment was the appearance of

three peaks, none of which was located at the

positions of peaks observed by the other experi-

ments. We offer the following arguments that
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the peaks indicated by the scintillation counter

are real and are located correctly:

1. The peaks indicated by the scintillation

counter show a systematic distribution in space,
and have a time behavior that can be related to

that of the bremsstrahlung detector peaks. The

observation of a peak depends on the ability to

tell when the true incident intensity stops

increasing and starts decreasing. A false indi-

cation of a change from increasing to decreasing

intensity might be given by a maximum in the

saturation curve, or by a failing binary starting

to function normally. Both of these effects

would produce a false peak appearing at a given

count rate, or perhaps appearing randomly for a

binary failure not related to the count rate.

But this certainly does not occur. Peak 2, for

example, falls along the same line of force (fig. 7)

after the storm of August 16 as it did before,

even though the observed counting rates are

quite different. Peak 3 does change position
after the storm, but it moves inward about 5000

km in a way quite similar to the outermost peak

of the bremsstrahlung counters, and certainly is

not found at the same observed counting rates.

In short, the peaks observed by this detector
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and described as real in this paper are not

systematically correlated with the observed

count rate, nor are they randomly sprinkled
over the outer radiation zone.

2. A careful examination of the data in figure

10 at the position of the outermost scintillation

counter peak reveals significant changes in the

slope of the proportional counter count rate

which indicates that the proportional counter

responds in some degree to the particles in peak

3. Although peak 3 is not seen in this position

thereafter (because of the storm increase), there

are significant slope changes in both the scintil-

lation counter and proportional counter count

rates at this position in space on subsequent

passes. Such correlations could hardly be ex-

pected if peak 3 of the scintillation counter were

a spurious peak due to saturation or binary
failure effects.

3. There is evidence for total failure of the

binary involved. If the observed count rates on

a quiet day outside the radiation belt are ac-

cepted without correction, this results in an

interplanetary flux of approximately twice the
value of 1.8 particles/cm 2 sec reported by

Fan, Meyer, and Simpson [1960]. There is

evidence, therefore, of a factor of 2 error both

at 11 counts per second and at 640,000 counts

per second, indicating that the binary failure

is total and not count rate dependent.

Besides the establishment of the peaks and

their locations, the authors have made flux

estimates that are affected by the saturation and

binary failure corrections. Before the storm, a

typical correction at peak 3 is a factor of 2
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decrease for binary failure, and a factor of 3
increase for saturation. After the storm the

correction is a factor of 2 decrease for binary
failure and about a factor of 40 increase for

saturation. As a result of these large correc-

tions, as well as of some uncertainties in the

geometrical factors, the authors claim only an

order of magnitude accuracy for their flux

estimates, although they may be somewhat
better than this before the storm. It is im-

portant to point out that if the fluxes of elec-
trons above 200 key were not of the order

estimated in this paper the scintillation counter
simply would not have saturated.

DISCUSSION

A comparison of the results of this experiment

with the results of the other radiation experi-

ments on the same satellite gives important

information on the type and energy of the

particles in the outer Van Allen zone. There

are several remarkable differences in spatial

distribution and behavior during the magnetic
storm that indicate that the scintillation count-

er is at times responding to particles other
than those to which the proportional and

Geiger counters are sensitive.

These differences can probably be explained

by the different sensitivities of the instruments

to electrons of varying energies. The scintilla-

tion counter, unlike the bremsstrahlung instru-

ments has a rather sharp low-energy cutoff at

200 key for electrons, and except when the

electron spectrum is quite steep between 200

and 500 key, it responds principally to elec-
trons above 500 kev. The scintillation counter
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also has a proton sensitivity that extends to
considerably lower energies (2 Mev) than the
other radiation detectors. The differences be-
tween the results of the scintillation counter

and the bremsstrahlung instruments have been
discussed below with the assumption that they
are caused by the different sensitivity of the
scintillation counter.

The spatial distribution differences are ob-
vious from figures 9 and 10. The scintillation

counter peaks 2 and 3 are not readily identifiable
as the electron peaks E_ and E3 [Fan, Meyer and
Simpson, 1960]. The correlations between
peak 3 and the slope changes in the proportional
counter on pass 19 mentioned in the last section

indicate that the proportional counter was

responding inefficiently to particles observed by
the scintillation counter, and that this response
is superimposed on a considerably greater count
rate due to other particles. The counts regis-
tered by the proportional counter telescope in
the outer Van Allen zone have been identified

unambiguously as bremsstrahlung from elec-
trons because of the absence of triple counts
[Fan, Meyer, and Simpson, 1960]. Since this
counter was shielded with 5 g/cm _ of lead, it was
least sensitive to bremsstrahlung from low-
energy electrons, and it seems most reasonable
to identify peak 3 of the scintillation counter as
electrons having energies significantly below
those that caused most of the proportional

counter response. We conclude, therefore, that
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there were large fluxes of electrons above 200

kev in peak 3 whose distribution and storm be-

havior were noticeably different from those

electrons detected by the other instruments.

Throughout the period of observation by the

scintillation counter, peaks 2 and 3 appear to be

closely related. They were of approximately
the same intensity before the magnetic storm,

and they both underwent a 20-fold increase in

intensity during the storm. The intensity of

both peaks decreased slowly at the same rate

after the storm. Furthermore, they appeared to

merge at high geomagnetic latitudes after the

storm, and only one peak was seen on passes at

these latitudes. It seems reasonable, therefore,

to assume that peaks 2 and 3 were both caused

by electrons of several hundred key energy, and

that the intensity of these particles decreased

slightly between peak 2 and peak 3.

The ion chamber to Geiger counter ratio

reaches a peak near the E3 maximum, and this

has been interpreted to indicate a very soft

spectrum at E3 [Arnoldy_ Hoffman, and Winc]cler,

1960]. The dip between peaks 2 and 3 of the

scintillation counter may be the result of an

electron spectrum at E3 so soft that it cannot be

detected by the scintillation counter. At the

same time there must be sufficient high-energy

electrons (500 key-1 Mev) to account for the

proportional counter response. If the scintil-

lation counter is responding to electrons above

500 key at the position of E3, the count rate

(pass 17) corresponds to an isotropic flux of

approximately 2 X 10? electrons/cm _sec, and this

is in quite good agreement with the spectrum

proposed by J. A. Simpson (Space Science

Research Conference, California Institute of

Technology, January 24, 1961) to account for

the proportional counter response at E3.

The simplest electron spectrum that would be
consistent with all the instruments on this

sstellite would have large fluxes of soft electrons

(20-100 key) which dominate the Geiger-

counter and ion-chamber response, but are not
seen by the scintillation counter and the lead-

shielded proportional counter. It would also

have a much smaller group of high-energy elec-

trons (500 key-1 Mev) which would cause the
proportional counter and scintillation counter

response at the E3 n_aximum. It does not seem

possible to represent this electron spectrum by

an energy distribution function of the form

E -_ over the whole range from 20 key to 1 Mev.

Indeed, Vernov and Chudakov [1960] have sug-

gested that the particles comprising the outer
zone are electrons which appear to be in two

energy groups. According to their investiga-

tion, the first group consists of electrons of
10-100 key whose maximum intensity is 109

electrons/cm _ sec sterad above 20 key. The

second group consists of electrons of energy of
the order of 1 Mev whose maximum intensity

is 105 electrons/cm _ sec sterad. It may be pos-

sible to construct a detailed spectrum when the
efficiencies of all the instruments as a function

of energy have been determined.

It is possible that at some times and some

places in the outer zone, the scintillation

counter--and perhaps the Geiger counter and

ion chamber--responded to protons instead of

electrons. In particular, the authors have sug-

gested [Farley and Rosen, 1960] that the in-
creases in intensity (for example, pass 19) ob-

served during the main phase of the storm must

be the result of protons because the brems-

strahlung instruments observed a decreased
count rate during this period. If it can be de-

termined that the bremsstrahlung counters

cover the entire electron energy range to which

the scintillation counter is sensitive, then there

appears to be no alternative to the proton hy-

pothesis. However, the ion-chamber to Geiger-
counter ratio indicates a considerable hardening

between passes 17 and 19, while both the Geiger

counter and lead-shielded proportional counter

have approximately equal (60 percent) de-

creases in count rate. Until this apparently

contradictory situation can be explained, there

still exists the possibility that an electron com-

ponent of the radiation can cause an increase
in the scintillation counter without being ob-

served by the other counters.
It seems rather unlikely that peak 2 can be

caused by protons, except perhaps on pass 19,

because of the previously mentioned similarities

with peak 3, and because of recent calculations

by Dragt [1960] which indicate a sharp cutoff of

proton intensities with radial distance, even at
low energies. Furthermore, the energy densities

computed from that possibility seem improbably
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large. Peak 1, however, is considerably closer in,
and it is possible that protons of lower energy
than those detectable by the Geiger counter

(--_25 Mev) are responsible for this peak. It
should be noted that the points representing the
position of this peak in figure 7 do not fall along
a line of force, suggesting that these particles are
trapped more closely to the geomagnetic equator
with increasing radial distance. Several possi-
bilities for peak 1, and the previously mentioned
possibilities for peak 2 and 3 are shown in table 1

together with the corresponding particle and
field energy densities, using data from pass 10
(fig. 4).

The fluctuations in count rate starting at
about 7 earth radii in figures 14, 15, and 16 are
the result of some dynamic mechanism which
occurred during stormy periods. Correlations
with the STL magnetometer carried aboard
Explorer VI have yielded information on this
mechanism [Farley and Rosen, 1960]. The

earth-surface horizontal component of the
magnetic field at Honolulu has been included

in figure 14. The correlation suggested in
this figure has not been borne out in subsequent
comparisons with data at the ground stations,
and it must be concluded that any correlation
that does exist is obscured by local effects either

at the vehicle or near the individual ground
stations.

CONCLUSIONS

The scintillation counter on the Explorer VI
earth satellite monitored the particle intensity
in the earth's radiation belt for a period of 4
weeks. The experiment demonstrated the
presence of large fluxes of several hundred
kev electrons in the outer zone whose distribu-

tion differs somewhat from the particles
observed by the bremsstrahlung detectors on
the same vehicle.

This detector observed an increase in counting
rate in the outer zone during the early stages of
the geomagnetic storm of August 16, 1959, while
the bremsstrahlung detectors observed a de-
crease. This increase must be attributed to
particles other than those to which the brems-

strahlung instruments were principally
responding. The scintillation counter rate

rose by a large factor after the geomagnetic

storm, as did the rates of the other instruments
on the vehicle.

Gross fluctuations in particle intensity at the
edge of the outer zone were observed during
the geomagnetic storm. These fluctuations
are evidently caused by some dynamic process
that takes place at the edge of the trapped
radiation belt during a geomagnetic storm.
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Introduction to the Magnetic Field Experiments Designed

by Space Technology Laboratories, Inc.

BY C. P. SON_TT

NASA Ames Research Center

Explorer VI was the first of the extreme

eccentricity, high-apogee, NASA satellites. It
was designed to allow a sweep through the
radiation belts to be made about four times a

day. Since at the time of the Explorer VI flight
the Earth's magnetic field was thought to
terminate at some 5 to 7 Earth radii during
quiet times and perhaps 2 to 3 radii during
storms, the opportunity was present to verify
this viewpoint and, if correct, to investigate the
properties of the boundary region. From a
historical standpoint, the status of the ring
current reached a peak of interest around
this time because of the discovery of the Van
Allen radiation belts. In spite of the findings
of Pioneer I, which showed no ring current
effect on the sunlit hemisphere of the mag-
netosphere during times of magnetic quiet,
there was keen interest in the possibility that
a strong ring current effect would be found in
association with the Van Allen belts. These

were the primary motivations behind the

magnetic field experiment carried on Explorer
VI.

The findings of the magnetometer experi-
ment must be regarded in the light of the
previous comments which categorize this experi-

ment as a survey designed to explore questions
of gross interest. A result of immediate
interest from this experiment was the lack of

any noticeable geomagnetic terminatioi_ Since
apogee was at 8 Earth radii, this meant that at
least in the evening quadrant a geomagnetic
termination would have to be placed at greater

N65-21991
distance. A second effect, puzzling but espe-

cially interesting, which persisted both during
times of quiet and disturbance, was an unmis-

takable d/_i_tortion of the geomagnetic field at

altitudes near apogee._ The original inter-
pretation of this distortion pointed out that it
must be associated with currents having a large
scale size. Although attempts to associate a
proper current configuration with the field
distortion required the assumption of a ring-like
current, it was made clear that such an approxi-
mation quite clearly had not been uniquely
demonstrated by the experiment. Although
later events (i.e., Pioneer V) suggested, from
sunward side data, the presence of a storm time
current, the general view which has since
developed, based on the more definitive data
of Explorer X, is that the data were a two-
dimensional or planar view of the geomagnetic

tail. The consistency between the Explorer VI
and Explorer X data has been reviewed in a
paper by Smith. With the help of hindsight,
it now seems clear that any satellite magne-
tometer experiment carried out at the alti-
tudes and lor/gitudes of Explorer VI could
not make a distinction between a tail deforma-

tion and a ring current. The probability of
storm time ring currents flowing is, however,
suggested by data taken during disturbed times.
Lastly, a comprehensive analysis of the _orm

time fluctuations in the magnetic field,]together
with those in one of the radiation detectors, has

provided a view of the operation of betatron
acceleration in the magnetosphere.
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Current Systems in the Vestigial Geomagnetic

Field: Explorer VI

BY C. P. Sonett, _ E. J. SMITH, 3 D. L. JUDGE, AND P. J. COLEMAN, JR. 4

Space Technology Laboratories, Inc.

The purpose of this letter is to present some
preliminary data taken by the magnetometer

carried by the satellite Explorer VI. These

data indicate the existence of a temporally

and spatially variable current system which

strongly perturbs the geomagnetic field at

geocentric distances of 5 to 7 Re (earth radii).

The Explorer VI orbit is extremely eccentric

with an apogee of 48,800 km and a perigee of

6,700 km geocentric. The period of rotation

is approximately 12_ hours. The plane of the

orbit is inclined 47 ° with respect to the geo-

graphic equator. In terms of the orbital orien-

tation with respect to the sun, apogee occurs

between local dusk and midnight, i.e. 2100

hours local time, with perigee occurring at 0900
local time.

The magnetometer used was a search-coil

mounted on the inner shell of the spin-stabilized
vehicle, as in Pioneer I 1.2. The telemetered

data consisted of a sinusoid whose amplitude

is a measure of ]Bl[, the component of the

magnetic field perpendicular to the spin-axis
of the vehicle. A theoretical estimate of the

expected field was made by extrapolation of

Presenteci at the Explorer VI Session of the Cleve-

land Meeting of _he American Physical Society,

November 29, 1957](BuU. Am. Phys. Soc., Vol. 4, 416,
1959). This program was carried out under the

auspices of the National Aeronautics and Space Admin-

istratioa. Published in the January 1960 issue of

Physical Review Letters and reprinted by permission.
2 Now at NASA Ames Research Center.

3 Now at Jet Propulsion Laboratory.

Now at Institute of Geophysics, Univ. of Calif. at
Los Angeles.
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the surface field, using an eccentric dipole
model2 These field estimates were combined

in a computer program with the trajectory of the

satellite and the orientation of its spin axis

to yield expected values of IBl].

Figure 1 presents some representative, pre-

liminary data for orbital sweeps occurring on

August 10, August 24 and September 1, 1959.

A feature which is typical of the results ob-
tained thus far is the reasonable agreement

between the expected and the measured field
at distances less than 5 to 6 R, and the regular

occurrence of large-scale deviations at greater

distances. Thus, on August 10 the field dis-

played an abrupt, negative anomaly at 7 Re

with indication of a field recovery with increas-

ing altitude. On August 24, it displayed a

positive-going anomaly beginning at 6.5 Re.

The data of September 1 showed a negative

deviation which began at 5 Re and reached a

minimum at 5.8 Re. This was followed by a

field increase to twice the expected value.

These data were obtained on moderately quiet

geomagnetic days.

It is of interest to compare these data with
the results of Pioneer 11 and the Russian cosmic

rocket, Mechta. 4 In the former case, good

agreement between observation and theory was

obtained throughout the interval from 3.7 to

7 Re. There is a disparity, however, between
the Mechta data and the results of both Ex-

plorer VI, to this time, and Pioneer I. Neither

the general depression of the field nor the
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anomaly at 3 to 4 Re, which were observed by

Mechta, has been detected. This disparity

may disappear upon examination of more data.

The data presented in this note indicate the

existence of an extraterrestrial current system

beyond 5 Re which causes a perturbation of the

geomagnetic field. It appears likely that such

a current system will take the form of a toroidal

ring. However, it is obvious that neither a

solitary pass nor repeated orbiting which shows

an anomaly in one region of the outer atmos-

phere constitutes unambiguous proof of annular

current closure.
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FmURS 1.--Representative values of IB±I/_"
ascending leg oJ the orbit on August 10, August"

2_ and September 1. The values shoura in the

figure are geometry dependent. The small

variations shown in the inner region .for August
10 and August 2_ are being studied.

Figure 1 suggests the occurrence of two types

of deviation and additibnal data, not shown,

tend to bear this out. The possibility that
such differences are not the result of funda-

mentally different kinds of current systems but

are the effects of the orbital geometry is being
investigated. The positive-going deviation ob-

served on August 24 was repeated, to a lesser

extent, on August 25. The deviation of Sep-

tember 1 occurred also on September 2, and

investigation has shown that the negative-going

deviation of August 10 is probably the initial

portion of the same type of field variation.

Figure 2 presents the amplitude of the deviation

in the outer zone for August 9, August 10,

September 1, and September 2. The similarity

in the slopes of these curves strongly suggests
similar characteristics and a similar cause for

the perturbations. The data of August 24 and

August 25, representing the other type of devia-

tion, have not been included so as to avoid

confusion. In addition to not showing a region

of decreased field, the slopes of the latter do not

agree with those shown in figure 2.

The deviation of the type shown in figure 2

argues for a spatially-confined current system
such that a field reversal occurs as one passes

through or near the current. Another obvious

feature of this comparison is the difference in
the altitudes at which the deviations were

observed. This suggests that variations of
several thousand kilometers in the location of

the current system (as indicated by the position

of the deviation minimum) may occur within
intervals of 24 hours or less.

It is noteworthy to consider that these extra-

terrestrial currents appear in the region from

5 to 7 R_. The unperturbed dipole field line

through this region intersects the earth in the

vicinity of the quiet day, southern auroral limit.

The existence of a relationship between these

currents and auroral activity is under investi-

gation.

From the dynamics of a neutral plasma

contained by a magnetic field, it is known that

the individual particles will execute complex
oscillations with a net drift azimuthally. 6

Because the direction of drift is charge

dependent, this drift should appear as a net
current flowing toroidally. Since the plasma
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FIGURE 2.--Shown above is the difference between the measured and expected values o] IB±I shoum ]or

representative days. The repeatability o/the slopes argues/or a similar cause o/the perturbations.

in the exosphere is confined in just this way,

convection currents capable of perturbing the

geomagnetic field might be expected2 In

addition to the large scale deviations discussed

above, the preliminary data indicates a general

increase in the magnetic field strength through-

out most of the inner zone (see fig. 1) as well

as irregular deviations. Although a longitu-

dinal drift of the total plasma field should exist

and provide a current, the resultant field

depression, seen by a magnetometer presumed

to be interior to such a region, is difficult to

evaluate and requires knowledge of the velocity

distribution function for the charged particles.

It does appear from the data, however, that the

commonly postulated condition, V X H = 0,

is inadmissible in the outer atmosphere. 7

The authors wish to thank Prof. L. Davis

for helpful discussions.
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Surveys of the Distant Geomagnetic Field:

Pioneer I and Explorer VI 1

BY C. P. SONETT, 2 E. J. SMITH 3 AND A. R. SIMS

Space Technology Zabaratories, Inc.

N65-21993

Experimental results obtained by magnetometers carried on board the lunar probe,

Pioneer I, and the satellite, Explorer VI are presented.
Pioneer I data indicate an inverse-cube field decrease between 3.7 to 7 geocentric earth

radii. The probe appears to have penetrated the interface region between the geomagnetic
and the interplanetary field at an altitude of 13.6 radii. Fluctuations in both the amplitude
and direction of the distant geomagnetic field were observed. Explorer VI data also indicates

fair agreement between observed and expected values of the magnetic field at altitudes less

than 5 earth radii. In the region from approximately 5 to 8 earth radii, the field typically
shows regular, large-scale deviations. The characteristics of the extraterrestrial current ...

system responsible are discussed. _

Until 1953 little was known of the nature of

the atmosphere beyond the F2 maximum,
although some evidence indicating the existence
of a far-reaching atmosphere had existed for
some time prior. Auroral streamers, particu-
larly those in the sunlit atmosphere, had been
observed to heights as great _s 1,000 km. 1
Twilight flashes of the red oxygen lines had been

traced by Elvey 2 to 1,300 km. For many years
the existence of a distant atmosphere was
treated as a subsidiary condition to problems of
great geophysical interest, examples being the
classical work of Birkeland, Stoermer, and
many others on the polar aurora.

In 1953 Storey, 8 investigating whistling at-
mospherics, showed that the propagation of

such electromagnetic disturbances required an
ionized atmosphere extending some 2 or 3 earth

This program was carried out under the direction of

the National Aeronautics and Space Administration.
Published in the Proceedings of the First International

Space Science Symposium, Nice, France, January 1960.
Reprinted by permission.

Now at NASA Ames Research Center.
a Now at Jet Propulsion Laboratory.

radii. Prior to this time a common picture of
the outer atmosphere consisted of an almost
collisionless nonionized gas bound to the earth
by gravitational attraction. Because of the
collisionless state the molecules of the gas were
supposed to execute individual elliptic orbits
with the kinetic temperature of the gas de-
termining the escape rate. Thus, the geo-
magnetic field was assumed to be dynamically
decoupled from the gaseous atmosphere. This

region of the earth's atmosphere was called the
exosphere.

The work of Storey indicated that an electron

density of some 103 cm -3 was required to dis-

tances of 2 to 3 geocentric radii in order to

explain the longitudinal propagation and dis-

persion of electromagnetic waves in the VLF

region of the spectrum. It was recognized that

the positive and negative charge densities had

to be approximately equal in order to satisfy a

fundamental requirement of cosmic plasmas.

More recent investigation of this region of the

earth's atmosphere has been in terms of modern
303
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hydromagnetic theory. It has since become

clear that the geomagnetic field plays an im-

portant role in the dynamics of the distant

atmosphere and that the medium is a deform-

able body of anisotropic elasticity.

An early example was the suggestion of

Dungey 4 that geomagnetic pulsations might be

excited by hydromagnetic oscillations taking

place at a boundary between the geomagnetic

field and interplanetary gas. He further pro-

posed that this boundary was well defined and

its distance was determined by momentum

exchange between streaming solar gas and the

geomagnetic field.

Today this region of space, bounded on the

inside by the ionosphere and on the outside by

interplanetary gas, is taken to be a neutral

hydrogen plasma with a high degree of ioniza-

tion through which threads the distant geo-
magnetic field. Its temperature is considered

to lie between 10s and perhaps several times

105 degrees K, the lower bound representing the

temperature just above the ionosphere as de-

termined by Vanguard orbital data. The

highest value presumably obtains by heat

transfer from coronal gas exterior to the inter-

planetary boundary2 The electrical conduc-

tivity is of the order of 10 _ to 1014 esu (acu

equals 5 X 1017 esu). The hydrogen ion density

at 3 earth radii is estimated by Johnson 6 to be

500 per cm 3. Thus in summary, the field and

medium are strongly coupled, the plasma play-

ing the role of a superconductor over large-scale
distances.

MAGNETOMETER EXPERIMENTS

It is now clear that the use of magnetometers

presents a means of investigating the plasma

dynamics of the distant atmosphere of the earth

and interplanetary space and experiments of

this type can serve as an important tool in the

investigation of plasmas of cosmic scale.

The status of rocket magnetometer research

at extreme altitudes presently consists of some

half-dozen or so Russian flights, Pioneer I,

Explorer VI, and Vanguard III. Presumably

the Russian flights have been survey experi-

ments, as were Pioneer I and Explorer VI.

One important result of the Russian work has

been the discovery of a large field anomaly
at some 3 earth radii. 7

The experiments discussed in this paper were

conducted on Pioneer I and Explorer VI. It

is the purpose herein to review some of the re-

suits of the magnetometer experiments on these

two flights. The reduction and interpretation

of the data are still in progress. Thus, the

data presented are tentative and subject to

both change and further interpretation.

The magnetometer carried on Pioneer I
consisted of a searchcoil fixed in the vehicle and

coupled to a low-frequency amplifier. The

spin rate of the vehicle, 1.835 cps, produced an
emf in the coil which was proportional to

the component of the magnetic field projected

into the equator of the vehicle, provided that

the time dependence of the field was small com-

pared to the spin time. The details of this

equipment have been reported elsewhere. 8._

On Explorer VI this equipment was again

utilized with a change in the scale range of the

magnetometer. In addition to the searchcoil,

a flux-gate probe was included on this flight

to measure the component of the magnetic

field which lay along the spin axis of the vehicle.

An aspect indicator was also carried to deter-

mine the dihedral angle between the two planes

defined by (a) the spin axis and sun vector

and (b) the spin axis and magnetic field vector.

Figure 1 shows the coordinate axis associated

with the payload. IB±I, in the figure, is the

equatorial component of the field and IBlll is

the spin axis component of the field. The

combination of this equipment was intended

to provide the vector magnetic field at the

payload. Due to permanent multipole distri-
butions within the vehicle the flux-gate sat-

urated. Thus, information was available only

from the search coil and aspect indicator.

TRAJECTORIES

The orbit of Explorer VI was highly elliptic

with an apogee of 48,800 km geocentric and a

perigee of 6,780 km geocentric. The period

was 12_ hours. The geometry of the orbit is

complicated, the major axis being inclined to

the geographic equator of the earth at an _ngle

of some 47 degrees. The satellite spends most

m
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SUN VECTOR

SEARCH COIL

Q
S SPIN AXIS

I

FLUXGATE

FIGURE 1.--The coordinate system .for the mag-

netometer experiments in a spinning payload.

Shown above is a set of unit vectors in direc-

tions given by (1) the vehicle spin axis, (2) the

normal to a plane containing the spin axis and

the direction from the vehicle to the sun, and

(3) the direction normal to the plane of the

first two vectors. The search coil measures

IB ± I, the component of the total field perpendicu-

lar to the spin axis. The flux gate magnetom-

eter measures the component parallel to the

spin axis. The aspect indicator measures the

angle _ as shown.

of its time south of the earth's equator. Figure

2 displays the projection of the orbit of this

vehicle upon the geographic equator (e.g., as

seen from the earth's polar axis). This figure
also shows the relation of the orbit to the earth-

sun direction. Considering the subsotar point

to define the local noon meridian for the vehicle,

apogee occurs at approximately 2100 hours.

Thus, effects of solar wind are complex--the

apogee lying more than 90 degrees away from

the stagnation point. This is to be compared

with the Pioneer I probe where, while the

vehicle was traversing the distant field, it was

located approximately under the solar wind

stagnation point.

LARGE-SCALE CURRENTS IN THE OUTER

ATMOSPHERE

Although the analysis of Explorer VI data is

in a preliminary state it is apparent that a large

current system has been discovered which lies

between 5 and 7 geocentric radii. 1° The data

which has been reduced to date is for relatively

quiet geomagnetic days. The extent of this

current system is under investigation and will

require a model calculation because of the com-

plexity of the geometry of this experiment.

Figure 3 presents representative preliminary

data for three selected days (August 10, August

24, and September 1). ]B±I is shown as a func-

tion of geocentric distance. The most clearly

defined feature is the occurrence of large-scale

deviations beyond 5 earth radii (Re). The

deviations, including data not displayed, are a
substantial fraction of the total earth's field at

that distance (50-75 percent). Considering the

whole field two distinct types of deviation have
been noted. At distances < 5 Re the observed

field has the general character expected for the

geomagnetic field, e.g., the field in this inner

region is consistent with an inverse-cube de-
crease with distance. The deviations which

occur represent a smaller fraction of the total

field than the deviations in the far field (never

more than 20-30 percent). In addition to

large-scale fluctuations, about a regularly de-

/: \l

SUNRISE __ SUNSFT

TO SUN

FmURB 2.--Projection of the Explorer VI orbit

into the geographic equatorial plane of the earth.

The solid portion of the ellipse corresponds to

that part of the trajectory having a northern
latitude, whereas the dashed portion refers to

the portion below the equator. The distances
marked on the arcs are kilometers from the

center of the earth projected into the earth's

equational plane.
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FIGUZaE3.--Representative values oJ IB±t for
ascending leg oJ the orb_ on 10 August, 9,4
August and 1 September.

creasing mean value, the field shows a some-

what greater amplitude almost everywhere than
that predicted by theory. The validity of these

deviations in connection with the plasma dy-
namics of the region is presently being in-
vestigated. Until more work is carried out

and the results advance beyond a preliminary
state, for R < 5 Re agreement with the extra-
polated geomagnetic field has been emphasized.
For comparison some Pioneer I data is shown

in figure 4 for 3.7 to 7 Re. In this regard the
results of these two flights represent a definite

contrast with those obtained by the flight of
the rocket Mechta. The latter data show a

large-scale depression of the field throughout
the outer atmosphere. In addition, an anom-
aly occurs in the vicinity of 3 to _ Re which has

been attributed to the effects of a ring current.

IN MAGNETIC FIELDS

Neither of these results have been found in the
data of Pioneer I or Explorer VI. There are
several possible explanations:

1. The differences in the trajectories of the
American and Russian flights. The Russian
rocket was located at 20 to 30 degrees north

latitude when the anomaly was observed while,
at the same altitude, Explorer VI crossed the
geomagnetic equator.

2. The current system responsible for the
anomaly is not a permanent feature of the

extraterrestrial field but only occurs sporadi-
cally.

3. The anomaly may correspond to the

deviations observed by Explorer VI between

5 to 7Re but may occur at 3 to 4 Re under

special circumstances. In this regard, how-

ever, surface magnetic activity was less prior

to and during the flight of Mechta than on

corresponding days for Explorer VI.

10 3

8
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5

_3

2

\
102

20 2.4 28 32 3 5 40 44 48

GEOCENTRIC DISTANCE (KM • 10 4)

FIGURE 4.--Shown above is the difference between
the measured and expected values oJ ]B±]

shown.for the flight oJ Pioneer I.
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The deviations in the field which occur at

distances greater than 5 Re reveal several fea-

tures of interest. Figure 5 displays the differ-

ence between IB±I (observed) and IB±I

(theory) as a function of radial distance. The

distances of the location of the deviation, e.g.

as given by the minimum, are noteworthy.
Arguments can be advanced to show that such

excursions represent temporal variations.

There is evidence that on August 9-10 the

current system responsible for these deviations
moved outward several thousand km over a

time of 25.5 hours. On the other hand, on

September 1-2 it may be inferred that the

location of the current system was constant over

a similar period.

The preliminary evidence clearly indicates
the existence of an extraterrestrial current

system beyond 5 Re which causes a perturbation

of the geomagnetic field. This means that the

commonly postulated condition, A X H ---- 0,

is inadmissible in the outer atmosphere. It

is suggestive that these currents appear in the

region from 5 to 7 Re. The unperturbed dipole

field line through this region intersects the earth

in the vicinity of the quiet day, auroral limit.

The existence of a relationship between these

currents and auroral activity is under investi-

gation. The occurrence of two types of devia-
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FIGURE 5.--Show_ above is the difference between

the measured and expected values of [B±I

shown .for representative days. The repeat-

ability of the slopes argues for a similar cause

of the perturbations. (Explorer V1).

tion has already been noted. The data of

August 24 representing a second type of devia-

tion have not been included in figure 5 so as

to avoid confusion. However, it may be stated

that, in addition to not showing a region of

decreased field, the slopes of the perturbation

of August 24 do not agree with those shown in
figure 5. It is not known whether the observa-

tion of these two kinds of deviation necessarily

implies that the currents responsible were

essentially different; the possibility that the
location and orientation of the vehicle are

responsible for an apparent change in the field

deviation is under investigation.

An attempt has been made to determine the

total current capable of producing the observed

deviations. If one is willing to make certain

simple assumptions regarding symmetry, the

total current may be computed from a special

case of Ampere's rule (I ---- 2rrH) using a
knowledge of the field outside the current and
at a known distance from the current location.

Estimates carried out in this way yield a value,

I, for the total current of 106 amperes and a

corresponding current density of 10 -s amp/m 2.

These are order of magnitude estimates and
obviously more refined calculations are needed.

The question arises as to whether these

currents close axisymmetrically to form a ring

current. Depending on how the currents origi-

nate, data obtained by a single pass, or even
by continual orbiting but over the same region

of space, does not necessarily give an unambigu-

ous result. If the currents are due to plasma

trapped by the magnetic field in Stoermer orbits

then an azimuthal drift is implied which will

lead to a ring current. The possibility that

the currents may close in some other configura-
tion should be considered.

It is perhaps significant that a maximum cur-

rent density is predicted at 6 to 8 Re by Singer."

Such a result is obtained even though the ion

density is assumed to be uniform throughout

the plasmasphere and in spite of the fact that

the azimuthal drift velocity increases with
altitude. The maximum results from the

magnetic field due to the ring current which

tends to reduce the gradient of the earth's

field. Furthermore, the total current, esti-

mated at 106 amp above, can be obtained from
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theoretical calculations assuming quite reason-

able plasma characteristics. The total current
and the current density above are consistent

with a low-energy plasma (_ 10 keV protons)

having a density of 10 cm -3. It should be

stated that, although the agreement is sugges-

ti've, further study will be required to test the

validity of the details of the existing theory.

GEOMAGNETIC TERMINATION

Since Dungey has extended the concept of a

Chapman-Ferraro boundary to quiet geomag-

netic days it is of immediate interest to consider

this question in reference to the data of Pioneer

I and Explorer VI.

It has been argued that Pioneer I penetrated

such a boundary 9 at 13.5 Re (fig. 6). On the

planetary side of the boundary, the field

boundary conditions require a field increase

._ . V

1.2 alO 4 il.e: i0 4 |.0:|0 4

GEOCENTRIC DISTANCE (KM)

FIGURE 6.--The magnitude o`[ B± .[or region B

(12.3 to 14.6 geocentric radii). The solid

curve shows the theoretically expected value o.[
the perpendicular component o.[ B. (Pioneer
1).

and on the solar side a depression (we assume a

field-free interplanetary cavity). This forms

the basis for the interpretation of the Pioneer I

data in reference to this problem. It should

be pointed out that the theory of a cold plasma

impinging on a plasma-free field implies a

boundary of thickness --_ plasma wavelength.

As will be pointed out later, the ratio of gas

kinetic and magnetic energy densities is of

order unity. The fact that a field dependence
,_ r -s was noted extending over some 109 cm

(Xpl_ "-_ 10 6 cm) is perhaps indicative of

limitations of the theory of media where

approximate equipartition occurs between mag-

netic and gas kinetic energies.
It has often been supposed that a steady

solar wind will act so as to terminate the geo-

magnetic field at 5 to 10 Re. The cardinal

idea behind this hypothesis has been that the

field would terminate where the kinetic energy

density was equal to the wind pressure. How-

ever, this would only take place at the stagna-

tion point, and over large regions the boundary

would be more complex. Although Pioneer I

traversed near the sub-solar point, Explorer VI

was at apogee in the opposed hemisphere.
The fact that the two vehicles sampled the

field in different directions with respect to

the earth-sun line does not lead to any in-

consistency with the expectation that the

cutoff lay beyond 8 Re during the time the

Explorer VI was detecting the large-scale
deviations. It seems reasonable to expect that

the field termination will occur at the same or

lower altitude along the earth-sun line (Pioneer

I) that at the azimuth corresponding to the

Explorer VI orbit. Such a conclusion is

independent of whether cutoff is due to a solar

wind or to motion of the earth through a

stationary, interplanetary gas. Therefore, it

is believed that termination usually occurs

beyond the apogee for Explorer VI, perhaps at

a distance exceeding 10 Re.

HYDROMAGNETIC ACTIVITY

Geomagnetic disturbances have been studied

on the surface of the earth for many years.

It was proposed by Dungey that surface waves

are generated at the interplanetary boundary

of the geomagnetic field and would propagate
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downward, thus contributing to surface micro-

pulsations. The detailed relation, if any,
between surface micro-pulsations and distant

activity is an exceedingly difficult problem to

attack theoretically. Parker TM has extended

Dungey's work pertaining to the geomagnetic

boundary with substantially the same results,

though in greater detail. Kate and Watanabe 13

have reviewed the problem of disturbances

from the standpoint of surface observations.

Obayashi and Jacobs, 14 utilizing Fermat's

principle, have shown that the period of micro-

pulsations should display a linear relation when

plotted against cos _ _, where _b is the geomag-

netic latitude. The wave velocity used by

them was the pure Alfv6n velocity HI,pp.

Since the radial velocity near the equator is

compounded of both the acoustic and magnetic

velocities, their estimates represent an upper

bound for the equatorial period. Figure 7

is a plot of micro-pulsation period versus geo-

magnetic latitude after Obayashi and Jacobs.

The Pioneer I flight is notable primarily

because of the discovery of large amplitude

hydromagnetic disturbances in the distant

atmosphere. The flight data obtained from

3.7 to 7 and 12.3 to 14.6 geocentric radii shall

be referred to as regions A and B respectively.

The small-scale fluctuations of region A (fig. 4)

have been attributed partially to instrumental

and reading errors. The question of the con-

tribution of direct hydromagnetic activity to

these variations is presently being investigated.

It is noteworthy that the magnitude of the

disturbances for region A and B are comparable

in size though, of course, in the former case the

fractional variation in the field is small because

of the large value of the quiescent field. The

fluctuations are more easily noticeable in region

B. Although the magnetometer on Pioneer I

measured only ]B±I this was a good measure of

total field because of tile preferred direction of

the spin axis (almost normal to the geomagnetic

field). Data for region B was taken in the

region of the sub-solar point, whereas for

region A data was obtained during the early

part of the morning (local time).

The variations in region B have been spec-

trally analyzed. A typical power spectrum is

shown in figure 8 ; the envelope variations of the

data for this region showed characteristic

hydromagnetic activity somewhat more clearly.

An observed periodicity of order 10 seconds is

apparent in the latter and corresponds strik-

ingly to tile model of Obayashi and Jacobs near

the geomagnetic equator. It is suggestive to
consider that the fluctuations noted are in fact

related to surface activity though the detailed
characteristic of the surface fluctuations relative

to those seen by Pioneer I might easily be lost

in propagating downward to the surface because

of dispersion and dissipative losses in the outer

atmosphere.

We have shown in figures 9a and 9b two

examples of the envelope of the magnetometer

signal in region B. It is interesting to note

that the activity decreases beyond some 13.5

radii and essentially disappears at 95,000 km,

the farthest distance at which data was ob-

tained. On the assumption that these dis-

turbances are travelling magneto-acoustic

waves, we have calculated both the hydro-

magnetic, (Vs), acoustic, (Va), and modified

acoustic velocity, (V'). These are shown in

table 1 for temperatures of 10* and 10 s degrees

K. Utilizing a period of 10 seconds as typical,

the wavelength of these disturbances is some

2 -- 4 X 107 cm for a gas temperature of 105

degrees K and an assumed field of 20_. (Ve-

hicle velocity 1--2 km/sec.) Such calculations

are highly tentative since the wave velocity

is a function of the field intensity at the point

of measurement. The wave front thickness

appears to lie between the gyro radii for protons

and electrons in this medium assuming a

particles velocity of 10 s cm/sec. Davis, Liist,

and Schliiter 15 have shown that for ,_B/B _ 2

in a collisionless plasma, the disturbances

should have a symmetric character, although

the theory breaks down for larger amplitudes.

It is of some interest to note that the power

density, _--/_/_, is approximately 4 times

10 -7 gauss2/cps at 13.6 radii and then drops

beyond that point.
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Since the field becomes quiet at distances

greater than 13.5 radii, it appears that the

activity is generated locally and is not a propa-

TABLE 1

T°(r)

10 _

10 5

V, (km/sec)

12

35

V° (km/sec)

20

20

V'

23

40

NoTE.--Estimates of wave velocity assuming a base

field of 208, N = 500 cm-*. 17, is the acoustic velocity,

Va the Alfv_n velocity, and V' = _/_2 + V, _. As
explained in the text these values are limited in meaning.

gation phenomena from the sun (longer term

variations, i.e. -_ hundreds of seconds may be

present in the data; if further analysis confirms

this, the above statement may not apply to

this case). Dungey has suggested the possi-

bility that the Chapman-Ferraro surface oscil-

lates over large distances and has raised the

possibility that the disturbances noted are due

to such a phenomena. 16 In the event that they

are magneto-acoustic waves propagating earth-

ward, the manner of excitation of them, other

than the above suggestion, may require an

involved coupling process to the boundary
oscillations.
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THE INTERPLANATORY FIELD

On the assumption that the transition from

the noisy to quiet field, combined with the fact
that the field from 13.5-14.3 Re decreases as

R -5, it is suggested that the interplanetary

boundary was penetrated.
If the direction of the interplanetary field was

non-radial from the sun, the Pioneer I measure-

ment provides an upper bound to the inter-

planetary field for the day of the flight of

6 X 10 -5 gauss. In this event one can also

make an estimate of the gas density in space on

the day of the flight. An upper bound is 110

protons/cm s, assuming that interaction of the

earth with a stationary plasma took place where

the relative velocity was due to orbital motion

of the earth. If it is assumed that a streaming

gas was flowing radially outward from the sun

100 cm -s represents an upper bound on the

volume density.

CONCLUSIONS

The Pioneer I data are consistent with an

inverse-cube field decrease in the region from

3.7 to 7 Re. The space probe appears to have

penetrated the interface between the geomag-

netic and interplanetary field in the direction

of the sun at an altitude of 13.5 Re. The data

also provides evidence of small-scale, fluctua-
tions in both amplitude and direction of the

distant geomagnetic field. These fluctuations
include shock-like amplitude disturbances which

can possibly be attributed to longitudinal, hy-

dromagnetic waves. The disturbances were
observed in the region from 12 to 13.5 Re and

were greatly diminished in amplitude beyond
field termination.

Preliminary analysis of the data from Ex-

plorer VI has consisted of a study of the varia-

tion in the amplitude of the quiescent field with
altitude. The data indicates fair agreement

between the observed and expected values of

the magnetic field at altitudes less than about

5 Re. In the region from 5 Re to 8 Re (apogee)

the field typically reveals regular, large-scale
deviations. The characteristics of these devi-

ations imply the existence of an extraterrestrial

current system in this region which is spatially

and temporally variable. These currents are

believed to he due to trapped, low-energy

plasma which drifts around the earth longi-

tudinally because of the inhomogeneous nature

of the earth's dipole field. This interpretation

implies that the current closes toroidally to

form a ring current about the earth. Order of

magnitude estimates of the amplitude of the
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current based on the observed deviations lead

to physically reasonable results.
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Satellite Observations of the Geomagnetic

Field during Magnetic Storms 1

BY E. J. SMITH 2

Space Technology Laboratories

C. P. SONETT 3 AND J. W. DUNGEY 4

Space Sciences Division, NASA Ames Research Center

N65-21 994
Explorer 6 satellite data and surface magnetograms are used to study the gradual

and sudden commencement geomagnetic storms of August 16-18, 1959. Analysis of these
data provides the following conclusions: (1) The geomagnetic field was strongly perturbed
but retained its essentially dipolar character out to geocentric distances of 8 earth radii. (2)
A long-period variation in the distant field coincided with D,t at the surface. The magnitude
of the main-phase decrease at _ 4RB was _ 2.5 times larger than at the surface. Variations
in the field direction at _ 7R_ correlate with half-day variations in (a) the horizontal com-
ponent at the surface and (b) the 3-hour K index. (3) Large irregular field fluctuations
with periods exceeding one minute were characteristic of the storm period. (4) The large-
scale storm field was qualitatively similar to the disturbance field observed previously on
nonstorm days. The disturbance field appeared to evolve from quiet to_i-
tions and then to gradually recover.

INTRODUCTION

Simultaneous measurements of the geomag-

netic field at the surface and in the magneto-

sphere are essential to a better understanding

of magnetic storms, since the solar effects re-

sponsible for storms can be strongly modified

by a complicated interaction with the earth's

outer atmosphere. Space probes Pioneer 1 and

Lunik 2 [Sonett, Judge, Sims, and Kelso, 1960;

_Parts of this paper were presented at the Inter-
national Conference on Cosmic Rays and the Earth
Storm, Kyoto, September 1961 [Smith and Sonett, 1962].
Published in the July 1964 issue of Journal of Geo-
physical Research. Reprinted by permission.

2 Now at Space Sciences Division, Jet Propulsion
Laboratory, Pasadena, California.

8 Now at Jet Propulsion Laboratory.
Now at Department of Physics, Imperial College,

London.
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Krassovsky, 1960] traversed the distant geo-

magnetic field during nonstorm intervals. Pio-
neer 5 and Lunik 1 were launched during the

recovery phases of storms [Coleman et a/., 1960],

and Vanguard 3 (apogee _ 10,000 km) measured

the field above the ionosphere during an inter-

val which included several moderate magnetic

storms [Heppner et al., 1960]. Explorer 6 made

the first repetitive measurements of the earth's

field, between 4 and 8RB (earth. radii), during

a magnetic storm.

The satellite magnetic field data obtained by

Explorer 6 at geocentric distances between 4

and 8RE during a severe magnetic storm are

used here to study the gross characteristics of

the large-scale storm field surrounding the

earth. The physical origin of the storm field
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is investigated, as is the possible existence of a

main phase ring current. Long-period varia-

tions in the distant field are also compared with

variations in the intensity of the outer radiation

zone during the storm. Some of the data dis-
cussed here have been published previously in

a preliminary report [Smith and Sonett, 1962].

BACKGROUND

Instrumentation

The detecting element of the magnetometer,

a solenoid wound on a high permeability core,

was attached to the shell of the spin-stabilized

spacecraft which rotated 2.7 times per second.

In an ambient stationary magnetic field, a

sinusoidal voltage was generated with a fre-

quency equal to the spin rate and an amplitude

proportional to B±, the component of the mag-

netic field perpendicular to the spacecraft spin

axis (fig. 1). The electronics consisted of an

FmURE 1.--Spacecraft coordinate system. This

figure shows the essential ]eatures o] the experi-

ment geometry. _ is the rotation axis o] the

spin_tabilized spacecraft. The equatorial plane

o] the spacecraft is perpendisular to _. _ is a

unit vector directed toward the sun, and B is

the magnetic field vector. The projections o]

and B onto the equatorial plane are S± and

B±, respectively, which define the angle ¢.

The Explorer 6 magnetometer measured B.L and

directly.

amplifier having a passband centered at the

spin frequency. A quasilogarithmic amplifier

gain, achieved by using automatic gain control,

extended the dynamic range of the magnetom-

eter to 3 orders of magnitude so that fields

could be measured over an extended range of
altitudes.

The magnetometer coil constant, the numeri-

cal relation between field strength and the

induced voltage, was determined by comparing

the voltages generated when the search coil

and a standard air-core coil were simultaneously

rotated in the earth's field in a region where

gradients were small. Sinusoidal input volt-

ages were used to obtain steady-state electronic
calibration. (The transient response of the

magnetometer is not pertinent to this paper and
will be discussed elsewhere.) In a given field,

the output signal amplitude depended on the

spin rate of the spacecraft and was only slightly

dependent on the temperature of the electronics

which was checked by means of several tempera-

ture sensors inside the spacecraft. The satel-

lite spin rate was computed on the ground from

the number of cycles of the telemetered sinu-

soid that occurred in a given time period.

Further details about the equipment and its

calibration are reported elsewhere [Judge et al.,

1960].

Early recognition of the importance of direc-

tional data [Sonett et al., 1959] led to the inclu-

sion of a photodiode sun scanner and phase

comparator. This instrument provided a phase

reference, based on the solar direction, and

determined, in flight, the directional variations

in B±. The merit of including this type of

instrument has been supported by subsequent

events, and sun scanners are now virtually

standard equipment on spinning spacecraft.

The phase comparator measured the angle

between B± and S±, where S± is the projection

into the spacecraft equatorial plane of a unit

vector pointing from the spacecraft in the
direction of the sun (fig. 1). Hereafter, ¢ is

called the phase angle. It is the magnetic

declination in spacecraft coordinates referred

to the spacecraft-sun direction, and it depends

on the orientation of the spacecraft spin axis.

The phase comparator input signals were the
search coil sinusoid and a sequence of pulses
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generated by a photodiode when illuminated by

solar radiation once per spacecraft revolution

(fig. 2). The photodiode pulse and a pulse
coincident with the zero-voltage crossing of the

search coil sinusoid operated Schmidt triggers

that controlled the state of a flip-flop. The

output, obtained by integration of the flip-flop

output signal, was a dc voltage proportional to

the time delay between the two pulses. Except

for very small fields, the phase comparator

output was independent of the magnitude of the

search coil sinusoid, and the measurement of

was independent of B±.

The search coil and phase comparator analog

voltages each modulated a subcarrier oscillator.

The resulting FM signals, which were trans-

mitted continuously, were received at one or

DIGITAL
SIGNAL

FIGURE 2.--Block diagram oJ the search coil

magnetometer. The experiment sensors are

the search coil and a sun-sensing photodiode.

The amplifier bandpass was centered at the

spacecraft spin frequency and automatic gain

control extended the dynamic range of the am-
plifier. The phase comparator measured the

time delay between zero-voltage crossings of the

search coil sinusoid (corresponding to the

instant when the directions of B± and the coil
axis coincided) and pulses generated when the

sun was within the narrow field of view of the

photodiode. Two independent data processing

systems were employed. Analog voltages were

telemetered continuously as frequency-modulated
signals. The analog voltages were also con-

verted to binary numbers on the spacecraft and

transmitted on ground command.

more STL ground stations (England, Florida,

Hawaii, and Singapore) approximately 18 hours

per day. The search coil sinusoid was also

converted to a slowly varying dc voltage by a

peak detector and filter and was digitized inside

the spacecraft along with the phase comparator

output. Transmissions of binary-coded digital

data, which were used to test the telemetry

system subsequently flown on Pioneers, were
commanded from the ground at irregular inter-

vals. The digital data were used primarily to

check the quality and accuracy of the tele-

metered analog data.

Orbit Parameters

After Explorer 6 was launched in August

1959, much time and effort was expended in

refining the ephemeris because of perigee drag
fluctuations and solar-lunar perturbations, a

poorly understood subject in 1959. With the
establishment of an accurate orbit and a

precise spin axis orientation, the more subtle

effects in the data, such as the properties of

the disturbance field near the geomagnetic

equator, were made accessible.

The Explorer 6 orbit (apogee 48,000 km,

perigee 6,740 kin) was highly eccentric. The

orbital plane was inclined 47 o to the geographic

equator and apogee was at geographic latitude

--20 ° . The spacecraft crossed the equatorial

plane at geocentric altitudes of 7,200 and 30,000

kin. Figure 3 shows a projection of the orbit

onto the surface of the earth during August

16-17.
The satellite was launched from Atlantic

Missile Range at 1345 GMT on August 7, 1959.

Since perigee occurred at about 0900 hours local

time, apogee was on the opposite side of the
earth at 2100 hours local tinm. On August 7,

the projection onto the geographic equatorial

plane of the semimajor axis of the orbit made an

angle of --_ 135 ° with respect to the earth-sun

direction. This angle decreased by approxi-

mately 1 ° per day. The right ascension and

declination of the spin axis were 217 ° and 23 ° ,

respectively.

The orbital period, 12_ hours, had an im-

portant effect on the instantaneous location of

the spacecraft in geomagnetic coordinates.
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FIGURE 3.--Projection o] the Explorer 6 trajectory onto the earth. The geographic position o] the

spacecraft is shown at radial distances separated by 10,000 km and at apogee. The positions

shown are ]or the 18th orbit on August 16-17.

Because the earth's magnetic pole is inclined

IIX ° with respect to the rotation axis, the geo-

magnetic latitude of a given orbital position

underwent a semidiurnal variation as large as

23 °. However, the geomagnetic latitude of the

spacecraft was nearly the same before and after
two complete rotations around the earth

(--_25_ hours). This prompted us to divide the
data obtained on odd-numbered and even-num-

bered passes into two separate groups in order to

isolate temporal changes in the geomagnetic

field more clearly.

Magnetic Conditions at the Earth's Surface

August 12, 13, and 14 were among the five

quietest days in August [Lincoln, 1960] (fig.

4). On August 15, a gradual commencement

storm was reported at some stations. At ap-

proximately 0400 on August 16, a sudden com-

mencement storm began and continued until

the end of August 17 or the beginning of

August 18. This storm was classed as severe

(corresponding to a K index of 8 or 9). Huan-

cayo reported a moderate, gradual commence-
ment storm which began at 0635 on August 18

and ended at 2000 hours the same day. A

moderately severe sudden commencement storm

began on August 20 at 0412. There is no

general agreement as to when this storm ended.

(Some stations estimated that it ended on

August 20, but others recorded disturbed con-

ditions until August 24.) August 27 and 28

were the two quietest days of the month. A

moderately severe (K = 6, 7) sudden com-

mencement storm began on September 3 at

2159 and continued until September 5 or 6.

The discussion which follows is concerned

primarily with the severe magnetic storm of

August 16.



318 ENERGETIC PARTICLES IN MAGNETIC FIELDS

Review of the Explorer 6 Data Obtained on Non-

storm Days

In the preliminary analysis of the data, the

magnitude B± and direction _ of the observed

field were compared with the magnitude and

direction of the extrapolated geomagnetic field

[Sonett, Smith, Judge, and Coleman, 1960; Sonett,

Smith, and Sims, 1960; Smith, etal., 1960]. An

8 coefficient spherical-harmonic expansion of the

surface field [Vest±he, 1959] was used to extrapo-

late the geomagnetic surface field to the satellite

position, where it was resolved into spacecraft

coordinates for comparison with the measured

field. This computed field is labeled G± and
has spacecraft declination _G.

Discrepancies between B±, the measured com-

ponent, and G±, the extrapolated one, were

observed throughout most of the trajectory.

Below 5RE, B± tends to exhibit the same altitude

dependence as G± but to have a somewhat

larger magnitude. Beyond approximately 5RE,

there was a marked disparity between B±, G±,
and their spacecraft declinations, _ and _G.

An important consequence of the AGC loop

is that the relative and absolute accuracy of

measurement increased with increasing altitude.

For example, a change of 1 percent in the out-

put voltage corresponded to 300 _ in a 5,000-y
field (approximate altitude, 12,000 km), and to

only 3 _ in a 100 _ field (approximate altitude,

38,000 km). The differences between B± and

G± beyond 5RE corresponded to large fractional

changes (15 to 20 percent) in the magnetometer

output signal. The experimental results sug-
gested that the extraterrestrial field was essen-

tially dipolar out to 5RE, deviating progressively
at greater altitudes. (The deviation between

G± and B± depends strongly on the direction of

B±, as well as on its magnitude.) In a prelimi-

nary survey of data obtained throughout a 6-

week interval, large-scale perturbations in B±

and _ were always noted, although their shapes

varied from day to day and were strongly

dependent on the geometry of the experiment.

A perturbation field based on an equatorial

current with a finite, circular cross section and

constant current density was used to explore
possible causes of the observed differences.

The field due to the current was computed at

points on the trajectory and added vectorially

to the geomagnetic field; a coordinate transfor-

mation was then performed to obtain theoretical

values of B± and _. Reasonable agreement
between the data and the model calculations

was obtained for a westward current of 5.108

amperes centered at 10RB [Smith et al., 1960].

Perturbations in the distant geomagnetic field

were also subsequently observed by Pioneer 5
on the sunward side of the earth. When the

same mathematical model was applied to the

Pioneer 5 magnetometer data obtained inside

the geomagnetic field, reasonable agreement

was again obtained between the calculated and
observed Bz for a westward current of 5.108

amperes centered at 8RB and extending from
5 to 11RB.

These model calculations, employing an ad hoc

current, were justifiably criticized because they

ignored an important feature of currents associ-

ated with trapped particles. The diamagnetic

character of the trapped particles should lead

to a maximum reduction of the geomagnetic

field at the peak of the particle kinetic energy

distribution. Akaso]u and Chapman [1961]

compared the Explorer 6 data for August 9

with a computed field based on a model radia-

tion zone. Their results place the particles at

-_6RB and suggest the total current was ---2.106

amperes. Similarly, Apel et al. [1962] derived

a distribution of trapped particles correspond-

ing to the Pioneer 5 magnetometer data and

found it to be centered at ---6R_. Although

both these calculations employed ideal rather

than observed particle distributions and did

not take into account geometrical effects associ-

ated with the data, such as the geomagnetic

latitude and spin axis orientation of the space-

craft, they undoubtedly lead to a more realistic

estimate of where the particles causing the

Explorer 6 and Pioneer 5 field deformations

were located than our preliminary model calcu-

lations. For example, compare the vector dis-

turbance field computed by Akaso]u et al. [1961,

figure 1] with the vector field derived from the

Explorer 6 measurements [Smith, 1962, figure 1].
It should be noted that the model calculations

were applied to data obtained under disturbed

magnetic conditions. The Pioneer 5 data were
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acquired during the recovery of a moderate

magnetic storm. The Explorer 6 data obtained

on August 9 were initially regarded as nonstorm

data because a preliminary classification did not

list August 9 as a disturbed day. However, as

figure 4 shows, the K_ index reached a value of
4 during the period in which the data were

obtained. All periods in which K_ exceeded 4
included storms.

THE EXPERIMENTAL DATA

The data in figure 5 were obtained on three

successive days during the severe SC storm

which began on August 16.

The storm data show the same qualitative

features as the data obtained on nonstorm days

('e.g., see figure 1 in Sonett, Smith, Judge, and

Coleman, [1960]). For example, the fine struc-

ture appearing in figure 5, a variation of several

hundred gammas that occurred at 30,000 km

on August 17, may be the result of either

spatial or temporal variations and is a subject

8_
STORMS =v 3SCC:::::]

7 GCt :,_CI'--I

_ 4

FIGURE 4.--Geomagnetic activity during the

Explorer 6 epoch. The planetary K index,

K_, is shown .for August 7 to September 15,

1959. HalJ-day averages are plotted because

the orbital period oj the Explorer 6 was approxi-

mately 12_ hours. The major storms are

indicated at the top o] the figure where GC and

SC stand .for gradual and sudden commerce-

ment storms, zespectively. The le._gths o] the

rectangles indicate the duration oJ the storm and
are dashed where uncertainties exist.

of special interest investigated separately in
connection with bay-like, polar storm varia-

tions. [Smith and Judge, 1961].
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FIGURE 5.--Explorer 6 field magnitude data ]or

the magnetic storm o] August 16-18. B± is

shown as a Junction o] geocentric distance ]or

3 orbits on August 16, 17, and 18. Values o]

the total geomagnetic field G and the component

perpendicular to the satellite spin axis direc-

tion G± are also shown. G± and G are

approximately equal ]rom 3 to 6R_. because the

Explorer 6 spin axis is nearly orthogonal to the

geomagnetic field vector. The differences be-

tween B± and G±, which appear to be large

at geocentric distances o] less than 3 earth

radii, are exaggerated by the quasi-logarithmic

characteristic o] the magnetometer amplifier.

The deviation between B± and G± at R _ 5RE

first noted on nonstorm days is also observed
during the storm.
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In interpreting the data, we assumed that the

field was perpendicular to the equatorial plane

on the geomagnetic equator for both quiet and

storm-time fields. Therefore, the scalar field

measured at the equator completely specified

the resultant field. For nonequatorial points

of observation, variations in B± were caused by

a change in the direction as well as in magnitude
of the field. Thus, treating the equatorial

measurements separately will simplify the inter-

pretation of the experimental data. The next
section describes the time dependence of the

field magnitude near the geomagnetic equatorial

plane. This is followed by a discussion of field

direction at points of observation below the

equatorial plane. The centered dipole approxi-

mation of the geomagnetic field is used to define

the geomagnetic equator.

Variation in the hAasnitude oF the Near-Equator-

ial Field durin8 the Storm

Figure 6a shows the time variation of the

field magnitude in the outer radiation zone.
Each datum was obtained from a measurement

of B± at a geocentric distance of approximately

24,000 km or 4Re (the actual radial distance
varied between 22,000 and 26,000 km). The

corresponding value of the extrapolated geo-

magnetic field was computed and subtracted

from B±. The differences (AB± ---- B± -- G±)

are plotted in figure 6a for approximately the

first two weeks of Explorer 6 observations.
Since the observed field at 24,000 km tends to

exceed the extrapolated surface field on magnet-

ically quiet days, a feature of the data that

could be caused by a lack of good absolute

accuracy at this altitude, the data in figure 6a

were adjusted so that _B± ---- 0 on the quietest

days of the month (August 11-12) by subtract-
ing the amount by which B± exceeded G± on

August 11 from all the differences. The digital

data appearing in figure 6a, which were

similarly adjusted, provide data for times for

which no analog data were available.

Figure 6b is the time variation of the hori-
zontal component of the surface field. Each

datum, the daily mean value of the horizontal

intensity at Huancayo, Peru (geomagnetic lati-

tude 6,. --0.6°), obtained by averaging the

hourly mean values over each Greenwich day,
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FIGURE 6.--Time variations o] the equatorial

disturbance field compared with D,t variation at

the earth's surface. (a) hB± = B± -- G± at

.._ $Re near the geomagnetic equator during the

first two weeks o� Explorer 6 measurements.
The data are normalized so that AB± -_ 0 on

August 12 (one o/ the magnetically quietest days

o/ the month). (b) The variation in the
horizontal intensity o� the surface field at

Huancayo, Peru (_M ---- --0"6o) • Daily aver-

ages are plotted at 1_00 GMT. (c) The D,,

curve ]or the SC storm o/ August 16; this curve
was derived by S. Chapman and S.-I. Akaso/u

by averaging the storm data /rom 1_ geomagnetic
observatories.

has been plotted at 1200 GMT. This procedure

produced a reasonable representation of long-

period changes in the earth's field. The varia-
tion in mean horizontal intensity has also been

biased so that AH=0 on August 11-12.

The outstanding feature of the Huancayo

data is the superimposed magnetic storms of

August 15-20. The storm period was preceded
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and followed by quiet intervals during which

the horizontal component rose to its highest

values (August 14-15, 26-28). The effect of

the SC storm which began on August 16 is par-

ticularly noticeable.

Figure 6c, which is a plot of the smoothed D,t

curve derived by Chapman and Akasofu

[Arnoldy et al., 1960], shows the history of the

August 16 storm in greater detail. The data

are averages of the horizontal component
measured at 12 observatories well distributed

in latitude and longitude.

The long-period variation of the storm field at
the surface coincides with a similar variation at

an altitude of --_ 4 earth radii (24,000 km). A

comparison of figures 6a, b, and c indicates that

B± undergoes a main phase decrease and re-

covery at _ 4R8 which is essentially coincident
with D,t at the surface. The magnitude of the

main phase decrease is _ 140 _, at the surface

and _ 360 _ at 4RB, that is, approximately

two and one-half times as large.

Variation in the Direction of the Field during the
Storm

Magnitude data (B±) are unavailable for

parts of the Explorer 6 orbit and for much of

the Explorer 6 lifetime. When the satellite

was at large radial distances, it was difficult to

obtain good quality ground station records

because of the relatively broad bandwidth

requirements of the sinusoidal output signal

and the low power of the radiated telemetry

signal, which was significantly below the

design goal. Most of the useful magnitude

data were acquired by the large radio telescope

at Jodrell Bank, England. Conversely, the

frequency-modulated signal from the phase

comparator varied slowly over the orbit, the
signal bandwidth was narrow, and most of the

phase data were eventually recovered.

Figure 7 shows the departure of the observed

field direction from the direction of the extrapo-

lated geomagnetic field and contrasts the

departures on storm days and quiet days. The
experimental measurements obtained from the

magnetic field aspect indicator (or phase com-

parator) are shown as a function of altitude for

three orbital passes. Also shown are theoretical

values of the phase angle for the extrapolated

geomagnetic field (_a).

At geocentric distances of less than .10,000-
15,000 kin, _ = _o because of the "stiffness"

of the geomagnetic field near the earth (i.e., a
transverse disturbance field of several hundred

gamma would not produce an observable change

in the direction of the dipole field lines).

Fortunately, the same range of angles (150 °

< _ < 300 °) was observed near the earth and

at great distances. Thus the agreement be-

tween _ and _a near perigee provides a check

on the consistency of the aspect indicator

calibration. I

At large distances from the earth, where
Explorer 6 was at southern geomagnetic lati-

tudes, the phase deviation A_ _- _ -- ¢o was

negative. On the geomagnetic equator (_M ---- 0

is indicated in figures 8 through 11, and the

geomagnetic latitude of the spacecraft as it

traveled from 20,000 km to apogee is shown in

figure 14), A_ was either zero (passes 16, 18,

and 20) or slightly negative (orbits 15, 17, 19,

21, and 22).

The extent by which _ differed from _a

depended, in part, on the trajectory of the

Explorer 6 (i.e., the magnetic latitude of the

spacecraft at a given altitude). There was also

a time variation apparent in figure 7. Magnetic

storms occurred August 17 and September 4,

whereas August 27 was one of the quietest days

of the month (A_ indices are included in the

figure).

On August 27 and 13, _ was smallest when,

as figure 6 indicates, the horizontal intensity at

the earth's surface rose to its highest value.

These observations are qualitatively consistent
with a decreased westward current in the

magnetosphere.

Another feature of figure 7 is the occurrence

of fine structure during the magnetic storms.
Several distinct transients (such as those seen at

30,000 km on August 17 and 42,000 km on

September 4) correlated with pulsating mag-

netic bays in the Antarctic [Smith and Judge,
1961] and transient increases in the Explorer 6

scintillator count rate. According to Rosen and

I'arley [1961], the occurrence of rapid variations

in the scintillator count rate was typical of

magnetically disturbed periods.
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FIGURE 7.--Phase angle data during storm and nonstorm intervals. The phase angle ¢ is shoum

as a function of geocentric distance for orbits on August I7 and _7 and September 4. The theo-
retical angle based on a spherical harmonic expansion of the surface field is also shoura. August

17 and September _ were storm days, and August 27 ux_s the quietest day of the month. The

planetary A_ indices are shown for each day. There are substantial changes in the character

of the large-scale deviation, dp-¢_, between quiet and disturbed periods. In addition, during

storm periods irregular small-scale variations in 4) are typical.

Figures 8 through 11 contain the phase angle

data for eight successive orbital passes during

August 15-18. ZK_ is the sum of the 3-hour

planetary K indices during the 12-hour period

corresponding to each orbital pass of Explorer 6.

The altitude at which the spacecraft crossed the

geomagnetic equatorial plane is denoted in each

figure by tM = 0 and an arrow (see fig. 14 for the

position of the spacecraft at other geomagnetic

latitudes). _M is an angle between _, the Ex-

plorer 6 spin axis, and n, the normal to the local

magnetic meridian plane (fig. 12). The merid-

ian plane contains the local field direction and

the center of the earth. The perpendicular to

the magnetic meridian plane is given by

_B X tR, where _B is a unit vector in the direction

of the extrapolated geomagnetic field, and tR is a

unit vector in the direction from the earth's

center to the spacecraft. The extent to which

the spacecraft spin axis was rotated out of the

magnetic meridian plane at different points

along the trajectory is indicated by OM. The

angle X, is obtained when the earth-sun vector
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FIGURE 8.--Phase data obtained during a magnetic storm (odd-numbered passes). The phase angle ¢

is shown as a function of geocentric distance and universal time. The theoretical phase angle for

the unperturbed geomagnetic field, dCG, is also shown. 8i is the angle between the Explorer 6 spin

axis and the local magnetic meridian plane (see figure 13). k, is the angle between the projection

of the spacecraft radius and the earth-sun direction onto the geographic equatorial plane (see figure

1_). The arrow marked _M = 0 indicates where the spacecraft crossed the geomagnetic equator.

Data are shown for two orbits, numbers 15 and 17 on August 15 and 16. The odd-numbered

passes are presented together because their trajectories are similar in geomagnetic coordinates. T.K,

is the sum of the planetary K indices during the 12 hours of each orbit. Note the agreement between

¢ and ¢ho at low geocentric altitudes, which represents a calibration check on the phase comparator

data at high altitudes where large deviations from the geomagnetic field direction are observed.



324 ENERGETIC PARTICLES IN MAGNETIC FIELDS

MAGNETOMETER

PHASE

ANGLE

OM , Xs
(DEGREES)

320

280

240

200

160

120

80

40

0

520

28O

240

2OO

160

120

8O

4O

0500

GEOCENTRIC DISTANCE (103 KM).

I0 20 30 40 48.8 40 50
I I _ l 1 F "[

2O

- 17 AUGUST 1959

(^_ _-.... /_G PASS 19 (0420-1610-GMT)

- _ L / \,. ...I.... @ }_Kp = 26

..s f/== _ _--_ .........

8M

- _ X s

t I _ [ T I I.... I I

0400 0500 0600 0700 1200 1500 1400 1500
I I I I

0800 0900 I000 I100

TIME - (GMT, HOURS)

600

] l [ I _ I I I i

- .,,.,.---_ _ 18 AUGUST 1959

_____----- 0 M

- _X s

] I [ i

1500 1400 1500 1600 1700

I _ t I I I

0600 0700 0800 0900 I000 I100 1200

TIME- (GMT, HOURS)

FIGURE 9.--Phase data obtained during a magnetic storm (odd-numbered passes). The empirical

phase angle and the theoretical angles presented in figure 8 are shown here ]or passes 19 and 21

on August 17 and 18.
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FIGURE 11.--Phase data obtained during a magnetic storm (even-numbered passes). The phase data

and theoretical angles are presented for two even-numbered passes on August 17 and 18.
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_o, the spacecraft spin axis, is useful in determining how sensitive the magnetometer is to disturbance
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and the satellite radius vector are projected onto

the equatorial plane (fig. 13).

f f f I "_" "_

.,....;'(XPLORER' "
.,,,._--'- I/ / RADIUS VECTOR PROJECTED

] _ INTO GEOGRAPHIC EQUATORIAL

_--'-'I/ PLANE

/
W

"to =o
SUN tu

FIGURE 13.--Representation of the angle, X..

The sun-earth direction and the Explorer 6

radius vector are shown when projected on the

geographic equatorial plane, h,, the angle

between these projections, gives the instantane-

ous position of the spacecraft with respect
to the sun-earth direction. The projected

Explorer 6 orbit]or August 16 was used as an

example. The solid part of the orbit lies

above, and the dashed part below, the equatorial

plane.

As discussed earlier, the data are divided into

two groups in order to minimize trajectory

effects. Figures 8 and 9 contain only the odd-

numbered passes which generally occurred

during the first half of the Greenwich day,

whereas figures 10 and 11 contain even-

numbered passes. There were small progres-

sive changes in the geomagnetic coordinates

of the spacecraft at a given point on the tra-

jectory on the odd-numbered and even-

numbered orbits taken alone. In figures 14

and 15 the altitude at which _M was zero pro-

gressed to higher altitudes during the odd-

numbered passes and to lower altitudes during

the even-numbered passes.

Figures 8 through 11 show a progressive

enhancement of _ during the storm with a

subsequent return to prestorm values. This

can be seen if we consider a given h_ (e.g.,

h_ ---- --20°), which moved toward lower alti-

tudes during the main phase of the storm (ZK_

90" 80" 70" 60" 50* 40"

30"

20"

10"

-10 •

- 20'

-30*

-90 ° -80" -70 ° -60" -50 ° -40 °

FIGURE 14.--Geomagnetic latitude of the space-

craft (odd-numbered passes). The part of the

Explorer 6 orbit between radii of 20,000 and
_8,000 km is shown]or passes 15, 17, 19, and

21 on August 15-18. The triangle (digital

data) and circles (analog data) mark the

positions at which data used in figures 6 and
16 were obtained.

increasing) and returned to higher altitudes

during the recovery phase (ZKp decreasing).

Figure 16 provides an alternative view of the
variations in A_ during the storm. At the top

of the figure is a plot of _ at a given altitude
(40,000 kin) as a function of time. The simul-

taneous variation in the horizontal intensity at

the earth's surface is plotted in the middle of

the figure. The data are hourly mean values of

H at Huancayo. The diurnal variation has
been removed. At the bottom of the figure is

a plot of the corresponding values of the 3-hour

index Kp. The direction of the distant field
was correlated with both variations in the



GEOMAGNETIC FIELD DURING MAGNETIC STORMS

hJ
a

.J

u
k-
id
Z

=E
0
hi

30"

20"

I01

0

-i0 •

-20 •

90 ° 80 ° 70 ° 60 ° 50 ° 40 °

-50"

"90° "80" -'to° -60 ° -50" -40"
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contains the trajectory in spherical coordinates
(geomagnetic latitude and radial distance) .[or
passes 16, 18, 20, and 22 on August 15-18.
The circles mark the location o] Explorer 6
at which the data used in figures 6 and 16 were
obtained.

horizontal component and the degree of agita-
tion of the surface field.

This correlation appears to include the initial
phase of the August 16 storm. However, the
increase in AH and decrease in _ observed

during the first quarter of August 16 actually
represented a superposition of two effects, the
initial phase of the sudden commencement

storm of August 16 and the recovery phase of
the gradual commencement storm of August 15.
The effect of the GC storm on the distant field

can be seen in the first two data in figure 10
(August 15) and by comparing figures 8 (top)

and 10 (top) (successive passes). An inspection
of ground station magnetograms shows that the
GC storm was of short duration. Because the
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two storms overlap, it was not possible to isolate

and study the effects of the initial phase of the

SC storm. The subsequent data show the effect

of the main phase decrease and recovery associ-

ated with the August 16 storm.

Simultaneous Variations in Field Magnitude and

Peak Intensity of the Outer Radiation Zone

Figure 17d is the same as figure 6a, that is

5B± at _4R_. Measurements of the peak in-

tensity of the radiation particle fluxes in the
outer zone are also shown. Figures 17a, b,

and c are the Explorer 6 data obtained by the

Space Technology Laboratories scintillation

counter, the University of Chicago proportional

counter, and the University of Minnesota

Geiger tube. Before the storm of August 16,

the primary peak in the outer zone was at

approximately 24,000 km, on the basis of

Geiger tube data [Arnoldy et al., 1960]. Thus,

equatorial field measurements and Geiger tube

measurements of the peak intensity occur in

the same region of space and are essentially

simultaneous. The peak of the outer zone as

detected by the other two instruments was

displaced slightly from 24,000 km [Fan etal.,

1960; Rosen and I_arley, 1961].

During the main phase of the stem, there
was a substantial decrease in the count rates of

the University of Minnesota and University of

Chicago experiments, followed by a large in-

crease in the particle fluxes during the recovery

phase of the storm. The scintillator data de-

parted from this general tendency only during

the onset of the main phase. This behavior is

characteristic of the outer zone during a mag-

netic storm and has been observed by similar

instruments on oth_r satellites. The responses

of the Explorer 6 detectors are consistent with

the subsequent empirical demonstration that,

with the onset of a magnetic storm, the low-

energy (100 kev or less) particle flux increases

at the same time that the medium- and high-

energy particle fluxes are decreasing. All throe

components then undergo a large increase

during the recovery phase of the storm [e.g.,

Obrien, 1964].

Figure 17 shows that the slow variations in

particle intensity were correlated with the var-

iations in field magnitude at 4R_. However,

although the peak intensities in the outer zone
after the storm increased by an order of magni-

tude, the magnetic field intensity was still
somewhat loss than its prestorm value.

SUMMARY

The experimental data can be summarized as
follows:

1. Long-period time-dependent changes in
the distance field coincided with Dst at the

surface.

2. The magnitude of the main phase decrease

in B± was ---2.5 times larger at _4R_ than at
the surface.

3. Irregular field fluctuations, with periods

exceeding one minute, were observed during the

storm.
4. Variations in the direction of the field at

7R_ correlate with half-day variations in (a)

the horizontal component of the surface field

and (b) the three-hour planetary K index.

5. The large-scale perturbations of B± and

during the storm were qualitatively similar to

th_ perturbations observed previously on non-

storm days.
6. The D,t variations in the field magnitude

at 4R_ correlate with changes in the peak inten-

sity of the outer radiation zone measured by throe

high-energy particle detectors on Explorer 6.
Two detectors show a decreased intensity

during the storm when the field magnitude is

depressed. All throe detectors recorded peak
intensities that exceeded the prestorm values

by an order of magnitude at the same time

that the field magnitude returned to its

quiescent value.

DISCUSSION

Characteristics of the Large-Scale Storm Field

The storm data at 4 to 8R_ and the worldwide

component of the surface storm field (D,t) have

the same time dependence. Furthermore, the

variations at 1, 4, and 7 earth radii are es-

sentially simultaneous, that is, possible time

delays are much less than the characteristic

period of the Dst variation. During the storm,
the earth was immersed in a large-scale magnetic

field that was manifest at the surface as the

main phase decrease.
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The characteristics of the Dst field at the

earth's surface can be described simply. The

field is approximately uniform and antiparallel
to the earth's axis of rotation over the entire

surface.

Ideally, a complete description is desired of

the magnitude and direction of the Dst field in

the space surrounding the earth. However, a

complete description is not possible from a

single orbiting satellite. It is particularly diffi-

cult to distinguish between a radial dependence

and a dependence on latitude or longitude when

the trajectory is a highly inclined ellipse such as

the Explorer 6 orbit. In addition, useful data

from Explorer 6 are restricted to parts of the

orbit where the magnitude of the disturbance

field was at least several percent of the magni-

tude of the unperturbed geomagnetic field, as

discussed previously. We can, however, infer

several important properties of the large-scale

storm field from the Explorer 6 data. Later

magnetometer experiments can extend and

improve this description.

We now show that near the equatorial plane

at 4Rz the storm field (AB as distinct from

AB±) was directed southward, was aligned with

the local magnetic meridian plane, and. had a

magnitude of --_ 350 % At 24,000 km, the angle

0M between the spacecraft spin axis and the

normal to the local magnetic meridian plane was

approximately 105 ° . Thus, the spin axis was

nearly contained in the meridian plane. Con-

sequently, field rotations out of, or transverse to,

magnetic meridian planes were readily detect-

able, while along this part of the orbit the phase

angle was insensitive to rotations confined to

magnetic meridian planes, which would leave

equal to _o. The phase data (figs. 8 +Jhrough

11) show that h_ did not exceed 8° during the

storm. Therefore, any component of field rota-

tion out of the magnetic meridian plane was

small. The 350 _, decrease in Bz during the
main phase is consistent with a reduction in the

magnitude of the field component parallel to

G by a factor of approximately 2. Assuming

that the field rotated without a change in
magnitude implies a rotation of 60 ° which would

produce a field with a large radial component
near the equator. Such a field would differ

greatly from the geomagnetic field and would

correspond, for example, to an interplanetary

field or a strongly deformed magnetic tail

existing at 24,000 km and lying in a magnetic

meridian plane. The experimental evidence dis-

cussed above, including the Explorer 6 trapped

particle measurements, makes it certain that

Explorer 6 was inside the geomagnetic field,

particularly at 24,000 kin. Therefore, it seems

reasonable to conclude that the decrease in B±

is primarily a decrease in magnitude, that B

and G were parallel near the equator, and that

z_B(t) in figure 6 is approximately the magnitude

of the time-varying storm field near the geomagnetic

equatorial plane. Small deviations in field direc-
tion cannot be ruled out but are not an essential

feature in view of the arguments presented here.

Ring Current

The disturbance observed during the storm

is very suggestive of a ring current. To under-

stand why the evidence is inconclusive, it is
instructive to consider what observations would

be needed for rigorous detection of this current.
To deduce the current from measurements of

the magnetic field, it is necessary to obtain
_B.dS round a closed curve, thus giving the

current through that closed curve. Not only

does Explorer 6 lack one component of B, but no

single satellite moves in a closed curve that is

really suitable for this purpose. One pos-

sibility might be to use two satellites whose

orbits are nearly coplanar and to compute

the current through the lines between their

orbits. In any event, quite accurate mag-
netic measurements would be needed. Here,

then, we must be content to compare the ob-

served field with that predicted for a ring
current.

The ring current predicted is caused by

trapped particles and can be regarded as

arising _ either from their anisotropic pressure

distorting the field hydromagnetically or from
a combination of their drifts and diamagnetic

effect. The latter is similar to pressure and

causes an important depression of the field

strength where the pressure is high, roughly

according to pressure balance between particles
and field. Davis and Williamson [1963] have

observed a population of trapped protons

having a pressure substantially higher than
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that of other known trapped particles. For

L _ 4 they found the pressure to be about one-

tenth that of the magnetic pressure during

quiet times, and they found that pressure in-

creased by a factor of 3 during one storm.

Akaso]u [1963] has reviewed ring current theory

and estimated the effect of the protons observed

by Davis and Williamson. Whereas the dis-

turbance at the ground corresponds to a west-

ward current, the current due to trapped par-

ticles is eastward on the inner side of the particle

distribution where the particle pressure is in-

creasing with L. The westward current flows

on the outer side, and the resulting disturbance

is illustrated by Akasofu's computations. He

obtains for storm conditions in the equatorial

plane a depression of 100 %at the ground, a
maximum depression of somewhat more than

200 _ between L ---- 3 and 4, and a slight

strengthening of the field beyond L _-- 6. The

greater depression at L ---- 4 than at the ground
is in qualitative agreement with data from

Explorer 6 and is due to the eastward current

close in. The lack of detailed agreement could
arise as follows. First, only protons of _ 100

key were observed by Davis and Williamson,

and softer protons might be important. Since

the observed proton pressure went up to one-

third of the magnetic pressure, the pressure of

softer particles could hardly be a dominant

proportion, but it could change the maximum

field depression from 220 _, to, say, 350 _.

Second, the storm observed by Explorer 12 was

of course not the same as that observed by Ex-
plorer 6, and substantial differences between

different storms seem to be allowable. Third,
Akasofu's calculation is not self-consistent.

Finally, should the ring current be incapable of
accounting fully for the observed disturbance

on the trajectory of Explorer 6, the field farther

out is known to be distorted in a quite different

way. This distortion is not symmetric about

the geomagnetic axis, but, for the late evening

meridian of Explorer 6, there is some similarity

with the changes of _ observed near apogee;

this distortion will now be discussed briefly.

Distortion of the Field in the Outer Magnetosphere

The solar wind, now certified by Mariner

[Neugebauer and Snyder, 1962], distorts the

magnetosphere. Many theoretical studies of

this distortion have been published [e.g.,

itlidgley and Davis, 1963]; most have neglected

any interplanetary magnetic field, though some

have considered it [e.g., Dungey, 1963]. Ob-
servations of this distortion were obtained from

Explorers 10, 12, and 1¢. For comparison

with Explorer 6, Explorers 10 and 14 are most

relevant, having apogee in the evening direc-

tion. Heppner et al. [1963] found a boundary

far out, but for the first 15 earth radii the field

strength gradually exceeded the dipole value

while the direction gradually swung around and

pointed away from the earth (the apogees of

Explorers 6, 10, and 14 were south of the equa-

torial plane). Cahill [1964] has published the

results of two successive passes of Explorer 14

near the midnight meridian that are separated

by 36 hours. There was a magnetic storm two

days before the first pass. On the first pass

the field strength was depressed from 4 to 8

radii by a roughly constant amount, _ 25-50

_,; farther out the field strength remained at

50-75 _ right out to apogee at 16 radii. On

the second pass, there was no depression and the

field strength settled at 30-50 _ from 10 radii

out to apogee. On both passes the direction

swung around and settled pointing away from

the earth, the swing occurring between 7 and 9

radii on the first pass and between 9 and 11

radii on the second pass. It is this change in

direction observed by Explorer 10 and by

Exp!orer 14 which resembles the change in field

direction observed by Explorer 6 near apogee

(Cahill also found this change of direction on

passes of Explorer 14 for which data have not

been published). The far field near the noon

meridian was observed by Explorer 12 [Cahill

and Amazeen, 1963] and behaves entirely dif-

ferently, demonstrating that the distortion is

quite asymmetric and therefore not due to a

ring current alone.

The observations seem to fit Dungey's model,

though further measurements are required to

fill in the picture. The outstanding features in
this theoretical model are two concentrated

current sheets, in both of which the current
flows in the direction opposite to the orbital

motion of the earth, the return current not being
concentrated in sheets. One sheet is on the
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day side, is oriented normal to the direction of
the sun, contains current flowing eastward, and

has been found by Explorer 12. The other is

on the night side, oriented roughly in the equa-

torial plane, contains current flowing westward,
and has not yet been found. The existence of

the latter current sheet is, however, consistent
with the observations far out and south of the

equatorial plane. Because the sheet current is

westward, the effect at 6 radii is hard to dis-

tinguish from the effect of a ring current, and the
nature of the distinction needs consideration.

Distinction Between the Rin9 Current and Distor-

tion by the Solar Wind

It has been stated that the ring current can
be derived from the balance between the

anisotropic pressure of the trapped particles

and the force density j X B/c. The distortion

by the wind is derived by consideration of the

plasma flow resulting from the imbalance
between these same forces, but only a qualita-

tive theoretical picture has yet been obtained.

However, this shows that the two effects cannot

be distinguished rigorously in terms of physical

mechanisms, and this is true afortiori if the

trapped particles originate fr.om the solar wind,

as seems likely because of their storm-time
variation. The distinction can then only be

geometrical. The axial symmetry of the ring

current contrasts with the asymmetry of the

observed field far out, and it is clear that the

relative importance of the wind distortion
increases with the distance from the earth.

Both disturbances are established beyond

reasonable doubt, but it will never be easy to

rigorously separate the two.
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Characteristics of the Extraterrestrial Current System:

Explorer VI and Pioneer V 1

BY E. J. SMITH, _ P. J. COLEMAN, 3 D. L. JUDGE, AND C. P. SONETT 4

Space Technology Laboratories, Inc.

N65- 21 99 5
The purpose of this note is to present some of

the characteristics of the current system dis-

covered by Explorer VI. These currents are

located at altitudes beyond 6 earth radii and
thus lie outside the Van Allen radiation zones.

The presence of the current system gives rise to

a major large-scale perturbation of the distant

geomagnetic field. It was on the basis of this
field perturbation, which was observed by the

Explorer VI magnetometer, that the existence
of this current was established. In earlier work

which has been published [Sor_ett and others,

1960a, b], it has been shown that the currents

have the following characteristics. They (1)

are a persistent feature of the distant field and

occur on both magnetically quiet and magnet-

ically disturbed days; (2) tend to be localized

spatially, perhaps in the form of a toroidal ring;

(3) show a time variation; (4) probably do not

represent termination of the geomagnetic field

(which appears to take place beyond 10 Re);

and (5) have a total magnitude which is prob-

ably of the order of 106 amperes.

These conclusions were based on a prelimi-

nary examination of the geomagnetic field
deviations associated with the current. In
order to establish the characteristics of the

I Presented at the Washington Meeting, American
Geophysical Union, Session on Planetary Sciences,
April 27-30, 1960. Published in the June 1960 issue
of Journal of Geophysical Research. Reprinted by
permission.

2 Now at Jet Propulsion Laboratory.
a Now at Inst. of Geophysics, Univ. of Calif. at Los

Angeles.
Now at NASA Ames Research Center.
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current system itself, a model has been hypoth-
esized and the resultant field consisting of the

geomagnetic and perturbation field has been

computed. These calculations have been com-

pared with the observed field in order to (1) test

the applicability of the model and (2) evaluate

the parameters of the current system which

best fit the data. The purpose of the present

discussion is to present some preliminary, but

interesting, results of these model calculations.

The search coil magnetometer measures the

component of B perpendicular to the spin axis

of the payload, designated [B± I [Sonett and others,

1960c]. In addition there is a related experi-

ment in the payload which provides information

on the direction of the field component perpen-

dicular to the spin axis. This consists of an

aspect indicator which measures the angle, q_,

between B± and the vector from the vehicle to

the sun projected into the vehicle's equator.

Figure 1 represents the characteristic results

from these two experiments obtained along the
outward branch of an orbital pass. ]B±I and eb

are shown as a function of geocentric altitude.

In addition to the data points, heavy curves

are shown representing theoretical values of the

extrapolated geomagnetic field. The data rep-

resent an actual comparison between the

absolute experimental values and the theoretical

calculations (based on a spherical harmonic

expansion of the earth's field as measured at the

surface). This figure shows clear evidence in

both measurements of the perturbation of the

distant field. Figure 2 presents an expanded

view of the region of interest (actually the data
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FIGURE 1.--The extraterrestrial field as a ]unction o] geocentric altitude.

were taken 251/_ hours earlier than those shown

in fig. 1).

Explorer VI provided two kinds of telemetered

data. The magnetometer signal (a sinusoid at

the spin frequency of the payload whose ampli-

tude is proportional to ]B±I) modulated a sub-

carrier oscillator whose output was telemetered

to the ground as a direct analog signal. The

magnetometer signal also went to a digital-
telemetry-unit ("telebit"), where the analog

signal was converted into a digital signal. A

binary "word" (or number) was continuously

stored in a memory unit. The memory unit was

sampled periodically, and the digital word was

telemetered to the ground stations. The use of

these two calibrated outputs provided a check

on the quality and accuracy of the telemetered
data.

As digital data obtained simultaneously with

the analog data have been included in figure 2,

the two output signals may be compared. The
length of the vertical line associated with the

digital data represents the maximum uncertainty

in the measurement as a consequence of digit-
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ization, There is substantial agreement between
the two results.

Figure 3 presents the essential features of

the model calculation diagrammatically. The
assumptions involved are the following: (1)

The current volume is cylindrical in shape with

a circular cross section of radius a. (2) The

center of the current cylinder is located at a
distance R0 from the center of the earth and lies

in the geomagnetic equator. (3) The total

current has a magnitude I which is uniformly

distributed throughout the volume and flows
westward.

One analog of such a model would be a circu-

lar current enclosing the earth as envisaged long

ago by StSrmer [1911] and by Chapman and

Ferraro [1941]. This approach to the problem

is essentially phenomenological; there is no con-

sideration of the microscopic motion of particles.

The utility of such a simple model lies in simpli-

fying the calculations of the perturbation field
due to the current. On the basis of individual

particle motion in the inhomogeneous magnetic

field, it has previously been suggested that such

a model is physically meaningful [Singer, 1957],

though we considered it significant that VB

shows gross changes, thus raising a question as

to the applicability of the Alfv6n perturbation

theory.
The calculations are complicated by the

necessity of specifying the trajectory of the

payload and the fact that the magnetometer

detects a rather arbitrary component of the

magnetic field which depends on the orientation
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FIGURE 3.--The ring-current model. Refer to

text for proper values of R0 and a.

of the spin axis in space. The calculations were

programmed for a computer as follows:

At a given point along the trajectory: (1) the
perturbation field due to the current was com-

puted; (2) it was added vectorially to the geo-

magnetic field obtained from the same spherical

harmonic expansion as was used previously;

(3) both the net IB±I and • were computed.

The results of these calculations are presented

in figure 4. A close fit to the experimental data

is obtained for the following values of the
parameters

Ro = 60.1_ km (_-_10 R_)
I = 5.106 amperes
a---- 3 R, or less (no pene-

tration of the current
by Explorer VI on this
day)

The region of space being sampled by the

Explorer VI payload lies on the evening side of
the earth at about 2100 hours local time.

Clearly, it is desirable to sample a different re-
gion of space to determine the gross character-

istics of the current system. This is particularly
important as far as it relates to closure of the

current system and to the establishment of

whether or not the perturbations are due to a

toroidal ring current. Such an opportunity
was provided by Pioneer V, which carried a

similar magnetometer and which passed through
the geomagnetic field on the afternoon side of
the earth.

Figure 5 presents the sampled, digital field

30 55 40 45 50

GEOCENTRIC ALTITUDE (1000 KM)

FIGURE 4.--Comparison between the results of

the model calculation and Explorer VI data.

Dashed lines are unperturbed parameter values.
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the mode] calculation and Pioneer V data.
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measurements obtained during the early part

of the Pioneer V flight through the geomagnetic

field. Also shown are the results of the model

calculation using the following parameters:

R0 = 50,000 km

I = 5.106 amp
a=3R,

An important feature of the agreement is the

fact that the data cannot be adequately fit for

values of a less than 3. Therefore, this estab-

lishes the minimum cross section of the ring at

this time, just as the data in Figure 5 set an

upper bound of 3 earth radii at the time those
measurements were made.

It is considered that the close agreement with

the model and the similarity of the values of the

parameters in these two regions of space

strongly suggest the existence of a ring current

around the earth at altitudes of approximately

10 earth radii.
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A Comparison of Explorer VI and Explorer X Magnetometer
Data'

BY EDWARD J. SMITH 2

Space Technology _boratories, Inc.

Magnetometers contained on seven space-

craft have measured the extraterrestrial mag-
netic field: Pioneer I, October 1958 [Sonett,

Judge, Sims, and Kelso, 1960], Lunik I, January

1959 [Dolganov and Pushkov, 1959]; Explorer

VI, August 1959 [Sonett, Smith, and Sims,

1960]; Lunik II, September 1959 [Krassovsky,

1960]; Vanguard III, September 1959 [Hepp-

net, Stolarilc, Shapiro, and Cain, 1960]; Pioneer

V, March 1960 [Coleman, Sonett, Judge, and

Smith, 1960]; and Explorer X, March 1961

[Heppner, Ness, Skillman, and Scearce, 1961].

Some of the magnetometer data are restricted

to magnitude measurements only. Explorer VI

and Explorer X, however, measured both mag-
nitude and direction. Furthermore, for both

spacecraft, apogee occurred at southernly geo-

graphic latitudes at an angle of approximately
135 ° with respect to the earth-sun direction.

The purpose of this note is to compare the Ex-

plorer VI and Explorer X vector field measure-

ments, to make this comparison in geomagnetic
coordinates, and to discuss the existence of a

large-scale deformation of the geomagnetic field.

The Explorer VI data provide evidence of a

persistent, large-scale deformation of the geo-

magnetic field at radial distances exceeding 5 to

6R_ (earth radii) [Sonett, Smith, Judge, and
Coleman, 1960]. The characteristics of the cur-

rent associated with the deformation were

sought in order to overcome trajectory restric-

I Published in the May 1962 issue of Journal of

Geophysical Research. Reprinted by permission.

2 Now at Space Sciences Division, Jet Propulsion
Laboratory.

N65-21 996
tions and_to_eXPplain_the underlying cause.

Reasonable agreement was obtained between a

simple current model and magnetometer data

from Explorer VI and Pioneer V [Smith, Cole-

man, Judge, and Sonett, 1960]. The data

appear consistent with a westward ring cur-

rent at --_10R_, a result supported by the
observation of a zone of trapped low-energy

electrons [Gringavz and Rytov, 1960].

Preliminary analysis of the Explorer VI data

was based on graphs of IB±I and _, the magni-

tude and direction (with respect to the sun) of

the field component perpendicular to the space-

craft spin axis, as a function of geocentric

altitude. Leverett Davis suggested that a

meaningful vector representation of the field
could be obtained from the two measurements

IB±I and _bby assuming that the deformed field

lies in magnetic meridian planes. Figure 1

shows the disturbance field, F ---- B -- G, where

B is the observed field and G is the geomagnetic

field extrapolated to the instantaneous location

of Explorer VI. B was obtained by rotating

IB±I and _binto geomagnetic coordinates (radial

distance r, geomagnetic latitude _M, and longi-

tude kM), assuming F had no component per-

pendicu]ar to meridian planes (F_M = 0). F

agrees qualitatively with the field produced by a

westward current. The data bear a favorable

resemblance to theoretical results for the vector

field due to a diamagnetic ring current [Akasofu,

Cain, and Chapman, 1961].

The Explorer X magnetometer measured all

three field components [Heptmer, Ness, Slcillman,

341
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FIGURE ].--Disturbance field measured by Explorer VI. The disturbance field F (solid line) is

equal to B-G, where B is the observed magnetic field and G (dashed line) is the extrapolated geo-

magnetic field. B is obtained by transforming the measured field parameters IB_LI and _ into

geomagnetic coordinates, assuming there is no component oJ F perpendicular to the magnetic

meridian plane (the plane containing the dipole field line and the center oJ the earth). F is shown

at selected positions on the Explorer VI trajectory as viewed ]rom a direction perpendicular to the

local magnetic meridian plane. The data were obtained on August 9, 1959, and were used in

conjunction with the model calculations reported previously (Smith, Coleman, Judge, and Sonett,

1960).

and Scearce, 1961]. In figures 2 and 3 the data

are transformed into spherical geomagnetic

coordinates from spacecraft coordinates. Figure

2 shows B projected onto the magnetic equa-

torial plane. B tends to lie in magnetic
meridian planes (the radial lines) out to geo-

centric distances of _130,000 km. Thus, the

assumption used in the Explorer VI data

analysis gives a reasonably valid description
of the disturbance field. Figure 2 also in-

dicates that Explorer X was still inside the

geomagnetic field at 20RE.
The Explorer VI and Explorer X data can be

compared by considering figures 1 and 3. Fig-
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FIGURE 2.--Field observed by Explorer X, projected into the equatorial plane. This figure shows

the component oj the observed magnetic field projected into the geomagnetic equatorial plane BEQ

(solid line). The direction oJ B_Q can be compared with the direction of the corresponding geo-

magnetic field component GEQ represented by a radial line connecting the point oj observation and
the earth's center, a is a unit vector in the antisolar direction (dashed line) also projected into

the equatorial plane. It is evident that out to a geocentric distance oJ at least 20RE the observed

field tends to lie in the local magnetic meridian plane. Small deviations between B_Q and GEQ

are consistent with a slight rotation of the field toward the antisolar direction.
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mer4dian plane. This figure should be compared with figure 1, which is the corresponding field
component determined from the Explorer VI data. Both figures show a tendency for F to rotate
counterclockwise and be radial at large geocentric distance.
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ure 1 shows a southward-directed F that rotates

counterclockwise with increasing altitude.

These features also appear in the Explorer X

data. F is greater in figure 1 (mildly disturbed

conditions) than in figure 3 (magnetically

quiet). This confirms the Explorer 171 result

that a large-scale deformation oJ the geomagnetic

field is present even on nonstorm days.

The disturbance field is such that the dipole

field lines are rotated parallel to magnetic

meridian planes (stretched out) but retain their

essential, geomagnetic character. This result

holds also during magnetic storms, at least out

to 8RE [Smith and Sonett, 1961] (Explorer VI

apogee). There appear to be two possible ex-

planations for a large-scale deformation of the

geomagnetic field. Theory indicates that par-

ticles trapped in the geomagnetic field give rise

to a westward ring current [Singer, 1957; Dessler

and Parker, 1959]. An alternative explanation

involves the transport of dipole field lines by

the streaming solar plasma around the earth

to form a magnetic tail in the antisolar direc-

tion [Piddington, 1959, 1960; Johnson, 1960].

The existence of the ring current was originally
treated as a fundamental distinction between

the two theories, but it is possible that both

are present simultaneously [Axford and Hines,
1961].

Although the Explorer VI data appear quali-

tatively consistent with either explanation, the
Explorer X results show that F is never directed

northward inside the magnetosphere if the

fluctuations occurring at greater altitudes

[Heppner, Ness, Skillman, and Scearce, 1961]

are associated with the outer boundary [Sonett,

1960]. In fact, F tends to be radial at large
distances. This is contrary to what is expected
for a ring current. The absence of characteris-

tics of B obviously associated with the antisolar

direction may appear inconsistent with the mag-

netic tail concept. However, hydromagnetic
redistribution, at lower altitudes, of the stresses

associated with a tail may preserve the sym-

metry of the earth's dipole field [Parker, 1958].

It appears likely that a magnetic tail exists.

The question of the possible existence of the ring

current, particularly during magnetic storms,

is still unanswered. This aspect of the Ex-

plorer VI data is presently being investigated,

using the data representation shown in figure 1.
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The Effects of Betatron Accelerations Upon the Intensity

Energy Spectrum of Magnetically Trapped Particles 1

and

BY PAUL J. COLEMAN, JR. 2

Space Technology Laboratories, Inc.

N65-21 997
A system composed of relativistic, charged particles in a uniform, slowly varying mag-

netic field is considered. The initial or unperturbed state of the system is one in which the
number of particles per cubic centimeter with energies greater than E is given by kE-%
and in which the particle flux is isotropic. The effects of slow, uniform changes in the field
strength upon the integral energy spectrum and upon the omnidirectional intensity of particles
with momenta greater than a are calculated. A simple expression which describes the latter
effect is developed. Variations of these two effects are calculated as functions of the p_rAm- A/_

eters, _, and a. /_"__f_c_///

The purpose of this note is to present the
results of a calculation on the variation of

particle intensity and energy spectrum with

magnetic field for a system of relati_dstic,

charged particles in a uniform, time-dependent

magnetic field. The term "betatron accelera-
tion" is used here, as it has been on previous

occasions, only to emphasize the fact that the

particle accelerations are produced by the

changing magnetic fields. This calculation was

undertaken as part of an analysis of data from

the earth satellite, Explorer VI. These particu-
lar data indicate that simultaneous fluctuations

of particle intensity and magnetic field occur in

the outer atmosphere. In collaboration with

D. L. Judge, the calculations presented in this

note are being applied to these data and the

results will be reported subsequently. Also,

these experimental observations have been

described briefly by Farley and Rosen [1960].

In order to treat this problem, it was assumed

that the system described above has an unper-

1 Published in the May 1961 issue of Journal of
Geophysical Research. Reprinted by permission.

2 Now at Institute of Geophysics, Univ. of Calif. at
Los Angeles.

turbed state in which the field strength is B0,

the number of particles per cubic centimeter

with energies greater than E obeys a power law,
No(> E) = kE-% the particle flux is isotropic,

and the omnidirectional intensity of particles

with momenta greater than _ has a value I0.

Next, an integral was derived that gave the

particle intensity, relative to Io, as a function of
the change in the magnetic field. This integral
has been evaluated for various values of the

parameters B/Bo, % and a, and the results are

presented. From these results a simple, em-

pirical expression is developed that describes

these intensity variations. Changes in the

integral energy spectrum with magnetic field
are also treated. It is felt that these results

may be applicable, at least qualitatively, to
the behavior of relativistic, charged particles in •

the outer geomagnetic field.

THE CONSTANTS OF THE MOTION

Consider a charged particle moving in a

magnetic field which can be presented in

cylindrical coordinates, p, _b and z, by a vector

potential having only a ¢ component. Let this
347
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component be given by As(p, z, t), where t is

the time. Suppose that the projection of the

particle's path upon the plane z -= 0 has an

approximate radius of curvature R, and that

the approximate period of the motion parallel

to this plane is T. Restrictions are placed
upon the system as follows:

and
](Rkp. V)B[ << ]B] (1)

T 0B <( IBI (2)

where kp is a unit vector in the p direction.

Alfv6n [1950] has shown that, when the

magnetic field changes in such a system, a

nonrelativistic particle moves on a tube of flux,

and the magnetic moment of the particle is a

constant of the motion. Thus,

my 2 sin 2 0
-- const:ult

B,

where m is the particle mass, v is the magnitude

of the particle velocity, and 0 is the particle

pitch angle, i.e., the angle between the magnetic

field vector and the particle velocity vector.

For relativistic particles in such a system,
Layton [1957] has shown that a constant of the

particle motion is the product of a quantity

described as the generalized magnetic moment

of the particle and the total particle energy, and
that relativistic particles also move on tubes of

flux. This result may be written

where

(E_ -- m°tc9 sin _ 8 = constant
B,

E m°c2
(I - _2)

m0 is the particle rest mass, c is the velocity of

light, and 3 = v/c. Thus, E is just the total

energy of the particle. In terms of the magni-
tude of the relativistic particle momentum,

m0c_
P - (1 -- Ba)1/2 (3)

this expression becomes

p_ sin s 0
-- constant (4)B,

Thus, in terms of initial conditions, the particle
motion satisfies the relation

p_ sin 2 0 _ po 2 sin 2 00

B, (B_)0

Particle energy spectrum.--For a relativistic

particle, the kinetic energy may be written in

terms of the particle momentum, as follows:

= (;,_2 1)_/2E moc_ \mo_cZ + -- moc 2 (5)

From (3),

p2- (m°c_)2

From this expression, 3, in terms of p, is given

by

P
(m02c 2 -{- p2) 1/2 (6)

Next, for convenience, let

8 2 _ P_

mo_c 2

where s may be considered the magnitude of the
normalized particle momentum. Then, from

(5) and (6), in terms of s,

E(s) = m0c2[(s 2 + 1) 1/2 -- 1]

dE = moc2s(s 2 + 1) -1/2 ds

_(s) - s
(1 + s2) 1/2 (7)

and

Ca

v(s) = Bc -- (1 + 82) '/2 (8)

In the unperturbed system composed of

charged particles in a uniform magnetic field of

strength B0, suppose that the number of par-

ticles per cubic centimeter with energies greater
than E is

No(> E) = kE--,

= k(m0c2)-'f[(s 2 -_- 1) 1/2 -- 1]-" (9)

in the energy range of interest. Note that, in

the unperturbed state of the system, the state

of a particular particle may be described by the

parameters Bo, po, and t_0.

In this state, then, the differential energy

spectrum is given by
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dNo dNo ds
no- dE ds dE

or

no = kT(m0c_)-*[(s 2 + 1) 1/2 -- 1]-(* +1)

• s(s 2 -4- 1) -1/2 ds/dE (10)

Next, we consider the effect upon the energy

spectrum of a slow change of magnetic field

strength from B0 to B, which is a special case of

a system restricted according to equations 1 and

2. The square of the normalized momentumof

a particle may be written

s 2 = s 2 (cos 2 0 + sin 2 8) = sll 2 + s±2 (11)

where the subscripts [[and 3_ indicate directions

relative to that of the magnetic field and, again,

0 is the pitch angle of the particle. The con-

stant of the particle motion given in (4) may be

written in terms of s, and the parameters of the
unperturbed state as follows:

s2 sin 2 0 = so2 sin 2 00 (lla)
B B0

When the magnetic field changes slowly, and

uniformly, from B0 to B, sit does not change.
Thus, s 2 may be written in terms of the param-

eters of the unperturbed state and the field

intensity B and, from (11),

( . )s2 = So2 cos 20o + BoSin200 (llb)

Now, those particles that, after the change of

field from B0 to B, have normalized momenta

determined by the relation

(
B sin2 00)22 = So2 \cos20o +

are just those particles that, before the change,

had normalized momenta determined by the
relation

82
8o2=

B

cos I 0o + _ sin 2

Thus, after the field changes, those particles that

have kinetic energy

g = moc2[(s 2 + 1) 1/2 -- 11

are the same particles that before the field

change had pitch angles 0o and kinetic energy

2

Eo = moc

• cos oo+"Oo)÷ -Bo sin2

Consider only the particles that have pitch

angle _0when the field is B0. According to the

assumption of a power-law spectrum given by
(9), the number of these particles with energies

greater than E is proportional to

No(> E) = k(raoc2)-*[(So I + 1) 1/2 -- 11-'

After the field changes from B to Bo, all of

these particles, which originally had energies

greater than E0, then will have energies greater

than E. Thus, their number is proportional to

B
N(>E) = k(moc2) -_ B_o

fE(22
Bo sin2

The factor B/Bo is included because the

particles remain on the surface of a tube of flux,

and therefore, the particle density changes in

proportion to the magnetic flux density.

To simplify (12), let
B

72 _- cos 2 0o + _ sin 2 0o (13)

Then the number of particles that had pi.tch

angle 0 when B = B0 and energies > E after

the field change is proportional to

1) t/2N(> E)= k(moc2)-* [(_ + --I]-'

and, differentiationwith respect to E shows the

differentialenergy spectrum for these particles

after the field change to be proportional to

,(E)
dN ds
ds dE - kT(moC 2)- _

"E(_ + 1) ./2 -- 11 -('+1)

• 5 + 1 _12dE
(14)
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EXPRESSION FOR PARTICLE INTENSITY

In general, the unidirectional spectral particle

intensity [See, for example, Montgomery, 1949],

denoted byj(r, 01, ¢1; 0, _b; E, t), may be defined,

for a given type of particle, by the expression

j(r, 61, ¢1; 0, _; E, t) dAd_dEdt

= the number of particles with energy in the

range dE at E, incident during the time interval
dt at t, from within the solid angle d_ at (0, _),

upon the area dA normal to the direction of the

particle velocity and located at the point (r,

0,, _1).

Here, 0 and _b are, respectively, the declina-

tion and azimuth of the incident particle direc-

tion. (In the system under discussion, the

declination and the pitch angle are equivalent.)

For a particular state of our system, j is inde-

pendent of the point of observation and in-

dependent of time. Under these assumptions,

the unidirectional spectral intensity becomes a

function of (0, _; E) only. In this case, the omni-

directional spectral particle intensity, referred

to a sphere of unit radius, will be denoted by

i(E) and is defined by the relation

i(E) dE dA= [fo 2" ff j(0, _; E).sin OdO d_]dE dA

= the flux of particles with energies in the range

dE at E, incident, from all directions, upon a

sphere of projected area dA.

Next, let the number of particles per cubic

centimeter, with energies in the range dE at E,

be denoted by n(E) dE. Let the fraction of
these particles with directions within the solid

angle d_ at (0, ¢) be denoted by

F(O, ¢)df_ = F(O, _) sin 0 dO d4_

Also, let the magnitude of the particle velocity

be denoted by v(E). Then

n(E)F(O, ¢)v(E) = j(O, _; E)

and

i(E)dEdA=[ fo2" fo"

or, in terms of s,

F(O, _)v(E)n(E)

sin 0 dO d4)] dE dA
A

(15)

i(s) ds dA=[ f2" fo" F(O, ¢)vn mc2s(s 2 + 1) -'/2

sin 0 dO d_] ds dAp

_]

Next, it is assumed that, when the field

strength is Bo, the particle flux is isotropic.

Thus, the fraction of the particles with direc-

tions within a given solid angle is just propor-

tional to the magnitude of the solid angle, and

the quantity F(O, _) is actually independent of

(0, _b), i.e.,
1

F(O, 4_) = _ = F(oo, _) (16)

since 0 = 0o when B = B0.

Then, substituting for v, no and F(O, _) from

(8), (9), and (16), respectively, and for E in

terms of s, in (7), the omnidirectional spectral

particle intensity, when the field is B0, is given

by

C [ /'2T 82

io(s) d8 = _-_k_,(moc2)-*/J ° fo" (1 + s a)

• [(s 2 + 1) 1/2 -- 1]-(_ +x) sin 00 dOo d4_}ds

Integration over 8o and _ yields

82

io(s) ds = ck_t(moc_) -, (1 + s 2)

.[(s 2 + 1) '/2 -- 1] -('r+l) ds

The omnidirectional intensity of particles with

energies greater than E is found by integrating

the negative of this expression over s. Let this

quantity be denoted by I. Then

_a c° 8 2Io(> a) = ck'y(moc2) -_ (1 2[_ 83)'/2

• [(s2 + 1) 1/2 -- 1]-(* +') ds (17)

where the lower limit, a, is determined by equa-

tion 7, i.e.,

E : m0c2[(a 2 -_ 1) 1/3 -- 1]

Next, the omnidirectional spectral particle in-

tensity, after the field has changed from Bo to

B, may be determined as follows.

Combining equations lla and 11b yields

B sin 2 00
sin _ 0 = --

B " 2
Bo cos2 0o + Boo sm 00

(17a)
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Thus, for a field change from B0 to B, the new
pitch angle of a particle depends only upon the
initial pitch angle and the change in field

strength. It is independent of the initial
particle momentum, so.

As mentioned above, it is assumed that when

B=Bo the distribution of particles is isotropic.
Thus, the fraction of particles in the element of
solid angle at 00 and ¢ is

1
4--_sin OodOo dO

According to (17a), when the field changes

from B0 to B, all the particles in this fractional
group are changed to the same new pitch angle.
The distribution over _bis unaffected. Thus,

after the change,

1
F(O, q_) sin 0 dO d4_ = _ sin 0o dOo dO

The omnidirectional spectral particle inten-
sity, after the field change, is then found by
substituting this result, as well as the results
given in (8) and (14), into (15). Note that,

according to (17a), the limits of integration
over 00, of the integral in (15), are 0 and 27r.
Thus,

_(rnod)-"

oo (1 -{'- s:) 1/2

"E(_ + 1) '/2- 1] -(_+1)

• -4- 1 _ sin Oo dOo cld? ds (18)

Now, from (13),

2 ( B .2 )n = cos20o+_sln 0o

- BBo[1--(__B_)cos: 0o]

Consider the case in which B > Bo. Let

z,= (-_-_)cos'Oo B>Bo,#<I

Then

dx = -- sin 0o dOo

and
B

,/2 = Boo (1 -- x _)

Also, the limits of integration become

for0o =2' x = 0

and

forOo=0, x= (_---_) 1/'

After substitution of these relations into (18)

and integration over q_,the omnidirectional in-
tensity of particles with s > a is found by in-
tegrating the negative of the result over s,

and is given by

/B \(-_.2)/2

I,(>a) = ckT(moc:)-*(_o )

• sU + Bo (1 -- x2)] '/2

-\To/ (1-

[ "•0 - 2 + Boo(t -
2

$

"(1 "4- s_)1/2 dx ds (19)

for B > Bo.
Next, consider the case in which Bo > B.

Let

#= (-_B-)cos_Oo Bo > B, # < 1

dx = -- sin 0o dOo

and
B

,/2 = _ (1 + x 2)

Also, the limits of integration become,

T

for0o = _, x-- 0

and,

for0o=0, x= (-_-_) 1/'

Then
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After substitution of these relations into (18)

and integration over _, the omnidirectional in-

tensity of particles with s > a is found by
integrating the negative of the result over s, and

is given by

/B \(_+2)/2

. f° fo*('°-'''''*"

• z2 + _o(1+

- \Bo/ (1 + z2) '/_

I B 2 -]-1/2• (1 q- x2)"y/2s2 q--_o(l -}- x)J

2
8

"(1 -]- s2)'/2 dx ds (20)

for Bo _ B.

The integral Io, given by (17), has been

evaluated for various values of 3' and _, the

lower limit of the integration over s. The

integrals 11 and I_, given by (19) and (20),
respectively, have been evaluated for various

values of B/Bo, 3" and a. These evaluations

were accomplished with a digital computer with

an error maintained below 1 per cent. The
parameter a was varied in order to determine

the effect which a change of the particle detector

threshold would have upon observations of the

variations in omnidirectional particle intensity.

It is assumed that the efficiency of the detector

above the threshold is independent of the

particle energy•

Values of particle energies corresponding to
various values of a, or s, far protons and elec-

trons are plotted in figure 1. Thus, for ex-

ample, if a = 1, the calculated particle intensity

would include, in the event of electrons, only
those particles with energies greater than 200
key.

The results of the integral evaluations are pre-

sented in figures 2, 3, and 4, which contain plots
of log (I/Io) versus log (B/Bo) for various choices

of the parameters, 3" and a. Thus, from the
curves, one can determine how the omnidirec-

IOI

I0'

.....- PilOT ONS

...- (LECTI_O_

I * I . . I . I .,

2 4 4 II I0

$ (OW r )-----_

FIGURE 1.--Normalized particle momentum (s or

a) versus particle energy for electrons and

protons in the energy range of interest.

tional particle intensity varies with magnetic

field strength for our model• Curves selected

from figures 2 ,a_,d 4 are presented in figure 5
to emphasize the dependence of the variations

of intensity upon a or, in turn, upon the lower

limit of the energy of the particles included, i.e.,

upon the threshold of the particle detector.

Note that the curves in figures 2 through 5

are very nearly straight lines, particularly for

values of B/Bo in the neighborhood of B/Bo -_ 1

or log B/Bo = O. The slopes of these curves

have been calculated and plotted, versus % in

figure 6. From the plot one may obtain a

relatively simple expression that describes

approximately the variation of the omnidirec-

tional particle intensity with small changes in
the magnetic field. The result is

log (I/Io) ( logs']log (B/Bo) -- 3' 0•56 -- 0•08 log / q- 1 (21)

at least for 1 _ a _ 8.

EFFECTS ON THE ENERGY SPECTRUM

Also, it is interesting to consider the effect of

the change in magnetic field upon the integral
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FIGURE 2.--Curves showing the manner in which the relative omnidirectional particle intensity I/Io

changes with the relative magnetic field strength B/Bo. The family of curves in this figure applies to

the behavior o/ particles for which the magnitude o/ the normalized momenta are greater than 1.0,

i_e., s _ 1.0, and the lower limit o/ integration in equations 17, 19, and 20 is, there/ore, _ = 1.0.

The parameter 7 is the exponent appearing in the expression/or the integral energy spectrum

(see equation 9).
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FIGUaE 3.--Curves similar to those in figure 9 except that s _ _,, or a = _.
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FIGURE 4.--Curves similar to those in figure 2 except that s _ 4.0, or a = 4.0.
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FIGURE 5.--Curves selected jrom figures 2 and 4 to illustrate the effect oJ the choice o/_ upon the manner
in which the relative omnidirectional particle intensity I/Io changes with the relative magnetic
feld strength, B/Bo.
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4O

0':1

FIGURE 6.--The approximate slopes of the curves shown in figures 2, 3, and _ (curves of log (I/I0), the
logarithm o/ the relative omnidirectional particle intensity, versus log (B/B0), the logarithm o/
the relative magnetic field strength) plotted versus 7, the exponent in the power-law expression for
the integral energy spectrum, .for various values of _, the minimum magnitude o/ normalized
momentum o] the particles considered.

energy spectrum of the particles. It was
assumed that, in the unperturbed state, the
energy spectrum, in terms of s, is given by (13).

However, after the field change, the spectrum
is a function of the pitch angles that the particles
had in the unperturbed state, and the inte-

gration over 0 is more complicated. The inte-

gral energy spectrum is found by omitting the

veloci£y factor, v(s), in (15) and integrating over

s. More explicitly, we eliminate the factor

cs(1 + s2)-lj_ from the right side of (19) and
integrate over s. Thus, for B _ B0,

N_(>s) 2 -_ _, -- _,o _,:

f(1-eo/B)., I S"_o s_ +Bo(1 -- x2)

fB V/_ x2)1/_1-_ x_)_/_- LBo) (1- (1- dx

Similarly from (20) for Bo _ B,

( )_22-_ B--Bo B

N2(>s) = k(moc ) B Bo

. _' + Voo(1 + x_)

('-F 1-"-- \Bo/ (I -}- x2) ''' (I -- x') "Y/2 dx

Values of N(_ s)are plotted versus s for various
values of _ and B/Bo in figure 7. These results
are compared with the unperturbed spectra in
the same figure. Note that the slopes of the

plots change very little with B/Bo in the range
under consideration. Thus, 7 remains relatively

constant during changes in the magnetic field.
This fact can be seen more easily in figure 8
which shows the change of "v with B/Bo for
various initial values of 7. Note that the log-log

plots in figure 7 are very nearly straight lines.
This result indicates that the exponential charac-

ter of the integral energy spectrum does indeed
persist during field changes while the value of
the exponent changes slightly.
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Io-3 to-2 io-I Io0 iOI IOa
N{>E) (NUe_BER OF" PARTICLES PEI_ CM 3 wffH ENERGIES _'E}

FIGURE ?.--Examples of the integral energy spectra after magnetic feld changes compared to the unper-
turbed spectrum Jor two choices of the initial value o] the exponent "y where N (> E = kE-*. Note
that the exponential characteristic is retained after the field changes.

CONCLUSIONS

These results may be summarized as follows:
(a) The variation of the omnidirectional in-

tensity of particles, having normalized momenta
greater than a, with slow uniform changes in the

magnetic field strength is given, approximately,
by equation 21.

(b) The value of the exponent appearing in
the expression for the integral energy spectrum
varies little from its initial value with changes
in the magnetic field strength over the range
considered. This result is shown in figure 8.

Although the results presented herein pertain

to a very restricted system, it is felt that they
can be applied to the more general system,
restricted according to (1) and (2), with useful
accuracy. Thus, for example, it may be possi-
ble to deduce a good deal of information about

the energy spectrum of geomagnetically trapped
particles from a study of the aforementioned
simultaneous fluctuations of particle intensity
and magnetic field observed in the outer atmos-

phere.
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Observations of Low-Frequency Hydromagnetic Waves in the

Distant Geomagnetic Field: Explorer 61

BY DARRELL L. JUDGE

Space Technology Laboratories

AND PAUL J. COLEMAN, JR. 2

NASA Headquarters

N65-21 998
Certain of the measurements obtained simultaneously with three of the -instruments

aboard the earth satellite Explorer 6 are discussed. The results from these instruments,

the magnetometer, aspect indicator, and scintillation detector, provide direct evidence for

the existence of low-frequency hydromagnetic fluctuations in the distant geomagnetic field,

as well as some information pertaining to their specific characteristics. The observed

phenomena consist of variations in the amplitude and direction of the measured component

of the magnetic field accompanied by substantial changes in the intensity of the energetic

particles detected by the scintillation counter. The fluctuations exhibited periods between
100 and 500 seconds. Within this range of periods, variations of the order of 10_, (AB/B

"0.15) in amplitude and 15 ° in orientation were observed in the measured component of the

field. These field changes were accompanied by fluctuations of about the same relative

amplitudes (AI/I_-_--O.15) in the intensity of the detected particles. Of particular interest

is an observation of damped, quasi-sinusoidal oscillations detected simultaneously by all

three instruments. As a basis for the interpretation of these results, simple models for

hydromagnetic disturbances propagating in the transverse, or Alfv_n, mode and in the

compressional mode are described. The experimental results are compared with those that

might be expected if the observed disturbances behaved as suggested by the models. It is
concluded that these two modes, transverse and compressional, were indeed observed.

The comparison between the models and the data indicates that the transverse mode had a

period of 200 seconds, was elliptically polarized, and was marked by a rotation of the polari-
zation that would be clockwise to an observer looking along the unperturbed field line toward

the north geomagnetic pole. The compressional mode had a period of about 100 seconds.

The harmonic relationship of these periods is evidence for coupling between the modes.

Under the assumption that the decay of these oscillations is exponential, the time constant

associated with the damping is approximately 500 seconds. It is shown that these disturb-

ances violate only the third adiabatic invariant required for trapped particles in the region

of the geomagnetic field in which the disturbances were observed. The model for the

compressional mode allows certain conclusions concerning the characteristics of the trapped

particles observed with the scintillation detector. Assuming an omnidirectional flux of

electrons with an E-v integral energy spectrum, it is shown that _--1 for the particles with

energies in the range about 500 key. Consequences of the existence of these hydromagnetic

disturbances are discussed, particularly with regard to their possible effects upon the dynamics

of the outer radiation belt. _.____/*

i Published in the December 1962 issue of Journal of Geophysical Rese_[rch. Reprinted by permission.

2 Now at Institute of Geophysics, Univ. of Calif. at Los Angeles.
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I-tYDROMAGNETIC WAVES IN

INTRODUCTION

In recent years considerable interest has

arisen in the properties of hydromagnetic

disturbances in tenuous plasmas. Since AlJv_

[1950] elaborated upon his earlier theoretical

predictions of the existence of hydromagnetic

waves, numerous authors have considered the

possibility that hydromagnetic disturbances

are propagated in the geomagnetic field. The

properties that might be expected of such

disturbances have been investigated theo-

retically in some detail. The first in situ
observations of fluctuations in the distant

geomagnetic field, interpreted to have been

produced by hydromagnetic waves, were ob-

tained by Sonett et al. [1960] with a magne-

tometer aboard the space probe Pioneer 1.
Additional observations of such disturbances

were obtained by Coleman et al. [1960] with a

similar instrument aboard the space probe
Pioneer 5.

Sugiura [1961] and Wilson and Sugiura

[1961] have described measurements, of geo-

magnetic disturbances at the earth's surface

that indicate the existence of low-frequency

hydromagnetic waves apparently generated

in the distant geomagnetic field and trans-

mitted to the earth along lines of magnetic
force.

Data obtained with the magnetometer and

aspect indicator aboard Explorer 6 provide

additional and direct evidence for the existence,

in the distant geomagnetic field, of low-fre-

quency hydromagnetic disturbances. Varia-

tions in the intensity of a component of the

energetic trapped radiation in the outer radia-

tion zone were simultaneously observed with
the scintillation detector aboard the same

vehicle. Data obtained from these three instru-

ments during periods of such disturbances in

the magnetosphere will be presented. These

results provide three types of measurements

that will be used in an attempt to determine
the hydromagnetic characteristics of the dis-

turbances. Arguments leading to the inter-

pretation of these restflts as the effects of hydro-

magnetic waves will be given.

Further, it is of interest to consider the effects

of disturbances such as those observed on the
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particles trapped in the geomagnetic field.
Since the first measurements of geomagnetically

trapped particles [Van Allen et al., 1959; Vernov

et al., 1959] the radiation zones have been ex-

plored in considerable detail. Apparently these

zones consist of a comparatively stable inner

belt, containing energetic protons and electrons,

and an outer belt containing energetic electrons.

Evidence favoring the existence of a third, more

distant zone of lower-energy electrons has also

been obtained [Gringauz et al., 1960; Gringauz

and Rytov, 1960].
The so-called outer radiation belt has been

observed to undergo significant temporal varia-

tions which, for the most part, correlate with

other phenomena evidently produced by solar

activity [Arnoldy, Hoflman, and Winckler, 1960;

Rosen and Farley, 1961 ; Fan, Meyer, and Simp-

son, 1961]. As a result of such observations,

the study of the dynamics of the outer belt has
been intensified. Various mechanisms that

might produce the changes observed in the
outer belt have been considered. Collisions of

energetic electrons with particles of thermal

energies certainly produced an effect. In addi-

tion, it is likely that hydromagnetic disturb-

ances affect at least the trapped particles that

are in the outer belt and beyond.

The motion of a charged particle in the un-

perturbed geomagnetic field can be described

quite generally with the aid of the guiding center

approximation [AlJvka, 1950]. Thus, the par-
ticle moves transverse to the magnetic lines of

force in a nearly circular path (cyclotron mo-

tion) about a guiding center that oscillates

along a line of force between "mirror

points" in northern and southern geomagnetic

latitudes, while slowly drifting in geomagnetic

longitude. Northrop and Teller [1959] have dis-
cussed three adiabatic invariants of this motion.

The first invariant applies to the cyclotron

motion of the particle, the second applies to

the motion of the particles along a field line,

and the third applies to the longitudinal drift

of the particle. These invariants may be vio-

lated, respectively, by hydromagnetic disturb-

ances of sufficient amplitude, introduced in

times comparable to the periods of the cyclo-

tron motions; the periods between reflections at

the mirror points; or the periods of the longi-

765-698 0-65--24
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tudina] drift around the earth. Northrup and

Teller suggest that violations of the adiabatic

invariants will result in losses of trapped

particles.
A mechanism for the diffusion of trapped

particles due to irregularities in the geomag-
netic field or to electric fields, either of which

probably violates certain of these invariants,
has been described by Gold [1959]. Kellogg

[1959] has indicated that a hydromagnetic phe-

nomenon, perhaps produced by a geomagnetic

storm or by flute instabilities, which violates
the third invariant, but does not violate the

first and second invariants, can scatter trapped

particles inward with associated accelerations.

However, his mechanism required constant,

non-dipolar gradients in the field. Parker

•[1960] and Davis and Chang [1962] have inves-

tigated the violation of the third invariant for
the case in which the required hydromagnetic

effect is a compression of the geomagnetic field

produced by a geomagnetic sudden commence-

ment. In another paper, Parker [1961] has

discussed the possibility of acceleration of gee-

magnetically trapped electrons by a "hydro-

magnetic disturbance (a) capable of violating

the third invariant (only) and (b) localized

inside the geomagnetic field." As will be

shown, data obtained with the instruments

aboard Explorer 6, during periods marked by

the magnetic field fluctuations mentioned pre-

viously, indicate that the observed disturb-

ances, in the region of the outer radiation zone

involved, violate only the third adiabatic in-

variant of the motion of the trapped electrons.

The effects of such disturbances on the trapped

radiation will be discussed, with particular ref-
erence to the aforementioned results of Davis

and Chang [1962].

DESCRIPTION OF THE EXPERIMENT I

Explorer 6 was launched into an elliptical

orbit from Cape Canaveral, Florida, on August

7, 1959, at 1423 GMT. Its orbital plane was

inclined at 47 ° to the earth's equatorial plane

and at 38 ° to the plane of the ecliptic. Apogee

was at southern latitudes about 48,000 km from

the center of the earth and perigee was at

approximately 6600 km (230 km altitude). On

the day of launch, the angle between the

IN MAGNETIC FIELDS

ecliptic-plane projection, from earth's center

to apogee, of the major axis of the orbital

ellipse and the earth-sun line was about 134 ° .

This angle decreased by about l° per day. The

orbital period of the satellite was approxi-

mately 12 hours 42 min.
The "search-coil" magnetometer carried

aboard Explorer 6 has been described in detail

elsewhere [Judge et al., 1960]. The sensor was
a multiturn coil fixed in the spacecraft. The

vehicle was stabilized by a 2.8 cps rotation

about its axis of maximum moment of inertia,

and the resulting rotation of the coil, in a

relati_rely constant ambient magnetic field,

generated an emf that was a measure of the

field strength. Thus, the magnetometer was
sensitive only to the component of the ambient

field that was transverse to the spin axis of

the vehicle. The measured component will be

denoted by Bz and its amplitude will be

denoted by [B±]. Automatic gain control wa_

incorporated in the magnetometer amplifier

to provide a wide dynamic range for the

instrument by reducing the sensitivity with

increasing measured field.

An aspect indicator provided information on
the direction of the measured component of the

magnetic field. This instrument measured the

angle a between B± and the component of the

spacecraft-sun vector transverse to the space-
craft spin axis. Details of the instrument are

available in an earlier report [Judge, 1959].

The scintillation detector aboard Explorer 6

consisted of a small plastic scintillator, a photo-

multiplier tube, and associated electronics. A

small, foil-covered window was placed in the
satellite shell so that the instrument could

detect, through the window, electrons with

energies greater than 200 key and protons with

energies greater than 2 Mev. Electrons with

energies greater than 500 key and protons with

energies greater than 10 Mev could penetrate
the satellite shell and be detected by the instru-

ment. The geometrical factor of the detector

was 180 times smaller for particles entering

through the window than for those entering

through the vehicle shell. A more detailed

description of the Explorer 6 scintillation
detector is available in an earlier publication

[Rosen and Farley, 1961].
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FIGURE 2.--Effects produced by hydromagnetic disturbances on August 16, 1959. The quantities

plotted are described in figure 1. Note that these results demonstrate fluctuations o] field and

particle intensities that are o/ opposite phases.

OBSERVATIONS

Outstanding examples of the observations of

hydromagnetic disturbances and their effects

on trapped, charged particles were obtained on

August 9, 16, and 18, 1959. Parts of the cor-

responding data are shown in figures 1, 2, and

3. In each of the figures, the data obtained

from these instruments (magnetometer, aspect

indicator, and scintillation detector) are plotted

versus time (GMT) and radial distance r from
the center of the earth. ]n addition to the

empirical data, designated by the superscript

E, theoretically expected values of IB±I, the

amplitude of the component of the ambient

nmgnetic field measured by the magnetometer;

IBI, the intensity of the total field; and a, the

direction of the measured component, are

plotted in the figures. These quantities will

be identified by the subscript 0 (zero) to indicate

that they pertain to the unperturbed geomag-

netic field and by the superscript D to indicate

they have been derived from a model rather
than measured. Thus, we have [Bxlo D, IBI0_,
and a0D. The expected values were computed

by means of a model of the geomagnetic field

developed by Vestine [1953].
Geomagnetic storm activity was absent on

August 9 during the period of interest, although
substantial field fluctuations were detected by

surface magnetometers. A value of 39 was

computed for the Ap index during the period of

August 9 covered by data in figure 1. The value

of Ap for August 9 was 22. The data presented
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in the figure provide a significant example of an
"in-phase" correlation between variations in the

measured component of the magnetic field and

the scintillation detector count rate, particularly
during the period around 2005 GMT. However,

no aspect indicator data were obtained during

most of the period indicated in the figure.

The observations presented in figure 2 were

obtained on August 16 during the main phase
of a geomagnetic storm that commenced at 0400

GMT on August 16. In contrast to the data in

figures 1 and 3, these data show variations of

the count rate that are of a phase nearly oppo-

site the phase of the changes in the measured

component of the field. The relationship be-

tween the magnetometer and scintillation de-

tector measurements has been interpreted by

Farley and Rosen [1961] as the result of the pas-

sage of diamagnetic gas clouds from the solar

plasma into the geomagnetic field and past the

spacecraft. Another phenomenon that might be

responsible for such "out-of-phase" variations are

a hydromagnetic disturbance traveling along the

geomagnetic lines of force in the acoustic mode
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of propagation. In this mode, which has been
discussed in detail by MacDonald [1961], the

variations in the pressure of the particles are

balanced by variations of the opposite sense in

the magnetic field pressure and accompanied by

changes in the direction of the field. If it be
assumed that the behavior of the detected

particles is characteristic of the particles modi-

fying the field, a disturbance of this type would

produce the phase relationship shown by the
results as well as changes in the field direction

like those detected. Such behavior is possible,

since disturbances of the frequency observed,

propagating at the acoustic velocity, could
violate the first adiabatic invariant of the

particle motion.
If such were true, the source of the disturb-

ances might well have been injected particles,

as suggested. However, the disturbing solar

plasma cloud itself need not have been in the

vicinity of the spacecraft. These observations

of August 16 will not be discussed further here,

since the primary subject of this paper is the

phenomenon that produces the in-phase varia-

tions of the particle flux and magnetic field like

those seen on August 9 and 18.

The data shown in figure 3 were obtained on

August 18 during the period immediately after

the recovery of the August 16 magnetic storm.

The value of the magnetic A T index was again

39 during the period of interest, whereas the

value of Ap for the day was 28. Thus, the level

of geomagnetic activity was fairly high. In

fact, during this day some observatories re-

ported a continuation of the recovery from the

magnetic storm. We shall consider, in detail,

the results of August 18 only, because of the

lack of aspect indicator data during the period

of interest on August 9.

Before we discuss these observations, it is

convenient to define a coordinate system (shown

in fig. 4) related to the orientation of the

theoretically predicted magnetic field, B0D, as

follows: The origin is fixed in the spacecraft.

The z axis is parallel to the predicted field at the

position of the vehicle. Thus the positive z

direction is that from geomagnetic south to

geomagnetic north. The y axis is perpendicular

to the z axis, lies in the plane of the geomagnetic

meridian containing the vehicle position, and is

positive outward from the earth. The x axis is

such as to complete the right-hand coordinate

system and, therefore, is normal to the geomag-

netic meridian plane and is directed westward.
As is indicated in figures 1, 2, and 3, the

theoretically predicted field is significantly
different from the measured geomagnetic field at

distances from the earth such as those traversed

during the periods of interest. However, the

model provides us with a convenient means of

defining directions, and we will use the direc-

tions so defined to describe the perturbations of
the field under consideration.

Next, we consider the geometry of the experi-

ment during the period of interest on August 18

in terms of the coordinate system just defined.

According to available orbital data, the spin

axis of the spacecraft, _o, was at an angle of

approximately 52.50 ° to the z axis, or to B0D.

At the same time, the angle between o_, the

projection of the spin vector in the xy plane and

the positive x direction was 43 °. This situation

is depicted in figure 4. Strictly speaking, this

geometry existed at about 2130 GMT. How-
ever, changes of only a few degrees in the
relative orientation of o_ would have occurred

during the twenty-minute period under
consideration.

INTERPRETATION

With the foregoing description of the experi-

ment in mind, we next attempt to describe

effects that might be observed in the presence of

hydromagnetic disturbances propagating in

certain specific modes. The simple transverse

mode, or Alfv_n mode, is characterized to the

first order by changes in the direction of the

unperturbed local magnetic field with no

accompanying changes in its magnitude, or with

the addition of only a small transverse per-

turbing field. The compressional mode is

characterized by changes in the magnetic field

intensity with no changes in its direction.

Since, as will be shown, the magnetic moment

of trapped particles is conserved during these

changes, the changes in field intensity produced

by compressional oscillations should be accom-

panied by "in-phase" variations in the particle

flux, particularly if the oscillations affect most
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FIGURE 4.--Geometry of the experiment. The angle 52.5 ° between the spin axis, represented by the

vector _, and the theoretically expected direction of the geomagnetic field, the z direction, is based

on trajectory data for 2130 GMT on August 18, 1959. An arbitrarily oriented ambient field B

is shown divided into a component B± transverse to spin axis of the spacecraft, and a component BII,

parallel to the spin axis. The angle _ is a measure of the direction of B±. The angle actually

recorded by the aspect indicator is measured from the direction of the component of the vehicle-sun

line which is transverse to the spin axis, rather than from the direction of the vector P, as shown.

Hence, Aa as shown differs from the measured angle a by an amount nearly constant during the
period o/interest.
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of the region between mirror points on a given
tube of magnetic flux. Of course, the hydro-

magnetic disturbances actually encountered

may have been more complicated than a com-

position of only one or both of these modes.

For example, according to analyses of Herlo/son

[1950], van de Hulst [1951], and MacDonald
[1961], three modes of oscillation would, in

general, arise from the passage of a hydromag-
netic disturbance at an arbitary angle to the

lines of magnetic force.

In any event, we submit that the changes in
the direction of the magnetic field observed with

the aspect indicator on August 18 provide
evidence for the presence of transverse hydro-

magnetic disturbances and that the fluctuations
in the scintillation detector count rate, roughly

in phase with a component of the measured

changes in the field strength, indicate the

presence of large-scale compressional disturb-
ances. To substantiate these remarks, changes

in IB±I and a resulting from several effects will

be considered. Hence, additional notation will
now be introduced to facilitate the discussion to

follow. The subscript 0 will denote quantities

associated with the unperturbed geomagnetic

field; C, those associated with hydromagnetic

disturbances in the compressional mode; and T,
those associated with disturbances in the trans-

verse mode. The superscript D or E will be

used, respectively, to indicate whether the

quantity was derived from some model or

obtained empirically. Various components of

the vector B will be denoted by subscripts.

Thus, we have B±, the component perpendicular

to the spin axis of the spacecraft; B_, the com-

ponent parallel to _o, the spacecraft spin vector;

and B_v, the component in the xy plane.

The quantities to be used most frequently are
defined as follows:

[B±]0" and aoD are the values of IB±I and a

that would be expected if the geomagnetic field

in the region of interest were represented by the

model of Vestine [1953].

JB±]0_ and a0_ are assumed to be approxi-

mately the values of IB±I and a that would have

been observed during the periods of these

measurements if the geomagnetic field had not

been disturbed by the rapid fluctuations de-

tected. Tile values for these quantities were

obtained from lines that are the best fits to the

data according to the method of least squares.

[B±[c E is the value of IBx[ derived from a
simple model of a hydromagnetic disturbance

propagating in a compressional mode. This

model will be described subsequently.

IBilT D is, similarly, the value of IBj_I derived
from a simple model of disturbances propagating
in the transverse mode. This model will also

be described in detail subsequently.

With the measured values of IB±[ and a

denoted by IBj_ IE and aE, respectively, we define

the quantities

AIB±I 8 --IBxl E -IB.L[o s
and

A(_E ----_E -- 0_0E

EFFECTS OF THE TRANSVERSE MODE

In this section we shall attempt to separate,

from the observed variations of [B±[ E, the com-

ponent produced by the transverse disturbances.
In order to consider the experimental results

that might be anticipated in the presence of

hydromagnetic disturbances in the transverse

mode, it is necessary to determine the effects

of changes in field direction and magnitude upon

the quantities measured by the magnetometer

and aspect indicator, i.e., IB±IE and a_, re-

spectively. The relations governing these ef-

fects are derived below from the geometry of the

system, by means of the angles defined in

figure 4.
The magnetic field B(t) may be described by

the expression

B(t) = iB.(t) + jB_(t) + kB,(t)

where i, j, and k are unit vectors in the directions

of the x, y, and z axes, respectively; t is the

time; and
B_ = jB(t) j sin _(t) cos _(t)

B_ = [B(t)[ sin $(t) sin _(t)

B, = IB(t)[ cos n(t) (1)

where IB(t)[ is the magnitude of the field. We

have assumed that the unperturbed field lies

along the z axis. Thus, in the absence of a

perturbing influence, B = [B(t)[k.

The magnitude of the component of B that is

parallel to o_ is given by B_ = B-to = B, cos e_
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sin _ + By sin E_ sin _ + Bz cos _, where

= i cos _ sin _ A- j sin _ sin _ ÷ k cos _.

The magnitude of the component of the field

perpendicular to the spin axis, to, is

[IB±I = [IB[2 -- (n. to)21'/2 = IBI sin [cos-' (IB_I/IBI)]

Next, we define the unit vector P, the direction

of which is determined by the intersection of the

equatorial plane of the vehicle with th_ plane

containing to and the z axis. Thus, P is per-

pendicular to to and

P = icos%sin_v + isin_vsina_+ keos_v

= -- icose_cos_--jsin_cosa_ + ksinS_

We then define the unit vector M = (to)< P)/

[to X P[. Thus, M is determined by the inter-

section of the xy plane and the equatorial plane
of the vehicle. The field vector B will have

components parallel to P and M with magni-
tudes

IBvl = B.P and IBM] : B.M

The angle Aa, as depicted in figure 4, is then just

ha = tan-' qB_l/tB_l)

During this period on August 18, approximate

values of the parameters used in the foregoing

were
_ _-_ 43 ° _ _ 52.5 °

With the geometry of the experiment so defined,

values of aa and IB±I/[BI were calculated for
various orientations of the field, i.e., for various

values of _ and e. The results are plotted in

figure 5. Note that, for _ = 0, IB±I/IB I -= 0.793

since B is then parallel to the z axis and IB±I ----

IBIsin_= 0.793 [B I. Also, for_---- _ =43 °,

or e = 43 ° -4- 180 ° = 223 °, the field vector lies

in the plane defined by the z axis and to, the spin

vector, so that Aa = 0.

Next we consider a simple model of a circu-

larly polarized, transverse hydromagnetic wave.

This model is one in which the disturbance

would produce an effect at the space craft

similar to that which would result from a pre-

cession of the magnetic field about its unper-

turbed direction. The simplest version then

would appear as a field vector of constant

magnitude, precessing at a constant rate and

maintaining a constant angle, _, with the

direction of the unperturbed field, or the z axis.

Thus in equations 1 we would have

[B±l(t) = constant

= constant

= [(2_rt/_) + _01

where r is the period of precession. For the

geometry represented in figure 4, using IB±I = 1,

r -----195 sec, and _ = 10 ° and 20 °, the variations

in IB±I and Aa that would be recorded by the

magnetometer and aspect indicator, respec-

tively, can be obtained from figure 5. The

results, denoted by I BI.]T D and AOtTD, are

plotted versus time and E in figure 6.
Next, we turn our attention to the experi-

mental results obtained between 2125 and 2150

GMT on August 18, 1959. As stated previously,
we have assumed that the disturbances in the

transverse mode were solely responsible for the
observed variations of as and that the variations

of IB±I B were the result of disturbances in more
than one mode. Hence, we will use the measure-

ments of a s in an effort to approximate the

component of the variations in IB±I that was

produced by the transverse mode. Actually the
results for Aa = aE -- a0E versus time, shown in

figure 7, will be used. Thus, from the measure-
ments of Aa E, we will attempt to obtain [B(t) l,

_(t), and _(t), which are needed to describe the
field under the influence of such disturbances.

Consider first [B(t) I. In figure 3 [B±[0 E is

assumed to represent the steady-state values of

IB±I. The angle between _ and the direction of
the unperturbed field is taken to be 52.5 ° , so

that we have IBI ---- 1B±[/0.793. Since [B±10 E is

changing relatively slowly during the period of

interest, we take an approximate average value

of 70,. Thus, [B(t)]-- 88_.
Next, consider _(t). From figures 5 and 6,

we see that the maximums and minimums in the

variations of Aa versus time, produced by a

precessing field vector, occur at e = 293 ° and

150 °, respectively. We use this fact to es-

tablish the phase of e(t). The average period
of the variations in Aas is approximately 195

sec. However, if this value of the period is to be
consistent with the values of _ assumed to

correspond to the maximums and minimums of
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EFFECTS OF ORIENTATION UPON THE MAGNITUDE AND DIRECTION

OF THE MEASURED MAGNETIC FIELD COMPONENT
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FIGURE 5.--Curves showing the effects o] field orientation upon the measured parameters of the field

IBj_Iand Aa, assuming the geometry shown in figure 4. The ordinate quantity is actually IB_LI/IBI.

The parameter _ is the angle between B and the z axis. The parameter _ is the azimuthal angle.

5a_, it is necessary to assume that the rotation

rate was not constant. Thus, the 195-sec

period was divided into a 60-sec interval for the

increasing portions of the curve and a 135-sec

interval for the decreasing portions. These

intervals correspond to ranges of e from 150 ° to

296 ° , and from 296 ° through zero degrees to

150 ° , respectively. This apparent variation of

rotation rate is probably due to elliptical

polarization of the transverse component.

Because of the geometry of the system, diver-

gence of just this type from the results expected

for simple, circular polarization would be

affected by disturbances somewhat elliptically
polarized.

Finally, consider the function _(t). It was
found that the measurements of Aa E could be

well approximated if _ were assumed to be
constant at about 5.5 ° from 21h 25m 00s GMT

to 21h 29m 00s GMT and to vary as 5.5 (1 -F t�

300) -1, where t is in seconds, during the remain-

der of the period of interest.

With IB(t)h _(t), and _(t) established as just

described, the resulting values of As were

calculated and plotted in figure 7. These

results are denoted by Aar _ and are superim-

posed upon the plot of Aa E to facilitate com-

parison. Since Aar E, the partially idealized
version of the observations, is a reasonable

facsimile of Aa E, we next apply the same values

of [B(t)l, _(t), and 6(t), used in calculating

Aar _, to a calculation of IB±[r _, the component

of IB±l E that will be attributed to the presence
of the transverse disturbances. IBj_[r E ob-
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tained in this manner from the curves in

figure 5 is plotted in figure 8. Actually, the
quantity plotted is h [B±lr e = IB±lr E -- IB±I0_
--_ IB±[__ -- 70_.

In the same curve the difference between

[B±]r _ and ]B±IE is plotted. This quantity
should provide a measure of the variations in

IB± IE produced by disturbances other than those
in the transverse mode. As will be seen, this
difference exhibits a rather striking correlation
with the variations in the count rate of the

scintillation detector. Thus, these effects are

attributed to the presence of hydromagnetic
disturbances in the compressional mode. This
mode will be considered further in the next
section.

A comparison of the data and the model also
indicates that the direction of rotation was

clockwise to an observer looking along the field
direction toward geomagnetic north. This
result may be compared with that of Wilson and

Sugiura [1961] who have reported on ground-
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FIGURE 8.--Components of the variations in [B.W, method 1. This method consists o/using the

measured values oJ a to calculate the component IB_LITz, due to the hydromagnetic disturbances in

Lhe transverse mode, and taking the di_erence between IB_LIE and ]B±IT s to determine the com-

ponent due to disturbances in other modes. The quantity actually plotted in the lower curve is

A[B.LIT E = IB.LITE -- IB±10_'. The upper curve is then [Bj_Iz -- AII}_LITE.

based observations of geomagnetic field fluctua-

tions that they interpret as the result of trans-

verse hydromagnetic waves. The polarization

of these waves was observed to depend upon

local time, i.e., they are usually clockwise be-
tween 1000 and 2200 hours and counterclock-

wise between 2200 and 1000 hours. Since the

satellite was at approximately 1900 hours local
time, the transverse oscillations observed in the

distant geomagnetic field apparently followed
this rule. It should be noted that waves

polarized in this sense would appear to be clock-

wise polarized in the northern hemisphere and

counterclockwise polarized in the southern

hemisphere, according to the definitions of

Wilson and Sugiura.

In this section, then, we have employed the
observations of the variations in the orientation

of the measured component of the magnetic

field, along with an extremely simple model of

transverse hydromagnetic waves, in an attempt
to estimate the contribution of disturbances in

this mode to the variations of [B±I _. A

measure of our success in this undertaking is the
correlation between scintillation detector data

and the variations of IB.I E remaining after we
have subtracted the estimated contribution of

the transverse mode.
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EFFECTS OF LARGE-SCALE COMPRESSIONAL

DISTURBANCES

In this section we shall attempt to utilize the

measurements of the flux of energetic particles
to estimate the contribution of disturbances in

the compressional mode to the variations in

]B± I_. Using an E-, particle energy spectrum,

and other assumptions stated below, Coleman

[1961] has calculated the effect upon trapped

particles of large scale, compressional fluctua-

ions in the geomagnetic field. We wish to

apply the results of this calculation to test for

the presence of such compressional disturbances

during the period of August 18, 1959, under
discussion. The parameter 3, is important to

the results. Thus, we will use an iterative

process, first to compute 3' from the data and

next, using the calculated value of % to estimate

the variations of [B±I that would have been

required had such compressional disturbances

actually produced the observed fluctuations in
the count rate of the scintillation detectoL

Values of B calculated in this manner will be

denoted by JB.±Jc E.

To treat the motion of geomagnetically

trapped particles somewhat more rigorously,

consider a charged particle moving in a magnetic

field B that can be represented in cylindrical

coordinates p, _ and by a vector potential

having only an _ component. Let this com-

ponent be given by A,(p, z, t), where t is the

time. Suppose that the projection of the

particle's path upon the plane z ---- 0 has an

approximate radius of curvature R and that

the approximate period of the motion parallel

to this plane is T. The restrictions placed

on the temporal and spatial variations of the
field B are

J(Rkp.v)BJ _<_ ]BI
and

ITOn/btl << In[ (2)

where kp is a unit vector in the p direction.

For the case of relativistic particle motion,

Layton [1957] has shown that, when the mag-

netic field changes in such a system, a constant

of the particle motion is the product of a

quantity described as the generalized magnetic

moment of the particle and the total particle

energy. This result may be written

[(Eo _ -- mo2c 4) sin _ 0]/IB, l = constant

where E is the total particle energy given by

E = rr_c_(1 -- #_)-l

m0 is the particle rest mass, c is the velocity of

light, v is the magnitude of particle velocity, Ois

the angle between B, and v, and fl ---- v/c.

The magnitude of the relativistic particle
momentum is

p = mocf_(1 -- /_)-t/2

so that the constant of the motion may be
written

(p2 sin 2 O)/Infl = constant (3)

which is the first adiabatic invariant for rela-

tivistic particles. Thus, violation of con-

ditions 2 is equivalent to violation of this in-
variant. Note that (3), in the nonrelativistic

limit, can be written

V_I.2/IB.I = constant

where v± is the component of v transverse to B,.

This is the frequently used form of the first
adiabatic invariant which describes the con-

servation of the magnetic moment of the

particles [Alfvg_n, 1950].
Next, consider a system composed of a

number of charged particles in a magnetic field.
We assume initial conditions as follows:

(a) The magnetic field is uniform in the z

direction with strength JB[0.
(b) The number of particles per centimeter 3

with energies greater than E is given by

N0(_ E) = KE-_

(c) The particle flux is isotropic.

Thus, the omnidirectional particle intensity

is given, initially, by the expression

Io(> E) = f; t)(E)n(E) dE

where
n(E)dE = -- dXo(> E)

With these initial conditions, we next consider

how the particle intensity changes as the

magnetic field strength changes slowly and
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uniformly from [B[0 to IBI. Note that such a

change in the field is a special case of a system

restricted according to (2). In this case,

Coleman [1961] has shown that the relationship,
including relativistic effects, between I0, defined

above, and I, the omnidirectional intensity of

particles with energies greater than E after the

field change, may be written:

log (I/Io)/log (Inl/IB!o)

= _,[0.56-0.08 (log a/log 2)] -}- 1 (4)

at least for 1 _ a _ 8. Here a is defined by the
relation

E---- m0c_[(_ _ -{- 1) 1/_ -- 1]

For this expression, the value of E is taken to be

the energy threshold of the particle detector.

Since the experimental results described herein

provide measurements of the quantities I(_ E)

and of a component of B in (4), we wish to apply

this expression to the data of August 18 to

calculate a value for 3" and, thereby, estimate

the shape of the energy spectrum of the observed
particles. A reasonable result will allow the

conclusion that a betatron-type mechanism was

operating and, therefore, that compressional

hydromagnetic disturbances were affecting most

of the region between the mirror points of the

particles in a reasonably uniform manner.

Before proceeding, it is necessary to determine
that the actual conditions associated with these

disturbances do not violate the restrictions given
in (2), i.e., do not violate the first adiabatic

invariant. According to Farley and Rosen [1960],
the particles associated with the observed effects

are primarily electrons of energies greater than

500 key. Consider, for a moment, particles at

the extremes of an energy range about 500 key.

The average value of the magnetic field is some-

what less than 100 3" in this region. For a 200-

key electron in this field, the Larmor radius is

about R _ 16 km, and the period of the motion

is T -- 5 X 10 -4 sec. The contribution of par-
ticles with energies greater than 10 Mev to the

observed intensity is negligible for such a

spectrum even if the exponent 3" is as low as 0.5.

For an electron of this energy, the Larmor radius

is R _ 3.5 X l0 skm and the period is about

T _ 7 X 10 -3 sec. It is immediately apparent

that the periods of about 100 sec seen in figure

3 far exceed those of the cyclotron motion even

for the higher-energy particles.

Assuming that these fluctuations are produced

by compressional waves, the wavelength of the

disturbances may be calculated by means of an

estimate of the Alfv_n velocity vA for such a

wave in this region. Thus, for a 100-3, field and

an ion density of 100 cm -_, vA _ 200 km sec -1

The wavelength corresponding to a 100-sec

period is, then, about 2 X 10_ km, and for a

20-_ peak-to-peak wave amplitude, the gradients

(dB/dS) transverse to the geomagnetic field are

about 2 X 10 -3 3"/km. Also the upper limit of

the rate of change of the field with time, for

these fluctuations, is about 4 X 10 -1 3"/sec.

Applying the restrictions in (2) to this system,

using the largest values of T and R, i.e., those

for the 10-Mev electrons, it is found that the

field gradients must be much less than 3 X 10 -1

3'/km and that the rate of field changes must be

much less than 1.4 X 10 3"/km. From the re-

sults in the previous paragraph it is seen that
these conditions would be satisfied even if the

estimated values of vA were a factor of 10 too

great. However, it should be mentioned that

the velocity of sound in this region is probably

0.01vA. Thus, if the disturbances were propa-

gating at this velocity, the first invariant might

be violated. Recall that disturbances traveling

at the lower velocity were discussed in connec-

tion with the results of August 16 shown in

figure 2. For an indication of the scale size of

the compressional disturbances as measured

along the geomagnetic field lines, however, we

must rely on the argument that most of the

region between mirror points must have been
affected.

Consider, next, the second invariant. As

described by Welch and Whitaker [1959], the

motion of a trapped particle is such that the

time required for its travel between mirror points

is independent of the latitude range through

which it travels and nearly proportional to its
distance from the earth's center where it crosses

the geomagnetic equator. For a relativistic

electron, this "bounce" period at 7Re (R_

=radius of earth) is about 0.7 sec., and, for

a 200-kev particle, is only about 1 sec. Clearly,

the fluctuations being considered are too gradual



374 ENERGETIC PARTICLES IN MAGNETIC FIELDS

to affect this component of the particle motion

significantly.
The third invariant, however, must be

violated by these disturbances. Welch and

Whitaker [1959] have shown that the average

time required for electrons of a given energy

to drift 360 ° in longitude varies less than 8

percent for particles confined within +60 °
latitude of the geomagnetic equator. From

extrapolations of their results, the drift time
for a 200-key electron at 7Re is about 2.5

X 10 _ sec, for a 500-key particle it is 1.0 X

103 sec, for 1 Mev it is approximately 0.57X

108 sec, etc. For a 10-Mev particle, however,

the drift time is comparable to the periods of

the Observed disturbances, i.e., about 60 sec.

Thus, particles in this energy range should be

much less affected by such hydromagnetic

activity. Further, the periods of the drift

motion decrease, with increasing distance of

the particle from earth's center, as the inverse

of the distance. As a result, 10 Mev particles

apparently would not be greatly affected by

these disturbances at distances greater than

6Re if the geomagnetic field retains its dipolar

character. Thus, such waves, particularly any
of longer periods, might be expected to pref-

erentially affect lower-energy particles as the

waves travel toward the earth and to produce

a hardening of the trapped particle spectrum

with increasing radial distance, which has

been suggested by Fan et al. [1916].

We have shown that these August 18 dis-
turbances should not violate the first two

invariants of the observed particles in this
region, but should violate the third. However,

it should be noted that disturbances of higher
frequencies have been detected in this same

range of geocentric distance on several oc-

casions with the magnetometer aboard Pioneer

1 [Sonett et al., 1962] as well as with the mag-

netometer aboard Explorer 6. The Explorer

data are being analyzed in detail presently.

We now wish to apply the results of the
calculation just described to the measurements

obtained on August 18, 1959. To compute the

value of the exponent _, first it is necessary
to estimate the values of IBIo and Io (_ E)

during the period. To this purpose, the best-fit

straight lines for the experimental plots of

count rate, I R versus time and IB±I x versus

time in figure 3 were calculated by the method

of least squares. These lines were assumed

to represent I0 (_ E) and IBLIo, respectively,

as functions of time, and are denoted by lox

and IBL[0s. Under these assumptions, we next

compare ]B..LJx with ]B±]0 x and the count rate,
I x (_ E), with Io B (_ E) at various times shown

in the figure. In figure 9 we have plotted log

(IX/lo x) versus log (IB±J_/IB±I0 x) obtained in

this fashion. Note that, for the compressional

mode, (IBzl/B±I0)--(IBI/IBI0). These points are

compared with the results calculated by Coleman

[1961] for the case of electrons with energies

greater than 500 key. From the slope of the

best-fit straight line drawn through the experi-

mental data, we have computed the value for the

exponent _ using (4). The result is _/ ___ 1.

Two effects likely account for the scatter of

the points plotted in figure 9. The most

significant is the presence of effects from

hydromagnetic disturbances other than the

compressional ones. Since disturbances in

other modes affect IB±I x, but do not necessarily

affect the particle flux as observed with an

omnidirectionaldetector, the data points would

be expected to deviate from the line correspond-

ing to any value of the exponent "y. However,

if the data cover a sufficient number of cycles

in the variation produced by the other modes,

the average value of _ calculated in this

manner should not be significantly affected by
the disturbances in other modes.

The second effect is an instrumental one.

Since the output of the magnetometer was

basically a 2.8 cps sinusoid of varying amplitude,

the quality of the magnetometer telemetry

during these periods was lower than that of the

telemetry from the other two instruments.

Compared to the signals from these other two

instruments, the signal from the magnetometer

occupied a wide bandwidth and, therefore,

suffered from a lower signal-to-noise power

ratio. Thus, noise sufficient to partially destroy

the correlation between the magnetometer data

and the scintiUation detector count rate may

have been present in the magnetometer signal.

However, as will be shown, the absence of a

simple correlation was mainly the result of the
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FIGURE 0.--The data points are computed values o] log (IE/I0 E) plotted _rsus values o] log (IB±]_/
IB±10E) obtained coincidentally. Values were computed at 15-sec intervals .from the curves o]
IBx[ E, ]B±lo_', P, and I0_', versus time, in figure 3. For compressional disturbances behaving in
accordance with the model, these points should .fall approximately on a straight line. The line
in the figure is the best fit to the data using the method of least squares. The scatter, in part at
least, is due to the presence o] modes other than the co'mpressional one.

presence of hydromagnetic disturbances propa-
gating in more than a single mode.

Values for the exponent _ as defined in the
foregoing, on the basis of various types of
experimental observations, have been estimated
previously by several experiments. It is of
interest to compare the value -y __ 1 with such
estimates. Vernov and Chudakov [1960], assum-
ing an energy spectrum given by N(_ E) ----
E -_, estimate _ _ 5 for electrons in the energy
range from 20 key to 100 kev at the maximum
of the outer radiation zone. They also re-
ported that the unidirectional flux of electrons
with energies greater than 20 kev was _ 109
cm -2 sec -_ ster -_, whereas that of electrons with
energies in the range from 1 to 3 Mev was ___105

cm -2 sec -_ ster -_ Thus, they have suggested
that there are two energy groups of electrons,
one having 20 kev _< E _< 100 kev and the
other having E _ 1 Mev and an undefined
spectrum in between. Van Allen and Frank
[1959] observed that an omnidirectional flux of
electrons of energies greater than 200 key did

not exceed l0 s cm -2 sec -_, whereas that for
electrons of energies greater than 2.5 Mev did
not exceed 106 cm -2 sec-L For the energy
spectrum assumed above, these results corre-
spond to a lower limit of between 3 and 3.5 for
the exponent _fin the range of energies from 20
to 200 key. More recent estimates of the value

of the exponent for such a spectral distribution

have been presented by Fan et al. [1961].
Their results indicate _ cannot be much greater
than 2 for electrons of energies between 100
key and approximately 1,000 key in the region
of the outer zone beyond about 25,000 km.
Finally, from measurements with detectors
aboard the second Soviet cosmic rocket,

Logachev [1961] has obtained values of _ _ 2
for electrons in the energy range from 350 to
650 key and 7 _-_3.5 for electrons in the energy
range from 650 to 1,100 key. These results
were obtained in a region between 30,000 and
35,000 km from the earth's center on September
12, 1959.

Thus, a spectrum for which the exponent -y

765-698 0-65--25
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decreases somewhat with decreasing particle

energy is consistent with the results presented

by these experimenters. Of course, energy

density considerations preclude a steepening

spectrum at very low energies. The results of
our calculation indicate that the value of -y for

the spectrum in a range of energies about 500

key decreases to nearly unity.

Several sources of error are possible in this
determination of 7- We have not taken into

account the increase, with particle energy, of

the geometrical factor of the scintillation de-
tector. This effect would result in an observed

spectrum somewhat less steep than the actual
one. However, for'y_l, the effect of particles

entering through the detector window will

produce an error of the opposite type. It is also

possible that this method yields a low value for

because the longitudinal hydromagnetic waves

are not of sufficiently large scale to affect the

entire region between the mirror points. Thus
localized field increases would not accelerate

all of the particles on a tube of flux. In addition,

since the pitch-angle distribution of the ob-

served trapped particles is not actually isotropic,

a change in field direction only, coupled with the

geometrical dependence of the detector re-

sponse, might produce an apparent particle

acceleration.

We rule out the possibility that the observed

compressional effects might be caused by some

gross distortion of the geomagnetic field such

that the position of the field lines would vary

significantly in radial distance from the earth

and, thereby, cause motion of the field lines

back and forth past the satellite. The argument

is as follows: Consider the case of such a change

from 9.0 _ to 80 _. At 40,000 kin, the flux tube

corresponding to a field strength of 80 _ would

be displaced radially inward to r=(80/90)V 3

X40,000 km or be about 1,600 km. Assuming an

r -_5 dependence of the particle intensity upon

the radial distance, r, from earth's center, as

estimated by Rosen and Farley [1961], the corre-

sponding change in the observed count rate

would be a decrease to 0.55 times its value at

90 _. Even for an r -1° dependence, the count

rate would have been reduced to 0.6 times its

value at 90 _,. Such decreases are somewhat

greater than those included in the data and axe
therefore not consistent with the results, if it be

assumed that no significant fraction of the

observed particles could be transferred from one

tube of flux, or magnetic shell, to another in

periods comparable to 100 sec. However, over

periods of hours, diffusion of particles in this
manner is expected to affect their energy and
distribution. This effect will be discussed

subsequently.
Next, using the value of At calculated above

and a value of a corresponding to the detector

threshold of 500 key for electrons, i.e., a = 2,

we again apply (4) to calculate the compres-

sional variations in IB±I required to affect the

particles in the manner indicated by the data
from the scintillation detector. The resulting

values for IB±I, denoted by IB±Ie _, are shown in

figure 10 in the upper plot. The difference be-
tween these values and the measured values of

IB±I E should then correspond to the effects of

other modes of hydromagnetic disturbance.

This difference is calculated and shown also in

figure 10 in the lower plot.
In this section we have employed the data

from the scintillation detector, along with a

simple model of compressional hydromagnetic

disturbances, in an attempt to estimate the

contribution of disturbances in the compres-

sional mode to the variations of IB±I _. The

upper set of curves in figure 11 provides a com-

parison between the contribution to IB±I B from

the compressional disturbances, calculated in

this section, and the variations of IB±I E that

remain after subtraction of the contribution

attributed to the transverse waves, as esti-

mated in the previous section.

As a cross check, the lower set of curves in

figure 11 provides a comparison between the

calculated contribution of the transverse disturb-

ances and the variations of IBj_I E that remain

after subtraction of the contribution calculated

for the compressional disturbances. It would

appear, from the upper curves, that

iB±lc E'_ IB±I E -- AIB±IT B

and, from the lower set, that
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Thus, the variations of !B±JB are composed,

mainly, of only these two modes, i.e.,

IBJ_I" _ IB_lcB + a/B±lr E

SUMMARY AND DISCUSSION

In summarizing, we submit that the varia-

tions in the measured quantities observed during

the period of interest on August 18 were'the

results of transverse hydromagnetic disturb-

ances and of compressions and rarefactions in

the geomagnetic field. The correlation be-

tween fluctuations in the count rate of the

scintillation detector and the variations of the

measured component of the field that remain
after subtraction of the contribution from the

transverse waves, provides evidence to the

effect that the compressional changes in the

field strength occur simultaneously over a large

portion of the magnetosphere. In fact, the

observations indicate that these compressional

changes may occur along a particular line of

force over nearly the entire region between the

mirror points of the detected particles. The

period of the disturbances associated with the

compressional mode is approximately 100 sec
whereas that of the transverse waves is about

200 sec. The apparent harmonic relationship

AJBJ_ITB _ IBJ_I_ - IB_L[cB

FIGURE lO.--Components oJ the variations in IB±I_, method 2. This method consists of using the

measured values of I to calculate the component [B± [c_', due to the hydromagnetic disturbances in

the compressional mode, and talcing the difference between [B±r" and IB±lc E to determine the

component due to disturbances in any other mode. The upper curve is a plot o] IB± [c_ versus time

and the lower curve is a plot o] ]B±I _" -- ]B±lc E versus time.
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FIGURE ll.--The upper pair o] curves consists oJ the plot oJ AIB_LIcE ]rom figure 10 superimposed on

the plot o] IB± IE -- hIB± IEJrom @gure 8. The lower pair o] curves consists oJ the plot oJ AIB±IT _"

.from figure 8 superimposed on the plot o] IB±I E -- IB±lcE ]rom @gure 10. These comparisons are
shown to demonstrate the consistency o] the assumption that the magnetic field fluctuations were

composed, in the main, o] variations due to transverse and compressional disturbances. Datum

points are plotted at 15-sec intervals.

between these values may indicate coupling
between the two modes, although the existence

of such coupling would create difficulties with

the linear treatment of magnetohydrodynamic

waves. Comparison with our simple model

indicates that the transverse waves are ellip-

tically polarized and that the sense of their

rotation is clockwise to an observer looking

along the direction of the unperturbed field,

toward the north geomagnetic pole.
Next we wish to consider the time constant

for the decay of the amplitudes of these disturb-

ances. Efforts to approximate, with expo-

nential curves, the changes in the peak ampli-

tudes of the results plotted in figure 3 indicate
that time constants of somewhat less than 500

sec are appropriate. Thus, if the observed

phenomena were produced by some type of
free oscillations in the magnetosphere, these

data provide evidence for a relatively rapid loss

of energy from the oscillating system.

At this point, we would re-emphasize the fact
that the models employed in obtaining the fore-

going results are not unique in their applicability
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to the observations. In fact, the magnetometer

and aspect indicator provide measurements of

only two of the three quantities required to

describe the ambient magnetic field. However,

the implied relationship between the field and

the trapped particles permits the use of the

count-rate data to compensate somewhat for

the lack of complete field measurements.
It is of interest to consider the characteristics

of the observed phenomena in connection with

certain theoretical work. MacDonald [1961]

has described three modes of propagation for

hydromagnetic waves in the atmosphere. In

this paper, periods for free oscillation of one of

these modes, i.e., that in which vorticity is

propagated along the lines of geomagnetic force,
herein called the transverse mode, were calcu-

lated by MacDonald using two models of the

exosphere to provide a wide range of densities.

At geomagnetic latitude 60 ° , the periods for
the lowest order mode of these oscillations were

184.6 and 74.4 seconds for the higher and lower

density models, respectively. Since the satel-

lite, during the period of the pertinent observa-

tions, was in the vicinity of the geomagnetic
field line which intersects the earth's surface at

geomagnetic latitude 67.5 °, a crude extrapola-

tion of these results would provide periods of
several hundreds of seconds.

As stated earlier, if our assumptions as to

propagation velocity are correct, the disturb-

ances observed on August 9 and 18 violate only

the third adiabatic invariant of the energetic

electrons trapped in the region of the exosphere

covered by these measurements. Parker [1960,
1961] has considered the effects of violations of
this invariant and concluded that the net result

of the diffusion, particle loss, and accelerations

of the particles produced by the disturbances

will be a decrease in the total energy associated

with the trapped particles. The assumption

that the region of hydromagnetic disturbance

considered extended throughout the geomag-

netic field was explicit in this result. In fact,
the model used for the disturbance was that

of a sudden commencement magnetic storm

produced by the approach of a perfectly con-

ducting plane to the geomagnetic field.

However, Davis and Chang [1962] have treated

the same problem and conclude that such

disturbances are considerably more effective in

transporting particles to smaller radii than

Parker's results would indicate. In fact, they

suggest that such disturbances may provide a

means of transferring electrons from interplane-

tary space to the outer radiation zones of

planets. However, they remark that some of
the attractiveness of the mechanism is lost

owing to the fact that a considerable length of

time would be required for the inward diffusion

and acceleration to provide sufficient flux of

energetic particles with any reasonable level of

magnetic activity of the sudden commencement

type.

It is suggested that the hydromagnetic dis-
turbances described herein can affect the

particles in a similar way, since they violate only

the third invariant and, in the compressional

mode, are apparently of large dimensions.

Parker [1960] estimated that a few years would

be required to seriously displace particles in the

more distant regions of the outer radiation zone

as a result of a typical amount of geomagnetic

activity. In obtaining this estimate, he con-

sidered the effects on particles at 3.5R_ produced

by the repeated approaches of a conducting

plane that provided an image dipole at 10R_.

Thus, AB/B ---- 1 at 5R_ for this case. The

observed fluctuations at 7R_ were characterized

by AB/B _ 10 -1. These were detected during

a period of low geomagnetic activity and are

probably much more frequent than geomagnetic

storms or periods of high geomagnetic activity.

As a result, despite their smaller amplitude,

these fluctuations probably produce such diffu-

sion and acceleration at a much greater rate.

This possibility, coupled with the greater

efficiency of the mechanism, indicated by Davis

and Chang [1962], considerably enhances the

attractiveness of this means of particle accelera-

tion and relocation. It is also interesting,

although somewhat premature, to consider the

dependence of the properties of the observed

variations upon the sources of the disturbances.

MacDonald [1961] has discussed the theory of

such dependence. The results of August 16,

shown in figure 2, according to our interpretation

would be the product of disturbances propagat-

ing in an acoustic mode and generated by the

passage into _ the magnetosphere of clouds of
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solar plasma. These clouds would then be of

relatively small dimensions. On the other
hand, the phenomena observed on August 9 and

18, shown in figures 1 and 3, were probably
produced by some large-scale source as suggested
earlier. It should be mentioned that another

class of hydromagnetic disturbances has been
observed at geocentric distances greater than
about 10 earth radii [Sonett et al., 1960; Coleman,

et al., 1960]. These fluctuations, with ampli-
tudes up to 100 _, and frequencies up to 0.3 cps,
were interpreted as characteristic of an unstable

region between the geomagnetic field and inter-
planetary space. This region may be another
source of disturbances that might penetrate

deeper into the magnetosphere.
The interpretation of the observations re-

ported herein is perforce somewhat speculative,
since the experimental apparatus provided
measurements of only two of the three quantities
required to define the magnetic field. However,
the consistency of the results is encouraging.
We are at present investigating observations of
disturbances with periods similar to those of

August 9 and 18, but with smaller amplitudes
and a more regular behavior. These data may
be amenable to more accurate analysis by virtue

of their relatively frequent occurrence during
the course of our observations.
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