
Chapte:r 7 

Astrophysics and 
Magnetospheric Physics

Cosmic Background Radiation 

The interest of Bell Labs scientists in both astrophysics and the physics of 
the magnetosphere stems from a desire to understand the factors affecting 
electromagnetic propagation in the earth's atmosphere. The contributions to 
astrophysics began in the early 1930s, soon after sensitive antennas were built 
to gather data on radio propagation. Serious studies of the earth's magneto
sphere did not begin until three decades later when Bell Labs launched the 
first Telstar communications satellite. K. G. Jansky's investigation of the 
source of noise affecting transatlantic radio propagation gave rise to the birth 
of the astrophysics field of radio astronomy. The research of A. A. Penzias 
and R. W. Wilson in the 1960s on microwave background radiation had 
strong impact on modern cosmology. Other research contributions by Bell 
Labs scientists to astrophysics include the development and use of highly sen
sitive detectors, which led to the discovery of many molecules in the inter
galactic space as well as to gamma-ray astronomy and the search for gravity 
waves. 

The studies of the magnetosphere dealt with the earth's radiation environ
ment produced by energetic electrons and protons trapped in distinct belts 
around the earth and how these are affected by solar flares. Satellite investi
gations are complemented by magnetic data on ultra-low-frequency variations 
in the earth's magnetic field, obtained from magnetometers placed in experi
mental stations in Antartica and at high northern latitudes. 

I. ASTROPHYSICS 

Studies in astrophysics at Bell Laboratories were motivated by the 
need to understand sources of interference in radio communication. 
In the 1920s and early 1930s interest was focused in the 105 to 108 
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hertz (Hz) region of the electromagnetic spectrum, covering the range 
of AM and FM radio-frequency bands. With the development of 
radio-relay microwave applications to cross-country communication in 
the 1940s and the beginning of exploration of electromagnetic propa
gation in the circular waveguide, interest shifted to the study of pos
sible sources of interference in the microwave and millimeter 
wavelength (109 Hz to 1012 Hz) regions. The two major fields of 
astrophysics in which Bell Labs scientists played leading roles-radio 
astronomy and the experimental confirmation of the "Big Bang" 
theory of the origin of the universe-can be traced directly to the 
Bell System's involvement in communications in these two broad 
regions of the electromagnetic spectrum. 

1.1 Radio Astronomy- Early Observation of Galactic Radio Noise 

The science of radio astronomy was initiated in 1932 by K. G. Jan
sky, who had been studying the sources of noise on 
high-frequency-20 m•~gahertz (MHz)-transatlantic radio circuits. 
He had built a large, highly directive antenna on a turntable that 
rotated three times per hour, in order to resolve the angle of arrival 
of the noise. [Fig. 7-1] The received signal strength was recorded on 
a chart recorder. Jansky also listened to determine the character of 
the noise, and discov~!red that there were three major sources of 
noise: the familiar crackling noise from nearby thunderstorms, distant 
thunderstorms, and a continuous hiss-like noise whose intensity 
varied in a pattern that almost exactly repeated from one day to the 
next. 1 In further investigation of the continuous hiss component, Jan
sky discovered that its maximum occurred four minutes earlier each 
day and after a year had shifted by a full twenty-four hours. A. M. 
Skellett of Bell Laboratories, a Ph.D. astronomy student at Princeton 
University, showed him that this is what would be expected from a 
source associated with the fixed stars.2 In a later paper, Jansky 
showed that the hiss-type static came from the plane of the Milky 
Way and that the maximum came from the direction of its center.3 

This first radio-astronomical observation was published and publi
cized, but astronomers of the day did not fully appreciate its 
signific:ance. Part of the problem was that the astmnomers did not 
understand that the sltrength of the hiss that Jansky reported in 
microvolts/meter actually corresponded to a thermal temperature 
many times greater than the value of lO,OOOK that they would have 
expected from ionized hydrogen regions.4 It was only after World 
War II, when the radar developers took an interest, that the science of 
radio astronomy began to blossom. 
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Fig. 7-1. K. G. Ja nsky in front of the a ntenna he used to discover radio waves com ing from 

space. 

1.2 Microwave Background Noise Studies- Impact on Cosmology 

The cosmic microwave background radiation, considered a relic of 

the explosive beginning of the universe, was discovered in 1965 by 

A. A. Penzias and R. W. Wilson [Fig. 7-2] at Bell Labs' Crawford Hill, 

New Jersey, site.5•6 Penzias and Wilson received the Nobel Prize in 

physics in 1978 for their work in this area. The discovery was made 

with a uniquely sensitive microwave receiving system, originally 

built for receiving signals bounced from the Echo balloon-the 

world's first communications satellite. Two developments formed the 

key components in the Echo receiving system. The first was a 

traveling-wave maser amplifier with an intrinsic noise temperature of 

only a few degrees kelvin? The other was the 20-foot horn reflector 

antenna,8 whose most important property in this application was its 

very effective rejection of radiation from the backward direction, 

which reduced the pickup of ground radiation to negligible levels 

(approximately 0.1K). [Fig. 7-3] 
In 1963, when the Echo receiving system was no longer needed for 

satellite work, preparations were made to use the 20-foot horn 

reflector for radio astronomy. At that time a maser amplifier from 

project Telstar, operating at a microwave wavelength of 7.35 centime-
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Fig. 7-2. R. W. Wilson Cleft) and A. A. Penzias, discoverer· of cosmic 
background radiation , direct evidence for the "Big Bang" theory of 
cosmology. 

Fig. 7-3. The 20-foot horn-reflector antenna used in the di scovery of microwave background 
radiation. 
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ters (em), was installed and an accurate measurement of its sensitivity 

was underway.9 A radio astronomy receiver (radiometer) incorpora
ting the maser was designed to make accurate measurements. It con
tained two additional unique features: a liquid-helium-cooled :refer
ence noise source whose equivalent noise temperature (a convenient 
measure of its output power) was SK and could be accurately calcu
lated;10 and a waveguide switch that allowed very accurate compari
sons of the intensity of the radiation from the antenna and the refer
ence noise source. The first radio astronomy project used the mea
sured gain of the 20-foot horn reflector to make precise measurements 
of the intensities of several bright radio sources that had traditionally 
been used as radio-astronomical calibrators.11,12 The results oJf this 
work also provided the data for a convenient and widely used 
method of measuring the sensitivity of satellite earth stations. 

When the radiometer was put into operation, the first measure
ments showed that the equivalent antenna temperature was about 
7K-hotter than the reference noise source by about 2K. The antenna 
temperature should have been only 3.3K-the sum of the atmospheric 
contribution (2.3K) and the radiation from the walls of the antenna 
and ground (1K). This would have been 1.7K less than the cold load. 
During the period when accurate source measurements were being 
made (almost a year), the excess antenna temperature was found to be 
constant, independent of direction in the sky, polarization, and sea
son. At the end of that period an intensive effort to find the physical 
origin of excess temperature was undertaken. 

Success came in an unexpected way when contact was made with 
R. H. Dicke and his group at Princeton University. Although not the 
first to do so, Dicke predicted the existence of such all-pervasive radi
ation as a result of a postulated "Big Bang" origin of the universe. (A 
review of early theories of the "Big Bang" -type universe appears in a 
paper by Penzias.13) Dicke also suggested that the radiation would be 
observable, and his group set out to make a measurement. However, 
measurements by Penzias and Wilson gave a value of the temperature 
of the microwave background and suggested that the expected radia
tion from the early universe was present. Subsequent measurements 
have borne this out.14 

The discovery of cosmic microwave background radiation has had a 
dramatic effect on the science of cosmology. Not only has it provided 
direct evidence for a "Big Bang" type of cosmology, it serves as a 
probe of conditions in very early stages of the universe. 

In 1966, a second well-calibrated radiometer was built for the 20-
foot horn reflector. The radiometer was capable of receiving the 21-
cm microwave line of atomic hydrogen, the more important of the 
two then-known radio frequency lines. A background temperature 
measurement was made with this radiometer,l 5 adding to the 
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confirmation of the thermal spectrum of the background; it was then 
used for several additional measurements.16 A new lower limit to the 
amount of intergalactic neutral hydrogen was obtained, confirming 
that neutral hydrogen does not make up a significant fraction of the 
mass of the universe. The high-velocity hydrogen emission in the 
neighborhood of the astronomical coordinates l = 30°, b == 45° was 
extensively mapped andl found to be one continuous cloudP Another 
region near the south galactic pole was found to extend approxi
mately 60° and to exhibit a continuous velocity shift along its length, 
suggestive of rigid motion. 18 Extensive measurements of hydrogen in 
the vicinity of the galactic center resulted in new kinematic models of 
the explosive events of that region.19 Additional calibration measure
ments of interest to the radio-astronomy community were also 
made.20 

1.3 Application of Sensitive Receivers to the Study of Molecules in Inter
stellar Space 

In 1968, Penzias and Wilson made a low-noise, 4-millimeter 
wavelength receiver using components that had been developed at 
Crawford Hill for the c:ircular electric-mode waveguide system. The 
most important advance in this receiver was the use of GaAs Schottky 
barrier diodes made by C. A. Burrus in the mixer.21 This receiver was 
used with the new 36-foot diameter antenna for millimeter-wave 
radiation studies by the National Radio Astronomy Observatory 
(NRAO). 

In 1970, K. B. Jefferts, Penzias, and Wilson started a revolution in 
the understanding of the interstellar medium by discovering an 
intense spectral line of carbon monoxide at 2.6 millimeter (mm) 
wavelength coming from the Orion Nebula.22 They used a 90 to 140 
gigahertz (GHz) spectral-line receiver that they had assembled for the 
36-foot antenna in collaboration with S. Weinreb of the NRAO. This 
receiver used Burrus diodes for both the main mixer and for the har
monic mixer, which wats used to phase-lock the local oscillator kly
stron. In the next year nine new molecular species were discovered 
by the Bell Labs group, including molecules containing the rare iso
topes nc and 180. Other observers using a derivative of the 4-
millimeter receiver discovered several other species. The advantage 
of millimeter-wave spectroscopy of rotational levels is that any 
molecule containing two or more elements heavier than hydrogen 
and having a dipole moment can be measured. 

In thE~ decade from 1970 to 1980, Bell Labs continued at the fore
front of millimeter-wave spectral-line astronomy. The Crawford Hill 
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7 -meter antenna, built for the Comstar Beacon experiment and radio 
astronomy,23 has been the world's most sensitive millimeter--wave 
spectral-line radio telescope since its operation began in 1977. Much 
work has been directed to studying isotope ratios as an aid for under
standing nucleosynthesis.24 The discovery of deuterated molecules25 

has made it possible to obtain measurements that indicate that the 
expansion of the universe will continue forever, that is, that we live 
in an open universe.26,27 In the 1970s, scientists at Bell Labs 
discovered 24 new molecular species, studied the chemistry and phys
ics of dense molecular clouds, and demonstrated that carbon monox
ide is an excellent tracer of the special activities present in spiral. arms 
of galaxies.28 [Fig. 7-4] 

1.3.1 Instrumentation 

In an effort to reach higher frequencies, as well as to detect weaker 
signals, scientists at Bell Labs have introduced a number of new de-
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Fig. 7 ·4. Molecules in interstellar space discovered by Bell Labs scientists. 
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vices and techniques. In 1970, T. G. Phillips and Jefferts developed a 
new type of radio receiver for millimeter and submillimeter waves.29 

The new receiver made use of the bulk properties of a single crystal 
of highly pure indium antimonide. The electrical resistance of this 
material provided a sensitive measure of the temperature change of 
the electron gas. This temperature rises above that of the lattice at 
liquid helium temperatures by the absorption of incident photons. 
This device, called the "hot electron bolometer," is sensitive at fre
quencies up to 500 GHz and was used to detect interstellar carbon 
atoms through a transition at 492 GHz.30 

The sensitivity of the more conventional down-converter receivers 
was increased nearly fourfold when a mixer diode produced by 
molecular beam epitaxy (MBE) was operated at cryogenic tempera
tures.31 (For more on this topic see Chapter 2, section IV.) M. V. 
Schneider, R. A. Linke, and A. Y. Cho demonstrated in 1977 that a 
millimeter-wave-mixer diode could be specifically tailored for cryo
genic operation through MBE by depositing a very lightly doped 
active layer on the more heavily doped buffer layer.32·33 Cryogenic 
receivers using MBE diodes and covering 70 GHz to 140 GHz were 
put into use on the offset Cassegrainian antenna at Bell Labs' Craw
ford Hill, N.J., site. They proved to be the most sensitive receivers 
available in this band for a number of years. 

In 1978, G. J. Dolan, Phillips, and D. P. Woody demonstrated that 
the nonlinear properties of superconducting tunnel junctions C'ould 
be used to make a mixer receiver at 115 GHz with extremely low 
noise.34 The physical effect that is used in the device is photon
assisted tunneling between two superconducting films separated by 
an oxide barrier-an effect first observed in 1962 by A. H. Dayem and 
R. J. Martin.35 (See Chapter 9, s.ection 1.5.) 

1.4 Statistical Study of Galaxies 

Knowledge of the nature of the universe during the 15-billion year 
time span from the "Big Bang" to the present is sparse, but desireable 
for understanding the physics of the early universe and stellar evolu
tion. Research into these questions through statistical studies of the 
thousands of faint images on photographic plates exposed on large 
telescopes had long been impractical. However, a technique for 
automat,ed pattern recognition of faint images developed by J. A. 
Tyson and J. F. Jarvis in the late 1970s made possible an automated 
analysis of galaxies and :resulted in the statistical study of galaxy evo
lution and cosmology.36 

From this study, it appears that galaxies are apparently older than 
had been thought, substantially changing the picture of the early 
universe. In addition to new constraints on spiral galaxy star-
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formation rates, the resulting limits for the epoch of galaxy formation 
are a factor-of-five earlier than previously obtained. 

1.5 Gravity Waves 

In 1913, Albert Einstein saw that his new theory of gravity, the 
general theory of relativity, would predict the existence of gravita
tional waves that would be radiated when highly dense matter E~lasti
cally deforms or accelerates.37 These waves would travel at the speed 
of light and cause a small tidal force on a detector. The detection of 
such gravity waves would contribute significantly to astrophysics. 

In 1969, J. Weber, using a prototype gravity antenna at the Univer
sity of Maryland, claimed to have detected intense short bursts of 
gravitational waves.38 This publication captured the interest of many 
in the astrophysical community, as the data implied an emitter con
suming about 105 suns per year. 

In 1970, Tyson constructed a larger detector with more than 100 
times the sensitivity of the University of Maryland system, but 
Weber's claimed bursts were not detected.39 In order to improve the 
signal-to-noise ratio, in 1973 Tyson arranged to have two detectors in 
joint operation, one at Bell Labs, Murray Hill, and the other at the 
University of Rochester (which was funded in part by the National 
Science Foundation). By 1974, the sensitivity was nearly 2,000 times 
that of Weber's original detector, but even this did not lead to detec
tion of any gravity waves.40 In a collaborative experiment, a group of 
German scientists also obtained null results, in disagreement with 
Weber's claims.41 Toward the end of the 1970s the large detector at 
Bell Labs had become sensitive enough to see any small burst of grav
itational waves at the center of our galaxy (30,000 light years dis
tance) corresponding to the gravitational radiation resulting from 
consumption of one seventh of a sun's mass per year. 

1.6 Gamma-Ray Line Astronomy 

A new subfield of astrophysics, in which a Bell Labs/Sandia 
Laboratories group led by M. Leventhal has played a pioneering role 
since 1973, is gamma-ray line astronomy.42 The gamma-ray lines, in 
the range of 0.05 MeV to 20 MeV, arise from transitions that occur 
between the nuclear energy levels of atoms and molecules immedi
ately following radioactive decay, inelastic nuclear collisions, or neu
tron capture. One byproduct of many high-energy astrophysical 
processes occurring between ordinary matter and photons is the pro
duction of anti-electrons, that is, positrons. The annihilation of elec
trons and positrons usually results in two photons, each carrying 
0.511 MeV of energy. The other gamma-ray line process is the syn-
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chrotron emission arising from the motion of electrons in the enor
mous magnetic fields of neutron stars or pulsars. 

Since gamma rays are highly absorbed in the earth's atmosphere, 
large balloons were used to lift the telescope and its related instru
ments. The telescope itself was built around a large-volume, hyper
pure germanium diode detector operated at liquid-nitrogen tempera
ture as the central ele!ment. Considerable amounts of data were 
obtained when the apparatus was aimed in the direction of two 
recent nova explosions and at the Crab Nebula.43 Evidence for a line 
feature at 400 keV was obtained, leading to the suggestion that this 
may be due to positron annihilation on the surface of a neutron star 
being gravitationally redshifted from 511 keV. 

Two flights of the system took place over Alice Springs, Australia, 
on NASA-supported balloons in November 1977 and April 1979. The 
principal observation target on both flights was the galactic-center 
region, from which evidence for a line at 0.511 MeV was obtained.44 

The intensity of this line corresponds to the annihilation of about 
1043 positrons-per-second in the galactic-center region. This is the 
radiation equivalent of about 10,000 suns. It is not yet known what is 
generating all these posHrons. 

1.7 The Indium Solar Neutrino Spectrometer 

The generation of energy in the interior of the sun is believed to 
be accomplished by the conversion of four protons into an alpha par
ticle with a net release of 25 MeV of energy. This conversion takes 
place through a series of nuclear reactions. Various steps of this 
nuclear reaction chain :result in the formation of neutrinos. These 
very weakly interacting, stable particles provide a unique probe of 
the core of the sun because they are the only particles that can escape 
practically unimpeded by the sun's mass. 

In 1976, R. S. Raghavan proposed a neutrino spectrometer that 
offers the unique possibility of measuring the energy spectrum of 
solar neutrinos.45 This will allow separation of neutrinos produced in 
different branches of tht~ nuclear reaction chain, and in addition will 
give direct indications of neutrino time variations (bursts) if they 
occur. The detector is based on the inverse beta reaction 
115In(v,e )115Sn •. The electron (produced immediately upon neutrino 
capture) is followed by two gamma rays with a few microseconds 
delay. This triple signature identifies a neutrino capture and distin
guishes it from background. The incoming neutrino energy is mea
sured by the energy of the electron. 

Raghavan's detection scheme is very different from that used in the 
only experiment on solar neutrinos reported previously by R. Davis at 
Brookhaven National Laboratory.46 It promises to resolve ambiguities 
in the solar models raised by the Davis experiment. 
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II. THE MAGNETOSPHERE 

Records of the interest in the nature of the space around the earth, 

as manifested in particular by auroral phenomena, go far back into 

history.47 Beginning in the early part of this century with the obser

vations and analyses of K. Birkeland48 and C. Stormer,49 the associa

tions between solar activity and geomagnetic and auroral disturbances 

were placed on a more solid theoretical footing through the insights 

of a number of investigators, especially S. Chapman and V. C. A. Fer
raro,50 and Alfven.51 The launching by the United States and the 

Soviet Union of the first artificial earth satellites, with their instru

mentation for measuring charged particles and magnetic fields, pro

vided the first opportunities for measuring the space environment in 

the vicinity of the earth. The discovery of the trapped radiation belts 

around the earth by J. A. Van Allen and his colleagues,52 and by S. 
N. Vernov and his associates,53 opened an entire new chapter in the 

exploration and understanding of the earth's upper-atmosphere 

environment. 

2.1 Study of Electrons and Protons in the Van Allen Belts with Detectors 

in the Telstar Satellite 

Bell Labs entry into the field of in-situ study of the earth's radiation 

environment and magnetosphere began with the launching of the 

first Telstar experimental communications satellite on July 10, 1962. 

Telstar was equipped with a complement of solid state radiation 

detectors that were designed by W. L. Brown and coworkers to meas

ure the distribution in energy, position, and time of the electrons and 

protons trapped in the Van Allen belts in the earth's magnetic field.54 

Telstar I was launched one day after an American high-altitude 

nuclear explosion injected large numbers of additional electrons and 

protons into the radiation belts. Thus, the measurements by Brown 

and J. D. Gabbe, using the radiation sensors on Telstar, played an 

important role in defining the characteristics of the nuclear-explosion 

radiation at high altitudes,55 as well as in determining the time 

dependence of the radiation as dynamical processes in the magneto

sphere produced losses of the trapped particles.56 A nuclear explosion 

by the Soviet Union in October 1962 produced a very narrow (in alti

tude) belt of trapped electrons. Measurements of this narrow electron 

belt made with the use of particle detectors on Telstar (see Chapter 8, 

sections 1.1 and 1.1.1) and on the National Aeronautics and Space 

Administration (NASA) Explorer-IS satellite provided the first 

significant data on the simultaneous magnetosphere processes of 

particle loss along magnetic field lines into the atmosphere and parti

cle loss by diffusion across magnetic field lines to lower and higher 

altitudes.57,58 
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The radiation-belt electron measurements with Bell Laboratories 
instruments on the Telstar and Explorer-IS satellites provided evi
dence that the trapped electrons (both natural and artificial) were 
being lost faster than would be predicted theoretically by considera
tions of simple Coulomb scattering with ionospheric <constituents. It 
had been suggested that very low-frequency (VLF) waves in the mag
netosphere might resonate with the individual electron's cyclotron 
frequency, producing a fitch-angle scattering of the particles into the 
atmospheric-loss cone.5 However, C. S. Roberts, in a pioneering 
work, demonstrated that this mechanism was totally insufficient to 
produce the observed electron losses because the cyclotron resonance 
mechanism is very inefficient for scattering particles with pitch angles 
close to 90°.60 He suggested instead that wide-band electromagnetic 
noise in the magnetosphere should be the primary source of a pitch
angle scattering mechanism. In a later study, Roberts and M. Schulz 
demonstrated that magnetospheric waves with frequencies compar
able to a particle's bounce frequency along a magnetic-field line 
would be very efficient for scattering particles with such pitch 
angles.61 They envisioned a two-stage loss process for magnetospheric 
particles with pitch an~;les close to 90°: first, bounce resonance 
scattering to change the particle pitch angle to an off-equatorial value, 
and then cyclotron resonatnce scattering into the atmosphere. 

2.1.1 Radiation Belt lnstabaity and Magnetic Storms 

As space exploration of the magnetosphere continued into the mid
dle and late 1960s, investigations into the natural sources of the 
trapped particle populations became of fundamental scientific impor
tance. A team of scientists responsible for charged-particle and 
magnetic--field instruments on the Explorer-26 satellite reported the 
first evidence of in-situ electron energization in the radiation belts 
during a magnetic storm.62 Later theoretical work by A. Hasegawa 
and his colleagues estabHshed for the first time the importance of a 
plasma instability for particle accelerations within the radiation belts 
during a magnetic storm.63 Another study of the effects of magnetic 
storms on radiation-belt electrons, using data from Bell Labs' instru
ments on Explorer 26, established the occurrence of electron accelera
tions internal to the radiation belts during all large magnetic 
storms.64 This study also suggested that the electron energization 
occurred outside the plasmapause, a cold-plasma feature in the mag
netosphere that had been discovered earlier by D. L. Carpenter of 
Stanford University.65 

2.2 Outer Zone Studies with Synchronous Altitude Satellites 

The first experimental communications satellite at synchronous alti
tude, Applications Technology Satellite 1 (ATS-1), was launched by 
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NASA in December 1966. Bell Labs semiconductor detector apparatus 

on this satellite was used to acquire proton, alpha particle, and elec

tron data in the outer radiation zone of the magnetosphere until it 

was turned off in September 1970. The data from this instrument 

have contributed to a number of important discoveries and studies. 

These include contributions made by L. J. Lanzerotti, Brown, and 

Roberts to an understanding of severe magnetic storm conditions 

when the magnetospheric boundary is pushed inside the synchronous 

orbit altitude.66 Other studies include collaborative observations of 

the geomagnetic substorm acceleration and particle loss processes,67 

and the relationships between substorm-produced electrons in the 

magnetosphere and in the magneto tail. 68 Hasegawa proposed 

theoretical explanations for possible radiation-belt electron accelera

tions at the plasmapause and by a driftwave instability in the vicinity 

of a magnetosphere-plasma-density gradient.69 

One of the discoveries that resulted from the experiment on ATS-1 

was the identification of periodic oscillations, dependent upon parti· 

de energy, in the trapped electron fluxes?0 These "drift echoes" were 

attributed to sudden changes in the magnetosphere configuration 

induced by changes in the solar wind dynamic pressure?1 They pro

vided crucial evidence of the importance of such magnetospheric 

field changes on the redistribution of trapped particles by the process 

of radical diffusion.72 Subsequently, trapped proton flux data from 

ATS-1 as analyzed by Lanzerotti, C. G. Maclennan, and M. F. Robbins, 

provided the first evidence of drift echoes in the fluxes of these parti

cles?3 [Fig. 7 -5] 

2.3 Effect of Solar Flares on Particles in Interplanetary Space 

In May 1967 and June 1969, Bell Laboratories particle instruments 

were launched on the Explorer-34 and Explorer-41 spacecraft, respec

tively. The instruments were designed to study the electron, proton, 

and alpha particle fluxes from solar flares in interplanetary space. 

The instruments on both spacecraft functioned well until each satel

lite burned up upon re-entry into the atmosphere; Explorer-34 in May 

1969, and Explorer-41 in December 1972. The data acquired by both 

of these spacecraft and interpreted by Lanzerotti and coworkers pro

vided important new information on the intensities, composition, and 

time dependence of low-energy, solar-flare particles. These data pro

vided the first detailed time-intensity profiles of low-energy, solar

flare alpha particle fluxes and established that the propagation of the 

low-energy (few MeV and less energy) protons and alpha particles 

did not obey the classical theory of diffusive particle propagation 

from the flare region to the earth?4 The solar cosmic-ray data from 

the Explorer-34 experiment also provided the first evidence of the in

situ acceleration of low-energy particles by interplanetary shock 

waves?5 Later work, using electron data, provided an important link 
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Fig. 7-5 . L. J. Lanzerotti pioneered in fundamental 
investigations of the earth's magnetosphere. 

between the time-dependence of the particle fluxes and the fluctua
tions of the interplanetary field that produces the particle diffusion 
between the sun and the earth?6 

The simultaneous acquisition of data with the instruments on both 
ATS-1 and Explorer-34 led to the important discovery of the rapid 
access of solar-flare particles deep into the magnetosphere under most 
conditions of geomagnetic activity.77 This discovery, which was stud
ied extensively, led to the new concept of the importance of a 
diffusive, particle-scattering mechanism that acts to move solar parti
cles rapidly into trapped orbits in the magnetosphere.78 During the 
same time period an important theoretical work was published by A. 
Eviatar and R. A. Wolff on the stability of the magnetopause and 
small-amplitude wave disturbances at the magnetopause?9 

2.4 Ground-Based Magnetometers in Antarctica and at High Northern Lati
tudes 

The decline in the national space program at the end of the 1960s, 
together with a growing realization that single (or even dual) satellite 
measurements were not sufficient for a complete spatial understand-
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ing of the magnetospheric wave propagation that modulated the 
energetic particle fluxes detected on spacecraft in the magnetosphere, 
led to the planning and design of a ground-based magnetometer 
array by Lanzerotti and his associates. The array, consisting initially 
of three, and later of four, fluxgate magnetometers and the associated 
digital data acquisition systems, was spaced in latitude at a fixed long· 
itude in the northern hemisphere to be close to the nominal 
plasmapause field-line intercept with the ionosphere. AnothE~r mag
netometer instrument was located at the National Science Foundation 
Siple Station in Antarctica. The Antarctic instrument is located at the 
southern end of a magnetic field line that also passes through one of 
the northern stations. 

At the time of this writing, data from this array have been 'E'xceed
ingly important in elucidating the nature of the low-amplitude [about 
(1-lO)X 10-5 gauss] ultra-low-frequency (about 2 mHz to 50 mHz) 
variations in the earth's' magnetic field. The data from the array pro
vided the discovery that ULF fluctuations can be highly localized in 
latitude, near the plasmapause, within the magnetosphere.80•81 The 
discovery of the localization of the ULF phenomena led to the under
standing that these fluctuations can be characterized predominantly 
as odd-mode standing Alfven (shear) waves along a field lin•~.82 An 
important implication of this discovery is that the amplitudes of the 
fluctuations near the equator on a field line should nearly vanish; this 
hypothesis was found to hold in the only extensive comparison 
between satellite and ground data made to date.83 Theoretical calcula
tions by L. Chen and Hasegawa provided the first detailed predictions 
of magnetospheric ULF phenomena that can be rigorously compared 
with observations.84 These calculations made possible the explanation 
of much of the ULF wave phenomena observed near the 
plasmapause, as well as the prediction of features of the e·xciting 
source that are amenable to further experimental investigations. 

In addition to the wave studies, new methods of data acquisition 
and analysis have permitted detailed spectral-analysis studies of the 
more noise-like geomagnetic field fluctuations. In the 1970s, these 
analyses were used to propose a more quantitative measure of 
geomagnetic activity than that previously used worldwide85 and to 
study the temporal changes in the radial diffusion coefficient for 
radiation-belt electrons under the influence of the geomagnetic field 
fluctuations.86 The results of this latter study were found to agree 
with the results previously obtained using radiation-belt J?articles 
measured by the Bell Laboratories instrument on Explorer 15. 
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