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PREFACE

The beginnings of magnetospheric physics were the
beginnings of space physics, of the marvelous discoveries
made from in situ measurements from rockets and satellites
and from increasingly sophisticated ground-based measure-
ments and computer-assisted theoretical and empirical
research. The beginnings of magnetospheric physics are also
intimately connected with the International Geophysical
Year 1957-58, the greatest world-wide cooperative scientific
event in history. From the period following World War II
until the late 1960s, the United States, and world physics
and engineering in general, entered a new level of large-
scale research epitomized by “space physics.”

Covering the period roughly 1958-1967, this volume
contains personal accounts from those pioneers whose
pathfinding research initiated and solidified the field of
magnetospheric physics. Here are accounts of the first
rocket and satellite studies, of the discovery of the magneto-
sphere and Van Allen belts, of early models of the physics
of the space around our Earth and of the Earth’s environ-
ment within the Sun’s plasma. Studies of the magnetosphere
of the Earth led directly to our knowledge of the plasma
environment around other planets and throughout our solar
system. The authors of papers in this volume were in at the
beginning, pioneers who played a significant role in the
early years of magnetospheric physics.

The idea for this volume grew out of a session on the
“History of the Discovery of the Magnetosphere,” which
was organized by Ed Cliver and George Siscoe and held
December 15, 1995, during the AGU Fall meeting in San
Francisco. At the session, Stewart Gillmor gave a historical
introductory presentation, and interesting papers were given
by James Dungey, Syun Akasofu, Robert Helliwell, John
Spreiter and Alex Dessler. Carl Mcllwain pitched-in for
James Van Allen, who at the last moment was unable to
attend, and Daniel Baker concluded the session with a
synopsis of outstanding questions in contemporary
magnetospheric physics. Because the session format limited
the number of speakers, Cliver and Siscoe proposed that a
monograph be produced to include a larger number of
contributors. Gillmor and Spreiter agreed to edit such a
volume.

We knew that even a volume could not include all those
who were important players in the first years of
magnetospheric physics. Cliver, Siscoe and others aided us
in the selection of contributors. We hoped for a cross-
section of authors, a few who were in their youth in the
early 1960s, and who thus may have played supporting
roles, and others who were early leaders. We aimed to
include some contributors from beyond the U.S. borders.
Thermal plasma specialists, particle people, theorists,
instrumentalists, ground-based, rocket- and satellite-based,
representatives from the academy, industry and government:
these were some categories we wanted to include. Response
was very encouraging, although several potential contribu-
tors regretted that they would be unable to join the project.
The project was supported solidly by the AGU History
Committee.

With one exception, all papers here have not previously
been published. We asked authors to tell about specific
ideas, actions and events in which they were involved in the
late ‘50s through the late ‘60s and which directly involved
the magnetosphere. We invited them to give to the reader
personal perspectives on their work and that of their
research groups, including comment on interactions with
colleagues in other groups, those with whom they agreed
and disagreed. We also asked for details about early
education and mentors along the way, and some of the most
vivid portions of this volume appear in such passages. Some
authors knew early on that they wanted to do geospace
physics, but others started out as engineers, mathematicians,
and even as political scientists and musicians! In order to
assist the reader to learn more about the history of
magnetospheric physics, we invited each author to include
in the bibliography a list of his or her additional publications
pertaining to history, and we asked for a personal “period”
photograph taken during the early days of magnetospheric
physics.

The literature on history of the magnetosphere and related
areas is scattered. We do want to note here some related
publications: The Journal of Geophysical Research-Space
Physics published special sections entitled “Pioneers of
Space Physics” in 1994 (Vol. 99, No. AlQ, pp. 19099-



19212) and again in 1996 (Vol. 101, No. A5, pp. 10477~
10585), and these were subsequently published separately as
Pioneers of Space Physics (ISBN 0-87590-847-0) and
Pioneers of Space Physics 2 (ISBN 0-87590-890-X) and are
available from AGU. The first collection contains papers by
D. R. Bates, N. Fukushima, H. Friedman, E. N. Parker, J.
A. Simpson, C. P. Sonett, J. W. Dungey, and W. L
Axford. The second collection contains papers by J. A. Van
Allen, N. F. Ness, H. E. Petschek, F. B. McDonald, S.-I.
Akasofu, G. Haerendel, T. M. Donahue, D. M. Hunten,
and S. Kato. These collections indeed go beyond the subject
of magnetospheric physics and include aeronomy, cosmic
rays and matters well past the years of the “early days,” but
they should be of interest to the inquiring magnetospherist.

vi

And we want to note two valuable histories by David P.
Stern: “A Brief History of Magnetospheric Physics Before
the Spaceflight Era” (Reviews of Geophysics, 27, 103-114,
1989) and “A Brief History of Magnetospheric Physics
During the Space Age” (Reviews of Geophysics, 34, 1-31,
1996).

Finally, we thank Ed Cliver and George Siscoe for getting
the project started and for continued support during the
development of the project.

C. Stewart Gillmor
John R. Spreiter
Editors



The Formation and Early Evolution of Studies
of the Magnetosphere

C. Stewart Gillmor

Wesleyan University, Middletown, Connecticut
and Colorado School of Mines, Golden, Colorado

This paper will present a brief overview of observations, experiments and theo-
retical study of natural geoplasmas including the ionosphere and aurorae, and
also of other geophysical and solar phenomena which led to the formation of the
discipline of magnetospheric physics. Some of the researches and events only
very briefly described here are discussed in greater detail in other papers in this

volume.

INTRODUCTION

As well stated by James Van Allen, “The scientific
heritage of magnetospheric physics lies principally in
studies of geomagnetism, aurorae, and the geophysical as-
pects of cosmic radiation and solar corpuscular streams”
[Van Allen, 1983, 9]. In the contemporary international use
of the terms, magnetospheric physics is a part of geophys-
ics, although we now know that there are magnetospheres
on some of the other planets of our solar system. But to-
day’s magnetospheric physics evolved from different
scholarly ancestors in various countries. In the United
States until recently, geophysics signified only structural
studies of the solid Earth. Since radio techniques so influ-
enced work in the United States in the first two-thirds of
this century, upper-atmosphere geophysics was studied
predominantly in government and industrial laboratories
and in university departments of electrical engineering and
applied physics. In France, geophysics essentially included
geomagnetism, as was the case in Germany and in coun-
tries influenced by Germany in the nineteenth century.

Discovery of the Magnetosphere
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Japan followed the German model, conducting upper-
atmosphere geophysics research from physics and geo-
magnetism centers until, following World War 11 and the
American occupation, such research shifted to electrical
engineering research centers [Gillmor, 1973b]. In the
United Kingdom and some Commonwealth countries, up-
per-atmosphere geophysics research was pursued by
physicists and quite often by mathematicians in depart-
ments of mathematics and theoretical physics. In Austra-
lia, mixed alliances to American engineering and to British
physics from the 1920s and after saw upper-atmosphere
research and later radio astronomy emerge both from
physics and from electrical engineering departments
[Gilimor, 1991]. With the arrival of the space age in the
late 1950s, a considerable portion of upper-atmosphere
geophysics research in the United States evolved from
physics and applied physics departments performing rocket
studies of solar and cosmic-ray physics. And many of the
instruments and techniques later used in magnetospheric
physics--electronic circuits, computer techniques, remote
sensing, even special halogen-quenched geiger counters--
[Friedman, 1994] were first developed by physicists and
engineers working in other areas of science and technol-
ogy. But tit for tat: In the case of ionospheric research, the
first studies in radio astronomy grew out of attempts to
survey radio frequency noise sources hampering transat-
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lantic ionospherically propagated radio communications.
And other ionospheric and magneto-spheric workers de-
veloped computer techniques and software and for some of
them the techniques and design of the computer became so
interesting they never returned to geophysics.

A diversity has existed also in the nomenclature for the
Earth’s upper atmosphere and geospace, a region character-
ized by its emphasis on naturally occurring plasma. We
consider a huge volume, at laboratory vacuum pressure,
primarily acted upon by the terrestrial magnetic field and
by energetic radiations from the Sun and from cosmic rays.
The lower ionized part of the region, from roughly 50 to
1000 km above the Earth’s surface was termed the iono-
sphere in 1926, by Robert Watson Watt [Gillmor, 1976].
Thomas Gold coined the term magnetosphere in 1959 for
the region extending from the upper part of the ionosphere
out to the extent of the Earth’s environment which is domi-
nated by the geomagnetic field. We now know that the tail
of the magnetosphere extends out beyond the Moon’s orbit.
The region of the ionosphere out to several earth radii is
also sometimes called the plasmasphere. This provides a
second name for the inner portion of the magnetosphere,
which is confusing, but typical of scientific fields where
more than one specialty can claim expertise.

In wishing to unify the physical and chemical study of
the upper atmosphere, Sydney Chapman in 1950
[Chapman, 1950] termed such study of the ionospheric
region, aeronomy. In many cases, the ionosphere and
magnetosphere were studied by the same people using
similar methods. To give us more confusion, the Earth’s
upper-atmospheric regions have been classified differently
depending upon whether temperature, composition, state of
mixing, gaseous escape or ionization is deemed more cen-
tral to the work at hand, or to the scientific community at
work. Thus the temperature-classified troposphere and
stratosphere are located lower than, but the mesosphere
and thermosphere overlap, the ionosphere and magneto-
sphere. In the 1950s and 1960s, most scientists spoke in-
terchangeably of space physics and what has been called
here upper-atmosphere geophysics. As instrumentation
advanced and propulsion vehicles came to be more power-
ful, space physics came more to identify either those fields
of physics and allied areas utilizing rockets and satellites,
or those physical locations further and further from the
Earth’s surface. In 1915, short radio waves were waves of
less than several hundreds of meters in wavelength; by
1940 short radio waves were less than 40 or perhaps less
than 10 meters in length. In a similar way, space as a de-
fining term moved higher and higher above the Earth’s
surface, from the stratosphere in the early part of this cen-
tury, to the ionosphere in the inter-war period, to the mag-
netosphere by the early 1960s, then to the intra-solar sys-

tem, then on to Deep Space as American television science
fiction programs called it beginning in the 1970s [Brush
and Gillmor, 1995].

Similarly, the community of those scientists studying
solar-terrestrial relations, or solar terrestrial physics shares
many citizens with the upper-atmosphere and geospace
community. And the magnetosphere community is
squarely in the middle of all this, particularly since magne-
tospheres are found on some other bodies in our solar sys-
tem. Although the lower atmosphere sciences have come
closer to the upper-atmosphere and geospace field in the
last couple of decades, the latter seems always to have had
a stronger tie to plasma physics, solar physics and astron-
omy than to classical neutral air meteorology.

EARLY GEOMAGNETISM

Magnetism is commented upon in ancient Asia, and in
the Christian Medieval West but for its full introduction to
Europe one usually cites William Gilbert’s De Magnete
[1600] where the loadstone and its analogies to the Earth
are discussed in detail, indeed “...the terrestrial globe is
magnetic and is a loadstone” [Gilbert, 1600, Book [, Chap.
XVII]. In the seventeenth and eighteenth centuries some
further progress was made in recognizing the variation of
the earth’s magnetic field and in some correlations with
geophysical phenomena such as the aurorae. The great
Edmond Halley even magnetically surveyed the Atlantic
Ocean from his ship the Paramore in observations made
between 1698 and 1700 and was the first to adopt isogonic
lines [Gillmor,1990]. But until the late eighteenth century,
the exact physical sciences comprised, at most, theoretical
mechanics, astronomy and geometrical optics. The fields
of heat, light, electricity and magnetism were descriptive
and empirical, rather than analytical. During the course of
that century, the empirical physical disciplines began to
develop into exact and quantitative sciences. The period
from about 1775 to 1825 was the making of natural phi-
losophy into physics and was an exciting time [Gillmor,
1971, 42]. Pierre Simon Laplace, Charles Augustin Cou-
lomb, Antoine Laurent Lavoisier and other physicists and
chemists of the time recognized this. Joseph Louis de La-
grange recognized it as well when he wrote to Jean Le
Rond d’Alembert in 1781 dispiritedly: “Physics and chem-
istry now offer riches more brilliant and easier to exploit; in
addition, the taste of the century appears to be entirely
aimed in this direction, and it is not impossible that the
chairs for Mathematics [Géométrie] in the Academies will
one day occupy the same insignificant position that the
University chairs in Arabic occupy at present.” [Lagrange,
1867-1892, XIII, 368]. The discovery of electro- magnet-
ism and its phenomena and laws by Hans Christian Oer-



sted, André-Marie Ampére, William Faraday and others in
the first quarter of the nineteenth century would lead to
important developments in geomagnetism.

It was not only magnetism, electricity, heat and so forth
which blossomed in the late eighteenth and nineteenth
centuries. Certainly a major paradigm or model for the
physical sciences was Newtonian rational mechanics, par-
ticularly as applied to celestial mechanics. But during the
eighteenth century, some scientists turned to problems of
the earth and its environment for their exemplars (and this
continued throughout the nineteenth century), and many
physicists and mathematical physicists considered geo-
physical problems as integral portions of their life work.
John Dalton, William Herschel, Hermann Helmholtz, Jean
Baptiste Fourier, Lord Kelvin, James Clerk Maxwell and
others were inspired to treat numerous problems in geo-
physics and atmospheric and solar physics [Gillmor,
1975a]. Fourier’s interest in geophysics was so strong that
he wrote “The profound study of Nature is the most fertile
source of mathematical discoveries...”, “...Mathematical
analysis is as extensive as Nature itself...” and “The ques-
tion of the terrestrial temperatures has always appeared to
me as one of the grandest objects of cosmological study
and [ had it principally in mind when establishing the
mathematical theory of heat.” [Fourier, 1822].

Joseph Banks, perhaps the most influential British sci-
entist of the times around 1800, and Alexander von Hum-
boldt championed exploration as well as geophysics in all
its recognized specialties. The British astronomer royal
George Biddell Airy counseled Cambridge University to
add more studies of geophysics, including geomagnetism,
and solar physics to the curriculum and the examination
requirements of the university. He was distressed that the
B.A. honors exams at Cambridge stressed “pure” mathe-
matics to such an extent that in 1866 he urged that addi-
tional subjects including “Magnetism, terrestrial and ex-
perimental, and their connection...” be added [4iry, 1896,
267-9]. Airy worked constantly to obtain support for ob-
servatory and field work in geodesy and terrestrial magnet-
ism. The great polymath, Carl Friedrich Gauss, was in-
spired in his research in spherical harmonics by his desire
to model the Earth’s geomagnetic field. Gauss and his
colleague Wilhelm Weber established a series of geomag-
netic observatories and this work was expanded by Edward
Sabine [Cawood, 1979, Stern, 1989]. Sabine was so im-
pressed by Gauss’ work in organizing international coop-
eration in geophysical measurements that he urged the
British Association and the Royal Society to support the
extension of geophysical studies to the ends of the British
Empire. Sabine was also the first to propose that an ex-
pedition be mounted to the southern polar areas [Gillmor,
1978]. The expedition Sabine proposed, to be led by James
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Clark Ross, had various scientific objectives but its main
work “beyond all question ... and that which must be con-
sidered as, in an emphatic manner, the great scientific ob-
ject of the Expedition, is that of Terrestrial Magnetism ...”
[Royal Society, 1840]. This was to include simultaneous
observations to be undertaken on certain world term days,
determination of the position of the south magnetic pole,
and special attention to aurorae.

Gauss showed that the great preponderance of the
Earth’s magnetic field was from internal origins. But he
suggested that some magnetic variation could be from
electric currents flowing high above the Earth. Eighteenth-
century ideas about geomagnetism and occurences of solar
and auroral events intensified in the mid-nineteenth century
and correlations between the sunspot cycle, solar flares, the
aurorae and geomagnetism and geomagnetic storms were
established. A notable example of this was the observation
and correlation by Carrington [1860] of a solar flare, a
simultaneous magnetometer deflection and a closely fol-
lowing geomagnetic storm and auroral display. By the last
third of the nineteenth century, scientists generally ac-
cepted the relationship between the solar cycle and mag-
netic disturbances on the Earth. Balfour Srewart [1882]
showed that there are electric currents flowing in the
Earth’s high atmosphere, that solar action must render the
air there electrically conducting, and that the conductivity
is higher at sunspot maximum than at sunspot minimum.,
Not all, however, agreed: Lord Kelvin in his later years,
more and more frequently disagreed with scientific opin-
ion, e.g., on the age of the Earth, on the importance of
Transatlantic radio, and on the connection between mag-
netic storms and sunspots [Pomerantz, 1974; Stern, 1989).

Confidence in the future of geomagnetic studies was
shown by the courage of Louis Agricola Bauer when he
founded the journal Terrestrial Magnetism in 1896 (which
became Terrestrial Magnetism and Atmospheric Electricity
in 1899, and the Journal of Geophysical Research in 1949).
Bauer was impressed with the importance of terrestrial
magnetism both for geophysics and solar-terrestrial phys-
ics in general, and for broad applications to mapping, min-
ing and navigation. The first article to appear in Terrestrial
Magnetism was “On Electric Currents Induced by Rotating
Magnets, and Their Application to Some Phenomena of
Terrestrial Magnetism” by Arthur Schuster of Owens Col-
lege at Manchester [Schuster, 1896)]. Schuster had worked
with James Clerk Maxwell and with Lord Raleigh in Cam-
bridge and succeeded Balfour Stewart at Manchester in
1887. Schuster’s broad research interests included spec-
troscopy, electron and X-ray studies, and the electrical be-
havior of gases. Schuster demonstrated that a small poten-
tial could maintain an electrical current, once a gas was
ionized. He is best remembered by geophysicists for ex-
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tending Stewart’s ideas on geomagnetism and upper at-
mosphere physics. He believed that the upper atmosphere
layer was conducting due to solar ionizing radiation and
that convective motion was cause for the upper atmosphere
electrical currents. He calculated the ionization and con-
ductivity as a function of the solar zenith angle and, by
1908, had calculated an estimate for the specific conduc-
tivity of the layer as 10" emu and estimated the layer
thickness as 300 km. He resigned his chair at Manchester
in 1907 so that a young Ernest Rutherford could gain it, an
act of generosity reminiscent of Isaac Barrow resigning the
Lucasian Chair at Cambridge in favor of young Isaac
Newton. [Gillmor, 1990, ix-x].

IONIZED GASES

Electrical researches by Rutherford’s former teacher and
Schuster’s colleague, Joseph John Thomson, on electrically
charged particles would spark interest in upper atmosphere
geophysics in two major ways: It stimulated the existent
research areas of geomagnetism and the aurorae, and the
newly emerging area of radio communications and propa-
gation. Thomson himself had been a student of Stewart
and was grounded in the ideas that “...the only conceivable
cause capable of operating in such [high atmospheric] re-
gions must be an electric current... we know from our study
of the aurora that there are such currents in these re-
gions...convective currents established by the Sun’s heating
influence in the upper regions of the atmosphere are to be
regarded as conductors moving across lines of magnetic
force, and are thus the vehicle of electric currents which act
upon the magnet.” [Stewart, 1882, 181]. Perhaps some of
the phenomena of geomagnetism and the high atmosphere
of the earth could be related to the sun through streams of
electrical particles such as those hypothesized in connec-
tion with the new experiments with electrical discharges in
vacuum tubes and vessels.

Thus it was that laboratory work by Thomson and others
on electrical discharge phenomena in gases doubly stimu-
lated upper atmosphere geophysics: It provided a thematic
base for building from the Scandinavian interest in magnet-
ism and the aurorae, and, it similarly stimulated the new
technical field of radio communication. In one sense, then,
basic physics stimulated geophysics. But again, tit-for-tat:
Change within geophysics allowed it to exploit research
contributions of general physics while at the same time
contributing to the development of physics as a whole, for
example, with the work of Johann Elster, Hans Geitel, and
Charles T. R. Wilson leading from geophysics to the future
of the fields of cosmic ray and high-energy physics. The
considerable importance of the nineteenth-century tradition
of observational measurement in “terrestrial magnetism

and atmospheric electricity” is seen also in the role of
measurement, standardization, and international coopera-
tion in geophysics. The establishment of the international
geophysical networks contributed to the movement to es-
tablish national bureaus of scientific standards and meas-
urement beginning around 1900 and to the broadening of
the scope of international scientific expeditions [Gillmor,
1975a].

SOLAR STREAMS

Beginning in 1896, the Norwegian Kristian Birkeland
considered that a stream of electrons from the Sun could
reach the geomagnetic field with enough density to pro-
duce geomagnetic disturbances. He caused cathode rays to
be projected towards a spherical magnet, which he called a
“terrella”.  Birkeland [1901, 1908, 1913] demonstrated
with beautiful photographs that a toroidal space was ob-
served around his “terrella” and that many of the cathode
rays (electrons) were directed towards the poles of the
“terrella”, leaving an equatorial belt and the toroidal space
relatively free of the particles. Birkeland’s theory was
criticized by Arthur Schuster [1911] and by others. For
one thing, Schuster argued that rays of electrons, being of
the same charge, would be electrostatically dispersed. But
Birkeland’s ideas were influential on the Scandinavian
school of auroral and magnetic researchers and he was in-
strumental in inspiring Carl Stormer. Stermer was a rec-
ognized expert in mathematics and in experimental physics.
For example, he had gone further than anyone else in at-
tempting to quantify auroral data using photography. Rob-
ert Scott, Douglas Mawson and Ernest Shackleton, over
several expeditions, all attempted to photograph aurorae in
the Antarctic and were unsuccessful until 1912 or 1913
[Gilimor, 1978, 239]. Edward Wilson noted in his Antarc-
tic diary in 1912, “No one has ever got any results except
one Norwegian (Starmer) who was consulted before we left
England...” [Wilson, 1972, 126].

Stermer developed mathematically Birkeland’s theory
and experiments. He dealt with the possible paths of a
single charged particle and showed that such a particle
from the Sun can reach the Earth only in two narrow zones
centered near the polar regions of the Earth. In 1907 Ster-
mer published a diagram of the meridian projection of the
trajectory of an electrically charged particle in a magnetic
dipole field [Stormer, 1907]. As an example of the labor
involved in such hand calculations, Stermer’s female assis-
tant required almost two years to produce the plot. Stermer
devoted many years to studying the motion of electrically
charged particles near magnetic dipoles. His work and that
of Birkeland would provide inspiration for studies of solar
and cosmic-ray particles and their interactions with the



Earth’s magnetosphere. As Stern has indicated [Stern,
1989], Stermer succeeded to the extent of showing that a
wide class of orbits in the dipole field were trapped, and
that low energy particles arriving from a distant source
were either steered to the polar zones or were turned away.
But Stermer’s theory worked better for high energy parti-
cles than for auroral particle energies. Both Sydney Chap-
man and Hannes Alfvén were strongly influenced in their
theories of the Sun’s effects on geomagnetic storms by the
earlier auroral studies of Birkeland and of Stermer.

SOLAR LINKS TO GEOPHYSICS

From the late nineteenth century then, networks of sta-
tions had concentrated on studying the very small changes
in the surface geomagnetic field which occur nearly con-
tinuously in time. These changes were most often recorded
with ink on paper rolls or on photographic paper. Some of
the features of the tracings were given the names “bays”,
“crochets”, and “spikes”, since they resembled to the hu-
man eye the outline, for example, of a marine bay coastline
on a map. Study of the changes indicated that “storms”
occurred and that they could affect large portions of the
Earth. They seemed to re-occur roughly at periods of 27
days, the synodic period of rotation of the Sun. Certain
phenomena, such as the sudden radio fade-outs to be dis-
covered later by the ionospheric researchers in the 1930s,
occurred in daylight shortly after some solar flares. Most
geomagnetic storms, however, seemed to lag solar flares by
about two days. In spite of the criticisms of the idea of
streams of charged particles proceeding from the Sun to the
Earth, it was assumed that these streams of ions or elec-
trons travelled towards the Earth from time to time, at
speeds of some hundreds of kilometers per second. Carl
Stermer posited these solar streams coming to the Earth
and causing the aurorae [Stormer, 1930ab]. Thomas L.
Eckersley, a pioneer in the demonstration in 1921 of the
height of the so-called Kennelly-Heaviside ionospheric
layer, of the development of the magneto-ionic theory, and
of early quantitative studies of whistlers and VLF, thought
at one time that whistlers as well as long-delayed radio
echoes could be caused by radio waves interacting with
Stermer’s clouds of charged particles in space [Eckersley,
1929]. (The long-delay radio echo is a phenomenon that
was noted in the late 1920s, examined for several years and
then dropped. Consideration of this problem began again
in the late 1950s and has been pursued off and on since that
time with no convincing mechanism having yet been ac-
cepted.) Edward Appleton wrote to B. van der Pol in 1930
that the two exciting things he looked forward to in his
planned Second Polar Year radio expedition to Tromse,
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Norway in 1932-33 would be the chance to study the iono-
spheric layer and also long-delay radio echoes at high lati-
tudes [Appleton, 1930]. This, too, was based upon the idea
that somehow solar particles were impinging upon the
Earth’s upper atmosphere and entering in the polar zones.
Sydney Chapman thought that solar corpuscular streams
were responsible for ionizing what came to be called the E
layer in the ionosphere, but Appleton convinced him by
1933 that solar radiation was most likely the cause. Thus.
for considerable years, many specific geophysical events
were believed to be linked to sporadically or regularly ar-
riving solar streams.

What about theories, then, for the action of such solar
streams as they intersected the Earth and possibly caused
geomagnetic storms? In 1926, E. A. Milne argued that
neutral or ionized atoms moving upward through the solar
atmosphere might continually be accelerated away from the
Sun by selective radiation pressure and achieve velocities
up to 1600 km s "' But how could atoms at such relatively
low velocities then penetrate the Earth’s upper atmosphere?
Sydney Chapman had been considering such things for
some time, aware that Frederick Lindemann had pointed
out that the large quantity of solar corpuscules in a stream
necessitated a largely neutral plasma. In 1927 Chapman
continued his researches with the assistance of Vincent
Ferraro, and in a series of papers [Chapman and Ferraro,
1931,1932,1933] suggested a neutral plasma cloud leav-
ing the Sun and impacting upon the geomagnetic field,
compressing the field on the sunward boundary at a rather
sharp interface. Chapman and Ferraro explained the be-
ginning of the geomagnetic storm (the sc or sudden com-
mencement) as resulting from the impact of the plasma
cloud. The initial phase of the geomagnetic storm was a
result of the compression of the geomagnetic field by the
continuing pressure of the impacting plasma cloud. They
suggested that the main phase of geomagnetic storms was
caused by a ring current which formed around the Earth at
several earth radii and which then was dissipated through
collisions with the ambient atmosphere [Parker, 1997].
Thus their ring current was a transient phenomenon. The
geomagnetic field had carved out a hollow space around
the earth, but the solar particles could reach the upper at-
mosphere along two “horns” extending into the polar re-
gions. During the main phase of geomagnetic storms, the
resultant radio interference, auroral phenomena, etc, would
be produced by charged layers induced on and escaping
from the surface of the hollow. Qualitatively their theory
fit most of the facts, though Chapman wrote in 1940
“Unless some undiscovered mechanism exists which im-
parts much greater velocities to the solar corpuscles, pos-
sibly only in the near neighborhood of the Earth, we must
conclude that the Earth’s atmosphere is more penetrable,
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down to 100, 80, or even 70 km, than is indicated by our
present information...” [Chapman and Bartels, 1940, 810].
Chapman wrote for more than four decades on the causes
of geomagnetic storms, a subject which continues to this
day as an active field of research.

Notable alternative models for geomagnetic storms
were produced contemporaneously with Chapman’s by
Hannes Alfvén. Alfvén also posited the development of a
ring current around the Earth and envisioned a weak mag-
netic field accompanying the solar stream [Alfvén, 1939,
1940]. The solar particles in the stream entered the Earth’s
geomagnetic field convected by an electric field due to the
cloud’s motion. [Stern, 1989]. Alfvén disagreed with
Chapman’s theory. Chapman disagreed with Alfvén, as
indeed he had disagreed with much of Birkeland’s ideas,
even though influenced by Birkeland. The Scandinavians
fared not too well: Alfvén’s work was little appreciated for
some years, and was published in a relatively unknown
Swedish journal [Dessler, 1970]. Its reception was similar
to that of the work of the Danish electrical engineer and
radio physicist P. O. Pedersen who published the funda-
mental modelling of the theory of ionospheric layer forma-
tion four years before Chapman produced his so-called
“Chapman Layer” theory [Chapman, 1931]. Pedersen’s
work [Pedersen, 1927] was published as a monograph in
an obscure Danish engineering series, and although praised
privately by Appleton, was otherwise ignored. Appleton
later recognized Pedersen’s work in general by naming the
Pedersen Ray in his honor [Gillmor, 1986b].

RADIOPHYSICS

It was stated above that laboratory studies of electrical
discharges in gases performed about 1900 stimulated the
new field of radio communications. Indeed, I would argue
that from about the time just after World War I until per-
haps 1960 (roughly four decades), geophysics and radio
communications mutually grew and benefitted. Geophys-
ics (and more recently, radio and radar astronomy, and
plasma physics) held onto radio communications and
propagation as a tool to study the Earth’s ionized atmos-
phere and near space. Syncretically, radio comunications
techniques needed the knowledge from geophysics: What
was the extent of the plasma above the Earth? How did it
vary in time and in regions around the globe? What were
its constituents, ions? electrons? What were the causes of
noise outbursts, and radio storms and fadeouts? This part-
nership began changing in the 1960s: part of the interest in
communications has headed toward environmental and
remote sensing, and communications in the widest sense,
utilizing satellites, fiber optics, etc. while the geophysics
interests have become closer to a field concerned with

planetary atmospheres and the physics of plasmas [Gillmor,
1986a].

Following Marconi’s attempts to receive long-wave
signals across the Atlantic in 1901 and 1902, various
physicists tried to explain the phenomenon using the theory
of diffraction as in optics. But diffraction could not nearly
account for the bending of a radio wave passing over the
ocean from England to Newfoundland. In 1902, Arthur
Kennelly, and shortly afterwards, Oliver Heaviside, put
forth ideas that the radio waves perhaps were reflected off a
conducting layer located perhaps 80 km above the Earth.
As discussed above, Gauss, Stewart, Schuster and others
had invoked such ideas to explain the aurorae and geomag-
netic field variations.

THE IONOSPHERE AND MAGNETO-IONIC
THEORY

In 1912 W. H. Eccles made the first attempt to use
quantitative physics to study radio waves propagating in a
plasma. He assumed the effective charged particles were
ions and that the ionized medium acted as a conductor, the
waves therefore being reflected at a sharp boundary
[Eccles, 1912]. A decade later, Joseph Larmor suggested
that the collision frequencies of the ionized particles in the
conducting layer (by then, called the Heaviside layer, or
the Kennelly-Heaviside layer) were low enough so that the
region acted as a dielectric and the radio waves could be
refracted back to Earth. In addition, Larmor assumed the
effective particles were electrons, not ions [Larmor, 1924].
About this time, Edward Appleton had been considering
the effect the terrestrial magnetic field would have on rotat-
ing the plane of polarization of radio waves passing along
field lines in the ionized upper atmosphere. Soon after
Eccles’ paper in 1912, Lee de Forest (1913) and Leonard
Fuller (1915) in the U.S., had noted differential fading on
frequency-shift-keyed transmitters of the Federal Telegraph
Company and had attributed this to wave interference ef-
fects between the surface path and a path reflected off an
upper conducting layer located perhaps 62 miles above the
Earth [Villard, 1976]. T. L. Eckersley (1921) in England
and others argued for the existence of an upper ionized
layer following studies of fading and deviating of long-
distance radio signals. These studies were not successful in
bringing a majority to accept that such an ionized layer was
responsible for long distance radio propagation. Edward
Appleton and his student M. A. F. Barnett did succeed in
convincing many scientists of the existence of an iono-
sphere in experiments beginning in late 1924, where a
slowly changing frequency emitted by a BBC broadcast
transmitter was used as a Lloyd’s mirror interferometer to
estimate a layer height of about 90 to 115 km [Appleton



and Barnett, 1925a,b]. A few months later, Gregory Breit
and Merle Tuve at the Carnegie Institution of Washington,
with the assistance of the U. S. Naval Research Laboratory,
successfully demonstrated the existence of the ionosphere
using, in effect, pulse radar techniques [Breit and Tuve,
1925, 1926]. The pulse sounding technique eventually
became the standard ionospheric tool. As to the history of
the magneto-ionic theory, based upon the famous work of
H. A. Lorentz [1909], early efforts by H. W. Nichols and J.
C. Schelleng, A. H. Taylor and E. O. Hulburt, H. Lassen,
T. L. Eckersley, and others were little recognized and pride
of place went to Appleton, assisted by Douglas R. Hartree.
The most well-known formulae for the refractive index of a
wave propagating in an arbitrary direction in a magneto-
plasma were known as the Appleton-Hartree equations and
were published by Appleton [1932]. Unknown was the fact
that Wilhelm Altar, an Austrian mathematical physicist,
had worked with Appleton on magneto-ionic theory in
England for six months during 1925-1926 and constructed
the magneto-ionic equations in the so-called dielectric ten-
sor form and in more general terms presented what would
today be called the dispersion relation, or the equation for
the wave-normal surface, in cold plasma theory. The mag-
neto-ionic theory continued to be extended during the
1930s, especially with the work of H. G. Booker [Gillmor,
1982]. By the beginning of the satellite era, the standard
treatments of the magneto-ionic theory included the mono-
graphs by I. A. Ratcliffe [1959] and K. G. Budden

[1961].

WHISTLERS AND THE PLASMAPAUSE

In the 1930s and 1940s, the ionospheric workers were
closely tied to geomagneticians, as mentioned above, in
questions about solar effects on long distance propagation,
sudden radio fadeouts, correlations of aurorae and radio
propagation, and the effects of the Sun on maintenance of
the various ionospheric layers. The previously cited works
of P. O. Pedersen [1927] and S. Chapman [1931] are no-
table examples. A number of puzzling phenomena lit-
tered the playing field of early ionospheric physics: sup-
posed strange propagation anomalies around the electron
gyro frequency of about 0.5 Mhz in the Earth’s field; the
long-delay-echoes (wherein a short-wave radio signal may
appear on a receiver after a delay time of say-- 0.1 second
and then be followed by an echo or echoes delayed by as
much as several seconds); sudden radio fadeouts over the
entire sunlit portion of the Earth; reception of radio signals
for brief periods at frequencies much higher than thought
possible; and whistling and burbling tones heard on tele-
phone lines and audio systems. Some of these problems
were later explained, some remain unexplained, some were
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first noted and then laid aside for some years. The whis-
tling/burbling sounds are in the latter category of early ra-
dio “problems”, pondered and lain aside, then later re-
appearing to produce a discovery of the magnetosphere!

Whistlers are, in fact, naturally occurring non-acoustic
waves in the plasmasphere and have descending (and ris-
ing) frequencies in the audio radio wavelengths at Very-
Low- and Extremely-Low-Frequencies (VLF and ELF).
They were first reported at the end of the nineteenth cen-
tury by maintenance workers on telephone line systems and
subsequently by a monitor eaves-dropping on Allied tele-
phone  conversations  during World War I
[Barkhausen, 1919, 1930; Helliwell, 1965, 1997]. The tele-
phone lines were acting as receiving antennas for the
waves. Similar reports [Burton and Boardman, 1933] even
influenced John N. Dyer to monitor and record whistler
activity on aluminum records during his stint as radio engi-
neer for Richard Byrd’s Second Antarctic Expedition
(1933-1934) [Gillmor, 1978]}. In 1935, Thomas L. Eck-
ersley gave an explanation [Eckersley, 1935] of the whis-
tling sounds in terms of the newly expounded magneto-
ionic theory (on which he had composed several manu-
scripts by 1935 but was unable to get published until after
World War II). Recall that in 1929 Eckersley had sug-
gested that both whistlers and long-delay echoes could be
caused by radio waves perhaps interacting with clouds of
charged particles in space. Here, however, Eckersley noted
that the magneto-ionic theory gave the required type of
dispersion in the right frequency range for whistlers. He
suggested that whistlers were produced by lightning dis-
charge energy that had traveled great distances from the
Earth (to a distance of some Earth’s radii), along the lines
of the geomagnetic field. This didn’t make much sense at
the time, since ionospheric workers and other physicists
assumed the electron density fell virtually to zero some
hundreds of kilometers above the Earth. Thus, the whistler
would have had to emerge from a lightning stroke, proceed
upwards along a magnetic field line and beyond the iono-
sphere into empty space, according to ideas at the time
[Booker, 1974]. So Eckersley’s extremely fruitful paper
lay fallow for more than fifteen years. L. R. O. Storey, one
of J. A. Ratcliffe’s graduate students at Cambridge Uni-
versity, began some ingenious experiments and theoretical
work on whistlers in the late 1940s and discovered the
plasmasphere, the thermal magnetosphere, some years be-
fore the satellite discoveries [Storey, 1953]. Ratcliffe pre-
sented Storey’s findings at an URSI (International Radio
Science Union) meeting in 1952. Storey showed that the
whistler data fit Eckersley’s model if the whistler was as-
sumed to travel out to a distance of about 3 or 4 Earth radii
and that the electron density in that region was several
hundred cm”! [Helliwell, 1997].
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THE BEGINNINGS OF MAGNETOSPHERIC
PHYSICS

Now at the end, a beginning: Cosmic ray studies in the
1930s and after World War 1l brought people expert in
rockets and balloons ready to apply their knowledge and
experience to what would be magnetospheric physics. R.
A. Millikan, A. H. Compton and others, building upon the
earlier work of V. F. Hess, L. Myssowsky, L. Tuwim, and
the theoretical work of G. Lemaitre and M. S. Vallarta had
made the basic nature of cosmic rays and their occurrence
above and on the earth subjects of major scientific interest
[Gillmor, 1978; DeVorkin, 1989] as will be discussed by
first-hand participants in several other papers in this vol-
ume. In addition, geomagneticians and radiophysicists
would benefit from new tools, new colleagues, and new
means of support. The military, and in the U.S., especially
the Navy and Air Force, were highly supportive, for rock-
ets and radar could be used just as radio had been used
decades before to pursue jointly geophysics and defense.
Just after World War I, international geophysics took a
quite new turn. Step functions occurred in sociometric
terms: Data extracted from 3,485 articles on ionospheric
and magnetospheric physics published from 1925 through
1960 in 195 different journals reveal that from 1946
through 1948, the percentage of articles identified by insti-
tutional address following the name of the author(s) on the
papers jumped from 5% of the time to 85%. Similarly,
U.S. authors of papers in ionospheric and magnetospheric
physics publishing in the Journal of Geophysical Research
(JGR) from 1945 through 1981 showed a step function in
acknowledgement of outside funding for research, from
about 30% in the immediate post-war years to 70% by
1950, rising steadily to almost 100% by 1981. The increase
in multi-authored papers on ionospheric and magneto-
spheric physics published in JGR and in the Journal of
Atmospheric and Terrestrial Physics showed a similar step
function increase in the years 1958-1960. All these indi-
ces, strange as they may seem to physicists, indicate that
“Big Science” was arriving along with the magnetosphere.

The National Science Foundation was organized in
1950, formed initially along Naval Research funding mod-
els; NASA followed in 1958 [Gillmor, 1986a]. The dis-
covery of the magnetosphere arrived with the 1GY, with
the satellite, and with the computer.

Particularly effective was the International Geophysical
Year 1957-58 (IGY), in this author’s opinion the greatest
cooperative scientific venture in history. The IGY pro-
vided several years of planning and introductory phases.
The IGY was planned to occur during a solar maximum
period, and it opened up the Antarctic for extensive and
continuous study and extended geophysical measurements

in space via satellites and rockets. It also established the
philosophy and practice of World Data Centers (WDC) for
the international collection, comparison, and sharing of
data, and became a model for large-scale cooperative sci-
entific programs. U.S. satellite work was planned to coin-
cide with the IGY and was the largest single budget item;
but ionospheric (and magnetospheric) physics was the larg-
est ground-based specialty in terms of funding [/GY, 1965].
Who were the prime movers of the [GY? They included
Lloyd Berkner, polar radio explorer, ionospheric physicist
and science adviser to Presidents; Sydney Chapman; James
Van Allen; Fred Singer; and others included among the
authors in this present volume [Nicolet, 1983; Van Allen ,
1983].

When | was an undergraduate at Stanford University in
the late 1950s, I recall the largest computer as being the
IBM 360, with a 2k memory drum. One of my ionosphere
professors, Allen Peterson, was one of the first on campus
to utilize that machine. It would be a very few short years
before the days would be gone, of Carl Stermer’s assistant
spending two years by hand calculating a particle orbit in
1907 or of Edward Appleton’s “IYLs” (Ionospheric Young
Ladies) in the 1930s and 1940s who performed mathemati-
cal calculations on hand crank machines [Clark, 1971].

And, the in situ measurements which would be provided
by satellites would virtually transform geospace physics.
Surveys conducted by this author in 1971 and again in
1984 of ionospheric and magnetospheric physicists
[Gillmor, 1986a], underpin the statements in this section.

This author now invites the reader to proceed to the pa-
pers written by Discoverers of the Magnetosphere.

Post Script:

I have been only the scribe of the efforts in this volume
rather than one of the actors. And I am on the trailing edge
of the pulse in the time domain, being about Fairfield’s age
and a little older than Southwood. Still, it has been sug-
gested to me by several contributors that I might add a
short piece about my own early years in ionosphere and
magnetosphere studies, even though my research for the
past thirty years has been largely in the history of iono-
spheric and magnetospheric studies.

I was interested in science from an early age, especially
astronomy, although this metamorphosed into interests in
chemistry and then radio. My father was a physician and
thus 1 was able to collect a large amount of laboratory
glassware and produce noxious odors and fumes from
about the age of seven. 1 built a crystal radio set as a Cub
Scout and then got my Radio merit badge as a Boy Scout.
I became a ham radio operator by the age of thirteen and



was particularly interested in antennas and wave propaga-
tion. I didn’t know much about the difference between DC
and RF and impedance matching, so that some of my
home-made stuff passed the radio signal from thin wires to
coaxial cable to wide-spaced feedlines and | modulated lots
of things around the house. This resulted in my being
banned from the air when I Love Lucy or Rasslin’ with
Russ from the Chicago Amphitheater came on our TV set
in the early 1950s. 1 did lots of things as a kid, moving
from Independence, Missouri to Texas, to Arkansas, to
New York and to Massachusetts and then back to Missouri
during and just after World War II as we followed my fa-
ther in the Army Medical Corps. Music, sports and then
girls also interested me. I became convinced that I wanted
to study radio wave propagation in college, and 1 was fas-
cinated with polar expeditions. An opportunity to visit
Antarctica appeared when the Boy Scouts had a national
competition to choose a boy to accompany a US expedition
to Antarctica in the pre-IGY years. 1 got into the finals but
didn’t win.

I entered Stanford University in the Fall of 1956, plan-
ning to be an electrical engineering major, since all the
radio and solar system work at Stanford was done in E.E.
in those days. I soon met and came to work for or took
courses with a very interesting group of faculty in the
“RPL”, the Radio Propagation Lab (later named Radio-
science Lab, then STARLab): Ronald N. Bracewell, Von
R. Eshleman, Robert A. Helliwell, Lawrence A. Manning,
Allen M. Peterson, and O. G. “Mike” Villard. These con-
tacts led me to become employed at Stanford Research
Institute as well as on several projects at the University, for
summer and part-time jobs. I participated in the Argus
nuclear tests in 1958, working in the US and in the Azores
Islands and got my introduction to the riometer ionospheric
absorption recorder and to whistler recording equipment.
While in the Azores 1 spent my spare time monitoring the
radios and noted what I thought were broad-band HF noise
bursts. When I returned to Stanford the next year, the RPL
people suggested | investigate solar and planetary radio
noise. They kindly loaned me lots of stuff, really a great
amount of steel poles, motors, multi-element antennas,
cameras, tubes, oscilloscopes, and a trailer and I built a 25-
35 MHz sweep-frequency radio observatory, with a large
Log Periodic Antenna array on a rotating 60-foot pole.
Particularly helpful was L. H. “Bud” Rorden, an SRI engi-
neer. | began to take data from my observatory in 1960,
won some student research contests, and wrote a paper
which was accepted for publication [Gillmor, 1962a). Too
many hours spent at the Stanford student radio station
KZSU, renting our off-campus house out to dormitories for
campus parties, and working on my research project didn’t
do a lot for my academic grades. But Bob Helliwell, a
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scoutmaster himself, knew of my interest in Antarctica and
in early November 1960 he asked me if I’d like to go to
Antarctica with the Sixth Soviet Antarctic Expedition. 1
left Stanford within three hours and flew for an interview
with the National Bureau of Standards (NBS) in Boulder,
Colorado. C. Gordon Little, Chief of the Upper Atmos-
phere and Space Physics Division at NBS had secured a
grant from NSF to supply a “US Exchange Scientist” to
accompany the Soviets to Antarctica, but the designated
NBS employee became ill at the very last moment. The
proposal was to operate riometers in the Antarctic. 1 suc-
ceeded in the interview, was hired by NBS, flew back to
Stanford and told Felix Bloch (thermodynamics), Nina
Byers (nuclear physics), and three other physics and engi-
neering professors (in introductory quantum mechanics,
and fluid mechanics, as I recall) that | couldn’t take the
mid-term exams that week since | was going to the South
Pole with a hundred Soviets.

Philip M. Smith of the NSF’s US Antarctic Research
Program (USARP) in Washington, D.C. got for me odds
and ends of polar clothing and saw me through a confusing
couple of days of US State Department interviews and off
to New York to join up with all my equipment and to board
the weekly Pan American Airways milk-run flight to Af-
rica. 1 flew to South Africa with 7000 Ibs of gear in 41
wooden crates to meet the Soviet ice-breaking freighter
OBb in Capetown. Only after much argument from me,
Pan Am removed 23 passenger seats from the DC-7 so that
all my cargo could fit on the plane. When ! arrived in
South Africa I was greeted by several reporters. [t seemed
that I had broken the “White Hunter Record”, by entering
with the largest excess baggage charge ever recorded. My
“safari” excess baggage was 7000 pounds and the charge
was $11,000. Now ! was carrying an official US govern-
ment passport onto a ship with about 200 people who
spoke a language ! didn’t understand and | had received
virtually no preparation for the voyage.

I arrived in the Antarctic in early December 1960 with
30MHz and 50MHz riometers from NBS for the station
Mirnyy (which would be my primary base), a portable
whistler station loaned to me by Helliwell, which I hoped
to set up at the very cold inland station Vostok (at the South
geomagnetic pole), and short-wave listening equipment
loaned by Mike Villard. 1 had operated all these sorts of
equipment before but I was somewhat uneasy: | spoke a
little French, about 25 words of Russian, and | had not
seen the inside of most of the 41 wooden crates of gear. It
would be a wonderful 14 months and 1 was helped a lot by
kind people, from tractor drivers to cooks to geophysicists.
The scientific leader of the expedition, Valentine Driatsky,
specialized in polar radiophysics. My best pals and help-
mates on the expedition were an East German radiophysi-






est to the military had been mostly ignored (except for
WWII radar and the “bomb”). In 1971 I began to visit
geospace workers in many labs in the US, Europe and Asia.
I corresponded with hundreds, visited archives, conducted
an international mail survey, and converted a great amount
of published bibliography to digital form for computer
analysis. | have reported on this research in numerous ar-
ticles [Gillmor and Terman,1973; Gillmor, 1973; Gillmor
and Gran, 1974; and Gillmor,1975a, 1975b; 1976; 1978;
1981; 1982; 1984; 1985; 1986a; 1986b; 1987; 1989; 1990;
1991; 1994; and Brush and Gillmor, 1995]. 1 still have a
ways to go.

In terms of community service to AGU, 1 was History
Editor of Eos for three years and I founded and was Editor
for the first five volumes of this series, History of Geophys-
ics. I’ve enjoyed the help and support of historically ori-
ented physicists such as David Stern, Martin Walt, George
Siscoe and Ed Cliver. It has been a pleasure to work with
John Spreiter and with AGU in producing the volume.
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Aurora Research During the Early
Space age: Personal Account

S.-1. Akasofu

Geophysical Institute, University of Alaska Fairbanks

The progress of a ground-based study of auroral morphology and of geomag-

netic disturbances in the 1960s is described as a personal account. It is emphasized
that although many of the conclusions are stated simply in a few sentences in mod-
ern monographs, there was a decade of history involved in reaching those conclu-
sions against pre-existing dogmas. Some of those conclusions are results of a naive
question by a graduate student, which opened a new discipline. This may be a
lesson for the field of space physics which is now becoming more mature and
increasingly quantitative. It does not necessarily mean that the field is coming to
an end, however; often, when the ability of researchers is limited by pre-existing
dogma, a field may only appear to become mature. Thus, it is important to encour-
age young researchers to develop the field in the ways they believe in, rather than
only making future research more quantitative. It is also emphasized that as a re-
sult of several recent advances in ground-based research, a new advance can be
made by integrating ground-based and satellite-based observations, together with

theoretical/modeling research.

1. INTRODUCTION

The development of auroral science during the 1960s may
provide a hint about how to advance magnetospheric physics
during the first few decades of the 21st century. There are
always periods when many scientists in a particular field tend
to feel that there is nothing left to be done. Such is the time
when a particular dogma or paradigm matures and prevails,
although there might exist many fundamental unsolved prob-
lems which are tacitly believed to be understood or solved. A
new era in such a field could be opened as a result of a naive
question or challenge to those problems by a newly arriving
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graduate student. This article begins with a personal account
of the progress of auroral morphology in the 1960s. Although
satellite-based space research has been more emphasized in
magnetospheric physics for many years, ground-based space
physics has recently reached a very interesting stage in con-
tributing to space physics on an equal basis with satellite-
based space physics.

2. AURORAL ZONE TO AURORAL OVAL

It was Loomis [1860] who assembled the first extensive
collection of auroral appearance and found that the aurora
tends to appear as a fairly narrow belt centered around a point
at the northwestern tip of Greenland, not at the geographic
pole. Fritz [1873], using much more data covering the period
from 503 B.C. to A.D. 1872, confirmed Loomis’ findings and






night hours and deviates greatly from this latitude at the other
local times. However, I could not determine the distribution
on the dayside because of the lack of data at that time.

It was Feldstein [1963] who determined completely the
distribution of the aurora at all local times, using the films
from Heiss Island and others, which can observe mid-day
auroras. His distribution showed that the belt of the auroral
zone is located at about 78° during mid-day hours, instead of
67° (Figure 1). Further, the center of the belt is shifted by
about 3° from the geomagnetic pole toward the midnight sec-
tor. This belt is called the auroral oval. Since the results ob-
tained by Feldstein were basically the same as mine in the
dark hours, I supported his results immediately.

It was a sort of golden age of auroral spectroscopy at that
time. All-sky cameras were not considered to be a scientific
instrument, compared with the then sophisticated spectro-
scopic instruments. In fact, some of my senior colleagues ad-
vised me by saying that the aurora should be the same in
Alaska, Siberia, Canada, Norway, that physics of the aurora
should be the same everywhere, that the distribution of the
aurora is thus not a major issue and thus that it is wasting time
to work on the distribution of the aurora. I recall I objected to
such an argument by saying that the fact that auroral arcs ap-
pear in a very specific belt called the auroral oval, and not all
over the polar region, tells us something about their origin, so
that it is important to accurately determine the actual distri-
bution.

In such atmosphere, Feldstein’s results got little attention
from the scientific community. Worse, since the auroral zone
had been believed to be the belt of auroral arcs for more than
100 years, it was difficult for us to convince our colleagues of
the validity and significance of the auroral oval.

In order to convince the scientific community of the va-
lidity of the concept of the auroral oval, I planned several
projects. The first one was to establish the Alaska meridian
chain of all-sky cameras. Taking advantage of the earth’s ro-
tation, a meridian chain of all-sky cameras can scan the entire
polar sky (like an azimuth scanning radar at an airport) once a
day and delineates the auroral oval which is fixed with re-
spect to the sun (Figure 2). I believe that this is the ‘largest
scanning device on earth’.

Figure 3 shows an example of the results from this obser-
vation. If auroral arcs were distributed along the auroral zone,
they should appear in a horizontal belt along the latitude of
Fort Yukon. Instead, auroral arcs appear at about gm 76-77°
at O GMT (14 MLT, magnetic local time) and shift toward
the latitude of College (Fairbanks). The line-dot curve shows
Feldstein’s oval for the magnetic index Q = 3. Therefore, the
meridian chain of all-sky cameras could delineate the auroral
oval. The width of the oval changes intermittently. This phe-
nomenon will be discussed later.
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Figure 2. The Alaska meridian chain of the magnetometers and all-
sky cameras, scanning the auroral oval once a day as the earth ro-
tates.

The second project was to fly along auroral arcs, since the
flight path should be able to delineate the auroral oval. Both a
US Air Force jet from Hanscom Air Force Base and a NASA
jet from Ames Research Center participated in the operation.
The flight paths delineated clearly the auroral oval. George
Gasmann, Jurgen Buchau and their colleagues of the Phillips
Laboratory were instrumental in accomplishing this task.
However, I felt that the scientific community in general was
not much interested in such observational results at that time.

The third attempt was to find other geophysical phenom-
ena which have a similar distribution with the auroral oval.
Fortunately, I had an opportunity to work with the space phys-
ics group of the University of Iowa. I found one day that Lou
Frank, James Van Allen and John Craven were plotting the
outer boundary of the outer radiation belt onto the earth’s
surface. It was my great surprise that the boundary thus de-
lineated coincides fairly well with the auroral oval (Figure
1). Iremember that I reported the results to Van Allen. It was
the time when the initial hope of associating auroral phenom-
ena with the radiation belts had faded, so that it was difficult
initially to convince my colleagues of the significance of this
finding. Later, Zmuda et al [1966] found that field-aligned
currents flow in or out from the auroral oval. I recall that Al



16 AURORAL RESEARCH DURING THE EARLY SPACE AGE

82

= 8l.===MOULD BAY

-80
739

[

/

e |
~N/

=77
i, o

| 76— 1-SACHS HARBOUR)

P

75

—

74

—~

73
72

E 71— INUVIKS

—70

I-69

-68

Fe7-—=FORT YUKON

I-66

=65 -==COLLEGE

I-64
=63
+100
AL W “% // /f/v ”QWWHQ
-100 L
——— | INUVIK
-200 l
-3007-
-400
outT 2 3 4 5 6 7 9 10 1 12 13 14 15 16

JANUARY 8, 1970

Figure 3. Upper: The auroral oval scanned by the Alaska meridian chain of all-sky cameras on January 8, 1970. Lower:

The AE index.

Zmuda called me, saying that the tape recorder of his satellite
TRIAD failed and asking me to install his satellite receiving
station at the top of the Geophysical Institute building; it was
installed at 50 below zero that winter.

We found that the location of the field-aligned currents
agreed well with the oval. In particular, we found that re-
gions of the upward field-aligned currents coincide with those
of auroral arcs. Iijima and Potemra [1976] completed
Zmuda’s work by showing the distribution of ficld-aligned
currents at the ionospheric level. Further, energetic solar elec-
trons were found in the area bounded by the auroral oval.
Therefore, the significance of the auroral oval began to be

recognized toward the end of the 1960’s. Actually, it was in
the later part of the 1970s when the ‘open’ magnetosphere
was fully recognized and when the auroral oval was found to
delineate the boundary of the open region in the polar cap.
However, we had to wait for the full recognition of the
auroral oval until 1971 when a scanning instrument, devised
by Cliff Anger, aboard the ISIS-2 satellite, imaged the entire
oval [Lui et al.,, 1975]. After this, even the concept of the
auroral oval was accepted as if nothing had happened earlier.
In any modern monograph on the aurora, one can find a
simple statement that auroral arcs lie along the auroral oval.
It is interesting to recognize that such a simple fact had a long



history; it was about a decade of struggle for acceptance by
the scientific community. Personally, it started out with a na-
ive question about the well known daily auroral behavior at
that time. Recalling those days, I appreciate the foresight and
courage of both Chapman and Elvey for taking the leader-
ship of the all-sky camera project, in spite of the fact that
auroral spectroscopists and auroral physicists in general paid
little attention to it. Also, as far as I know, an all-sky camera
was used for the aurora by Carl Gartlein and Stoffregen for
the first time.

3.AURORAL SUBSTORMS: FIXED PATTERN TO
SUBSTORM PATTERN

It had long been believed on the basis of study of the au-
rora by Fuller [1935] and Heppner [1954] that in the evening
sky, auroral arcs always had a quiet and homogeneous form,
that auroral arcs were always very active in midnight hours
and became patchy in the morning sky. In this view, auroral
activities are fixed with respect to the sun (and thus to MLT),
and the earth and a single observer at a point on it rotates
under such a pattern of activity once a day. Thatis, quiet forms,
active forms and patchy forms are familiar features in the
evening, midnight and morning skies, respectively.

At the beginning of the IGY, little was known how auro-
ras behave simultaneously in Siberia (in evening hours) and
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Canada (in morning hours) when auroras became suddenly
active over the Alaskan sky (in midnight hours). There had
not been any simultaneous observations of auroras over along
local time span until that time. An early analysis of the IGY
all-sky films also supported the fixed pattern concept (Davis,
1962).

However, all-sky films from even a single station gave
me quite a different picture from the statistical concept men-
tioned in the above, since auroral arcs can be quiet during
midnight hours. Further, all-sky films during a single night
showed that auroral arcs can transform themselves from a
quiet to active and back to a quiet form twice or three times
during a single night. This fact suggested to me either that the
fixed pattern concept was not correct or that the earth rotated
two or three times in a single night!

The graduate student was obviously puzzled, but over-
whelmed by the firm believers of the fixed pattern. I decided
to examine simultaneous all-sky photographs from Siberia,
Alaska and Canada, when Alaska was in the midnight sector.
It was my finding that when an auroral arc is quiet in the
Alaskan sKky, it is also quiet over Siberia and Canada. When
an auroral arc suddenly brightens and moves rapidly poleward
over the Alaskan sky, this activity generates a large wavy or
folding structure (the westward traveling surge) which propa-
gates along the arc toward Siberia (toward the evening sky);
Figure 4. This surge-like activity was recorded first at the
Siberian station closest to Alaska several minutes after its
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Figure 4. An auroral substorm recorded by Siberian, Alaskan and Canadian all-sky cameras, February 13, 1958.
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formation over Alaska and subsequently at other earlier
evening stations. This activity could propagate all the way to
the dayside of the oval with a speed of a few kilometers per
second. At the same time, auroras over Canada became ac-
tive, often forming an inverted Q-shaped form (called the
omega band). To the south of the omega band, auroral arcs
became folded in a very complicated way. Folded portions
appear as shafts of lights or patchy forms, scattering all over
the sky.

More importantly, when auroras over Alaska become quiet
again, in about two to three hours, auroras over Siberia and
Canada also become quiet. Further, such activity often re-
peated two or three times a night. Chapman coined the term
‘auroral substorm’ for this transient phenomenon [see Akasofu,
1964]. There was little mention of such auroral features in
the then newest and most authoritative book published by
Chamberlain [ 1961 ]. Therefore, I sent a paper to the Journal
of Geophysical Research, reporting on the above findings.
The paper was rejected, on the basis that there was nothing
worth reporting. So I decided to analyze simultaneous all-
sky films from a large number of stations and became more
convinced of the validity of my findings. A new paper was
then sent to the late Sir David Bates, the editor of Planetary
and Space Science, who accepted it without review. I could
assume this because I received his acceptance letter only about
10 days after sending the paper to him.

However, 1 found it very difficult to convince my col-
leagues of my findings. This was particularly the case for
those who were experienced in observing the aurora. This
was because a single observer standing at a point on the earth
is carried by the earth’s rotation with a speed of 15° (in longi-
tude) per hour, so that he gets an impression statistically that
the fixed pattern was correct. Elvey was a firm believer of the
fixed pattern concept. Many auroral scientists who have little
experience in observing the aurora simply followed the ex-
perienced ones. Thus, it was hard to convince any one about
the validity of the concept of the auroral substorm. The only
exception at that time was Feldstein who strongly supported
my findings.

Therefore, I had to devise a scheme to prove the validity
of the concept of the auroral substorm. The best way would
have been to observe the aurora from a fixed point (with re-
spect to the sun) well above the north polar region for many
hours, as the Dynamic Explorer (DE) satellite did in the 1980s.
In the middle of the 1960’s, this was nothing but a dream.
One method I conceived was to fly westward under the au-
rora in a jet plane. Along the latitude circle of 65° or so, the
speed of a jet plane is approximately the same as that of the
earth’s rotation. Thus, a jet plane can stay in the midnight
sector for about six hours by flying from the East coast at
midnight to Alaska. Both NASA and Air Force jet planes con-

tributed to the so-called ‘constant local time (midnight)’
flights.

On my way back from one such trip to Hanscom Air Force
Base, I learned that Elvey, who had retired by then in Tucson,
Arizona, was critically ill, and thus decided to visit him. Elvey
was waiting for my results. We sat together at his bedside to
scan the all-sky film obtained by one of the constant local
time (midnight) flights, which clearly registered intermittent
auroral activities in the midnight sector. We firmly shook
hands. He said, “Syun, you did a good job”. I believe that I
had finally convinced him of the validity of the concept of the
auroral substorm. I noticed that his arms were just skin and
bones. I was told of his death about ten days later.

During the next decade, it was fortunate that many people
realized that they can understand and interpret their observa-
tional results better in terms of the concept of the auroral
substorm, rather than of the fixed pattern. However, I had to
wait for the result of the Dynamic Explorer satellite. Indeed,
it was the final test of the concept of the auroral substorm
(Frank and Craven [1988]). After all, the auroral substorm
seen from below and above must be the same. Nevertheless,
It is important to learn that it takes a much longer time than
one thinks to convince one’s colleagues if one’s finding is
radically different from what has been believed for years.

4. NIKOLSKY’S SPIRALS

The concept of the auroral zone had greatly influenced
the study of geomagnetic disturbances. The SD current sys-
tem, obtained by Chapman [1935], was an example of this
influence. He suggested that the auroral currents consist of a
pair of concentrated currents; the westward auroral electrojet
in the morning sector, and an eastward electrojet in the after-
noon sector, and their return currents in the polar cap and in
lower latitudes (Figure 5). It was considered that a magnetic
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Figure 5. The SD current system (Chapman, 1935).




observatory rotates under such a fixed current system, regis-
tering the daily magnetic variations. Under the eastward elec-
trojet (in the morning sector), there occurs positive (poleward)
magnetic disturbances in the horizontal (H) component, while
the westward electrojet produces negative (equatorward) mag-
netic disturbances.

The SD current system had become the standard model
and a major paradigm for a few dacades. However, Nikolsky
[1947] found an interesting phenomenon. He found that geo-
magnetic disturbances in high latitude stations have three peaks
in a day. He denoted those peaks A (afternoon), N (night) and
M (morning), respectively (Figure 6). Further, he found that
the time of the peak tends to occur earlier at higher latitudes
for the A and N peaks, later for the M peaks. Thus, in a polar
plot, the peak occurrence time for A, N and M delineates three
spiral curves, respectively, I recall I was fascinated by
Nikolsky’s results, but had no idea as to how to interpret them.
However, one day, I recognized that the combination of the N
and M spirals delineates the auroral oval; the A peak spiral
indicates the eastward electrojet. The results suggested to me
that the westward electrojet does not stop in the midnight sec-
tor and continues to flow westward with the westward travel-
ing surge along the auroral oval in the evening sector. Thus,
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Figure 6. The gm. latitude-MLT (magnetic local time) relationship
for the afternoon peak (A), the night time peak (N) and the morning
peak (M), Nikolsky (1947).
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the westward electrojet is located at latitudes higher than 65-
70°, namely not along the auroral zone, in the evening sector.
When I reported this result in Moscow in the 1960s, Nikolsky
was very happy and gave me a typical Russian bear hug, say-
ing that I was his son’s age.

I thought that this was reasonable, because the auroral
ionization takes place along the auroral oval, not along the
auroral zone. Therefore, there is no reason that the westward
electrojet stops in the midnight sector. The Alaska meridian
chain of all-sky camera stations was also equipped with mag-
netometers. An examination of both all-sky photographs and
magnetic records indicated clearly that the westward electro-
Jjet extends into the evening sector with the westward travel-
ing surge. During the passage of westward traveling surges
to the north, auroral zone stations register positive changes in
the H component, while at stations of gm. lat. 70-75°, nega-
tive changes with greater magnitudes are observed. Chapman
accepted my revision after examining those records together.
Although these results were presented in several papers at
that time, it was difficult to convince many of my colleagues
of the results. I recall that there were even emotional objec-
tions to such a significant change of the configuration of the
electrojets. Again, Feldstein was one of the strong supporters
of my results.

Chapman’s SD current system is, strictly speaking, an
equivalent current. That is, Chapman assumed that all the
currents causing magnetic disturbances on the ground were
flowing in a conductive shell which is concentric to the earth.
Chapman told me that he thought that since there are an infi-
nite number of possible current systems for a given distribu-
tion of magnetic disturbance fields on the ground, it does not
make sense to choose just one arbitrarily. Instead, he thought
that he could remain accurate, so long as he dealt with the
equivalent (two-dimensional) current system. Although
Chapman had many deep insights into physical processes, he
tended to become an applied mathematician when he encoun-
tered mathematical uniqueness issues. Mathematical rigor
was his life and it was part of the reason which caused some
friction with Hannes Alfvén, who tended to be intuitive in
interpreting physical phenomena.

Unfortunately, most researchers took Chapman’s equiva-
lent current system as the true current system for many de-
cades. Ching Meng and I decided to examine whether or not
the observed distribution of magnetic disturbance vectors can
be reproduced by a model three-dimensional current system
which was developed by Alfvén and modeled by Kirkpatrick
[1952]. Kirkpatrick’s three-dimensional model is not too much
different from what is a currently accepted one. It was a great
surprise that Kirkpatrick’s model reproduced the observations
very well. When I showed my results to Alfvén, [ recall Alfvén
was almost irritated. He said that I was too slow to recognize
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the validity of a three-dimensional current system. I could
well understand his impatience.

Incidentally, I object to the use of the term ‘Birkeland cur-
rent’ for the field-aligned currents in magnetospheric phys-
ics, because Birkeland’s currents are far from what we define
as the field-aligned currents today, which flow between the
magnetosphere and the ionosphere. I also object to state-
ments which imply that Chapman was wrong in rejecting
Alfvén’s paper on magnetic storms. Note that neither
Birkeland nor Alfvén could envisage the magnetosphere. In
their first paper on the formation of what we now call the
magnetosphere, Chapman and Ferraro (1931) obtained an
equation similar to the Debye length and concluded that the
solar gas flow must be treated as what we now call ‘plasma’.
Note that Birkeland, Stormer and Alfvén treated the solar gas
to be composed of single, independent particles. Alfvén’s mag-
netosphere, if any, is quite different from what we know to-
day, although his paper appeared later than the Chapman-
Ferraro paper. I am not trying to criticize the monumental
work by Birkeland and Alfvén. What I emphasize here is that
we must be cautious in carelessly commenting on the works
by our great pioneers. We must give credits accurately where
they belong.

When the Alaska meridian chain of magnetometers be-
came operational, I was very surprised that we could obtain a
fairly systematic magnetic vector distribution over the entire
polar region by averaging the data for only one month. Yosuke
Kamide joined my group as a post doc from the University of
Tokyo. I suggested to him that there may be a way to obtain
the true current system, not the equivalent current system,
using such a systematic data set. After moving to the National
Center for Atmospheric Research, Boulder, Colorado, he com-
pleted a computer algorithm with Art Richmond and Sadami
Matsushita for this purpose, which is now called the KRM.

Gordon Rostoker was also establishing a meridian chain
of magnetometers in Canada. Thus, we agreed to operate
Inuvik Station as a joint station. Our operation stimulated our
colleagues to establish four other chains during the Interna-
tional Magnetosphere Study (IMS). Thus, six meridian chains
of magnetometers, consisting of 71 magnetometer stations,
became operational during the IMS. Applying the KRM
method to the data thus obtained, a great wealth of knowl-
edge on the ionospheric currents, electric fields, potential field-
aligned currents, and the Joule heating rate was obtained. Thus,
finally the dream of Birkeland and Chapman to obtain the
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Figure 7. Left: The equatorial current associated with the Pedersen current. Right: The radial component of the equatorial
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Important to encourage creative young researchers to develop
the field in the ways they believe in, rather than directing
themselves towards more quantitative measurements of old

parameters. It is also important to recognize that a new de-

velopment is qualitative by definition. On the other hand,

young researchers should be reminded that it is an extremely

difficult task in many ways to nurture a new idea to the point

that it establishes itself as an independent discipline against

an established field.
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The Earth’s Magnetosphere: Glimpses and Revelations

Kinsey A. Anderson

Space Sciences Laboratory and Department of Physics,
University of California, Berkeley, California

This article is a rather individualized account of research activities over a 20 year
interval beginning in 1955. Balloon-borne detectors designed to measure galactic
cosmic rays encountered several phenomena which later were seen to be work-
ings of the magnetosphere. After 1958 solar energetic particles were employed to
test the Dungey hypothesis. Initially solar ions of energy ~10 to 100 MeV were
used and in 1966 fast solar flare electrons provided clear experimental support for
the connection of the interplanetary magnetic field and the geomagnetic field.
Data from small, low-altitude lunar orbiting spacecraft released from the service
modules of Apollo 15 and 16 led to (1) direct determination of the cross tail elec-
tric field and (2) a new method to remotely measure small scale magnetic fields
near the surface of planetary bodies was devised and applied to lunar magcons.

1. INTRODUCTION

In celebration of its 75th Anniversary, the American Geo-
physical Union published a collection of retrospective
papers written by authors the Editor of the Journal of Geo-
physical Research called the “Pioneers of Geophysics.”
The several authors used a variety of approaches ranging
from somewhat personalized accounts to abundantly refer-
enced reviews. The revelation of the Earth’s magneto-
sphere is also a tale that can be told in many ways
depending on how individual scientists found their way to
this rich and fundamentally significant scientific endeavor
and which of the manifold aspects of the magnetosphere
attracted them. My account will be rather personalized and
will begin with the pre-discovery phase in order to indicate
what backgrounds at least one of the participants in mag-
netospheric research came from, and to recount some of the
early glimpses that scientists were getting of phenomena
that later turned out to be appreciated as workings of the
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Earth’s magnetosphere. My telling of the tale begins in
1955, four years before the term ‘“magnetosphere” was
applied by Tom Gold, and continues into the 1970s.

From the late 1940s in the Midwestern United States, a
number of mostly state-supported universities developed
research groups focussed on study of galactic cosmic radia-
tion. A great impetus was given to this research by the dis-
covery that atomic nuclei with z > 2 were arriving at Earth
with great energies. Groups in Chicago, Iowa, and Minne-
sota developed strong experimental programs using bal-
loons and rockets to carry instruments to high altitudes over
a wide range of latitudes. Following the discoveries of “‘soft
radiation” by the Iowa group [1955] and X-rays
beneath visible aurorae by Winckler in Minnesota
[1957] much of this expertise was transferred to mag-
netospheric studies. Following James Van Allen’s
demonstration of the geomagnetically trapped radiation
in 1958 this process accelerated.

2. BENEATH NORTHERN SKIES, EARLY
GLIMPSES OF THE MAGNETOPSHERE

In 1955, after receiving a Ph.D. degree from the Univer-
sity of Minnesota, I was asked by John Winckler to partici-
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pate in a survey of cosmic ray intensity over the north
geomagnetic latitude range 51 to 65°. The objective of the
expedition was to determine the latitude of the “knee” and
compare its location to earlier measurements, especially
those of Martin Pomerantz and G. W. McClure [1952].
Our payloads were designed to have very small mass so that
a single latex balloon could carry each one to altitudes
above 30 km. The highest geomagnetic latitude of 65° was
reached at Flin Flon, Manitoba. We were now very close to
the auroral oval although at that moment thoughts of auroral
phenomena were not clearly in our minds. Near a lake we
found an open grassy area suitable for balloon launches. As
the balloon launched there on 26 August 1955 approached
its highest altitude, the counting rate of the triple coinci-
dence geiger tube telescope increased dramatically, quite
unlike anything encountered on the earlier, more southerly
flights. We knew that “soft radiation” had been detected at
this magnetic latitude by the Iowa Rockoon group in the
Northern summer of 1953, and that the Iowa scientists had
established that the effects in their detectors were produced
by X-rays. However, we did not understand how X-rays
could produce such a high rate of triple coincidences in the
counter telescope. This striking result gave both John
Winckler and me a lingering feeling that wonderful myster-
ies were waiting to be revealed beneath northern skies.
Later in September 1955, I arrived in Iowa City having
accepted an offer from James Van Allen to work as a
Research Associate in the Physics Department at the State
University of lowa. During my first year there I followed
up on my thesis work, but soon realized that cosmic ray
research was changing rapidly and my research must move
in a new direction. In late September, the SUI Rockoon
group returned from their 1955 expedition bringing more
results on the “soft radiation.” When shown their data, I
noticed that at times the soft radiation penetrated to altitudes
sufficiently low to be detected by instruments carried on
plastic film Skyhook balloons available at that time. These
low cost “space vehicles” had been increasingly used for
cosmic ray research and other applications since the late
1940s. They had proven to be capable of remaining at high
altitude for 10 to 30 hours. Flown in the auroral zone, I
thought they might provide synoptic and time variation
studies of “soft radiation” and low energy cosmic rays not
attainable from the brief flight times of sounding rockets.
In thinking about how to go about doing such flights, I
recalled a seminar in the Physics Department at the Univer-
sity of Minnesota late in 1954, in which Phyllis Freier and
others had discussed what the cosmic ray group there would
do during the International Geophysical Year (IGY), an 18-
month interval beginning 1 July 1957. She described a pro-
gram of regular balloon launches throughout this period.

Each balloon would carry a standard set of cosmic ray parti-
cle detectors and keep them aloft for many hours. J. R.
Winckler, Freier, and E. P. Ney developed this concept over
the next 2 -1/2 years into one of the major projects carried
out under the U.S. IGY program.

These several influences coalesced in my mind into a
project that perhaps would meet my need to find a new
research direction. I set to work developing the scientific
objectives and the logistics for a series of balloon flights in
the auroral zone and soon concluded that such a project was
feasible to do if financial support could be obtained. By the
end of November 1955, I had sent a proposal to the United
States National Committee for the IGY. The proposal
called for a large number of high altitude, long duration bal-
loon flights to be carried out in 1957 at Fort Churchill, Can-
ada, a site close to the auroral oval.

The scientific package I proposed for each flight would
contain (1) a three-fold counter telescope using geiger-
mueller tubes, (2) a single geiger-mueller tube, and (3) a
scintillation counter consisting of a thallium activated
sodium iodide crystal mounted on a photomultiplier tube.
The scintillation counter would have high efficiency for
detecting the “soft radiation” X-rays of energy above about
10 KeV. Its greater sensitivity might reveal many more
“soft radiation™ events and make it possible to infer some-
thing about the energy spectrum of the parent electrons.
The budget totalled about $60,000. A serious problem then
arose. The faculty and Administration policies at the State
University of Iowa did not allow junior research persons the
privilege of submitting research proposals to outside fund-
ing agencies, a policy common to many universities. James
Van Allen must have removed this hurdle for me. I am
enormously grateful to him for this essential support.

In late 1955, I was called to appear before the Technical
Panel for Cosmic Rays of the United States National Com-
mittee for the International Geophysical Year. This group,
headed by Scott E. Forbush, screened all proposals for cos-
mic ray projects to be conducted during that interval. For-
bush explained that nearly all funds available for cosmic ray
research had been allocated but he could find $15,000 if the
Panel was convinced something useful could be done at that
much lower level of funding. My response was that a
reduced number of balloon flights could still produce inter-
esting results on auroral zone phenomena and that I would
send a revised proposal to the Panel. The Panel also stipu-
lated that my payloads must fly two of the instruments that
the University of Minnesota group was preparing for their
IGY balloon flights. These instruments were a 10-inch
diameter integrating ionization chamber of the Neher type
and a single Geiger-Mueller counter and a stack of photo-
graphic emulsion. Since recovery of the payloads would be
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Figure 2. The responses of a single geiger counter, a coincidence
telescope, and ionization chamber, during a balloon flight near the
auroral zone. The short burst of X-rays near the beginning of a
geomagnetic storm is, in hindsight, due to precipitation of elec-
trons from the radiation belt caused by passage of a hydromagnetic
wave through the magnetosphere. Here was another glimpse of
the unknown magnetosphere. [Anderson, 1957]

(electrons) with a geomagnetic phenomenon, in this case the
sudden commencement phase of a geomagnetic storm.
Years later, the effect could be mterpreted as the action of a
hydromagnetic wave moving through the magnetosphere
and causing the precipitation of electrons trapped in the Van
Allen radiation zone. In 1953 Tom Gold [1955] attributed
the sudden commencement effect to a “highly supersonic
shock wave with the characteristic sharp wave front.” In the
summer of 1957 I met a co-worker of S. Fred Singer prepar-
ing a “wave detector” for flight on a high altitude balloon. I
believe now that the objective was to detect the waves Gold
had predicted.

(3) At other times during this flight, “soft radiation” did
appear. Observers at Fort Churchill reported bright and
active aurora at these times. This result confirmed and
extended the 3 July 1957 observations by the Minnesota

group.

(4) During three night flights when a balloon was at high
altitude, quiet auroral arcs appeared in the sky but no X-rays
were detected by the balloon-borne instruments. Quiet arcs
evidently did not involve electrons of sufficiently high
energy to produce X-rays that could penetrate to the atmo-
spheric depth where the balloons were floating.

Some of these results were reported in a Letter to the Edi-
tor of the Journal of Geophysical Research. The manu-

script was received on 25 November 1957 and was
published in the December 1957 issue of that journal.

In early 1958 the physics laboratories at the State Univer-
sity of Iowa were in a high state of excitement and scientific
activity. Explorer I had been launched in January and data
from that spacecraft were being interpreted. In a hallway
Carl Mcllwain asked me if I could explain why the counting
rate of a geiger counter would go to zero during a portion of
the Explorer I orbit. I did not have the explanation. The
correct answer as the satellite group soon realized, was that
the spacecraft had encountered such high radiation levels
that the operation of the G-M tube was completely blocked.
When the discovery was made and carefully checked,
Ernest Ray chortled loudly in the same hallway, “Space is
Radioactive!”

Having had some success in demonstrating the scientific
value of long-duration balloon flights in the auroral zone, I
proposed a series of balloon flights for August and Septem-
ber of 1958, again at Fort Churchill. The proposal was writ-
ten and submitted to the U.S. National Committee for the
IGY in October 1957. It was accepted and Donald Ene-
mark and I proceeded to make improvements in the elec-
tronic circuits during the winter of 1957-1958. The low
temperature performance of germanium transistor amplifi-
ers and scaling circuits was improved and the weight of the
instrument package reduced by replacing the twin triode
vacuum tube in the telemetry transmitter with silicon tran-
sistors just then coming on the market.

In Fort Churchill during August and September 1958, we
made 10 balloon flights and accumulated 150 hours of high
altitude data. Most of the launches took place in the lee of
the large aircraft hangar. For certain wind directions we
sought protection for the helium-filled bubble elsewhere.
On one such occasion, the shelter was provided by the Fort
Churchill elementary school. Normally, we would have
launched the balloon at dawn, but strong winds delayed the
launch until school had begun. Many small faces peered
out at the strange activities on their playground.

We launched the first balloon on 10 August and obtained
several hours of auroral zone X-ray activity in the single
geiger counter and the ion chamber. An interval of windy,
rainy weather ensued making balloon launches too risky to
attempt. A brief interval of favorable weather beginning on
14 August allowed us to get a balloon off the ground a few
minutes past midnight. The balloon reached its expected
float altitude and the instruments provided 20 hours of data,
but no effects above the normal cosmic ray background
appeared. The wind and rain returned and balloon launches
were again impossible. Several days went by without a
launch, and we began to fall behind our plan to launch two









set of particle detectors for flight on the first Interplanetary
Monitoring Platform (IMP-1). This spacecraft provided the
comprehensive measurements of the outermost portions of
the Earth’s magnetosphere including the magnetotail to a
radial distance of 32 Earth radii. In the tail we found many
examples of energetic electron “island” fluxes which later
investigations by other groups, particularly the Los Alamos
group, showed to be related to dynamics of the plasma
sheet. Another area of interest to beginning in 1964 was the
phenomenon of electron acceleration at the bow shock of
Earth, and the propagation of the electrons far upstream into
the solar wind. Our work began on the IMP-1, -2, and -3
spacecraft and continued with the ISEE-1, -2, and -3 space-
craft well into the mid-1980s. A particularly significant
finding was that the acceleration of electrons was most
effective in a small region about the surface of contact
between the interplanetary field lines and the bow shock
surface. We also showed that at times these electrons
remained gyrophase-bunched for large distances into the
upstream region.

In Berkeley I was working with a group of gifted graduate
students and I soon learned that spacecraft projects by them-
selves were not ideally suited for supplying Ph.D. thesis
topics. The main problem was the very long times from
experiment design to data plots. The plan developed at Ber-
keley was to have graduate students participate in some
aspects of a spacecrait project {(instrumeni testing, calibra-
tion, data analysis). They would then carry out an experi-
ment in all its aspects using a balloon or rocket vehicle,
most often in the auroral zone. For auroral zone investiga-
tions carried out from 1961 through 1966 support was
obtained from the Office of Naval Research and the
National Science Foundation and for rocket flights from
Fort Churchill, the National Aeronautics and Space Agency.
The Ph.D. research of Michael L. Lampton provides a good
example of how graduate students participated in magneto-
spheric research. Balloons carrying scintillation counters
to detect electron precipitation were launched at an auroral
zone site. When X-ray microbursts appeared, a rocket car-
rying electron detectors was launched. The parent electron
energy spectra was measured and motions of these electrons
on the field lines inferred [JGR, 1967]. The microburst phe-
nomenon had been discovered in 1963 [Anderson and Mil-
ton, 1964] and examples of this form of particle
precipitation from the Earth’s magnetosphere are shown in
Figure 5. The auroral zone balloon and rocket project was
largely taken over by graduate students in the years 1964-
1966.

In the mid-1960s the auroral concept of Akasofu [1964]
was generalized to become the magnetospheric substorm.
Jelly and Brice [1967] noticed that auroral zone particle pre-

ANDERSON 29

WWMWW\(\MWWW
Wﬁw«“\“‘wwwww‘w“w\uww e,

Eso x10° COUNTS/SEC

2 ot AN i S

312

1 SEC

‘&j Mww Nl’\ .’lf %f\wwf‘w‘ﬂa’\ﬁ“‘fﬁwﬂw

A
ol Dot anret gV

50x10° COUNTS/SEC ‘v
SRS LA LSV

1.SEC
Time —=

Figure 5. Scintillation detectors of high Z material for efficient
detection of auroral zone X-rays revealed a remarkable form of
electron precipitation. These ~ 1/4 second long microbursts arrive
singly, in pairs or in groups of 4 to 6 or more. Groups of these ele-
mentary bursts may recur at periods of 5 to 15 seconds. The nature
of this form of magnetospheric particle precipitation is not entirely
known and is the subject of current studies. [Anderson and Mil-
ton, 1964]

cipitation “is intimately associated with large scale pro-
cesses that occupy a substantial part of the magnetosphere.”
Coroniti, Parks, McPherron, and Anderson [1968] in a
series of papers showed that the microbursts, other types of
particle precipitation, and certain geomagnetic micropulsa-
tions also fit into a definite local time pattern further gener-
alizing the magnetospheric concept. They suggested
removing the word elementary from the term introduced by
Jelly and Brice.

3. EXPERIMENTAL TESTS OF DUNGEY’S
HYPOTHESIS AND MEASUREMENTS OF ELEC-
TRIC FIELD IN THE MAGNETOTAIL (1965-1975)

In 1965 James Van Allen and S. M. Krimigis published
“three clear cut cases of ~40 keV electrons from the Sun.”
This was a highly significant discovery and the authors’
belief that “Such electrons contribute a new tool for the
study of the interplanetary magnetic field. . .” has been
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fully justified. In Berkeley, Robert Lin and I [1966] found
these same events and nine more in the IMP-1 data. We
also found that the electrons reaching the Earth were quite
directional (non-isotropic) and not behaving at all as pre-
dicted by an isotropic diffusion model [Anderson and Lin,
1966]. Furthermore, most of the parent flares of the elec-
tron events were centered about W60° solar longitude about
where the average Parker spiral field line reaching Earth
would root into the Sun. This result led us to the idea that
these particles, moving at about 1/3 the speed of light with
small gyroradii (~ 100 km), could be used as magnetic field
line tracers in the interplanetary and geomagnetic tail
region.

At this time the issue of open versus closed models of the
magnetosphere was being vigorously discussed. We
thought that if solar-interplanetary field lines were actually
connected to geomagnetic field lines as Dungey had sug-
gested in 1961, that the fast solar electrons, following field
lines like beads on a wire, would have easy access to the
Earth’s magnetic tail. We compared the flare electron travel
times from Sun to a spacecraft outside the Earth’s magneto-
sphere to the travel times when the spacecraft had moved
out of the Earth’s magnetosphere. From a statistical study
of a considerable number of solar flare electron events,
observed both inside and outside the magnetotail, we con-
cluded (1) at least some of magnetotail field lines connect
with interplanetary field lines behind the Earth. (2) The
connection region (tail “length™) must be 2 0.2 AU (5000
Rp) distant from Earth. (3) Quoting from our 1966 paper
[Lin and Anderson, 1966], “The upper limit [of 5000 Rg]
we have arrived at can be greatly reduced by means of
simultaneous observations on two satellites near Earth, one
in the tail and one in interplanetary space.”

In mid-1967 the Explorer 35 spacecraft, also known as
lunar anchored IMP, was placed in orbit about the moon.
Among the on-board instruments were energetic particle
detectors built in Berkeley. Using data from these instru-
ments, Robert P. Lin [1968] published several examples of
“shadowing” of solar electron fluxes by the Moon in the
solar wind and in the geotail. He showed that the shadow-
ing of the fast electrons was complete when the Moon was
in the Earth’s magnetotail and that the full shadow appeared
on the Earthward side of the Moon. From these results
Lin concluded that “. . .these [solar] electrons gain direct
entry into the tail at a distance greater than 64 Ry, behind the

In their analysis of lunar shadowing of solar particles Van
Allen and Ness [1969], published a large number of exam-
ples of full shadows for both the solar wind case and the
geotail case. They also did a conceptual analysis of what

happens when field lines carrying an isotropic distribution
of fast solar particles of small gyroradius is transported
across (a) a non-magnetized, non-conducting uniform
sphere; and (b), a highly conducting sphere. Analysis of
case (a) confirmed that a full shadow would develop Earth-
ward of the Moon. Their analysis also predicted that a half
shadow would appear on the opposite side of the Moon
(Figure 18 of their paper). That they did not observe the
predicted half-shadows in their Explorer-35 data was
because the radiotelemetry signal from the satellite was usu-
ally occulted by the Moon when half-shadows would be
expected. At Berkeley we found a few occasions when the
radio signal was able to reach Earth and we were able to
demonstrate the existence of the half-shadows [Anderson
and Lin, 1969]. In their paper Van Allen and Ness set an
upper limit to any electric field that might exist in the geo-
magnetic tail. The estimate was based on the sharpness of
the shadow edges and came out to be

E $5x107v/m.

A full theoretical treatment of particle shadowing by the
Moon (or other non-magnetized, non-conducting spherical
object) was later carried out by Robert McGuire [1972].

Continuing our attempts to test the Dungey model, Robert
Lin and I looked in the particle shadow data to see if we
could determine the location of the reconnection region in
the geotail. If the spacecraft were on a field line that had
just reconnected a uniquely different shadowing pattern
would appear. The pattern would be two half-shadows each
revolution about the Moon. We found one such example
and concluded that reconnection at times may occur less
than 60 Rg behind the Earth [Anderson and Lin, 1969].

By early 1970 Robert Lin and I had a large catalog of solar
flare electron events, many of which had anisotropic, field
aligned pitch angle distributions. In looking for other field
line tracing applications for these particles I realized that a
large-scale electric field with a component perpendicular to
the magnetotail field lines would produce an orderly (non-
diffusive) field drift motion of the fast electrons across the
magnetotail field lines. Electrons entering the tail via
merged field lines would pass the Moon and move toward
Earth where they would encounter stronger fields and mir-
ror, returning to the vicinity of the Moon. But due to the
ExB drift their path would be shifted in the ExB direc-
tion. This motion would then displace them into the geo-
metric particle shadow produced by the Moon. Such
electrons would be distinguished by their motion away from
the Earth. This sitnation is shown in Figure 1 of the paper
“Method to determine sense and magnitude of electric field



from lunar particle shadows” [Anderson, 1970]. At that
time the particle measurements were not adequate to test the
method and make quantitative measurements of the electric
field. With the Apollo Subsatellite data James McCoy and
others would obtain many quantitative vector determina-
tions of the electric field in the magnetotail using this
method.

4. THE APOLLO 15 AND 16 PARTICLES AND FIELDS
SUBSATELLITE

By the spring of 1969 knowing that the lunar shadowing
of the solar electrons could lead to conclusions about the
interaction of interplanetary and geomagnetic field lines, we
looked for ways to obtain additional and more refined mea-
surements in the vicinity of the Moon during times it was
crossing the geomagnetic tail. About that time we saw an
Announcement of Opportunity (AFO) from NASA for sci-
entific participation in the Apollo program. Perhaps we
could use the Apollo program to continue our magnetic
topology studies and also learn something about the ener-
getic particle environment of the Moon. The measurements
we needed to study such phenomena required months of
observing time since the solar electron events occurred at
the average rate of one a week. But the Apollo command
module stayed in lunar orbit only a few days, and the Lunar
Excursion Module was not able to return data to Earth.

A possible solution was hit upon late one Friday afternoon
in March 1969 after work in a pizza and beer establishment
named La Val’s a half-block off the North Side of the Ber-
keley campus. This place was much frequented by Univer-
sity students and staff. Our research group often went there
to celebrate a student’s success in an examination or the
award of a Ph.D. degree. On this particular Friday after-
noon I recalled how Khrushchev ridiculed the United States
Space Program in 1958 when the Vanguard project had
tried to launch a small (about 12” diameter) scientific satel-
lite and failed in the attempt. He referred to the small satel-
lite as a “grapefruit.” I wondered out loud if we could build
several “grapefruit-size” satellites containing our particle
detectors, then hand them over to the astronauts. In lunar
orbit they could open a window, reach out and let go of
these little spacecraft. They would then remain in low alti-
tude lunar orbit taking data for many months after the astro-
nauts returned to Earth.

There was some laughter but we soon began to think how
this notion might be turned into scientific reality. Within a
very few days Robert Lin, Lee Chase, Richard Paoli, and I
had sketched out the instrument design and roughly esti-
mated power, weight and telemetry requirements for a small
spacecraft carrying the electron detectors. Qur first pro-
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posal was dated March 1969, and a revised version of it was
submitted to NASA Headquarters on 1 April 1969. Its title
was “Description of an experiment to explore the topology
of the Earth’s magnetosphere.” We soon realized we had
not gone far enough in exploiting the idea of small scientific
spacecraft in low lunar orbits launched from the Apollo
spacecraft. A magnetometer would be required to do defini-
tive studies of the magnetic field near the Moon. We con-
tacted Professor Paul Coleman and his colleagues at the
University of California, Los Angeles. They quickly agreed
to provide a flux-gate magnetometer for the subsatellites.
Later Dr. William Sjogren of NASA’s Jet Propulsion Labo-
ratory joined the experiment team. His interest was to do
very precise tracking of the Fields and Particles subsatellite
orbits using the S-band telemetry signal from the small
spacecraft. Such information would enable him to locate
and characterize lunar mass concentrations (Mascons)
beneath the ground tracks of the subsatellites.

Our proposal moved quickly through NASA Headquarters
and the Manned Space Flight Center between late April and
early July. We were called in early July 1969 and asked to
give an oral presentation to a review panel to be convened at
the Los Alamos National Laboratory in New Mexico just
two weeks later. Evidently, our presentation of the science
objectives to the selection panel was successful -- only a
few days later we had a go-ahead for our project from
NASA Headquarters and soon we were working directly
with a group at the Manned Space Flight Center. We added
a scientist from the Manned Spacecraft Center to our team.
James McCoy was very helpful in communication between
Berkeley, the manned spaceflight center, the subcontractors
and MSC. Later McCoy would be the lead author on two of
the most important papers to come out of our Apollo work.
MSC turned the implementation of the Particle & Fields
Subsatellite project over to Thompson, Ramo, Wooldridge
Corporation. Events moved at extraordinary speed from
mid-July to November 1969. By November, TRW had
essentially completed the spacecraft design. But the launch
of Apollo 15 was only 19 months away and instruments and
spacecraft subsystems were yet to be built and tested. One
subsatellite would be flown on Apollo 15, a nearly identical
one on Apollo 16. A third one was built and we hoped it
would be put in orbit about the Moon by Apollo 17 but that
did not happen. The third P & FS subsatellite now resides
in the National Air and Space Museum in Washington D.C.

The Apollo 15 subsatellite was ejected from the service
module by action of a coil spring on 4 August 1971. As the
small spacecraft receded from the Apollo command module
it was observed and photographed by the astronauts using a
hand held Hasselblad camera and a 16 mm movie camera.
The first P and FS made about 2000 revolutions about the
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Figure 6a. The left hand sketch shows three types of field lines implied by the Dungey reconnection hypothesis. Two
of the three neutral sheets required by this topology are indicated. The right hand sketch shows the three types of shad-
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16 subsatellites. Study of these shadows revealed an instance when Dungey reconnection was occurring Earthward of
the Moon (i.e., at a geocentric distance less than 60 Earth radii). [Anderson and Lin, 1969]
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Moon by the Apollo 15 subsatellite. Electrons drifted into the Earthward facing full shadow are to the right of the
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indicators of the presence of an electric field. The right hand plot shows the shadow type encountered as the Moon
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near the center of the geotail show Dungey reconnection is occurring Earthward of the Moon. McCoy, 1975; Anderson
and Lin, 1969]



Moon. Our first publication of P and FS results in the Jour-
nal of Geophysical Research [1972] included a color image
of the spacecraft just after ejection from the science module.
We reported on the lunar shadowing of the solar wind and
particle energy spectra in and outside of the shadows. The
second P and FS went into orbit on 24 April 1972. Because
of a problem in the main engine gimbal control system, that
engine could not be used to place the command module in
an orbit that would give the subsatellite a long lifetime.
Mascon perturbations caused it to crash on the far-side of
the Moon after 425 revolutions during its 35 day lifetime.
Several improvements had been made in the second P and
FS so the data were of very high quality. The subsatellite
made more than a full revolution about the Earth and
crossed the geomagnetic tail once and spent many days in
the magnetosheath and solar wind. We thus had many
opportunities to study the Moon’s shadowing of solar parti-
cles in considerable detail. And we would achieve a totally
unexpected result which would carry our group into a com-
pletely new area of research.

Despite the degraded performance of PFS-1 and the short
lifetime of P and FS-2, we were able to achieve the major
objective we had set for the subsatellites in 1969: measure-
ment of the large scale electric field in the Earth’s magneto-
tail. The existence of a dawn-to-dusk directed electric field
had been inferred but never directly measured far into the
Earth’s magnetotail. James McCoy and co-authors [1975]
demonstrated that a dawn-to-dusk directed electric field was
continuously present over the several day period while the
spacecraft were in the magnetotail. The magnitude of the
electric field ranged from 0.2 to 2 millivolts per meter (0.2
to 2 volts per kilometer). The typical or average field
strength was about 0.15 v/km. Multiplying the average
field value by the known width of the magnetosphere gave a
total cross tail electric potential of about 40 kilovolts in
good agreement with indirect ionospheric measurements
(Refs). Our results also showed that the electric field
strength varied with time, an effect attributed to variations
in the convective motions of the magnetotail plasma.

By 1971 the Space Physics Group at the Space Sciences
Laboratory on the Berkeley campus had participated in a
many investigations on Earth-orbiting spacecraft, on sound-
ing rockets and high-altitude balloons. The rocket and bal-
loon programs had been conducted mainly in the Northern
auroral zone. At the time of the Apollo 15 launch and the
orbiting of its subsatellite about the Moon, the capability to
mount rocket and balloon field operations was well in hand
and could be mobilized in a matter of a few months. It was
therefore natural for us to try to think of experiments with
these lower-altitude vehicles that could extend the scientific
value of the two Particles and Fields Subsatellites.
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We linked the scientific goals for the subsatellites to our
interests in auroral zone and polar cap research using bal-
loons and rockets in the following way: The Moon carries
the subsatellite across the geomagnetic tail once each revo-
lution of the Moon about the Earth. The geomagnetic field
lines at the times the moon is in the geotail are rooted in the
polar caps of the Earth. We would launch rockets and bal-
loons carrying a variety of detectors identical or similar to
those on the subsatellite at times when the geotail field lines
were more or less connecting the two instrument sets, a dis-
tance of about 60 Earth radii apart. This four day time inter-
val is centered on the time of full moon. Charles Carlson
and Lee Chase instrumented a Black Brant V rocket with
particle instruments very similar to those carried on the sub-
satellite. Forrest Mozer and his group supplied a boom sys-
tem to measure A.C. and D.C. electric fields. These
instruments were quite similar to his electric field detectors
carried to 100,000 feet altitude by balloons. We would then
launch the rockets and balloons from a site in Earth’s North
polar cap when the subsatellite was in the magnetic tail of
Earth and thus in the same bundle of field lines as the rocket
and balloons. The site we chose was Resolute, a Canadian
base on Cornwallis Island in the Arctic Ocean. Resolute is
only about 150 km from the Earth’s northern magnetic dip
pole and thus well inside Earth’s northern polar cap. A
three person rocket launch crew from the Bristol Corpora-
tion, manufacturer of the rocket would carry out the launch
operations and track the rocket. Mozer’s team was ready to
launch a balloon when the right moment came. That
moment came on 5 September 1971. Balloons were already
in the air above Resolute and Thule, Greenland, when the
rocket was fired (Figure 7). All experiments worked well.
We were able to show that the electric potential difference
along the to magnetotail field lines between the polar cap
and the Moon could not have exceeded 500 V showing that
at this time the parallel component of electric field in the
geotail was very small - less than 1.3 x 10 kv/km [McCoy
et al., 1976].

In the summer of 1973 I was visiting the Centre d’Etudes
Spatiales Rayonnements (CESR) a research laboratory con-
nected with Université Paul Sabatier and supported by the
French space science agency, CNES. While there, Robert
Lin informed me of a remarkable development in the analy-
sis of data from the two P and FS subsatellites. We had
been puzzled by rather large fluxes of electrons unexpect-
edly entering the particle detectors from the direction of the
Moon’s surface and on many occasions the intensity of
electrons coming up from the Moon’s surface approxi-
mately equalled the intensity of the solar electrons headed
toward the Moon. Herbert Howe and Robert Lin found that
the large, upward-moving electron fluxes were correlated






the merging-reconnection hypothesis; a search for correla-
tion between geomagnetic activity and the presence of a
southward component in the interplanetary field. The
search for such correlations has been pursued intensively by
many groups with apparent success. Lin and I believed this
was important to do but a more direct physical test was
needed if only to provide an independent check. So in 1966
when Lin published the result of rapid access of fast and
anisotropic distribution of electrons into the geotail we
believed we had found a much needed direct experimental
test. And we believe that the lunar shadowing of the fast,
small gyroradius solar electrons did reveal the fundamental
topology of the interplanetary magnetic field-geotail mag-
netic field system. The method also showed that the field
line reconnection in the geotail required by the Dungey
hypothesis on at least one occasion took place between the
Earth and Moon.
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The Boundary and Other Magnetic Features of the Magnetosphere

Laurence J. Cahill, Jr.

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota

This is a personal account of the discovery of the boundary of the
magnetosphere. The concept of a boundary and of related ideas about the magnetic
field and plasma around the earth were gained at the University of lowa. My first
investigations of currents in the ionosphere were also done there. An account of
the Iowa years, of participation in expeditions to launch rockets and of the findings
from the earliest satellite magnetic observations in space is given first. In New
Hampshire, the Explorer 12 preparation and launch follow, with discussion of the
boundary discovery. Next are described the first observations of other magnetic
features of the magnetosphere, obtained through data from Explorer 12 and later
spacecraft. Finally, the discovery of the location and cause of the ring current is

briefly mentioned.

INTRODUCTION

The author was directly involved in the discovery of the
magnetosphere boundary and in the study by satellite
magnetometer of other features of the magnetosphere, such
as the location of the ring current. Before making
discoveries one first must become familiar with the ideas and
actions of other people. My ideas about the earth's magnetic
field and about the environment in space about the earth
began forming in the mid 1950s. By 1960 it was possible for
me to manage the preparation and operation of an
instrument, a three-axis, flux-gate magnetometer, used to
observe the boundary of the magnetosphere. Through the
1960s we were able to observe in space, in rapid succession,
other features and properties of the mag-netosphere that had
been predicted earlier as the result of ground-based
geomagnetic research.

In the first part of the report the years spent at the
University of Iowa in the late 1950s will be covered, when
the events of the earliest times of the satellite era occurred

Discovery of the Magnetosphere
History of Geophysics Volume 7
Copyright 1997 by the American Geophysical Union

37

and where my ideas about the nature of the solar
wind/magnetosphere interaction developed. The second part
will be concerned with my direct responsibility for
preparation and launch of several satellite magnetometers
and for the interpretation of the scientific results from these
instruments. This work took place at the University of New
Hampshire in the 1960s. An earlier review article, limited
to the boundary of the magnetosphere only, was prepared for
a conference on the physics of the magnetopause [Cahill,
1995].

AT THE UNIVERSITY OF IOWA

It was the summer of 1957 at the University of Towa. The
International Geophysical Year [IGY] was underway and
each person in our small research group had a project. Carl
Mcllwain was preparing to study "soft radiation” using
ground-launched rockets at Ft. Churchill [Mcllwain, 1960].
The University of [owa group had been studying this soft
[low energy] radiation for several years with balloons and
balloon-launched rockets [rockoons]. The radiation was
found in the auroral zone, at balloon and small-rocket
altitudes, apparently associated with auroral displays.
Evidence was mounting that it was due to bremsstrahlung X-
rays, produced by electrons causing the auroral displays.
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Frank McDonald was planning balloon flights to continue
study of cosmic rays. Kinsey Anderson had an elaborate set
of balloon-lifted detectors to study cosmic rays and the soft
radiation. Ernest Ray was working on a theoretical cosmic-
ray project. Perhaps the most unusual project was assigned
to George Ludwig. A Geiger-Mueller [GM] tube apparatus
was intended for flight on one of the first U.S. artificial
satellites, to be launched during the IGY by the Naval
Research Laboratory. A new rocket, the Vanguard, was
being designed and built to carry the scientific payloads into
orbit. The Iowa experiment was to be carried in a near-earth
orbit to study soft radiation, as well as cosmic rays, above
the altitudes reached by previous Iowa flights. The satellite
would also provide global coverage rather than the limited
spatial coverage given by a balloon or rocket flight. In
addition to the GM tube, George was building a miniature
tape recorder to store the accumulated data [Ludwig, 1959].
The present world-wide network of receiving stations wasn't
in full operation then and the data were to be stored for
occasional readout when the satellite was near one of the few
receiving stations. My sounding-rocket project was planned
for study of electrical currents in ionosphere, particularly the
equatorial electrojet, a sheet of electrical current flowing in
the lower ionosphere near the magnetic equator. First, it was
necessary to adapt the recently-invented, proton-precession
magnetometer for rocket use.

George, Carl, Ernest and I were graduate students; Frank
and Kinsey were post-doctoral research associates. We
worked in close proximity in the basement of the old Physics
building , discussed our work and problems, went to lunch
and coffee breaks together and shared a sense of challenge
and excitement as we prepared to go out and make
measurements. Frank and Kinsey managed the lab and the
students and were very accessible for advice. In overall
charge of our enterprise was Professor James Van Allen,
self-described as the "scoutmaster”. He determined the
direction of the research and found support. He also
provided the graduate students with research projects. He
was busy with teaching and adminstrative duties, as
Department Head and director of the research lab, but was
always available for advice on major problems and for long-
term guidance. Of the greatest value for research training
was his policy of giving each student as much responsiblility
as the student could handle.

Of course, all of the graduate students were engaged in the
standard graduate-level physics courses. In addition there
were Physics colloquia and seminars with frequent
presentations by visitors engaged in interesting research
projects in cosmic rays, atmospheric physics and other
subjects that would now be grouped together as “Space
Physics”. One semester we had a very distinguished visitor,

Professor Sydney Chapman. A mathematician by training he
had a long and productive career in applied mathematics and
also in geophysics. He gave us a research seminar in
geophysical topics, including his ideas on the causes of
magnetic storms. Because I had been given a research
project that involved detecting the magnetic effects caused by
electrical currents in the ionosphere, it was of particular
interest to me to study the two-volume treatise,
"Geomagnetism", by Chapman and Bartels [1940]. My wife
bought the books for my birthday and I worked slowly
through them, reading as a change of pace from the graduate
course study. Several figures in the 2nd volume caught my
interest. They showed the effects of a neutral, but ionized,
stream of particles from the sun, impacting on the earth’s
magnetic field. According to Chapman and Bartels, the
charged particles of the stream would be deflected by the
magnetic field but the field would be compressed as the
stream was slowed. A boundary would be established
between the ionized stream and the earth's magnetic field.
The stream would flow around the earth's magnetic field
forming a cavity in the flow. One figure from Chapman and
Bartels is reproduced here as Figure 1.

The boundary between the earth's magnetic field and the
ionized stream from the sun was first proposed by Chapman
and Ferraro [1931, 1932] to explain some observed features
of magnetic storms. Magnetic storms were known to be
associated with solar flares and ionized streams from the
flares were assumed to travel to the earth in a day or two.
Compression of the earth's field by the initial impact of the
stream was thought to produce the sudden world-wide
increase in the field called the sudden commencement.
Continued compression of the earth's field by the flowing
stream was thought to correspond to the world-wide,
positive, initial phase of the storm. The following, negative,
main phase of the storm was thought due to a westward-
flowing ring current, some how set up by the ionized stream.
Chapman and Ferraro were not entirely convincing in their
main phase explanation and the cause of the the negative
phase was still under discussion in 1957.

The ionized stream from the sun was thought to flow only
at times of solar flares and at the beginning of the related
magnetic storms. At other times the earth's magnetic field
would not be compressed and would assume its approximate
dipole shape. Parker [1959] proposed a more or less
continuous solar wind of ionized gas from the sun, an
outflowing of the solar corona as an ionized plasma,
composed of electrons and protons. A continous flow of
ionized gas offered an always-present boundary. The earth's
magnetic field would always be enclosed in a cavity,
surrounded by the continuous, outward-flowing, solar wind.
Fluctuations in the solar wind intensity would produce



changes in the size of the cavity. Large outflows of solar
wind, at times of magnetic storms, would squeeze the
geomagnetic field into a smaller cavity and cause the
observed, initial, magnetic storm effects.

One of the major research expeditions of our lab in 1957
was a rocket launching trip on the USS Glacier, a Navy
icebreaker, from Boston, through the Panama Canal, across
the Pacific and then down to McMurdo Base in the
Antarctic. Professor Van Allen and I were to conduct the
launchings with the assistance of Steven Wilson, a Navy
Lieutenant, Junior Grade, assigned as our liaison with the
Navy. He arranged for other Navy people to help us as
needed. We had 20 Loki rockets, each 3" in diameter and
about 9' long, including solid-propellant rocket and payload.
The rockets were to be launched as rockoons; balloons
carried the rockets to 70,000 feet in altitude, then the rocket
fired and took the payload up to 120-130 km. I was to send
rocket magnetometers up through the equatorial electrojet as
we crossed the magnetic equator. With his rockoons,
carrying GM tubes as the principal sensors, Professor Van
Allen intended a latitude survey of soft radiation and the
cosmic radiation as we proceeded from the equator to the
Antarctic. Earlier in 1957 we had conducted similar flights
while sailing north, through the Davis Straits, up to Thule in
Greenland. The projects amounted to studies of radiation and
electrical currents in the bottom side of the magnetosphere,
but that term hadn't yet appeared.

We started launching rockoons from the heliocopter deck
on the stern of the icebreaker as we approached Christmas
Island, south of Hawaii. The first launch was not auspicious.
We had filled the balloon with sufficient helium and were
ready to release it. By that time the ship's direction and
speed should have been adjusted to be traveling with the
wind, so that there was zero wind over the launch deck. The
balloon, tethered by a line to the rocket and payload, should
be straight overhead, ready for release. Unfortunately,
despite our instructions, the people on the bridge hadn't got
it quite right. The line to the balloon was trailing to the
stern, at an angle of 45°to the vertical. In past flights, off
Greenland, Professor Van Allen had been on the bridge to
counsel the Navy people on how to obtain zero wind. He
was confined to his bunk for this launch, however, after
gashing his shin in a fall while we were loading helium
cylinders in Panama. The wound had got infected and the
ship's doctor had required him to be completely immobile.
Meanwhile, I was holding the rocket and attached firing
mechanism box in my arms and was providing ballast to
prevent the balloon from rising. I couldn't release the rocket
since it would surely swing and hit the deck or some other
part of the ship before the balloon rose high enough. Zero
wind was essential so the balloon and payload could go
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Figure 1. The lines show the advancing front of a stream of ionized,
but neutral, gas from the sun. The earth's magnetic field is forming
a cavity in the stream as it sweeps past the earth [p. 856, Chapman
and Bartels, 1940].

straight up. Steve Wilson took off for the bridge and I hung
on as the balloon pulled me toward the stern. As the
helmsman tried to adjust course the situation got worse; the
angle increased to 60°. The tug of the balloon was
considerable and I moved slowly toward the edge of the
flight deck. By this time the balloon had moved to the port
side of the ship, but there seemed to be little progress toward
zero wind. Standing at the edge of the flight deck and
leaning backward to counteract the balloon tug, I felt
somewhat uneasy. As several more minutes passed with no
improvement in the angle, I began to consider releasing the
rocket. From where I was standing the rocket would swing
out under the balloon as the balloon rose. It would not hit
any part of the ship but would the balloon rise fast enough so
it wouldn't hit the water? After several more minutes with
no improvement, I released the rocket. The rocket swung in
an arc toward the water. The balloon rose sluggishly and the
firing box hit the water first. Next, a wave caught the
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bottom of the rocket and the balloon stopped rising.
Eventually the inflated bubble of the balloon sat on the water
as we moved away. We conducted a thorough seminar on
achieving zero wind before the next launch.

Some of my rocket magnetometers failed after launch but
good data was received from several others, launched as we
crossed the magnetic equator. We were surprised to hear,
through the Navy communications network, of the launching
of the first artificial satellite, the Russian Sputnik, on Oct. 4,
1957, as we cruised near the equator. We had assumed the
U.S. Vanguard program would launch the first artificial
satellites. Although the Russians had announced plans for a
satellite program, it was thought we were comfortably ahead
of them. There was a mild sense of shock while we listened
to the Sputnik beeping overhead as it circled the earth. A
series of radio messages traveled back and forth between the
Glacier and the U.S. Because the upper atmosphere groups
considered that we were far in the lead in rocket capability,
there was no sense of urgency for the first satellite launch
date. Vanguard was proceeding with due care and
deliberation; the first launch was planned for some months
in the future. Sputnik introduced a sense of urgency. There
was another competent, large-rocket group in the U.S. that
was also quite ambitious for the honor of launching a science
payload into earth orbit, Von Braun's group at the U.S.
Army's Huntsville base in Alabama.

Correspondence between the Glacier, the Jet Propulsion
Laboratory, Huntsville, and lowa was very active. George
Ludwig was finishing up his M.S. thesis project, the GM
tube with tape recorder designed for Vanguard launch. There
was already a plan to include an Iowa GM package, as a
later backup to the Vanguard project, on an Army rocket.
A new idea emerged, to launch the Iowa science payload,
originally intended for Vanguard, with an Army rocket. The
Alabama group would be responsible for preparing the
launch rocket; the Jet Propulsion Laboratory would provide
a satellite structure with telemetry, power and other
supporting functions. George Ludwig and Ernest Ray
conducted some of the negotiations for Iowa, keeping
Professor Van Allen informed by Navy radio. Van Allen
approved the proposal with JPL, all the details were worked
out and the Iowa package [but without the tape recorder] was
prepared as the payload of Explorer 1.

Our rockoon program was completed in the Antarctic with
reasonable success. We returned to New Zealand with the
Glacier and flew home to Iowa in the fall of 1957. With all
the IGY rocket launching activity in 1957, there wasn't
much progress for me in completing required graduate
courses. I returned to graduate study with gusto and also
commenced analyzing the magnetic tapes with electrojet
results. George Ludwig's GM tube was launched on

Explorer 1 on February 1, 1958. A similar payload, this
time including the tape recorder, followed on Explorer 3,
launched on March 26, 1958. Data from the Explorers
started arriving at the University and analysis revealed
unexpected results. As these results appeared, Carl Mcllwain
and Ernest Ray joined George and Professor Van Allen in
studying and interpreting the data. Intense radiation was
observed, increasing rapidly with altitude, from above 700
km up to the highest altiudes reached, about 2000 km, and
at all magnetic latitudes traversed by the satellite [Van Allen
et al., 1958]. The radiation appeared to be related to that
observed in auroral latitudes by the earlier University of
Iowa rocket flights. After some considerable deliberation, it
was realized that the radiation must be due to charged
particles, trapped on and circling in the earth's magnetic
field. The particles were spiralling along the field lines,
bouncing from one hemisphere to the other, and drifting
around the earth. These particles constituted belts around
the earth, trapped by the earth's magnetic field, the Van
Allen belts.

Gold [1959] named this new region, filled with trapped
particles and dominated by the earth's magnetic field. He
called it the magnetosphere. Aided by the dignity of a title,
the new region around the earth became the focus of intense
study. As with any new field of research there were lots of
things to measure. The particle experimenters were quick to
come up with new instruments to determine the identity of
the trapped particles as well as their energies and densities
in all parts of the region. The boundary of the mag-
netosphere was also important and the relatively few people
with experience in both magnetism and rocket ins-
trumentation were busy planning how to determine the
sunward extent of the magnetosphere, as well as its shape
and extent behind the earth. There were predictions that the
boundary between the solar wind and the geomagnetic field
would be broad and unstable [Parker, 1958]. Providing the
welcome stimulation of a mild controversy, others including
Dessler [1961] suggested that it might be stable.

Towards the end of 1958 another series of spacecraft was
started as an Air Force project, the Pioneer lunar probes.
Pioneer 1 carried a search-coil magnetometer through the
outer geomagnetic field toward the moon [Sonert et al.,
1959; 1960]. The search coil detected only the portion of the
earth's magnetic field perpendicular to the Pioneer spin axis.
Since the spin axis was essentially perpendicular to the local
geomagnetic meridian plane, the search coil managed to
measure most of the geomagnetic field in the early part of
the flight. Lunar orbit was not achieved but magnetic
measurements were available in two intervals of the flight.
In the first interval from 3.7 to 7 Rg the measured field,
perpendicular to the rocket spin axis, agreed with a dipole



model within 10%. In the second interval from 12.3 to 14.8
R, near local noon, the magnetic field measured was at first
20 to 35 nT, considerably higher than the model, and was
very irregular. There were large changes in magnitude and
in the phase angle of the field, measured in vehicle spin. At
times phase changes were large enough to constitute
reversals of B. The magnetic field was then pointing
opposite to the expected direction of the earth's dipole field.
Of course there was no knowledge of the component of B
parallel to the spin axis. Near the end of the interval the field
decreased to a very low level, about 5 nT. The decrease in
magnitude of the perpendicular component at 13.6 R; was
interpreted as the “cutoff” [boundary] of the geomagnetic
field. The irregular field region was interpreted as evidence
of the expected instability in the outer geomagnetic field,
caused perhaps by hydromagnetic waves or by inter-
planetary gas imbedded in the outer field. The outermost low
field measurement, 5 nT, was taken as the first observation
of the interplanetary magnetic field. A similar magnetometer
was flown on Pioneer 5, which traversed the outer
magnetosphere in the afternoon hours, local time. The
observations in the outer magnetosphere appeared to confirm
those of Pioneer 1 with an irregular field beyond 9.4 R; and
a drop in the perpendicular component magnitude, the
“termination” or boundary of the geomagnetic field, near 14
Ry [Coleman et al., 1960].

After I finished the analysis of results from the equatorial
electrojet flights and the Greenland flights, my Ph.D. thesis
based on these results was completed in 1959 [Cahill, 1959a;
1959b]. A few months after graduation from the University
of Iowa, I was offered a faculty position at the University of
New Hampshire.

AT THE UNIVERSITY OF NEW HAMPSHIRE

I commenced teaching Physics at the University of New
Hampshire [UNH] in 1959 and also started an ionosphere
research program, with plans for the use of sounding
rockets. Research support at the University was somewhat
primitive in those days. Fortunately there was an excellent
research machine shop in the Physics building. We built up
other needed services slowly as the research activity
increased. There were also a number of bright and en-
thusiastic undergraduate students who wanted to work on
research projects. There was no Ph.D. program in Physics
then.

An opportunity to prepare a magnetometer for flight on
Explorer 12 soon appeared. The orbit was to be elliptical
with apogee at 10 to 15 Rg, initially near noon, local time.
A 3-axis, fluxgate magnetometer with 1000 nT full scale
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seemed appropriate. This would give full vector mea-
surements from 3 Rg out to apogee. A higher apogee would
have been better, since the Pioneer results suggested
geomagnetic field termination at 14 R;. We put together a
fluxgate magnetometer package, with major support from
Eric Schonstedt of Schonstedt Engineering in Silver Spring,
MD. Schonstedt built the 3-axis sensor and the supporting
electronics. My students at UNH and I mounted the
magnetometer in suitable enclosures and accomplished the
operational and environmental testing prescribed by the
Explorer 12 program office at NASA/Goddard Space Flight
Center. Magnetic testing and calibration were done by Eric
and me at the Fredericksburg Magnetic Observatory. After
my last class on many Fridays, in the spring of 1961, I
drove to Boston, caught the plane to Washington, DC, and
proceeded to Silver Spring. Early the next morning Eric and
I drove to Fredericksburg and spent the day in the large, 3-
axis, Helmholtz coil system there. The coils could be used
to cancel the earth's magnetic field and produce any desired
test field, precisely known in magnitude and direction. We
did a long and careful operational test program [to be sure
the 3 sensors were precisely perpendicular, for example] and
then calibration. Later I participated, with other Explorer 12
experimeters, in integration of all the experiments into the
spacecraft structure. The program office was even kind
enough to bring the spacecraft to Fredericksburg for a
couple of days, where we did an operations and calibration
check of the installed mag-netometer through the satellite
systems and telemetry.

Meanwhile, another exploration of the outer magne-
tosphere was accomplished with the Explorer 10, launched
in March, 1961 [Heppner et al., 1963]. This time the launch
was toward the rear of the earth on the evening side. Two
fluxgate magnetometers were used, mounted so that with
spacecraft spin they were able to give, once each spin, a
measurement of the full magnetic field vector. The results
showed, below the equator and at distances between 8 and
22 R, a geomagnetic field directed away from the earth and
the sun, the first direct evidence of the tail of the
magnetosphere. Beyond 22 R; and out to 42 R, where the
battery power supply ran out of energy, there were 6
occasions when the satellite was in a magnetic field lower in
magnitude and substantially different in direction from the
tailward magnetosphere field. Apparently the tail boundary
was flapping back and forth across the spacecraft trajectory.
When the spacecraft was in the outside field regime, an anti-
sunward streaming plasma was observed [Bonetti et al.,
1963]. Explorer 10 was then outside the geomagnetic cavity
and immersed in the solar wind. The magnetic field
observed outside the magnetosphere was, however, fluc-
tuating and irregular in magnitude and direction similar to
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that seen by Pioneer 1 and 5 and then considered a broad,
unstable, boundary region.

Launch of Explorer 12 was planned from Cape Canaveral.
In early August of 1961. I was there checking everything
connected with the magnetometer. There was some tension
because this was the first satellite launch for me and I felt
great responsibility for proper operation of the magnetic
field experiment. I had insisted, late in the launch
preparations, on an opportunity to make a last-minute
systems check of the magnetometer. The launch personnel
escorted me to the top of the rocket and payload assembly,
with the 3-axis sensor on its boom at the very tip. The test
was crude but reassuring; I waved a small bar magnet near
the sensors and received confirmation from the telemetry
readout below that the 3 sensors were responding. Another
responsibility was also on my mind; my wife and 1 were
expecting the arrival of our third child at the time of the
satellite launch.

Explorer 12 was launched on 16 August, 1961. I had left
Cape Canaveral, after the payload was buttoned up but
before launch, to help my family back in Durham, NH. An
excited voice on the phone from Canaveral, on the evening
of 16 August, described the magnetometer post-launch
record: two sensors with sinusoidal variations, one relatively
steady. It was a relief to respond that this was just right for
sensors spinning in the earth's magnetic field, with one
sensor along the spin axis. Early the next morning, our third
son was born in Exeter, NH.

The most important result of the Explorer 12 mag-
netometer experiment was clear determination of the location
of the subsolar boundary of the magnetosphere [Cahill and
Amazeen, 1963]. In Figure 2 one pass of Explorer 12 shows
very clearly a boundary located at 8.2 R;. Other passes
showed the boundary at positions from 8 to 12 Rg, near
noon. In all of the boundary crossings observed with
Explorer 12 the most reliable indication of boundary
crossing was a large, sudden, change in field direction. In
the crossing shown in Figure 2 the magnitude also has a
sudden drop but in some crossings the magnitude stays about
the same. However, there are always larger fluctuations in
magnitude outside, as well as larger fluctuations in direction.
The expected compression of the outer, subsolar, magnetic
field is seen [Fig. 2] in the value of the measured magnitude
[about double the dipole model] just prior to boundary
penetration. Another important consideration was the nature
of the boundary. Some had predicted that the boundary
would be broad and unstable; the Pioneer observations
appeared to confirm that. The Explorer 12 results, however,
usually showed rapid passage of the spacecraft through a
single, relatively-thin, boundary, with no multiple pene-
trations that would be expected if the boundary were

oscillating rapidly or if it had a thick structure of multiple
layers.

For a few years the Explorer 12 magnetic results were the
only substantial body of data about the magnetic state of the
outer magnetosphere and the region beyond, then called the
transition region. A number of colleagues came to UNH to
work with me and with the copious amounts of magnetic
data. In 1962 a Ph.D. program in Physics was established at
the University of New Hampshire; V. L. Patel was the first
candidate to enter the program. He was the first colleague to
work with me on Explorer 12 data. As one result, we
published a more complete boundary study, including all 3
months of the Explorer 12 boundary measurements [Cahill
and Patel, 1967]. For his thesis project, Vithal Patel focused
on a search for evidence of magnetic pulsations, long
observed on the earth's surface and thought to be generated
and to propagate in the magnetosphere. He found magnetic
pulsations of small amplitude, 6 to 8 nT, after smoothing
relatively noisy data by taking 1 m sliding averages. The
pulsations were perpendicular to the geomagnetic field lines,
polarized clockwise and the period was about 2 to 3 m [Patel
and Cahill, 1964]. The pulsation observations were made
close to the magnetic equator and near 8 Rg; the boundary
was crossed at 8.6 Ry shortly after the pulsations were
observed. Similar pulsations were also observed at College,
Alaska, at the same time and near the same longitude as the
Explorer 12 pulsations.

Sudden impulses in the geomagnetic field at the earth's
surface had been attributed to compressions of the
magnetosphere due to changes in the solar wind. Atsuhiro
Nishida had taken up study of sudden impulses and came to
Durham to look for them in the Explorer 12 data. He found
ample evidence of sudden impulses throughout the mag-
netosphere whenever they were observed on the ground
[Nishida and Cahill, 1964]. The propagation time between
the boundary and ground level was in good agreement with
hydromagnetic wave theory.

Richard Kaufmann joined the faculty of the University of
New Hampshire Physics Department in the early 1960s and
became a research collaborator in studying the Explorer 12
data. He joined with Andrei Konradi of Goddard Space
Flight Center [associated with the GSFC electron ins-
trument] in studying evidence for boundary motion. With
magnetic measurements alone it wasn't possible to tell
whether the boundary was moving when a single crossing
occurred. Of course, if there were multiple, in-and-out
traversals associated with a boundary crossing, one might
infer that the boundary was flapping in and out as the
satellite passed through; there were some of these cases.
Konradi and Kaufmann [1965] took a different tack. By
considering the gyro-radii of the trapped particles they were
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Figure 2. An inbound boundary crossing, by Explorer 12 on 13 September, 1961, is seen at 8.2 Re as sudden, large
changes in the two magnetic field direction angles, alpha and psi, in spacecraft coordinates. The field magnitude scale, in
nT, is shown at left; the angle scales, in degrees, at right. Radial distance from the center of the earth, in earth radii, R, is
at bottom and the Universal Time in hours at top [Cahill and Amazeen, 1963].

able to show the boundary was moving in some crossings
and to determine the speed of boundary motion.

The finding of an irregular magnetic field beyond 10 Rg
and a very low field beyond 14 R; in the Pioneer results as
well as the observations just outside the boundary with
Explorer 10 and with Explorer 12 suggested another
interface in the solar wind/magnetosphere interaction. A bow
shock was predicted by Axford [1962] and by Kellogg
[1962], in analogy to the shock wave preceding a supersonic
airplane, where in the present case the magnetosphere is
moving relative to the solar wind at a velocity higher than
the appropriate wave velocity [Alfven waves through a
magnetized plasma]. Later Kaufmann [1967] was able to find
several cases when Explorer 12 had penetrated the bow
shock.

Dungey [1958] had proposed that sometimes the inter-
planetary magnetic field was able to connect with the
geomagnetic field at the frontside boundary. The connection

was facilitated when the interplanetary field was pointing
south, opposite to the earth’s field when they became
adjacent at the boundary. When this happened the connected
field was swept along with the solar wind into the magnetic
tail. This so-called reconnection process also was thought to
cause polar magnetic disturbances. A graduate student at
Pennsylvania State University, Donald Fairfield, whose
work was directed by Dungey, came to UNH to work as a
research assistant for several months. A comparison study of
transistion region magnetic field observations from the
Explorer 12 data and polar ground-level magnetic ob-
servations revealed that when the field outside the
magnetosphere had a strong, southward [negative] com-
ponent there were polar magnetic disturbances [Fairfield and
Cahill, 1966].

Soon after the initial discovery of the magnetosphere
several groups were engaged in modelling the interaction
between the earth's magnetic field and the solar wind
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Figure 3. Profiles of the distortion in magnetic field magnitude by
the ring current are shown for the outbound and inbound passes of
Orbit 376 of Explorer 26. These passes occurred on 19 April, 1965,
during the recovery phase of a magnetic storm that began on 17
April. During this storm the maximum depression of the Dst storm
index was -150 nT on 18 April. The scale for field magnitude
depression [observed magnitude minus dipole magnitude] is shown
at left; the L value scale is at bottom [the L value gives the
geocentric distance in R, at the equatorial crossing of the field line].

The magnetic latitudes of the passes are shown in degrees at the top
[Cahill, 1966].

[Beard, 1960; Beard and Mead, 1964; Mead, 1964]. Mead
made several visits to UNH in 1966 and 1967 to compare his
model predictions with Explorer 12 measurements of the
field [Mead and Cahill, 1967]. He found that in the outer
magnetosphere, 7 Ri out to the boundary, the observed field
agreed quite well with his disturbed field model.

Another approach to study of the reconnection model was
attempted by Bengt Sonnerup, then with Gold at Cornell.
Bengt spent a couple of summers at UNH looking very
closely in the detailed data [three vector measurements per
second] to find evidence of reconnection. He found in
several crossings during magnetic storms that there was
evidence of a component of the field normal to the boundary
surface; this suggested that the interplanetary and geo-
magnetic fields were indeed connected [Sonnerup and
Cahill, 1967; 1968 ].

M. J. Laird of King's College in London spent the summer
of 1967 with us at UNH. He was interested in the neutral
sheet separating the lobes of the magnetotail behind the
earth. Explorer 14, launched late in 1962, had a 3-axis
magnetometer similar to that of Explorer 12 but an orbit
with slightly higher apogee, 16 rather than 13 R;. The orbit
was initially moving into the tail in the early morning hours,
local time, and provided some views of the near-earth tail.

In a few orbits early in 1963 we were able to find passages
through the southern lobe of the near-earth tail and observed
an anti-sunward direction for the lobe field, confirming the
earlier results of Explorer 10 [Cahill, 1964, 1965]. Laird
was able to study several cases of neutral sheet passage near
midnight local time and found, during a magnetic storm on
February 10, 1963, that the tail lobes were connected across
the neutral sheet by a substantial southward field component.
He concluded that at this time there was field reconnection
occurring in a region that was earthward of the satellite
observations [Laird, 1969]. Before Laird's work Ness [1965]
had completed a very thorough study of the magnetotail with
data from the IMP 1 satellite; this spacecraft had a highly
elliptical orbit with apogee at 31.4 R, very suitable for
magnetotail studies.

One major puzzle of the magnetosphere, the origin of
magnetic field depression in the main phase of a magnetic
storm, had been addressed, but unconvincingly, by Chapman
and Bartels in the 1940 volumes. The source was understood
to be an electrical current circling the earth, flowing west,
that caused the world-wide depression, sometimes as large
as several hundred nT, but what was the location and the
nature of the current?

The magnetometer experiment on Explorer 26 provided the
location [Cahll, 1966]. Figure 3 shows a radial profile of the
effect of the ring current on the magnitude of the earth's
magnetic field. The distortion of the ring current has been
made more apparent in this figure by subtracting a model,
mostly dipole, field magnitude from the magnitude measured
along the trajectory of this particular pass. The ring current
was apparently due to trapped charged particles, protons
drifting west and electrons drifting east. Even in quiet times
there was a ring current, producing a much smaller, but
measurable, effect than the one shown in the figure.

By this time the physics of the ring current was well
understood, the trapped charged particles drifted and
produced an electrical current that constituted the ring
current. There were also other effects, including a local field
decrease in the magnetosphere due to the diamagnetism of
the new, storm-time charged particles that constitute the ring
current. Actual measurement of the protons and electrons,
that cause the current and the diamagnetism, and correlation
of these particle measurements with the magnetic effects of
the current were still lacking. The Explorer 26 magnetic
field results were used to derive the ring current particle
distributions that could have caused the magnetic
perturbations [Hoffman and Cahill, 1968]. Finally, in the
next decade, proton observations from 1 to 872 keV and
magnetic observations were made on the same satellite
[Explorer 45] and the observed proton distributions were
demonstrated to produce the major part of the magnetic field
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Lightning Whistlers Reveal The Plasmapause,
an Unexpected Boundary in Space

D. L. Carpenter

Space, Telecommunications and Radioscience Laboratory,
Stanford University, Stanford, California

In the 1950s my etforts to obtain government work in International Affairs
were frustrated by "McCarthyism.” I then became a graduate student of
electrical engineering at Stanford, where I soon obtained part time work as a
data aide to Bob Helliwell. Bob’s research group were investigating very low
frequency (VLF) radio phenomena such as the impulsive signals from
lightning that propagate in space plasmas as "whistlers." Before long I was the
project expert on the dynamic spectra of whistlers as they appeared on
frequency versus time records or sonagrams. As the whistler probing tech-
nique became more robust through the later 1950s, I began to study temporal
variations in the magnetospheric equatorial electron density profiles inferred
from the IGY and Byrd, Antarctica whistler data. Large, factor of >10, de-
creases in electron density were found and soon recognized as developing
beyond a steep drop or "knee" in the equatorial density profile. In 1963, data
from Eights Station, Antarctica, a true "window on space," revealed the knee to
be a global phenomenon with a duskside bulge. In 1966 1 introduced the
terms "plasmapause” and "plasmasphere”; both were quickly adopted by the
space science community. The reality of the knee effect was initially chal-
lenged and for several years debated by a group of GSFC particle experi-
menters. A method of tracking the cross-L motions of geomagnetic field
aligned whistler paths was developed; it revealed the unsteady, substorm-
associated penetration of the plasmasphere by high latitude convection elec-
tric fields. Since the early work based on whistlers and spacecraft, the
experimental methods applied to the plasmasphere have not been matched to
that region's huge size and complexity. For example, the phenomena of
plasmasphere erosion and plasmapause formation have yet to be directly
observed.

1. PROLOGUE

As a young person I decided that my future was not going
to be in science or engineering. How could it be? 1 was
reasOnably good at high school algebra and geometry, but
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could never seem to understand what my engineer-father
was saying when he tried to help me with homework
problems. Even after a two year hitch in the Navy as an
electronics technician, during which I enjoyed the challenge
of trouble shooting radar systems, I proceeded to forget
essentially all of the circuit fundamentals that I had been
taught. T was convinced that my future lay elsewhere.

At Willamette University in Salem, Oregon I developed a
passion for languages, studying French and Russian while
pursuing undergraduate majors in political science and
philosophy. Then in 1951, with an eye on the developing






to inspect carefully a large number of records. One ques-
tion concerned identifying the occurrence time of the light-
ning flash giving rise to a whistler. This time, or an esti-
mate thereof, was needed in order for the travel time, or
dispersive, properties of the whistler to be known and for
information on plasma density along the magnetospheric
propagation path to be extracted. One would like to find a
way to recognize on the record a vertical line or impulse
marking the arrival at the receiver of the causative "sferic,”
the energy that had propagated at essentially the speed of
light in the Earth-ionosphere waveguide from the location
of the whistler-producing lightning flash. Fortuitously,
causative sferics turned out to be relatively easy to spot on
some of the records of the Whistlers West stations, as
illustrated by the example in Figure 1 (arrow in the lower
margin). As I began to hear about whistler work elsewhere,
I realized just how fortunate we were; in Europe, for
example, causative sferics tended to be lost in the noise
backgrounds produced by other, non-whistler-associated
impulses from lightning.

In the course of further work I found il:at most lightning
flashes excited multiple paths and thus multiple L values, a
factor that was to become crucial to virtually all our later
work on the equatorial density profile. Furthermore, I found
that the f~f multipath fine structure of individual whistlers
did not measurably change during a given short interval,
say of 2 min.

2.2. My First Knee Whistler

Most of the whistler spectra that we studied during that
early period seemed to be part of a relatively simple but self
consistent picture. The first major anomaly that I can
remember appeared during comparisons of simultaneous
data from Seattle and Stanford. We had been making such
comparisons so as to estimate the ground distance within
which a whistler or VLF noise event emerging from the
ionosphere could be detected. In most cases whistler
components recorded at Stanford or Seattle were found to be
independent of one another. The two stations were separated
by about 1500 km, more than twice the typical ~500 km
radius within which detection was eventually found to be
common [Helliwell and Carpenter, 1961].

In data from January 13, 1958 I noted that whistler com-
ponents from a lightning flash had arrived at Seattle and
Stanford at approximately the same time, although the field
line path to Seattle was much longer. This was my first
view of what I came to call a "knee whistler,” a type used
later to support the concept of the knee phenomenon, or
abrupt density decrease in the equatorial density profile.
Other anomalies were seen; John Katsufrakis, a fellow
student and later manager of Stanford's highly successful
Antarctic field programs, found that the propagation times
of whistlers received at Seattle following the great magnetic
storm of February 11, 1958 were a factor of 3 to 4 shorter
than usual.
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2.3. A Thesis Topic

As 1959 approached I found myself becoming more
attracted to the idea of the PhD and a career in research. The
seeds of a thesis topic were planted as the result of a visit to
our lab in August, 1959 by Alex Dessler, who was working
at the time for Lockheed in Palo Alto. Alex suggested that
we look at the effects on whistlers of a large magnetic
storm that had begun on August 16th. Responding to this
suggestion, I noted a pronounced decrease, by a factor of 3,
in whistler dispersion in the aftermath of the storm, im-
plying a decrease in magnetospheric electron density by
about an order of magnitude! Other storm periods were then
investigated and evidence of density decreases by varying
amounts was obtained. I was impressed by these indications
of magnetospheric unsteadiness.

Figure 2 illustrates the magnetic storm effect; the upper
panel shows two closely spaced multicomponent whistler
recorded at Seattle during a magnetically quiet period in
June, 1959. Arrows in the lower margin mark the two
causative sferics. The lower panel shows a whistler recorded
at Seattle on August 18, 1959, only a day after the geo-
magnetic Kp index had reached 8+ for the second time
within 24 hours. The propagation times of its components
were roughly a factor of 3 shorter than those of the
components in the upper event that propagated at similar L
values, i.e. those that extended to or above about 12 kHz.

A number of research developments between 1956 and
1960 were of critical importance for my efforts to extract
information from whistlers. In 1956, [Helliwell et al.] had
shown that, in principle, every whistler component had a
frequency of minimum time delay or "nose," as illustrated
by the elegant example in the upper panel of Figure 2. This
effect was attributed to a singularity in the expression for
the whistler-mode refractive index at the electron gyro-
frequency. Thus each whistler component carries with it
information on the path it has followed through the geo-
magnetic field. Conveniently, the nose frequency turns out
to be roughly proportional to the minimum electron gyro-
frequency along the whistler path.

In those early days one might have expected the random-
ness in lightning source location to introduce a comparable
randomness in the dispersive properties of the whistlers
recorded within a short time interval, say of several
minutes. In fact, it was found that successive whistlers
propagate as if on a fixed set of discrete, field aligned paths
[e.g. Smith, 1961]. Thus the nose frequencies of the multi-
ple components of a whistler can in principle be used to
identify a discrete set of magnetic shells or L values along
which they have propagated.

Another important step was the development of a curve
fitting technique for estimation of the path L values of
whistlers such as the one illustrated in Figure 2, lower
panel, for which the nose frequencies were not detectable on
the records. At Stanford and at other mid- to low-latitude
stations, where many of the early whistler recordings were
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examples of the effect were not easy to find; the knee had
frequently been at L<3 during the IGY period of very high
solar activity, and the associated datasets were mostly from
the mid-latitude Northern hemisphere, where whistler acti-
vity after magnetic storms was often sporadic and uasually
required application of the extrapolation method. However,
in the fall of 1962 I decided that enough material had been
accumulated and submitted an article on the knee to the
Journal of Geophysical Research; it was published in early
1963 [Carpenter, 1963].

3.2. Gringauz and the Lunik Rocket Data

In 1962 1 heard about evidence of a knee-like drop in
thermal ions obtained by Gringauz et al. [1960] from ion
traps on the LUNIK 1 and 2 rockets. Being quite unfamiliar
with particle instruments, I discussed the LUNIK results
with Bob Mlodnosky, who was then managing an am-
bitious Stanford experimental program in the upcoming
OGO satellite series. Mlodnosky found the LUNIK results
credible from the point of view of the detectors employed.
In turn, I found them reasonable in terms of what I then
knew about the density profile.

Having once been a student at the Russian Institute of
Columbia University and thus a potential "cold warrior," 1
found it ironic that my new career had at its outset inter-
sected the career of a prominent Russian researcher. This
intersection became all the more real when Bob Helliwell,
then chairman of Commission IV of URSI, invited me to
review my work on the knee effect at the 1963 URSI
Assembly in Tokyo. I prepared a plot, here reproduced as
Figure 4 [Carpenter, 1965], comparing the LUNIK results
with an idealized whistler-based equatorial profile with a
knee. The comparison was complicated by the fact that the
LUNIK trajectory had begun at ~60° invariant latitude
(upper row of numbers in Figure 4), moving with altitude
first toward lower and then toward higher L values. At low
altitudes the LUNIK numbers were much smaller than the
corresponding whistler values, probably because the rocket
had nitially been poleward of the knee or plasmapause, as
the geomagnetic-field aligned boundary later came to be
called. A density falloff was observed as the rocket, having
apparently penetrated the plasmasphere, continued outward
toward its ultimate collision with the moon. I later came to
realize that had the magnetic activity at the time been more
intense, the plasmasphere might have been missed alto-
gether! In any case, I was pleased to meet K. Gringauz in
Tokyo and to discuss our common interests. Around this
time I heard that there had been strong disagreements among
Soviet scientists about the LUNIK results, and was pleased
that our whistler work at Stanford had played a role in
supporting Gringauz's position.

The excitement of the Tokyo meeting was almost more
than I could stand. Our Japanese sojourn began with a small
lunch hosted by T. Obayashi, who is revered for his pio-
neering role in Japanese space science. At the meeting I not
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Figure 4. Plot of plasma density versus geocentric distance
comparing an idealized equatorial density profile obtained from
whistlers with measurements of ion density reported by
Gringauz et al. [1960] from the Lunik 1 rocket (open circles),
launched on January 19, 1959. The upper row of numbers
shows the invariant latitude of the rocket, the lower row the
geomagnetic latitude. From Carpenter [1965].

only had a chance to speak, but also got to see, hear, and
occasionally meet major players in ionospheric radio
research. In the area of VLF I met R. Rivault and Y.
Corcuff of the Poitiers group, R. Gendrin from Paris, M.
Morgan of the Whistlers East group, I. Kimura of the
University of Tokyo, and G. Mck. Allcock, a whistler
researcher from New Zealand. I was able to discuss the
pathology of whistler data with Yvonne Corcuff, and, with
her indulgence, to converse at least part of the time in
French. I was introduced to a key member of the URSI
secretariat, Jela Stefanovitch, and was delighted to find
myself speaking her native Serbian, a language I had learned
some 10 years before. Upon arriving home after three weeks
of this kind of stimulation, I slept almost continuously for
48 hours!

3.3. The Plasmapause as a Global Phenomenon

I thought my 1963 paper was convincing on the subject
of the knee as a permanent feature of the magnetosphere and
on the negative correlation of its radius with magnetic
activity. There was clearly much more to be learned, how-
ever, and the existing whistler stations and data were far
from optimum for probing the region near L=4 where the
knee was most likely to appear. Fortunately, much better



data on the knee phenomenon were being acquired at that
very time. In the austral summer of 1961-62, Neil Brice, a
graduate student at Stanford, had carried a portable receiver
on a traverse into an area of Antarctica called Sky-Hi, at
L~4 near the Ellsworth mountains. His findings were sur-
prising, even for those of us at Stanford who had anticipated
good results. In a season when whistler activity originating
in Northern-hemisphere lightning would be expected to be
minimal, Brice had recorded elegant one-hop whistlers that
covered a wide range of L values, from ~3 to 6.

In 1963, Eights Station, the first U. S. Antarctic winter-
over activity whose site was chosen purely on scientific
grounds, began year-round operations. Located in the vicin-
ity of Sky-Hi and in the region magnetically conjugate to
the eastern U.S. and Canada, and hence to one of the highest
concentrations of middle latitude lightning activity on
Earth, it produced whistler data that to this day defy
description in terms of the wealth of information provided.
Data from the Whistlers-West stations and Byrd had revealed
the knee in the density profile, but in a true sense it was
Eights that allowed us to see the knee in three dimensions,
in its global manifestation as the plasmapause, bounding a
region that would be called the plasmasphere. Eights was a
true "window upon space.”

1963 was a year of low solar activity. Conditions for
whistler propagation were ideal. Magnetic storms that
occurred tended to be weak, such that storm-related
interruptions in whistler activity, well known from the
great events of the IGY period, were minimal. Post-storm
recovery periods, known to be favored intervals for whistler
activity, were long in duration. When the 1963 data arrived
in the Spring of 1964, [ soon realized that it was going to
be possible to track the position of the knee for many hours
each day and for days in succession.

Case studies promptly showed, essentially in real time,
the kind of inward shift in the knee location during
magnetic storms that only crude statistics had previously
been able to suggest. After the initial large inward displace-
ment of the knee, a distinctive diurnal variation in its
location appeared and was observed for several days in
succession as relatively steady substorm activity continued
into the recovery period.

This diurnal variation became a crucial element in the
interpretations of the plasmapause phenomenon that were
soon to be advanced by Nishida [1966], Brice [1967], and
Dungey [1967]. The nightside was characterized by inward
displacement from a relatively large radius; on the dayside
the radius increased slightly, on average, to a minor peak at
noon, and then in the late afternoon shifted abruptly outward
by order of one Earth radius to form a bulge-like extension.
From these recovery-phase data it was possible to distill the
crude model of equatorial plasma density shown in Figure
5.

1964 contained enough excitement for a lifetime. In
November [ was privileged to watch the launch of OGO 1
at Cape Kennedy with a Stanford receiver on board, and
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while immersed in the remarkable 1963 whistler data from
Eights I came across a powerful new whistler method for
detecting plasma drift motions in the magnetosphere.

4. TRACKING CROSS-L
MOTIONS OF WHISTLER PATHS

In studying a set of Eights whistlers with long trains of
echoes, for which the one hop propagation time could be
very accurately measured, I noticed a steady decrease in the
echo period over several nighttime hours. Having earlier
read the work of Axford and Hines [1961] on the subject of
magnetospheric convection, I concluded that the whistler
path, in the form of a tube of slightly enhanced ionization,
was participating in the bulk ExB/B2 drift motions of the
surrounding plasma, and that what [ had seen represented an
inward component of drift in the cross-L direction.

To confirm the existence of this effect, [ searched the 3-h
continuous recordings that observer Mike Trimpi had made
at Eights and found the example shown in Figure 6. A
component with a well defined nose frequency near 4 kHz,
corresponding to propagation at L~4.5, appeared in a
succession of whistlers recorded between 0500 and 0820 UT
(~0000 MLT to 0320 MLT). From top to bottom at the
left, the entire whistler, including several lower L com-
ponents, is shown at three local times, 0000 MLT, 0150
MLT, and 0310 MLT. Extending to the right along the top
panel are spectrogram segments of the component of inter-
est, recorded at intervals over the ~3-h period. Arrows at the
left and right ends of the panel show the beginning and end-
ing levels of the component's nose frequency, while at the
lower right is a panel showing in f-r space a tracing of the
beginning and ending configuration of the component. The
overall increase in nose frequency implied an inward
displacement of the path by about 0.3 Rg, while the reduc-
tion in propagation time was consistent with what would
have been expected from an essentially electron-content
preserving motion of the flux tube. The decrease in path L
value, occurring as it did in the outer plasmasphere, was
consistent with what [ had been finding about the nighttime
inward displacements of the plasmapause. [ imagined that
there could be no better example of the concept of
equipotential field lines: if significant variations in potential
had existed along the duct between conjugate topside iono-
spheres, the duct could not have retained its field-aligned
form and hence its properties as a waveguide.

5. ANGERAMI'S WORK ON THE
EQUATORIAL PROFILE

In 1964 I was joined in studies of the knee phenomenon
by a graduate student from Brazil, Jacyntho Angerami.
While [ pursued issues involving plasmapause location,
Jacyntho worked on the equatorial density profile as well as
the distribution of electrons along the geomagnetic field
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Figure 5. Model of equatorial plasma density for periods of steady, moderate geomagnetic agitation based upon
1963 data from Eights, Antarctica. The part of the trough outlined with x's indicates the region of most {requently
observed ducted whistler activity exterior to the plasmapause. Dashes along the plasmasphere boundary near dusk
show where the outer limits of the plasmasphere tended to be poorly defined for averaging purposes. The
"boundary knee" refers to the expectation of a density increase from trough levels to magnetosheath levels. The
bulge region did not appear to develop as the result of outward flow from interior regions, but instead appeared to

have some other origin. Adapted from Carpenter [1966].

lines. Displaying remarkable skill in both data handling and
interpretation, he showed that a ditfusive equilibrium type
model was consistent with whistler and topside sounding
data inside the knee, while a model varying much more
rapidly with radial distance was required in the region
beyond [Angerami, 1966]. Through his work on the elec-
tron content in tubes of ionization above the regular 1ono-
sphere, he clarified a pomt that had been left uncertain in
my 1963 paper, namely that the density depletion beyond

the knee could be assumed to extend essentially all along
the field lines between the conjugate hemispheres.

6. CONVINCING THE COMMUNITY

The work on the 1963 Eights data that began in 1964
culminated in a presentation at an AGU-URSI symposium
on solar-terrestrial relations in 1965, If any presentation I
have helped to produce can be called a four de force, that









geomagnetic conditions. At first I gathered crude statistics
on the apparent direction and velocity of cross-L flow vs
time. The general trends emerged quickly, and not
surprisingly, seemed to agree with the known temporal
changes in plasmasphere radius. It was actually possible to
summarize these trends at the 1966 symposium in Belgrade.
Incidentally, my return to Belgrade after 13 years was a
joyful experience. I was speaking Serbian and reunited with
a dear friend from my earlier visit, now a local newspaper-
man. [ was duly photographed and then thoroughly and
humorously misquoted in a popular press article.

Having read in the work of Akasofu [1964] about what
were then called auroral or polar substorms, I also sought
detailed evidence of drift effects in Eights whistlers during
periods of enhanced magnetic activity at the higher latitude
Byrd Station and at its conjugate Great Whale River,
Canada. A remarkable case was found, in which it was
possible to track the motions of several whistler paths
distributed over a range of ~0.6L in the outer plasmasphere
[Carpenter and Stone, 1967]. The several path L values,
carefully measured by a graduate student Keppler Stone,
changed with time as if driven by a moderately large scale
electric field. Figure 8 shows how the equatorial radii of the
whistler paths changed with time in relation to riometer
absorption and geomagnetic field changes at Byrd and Great
Whale.

We were excited about having what we believed to be the
first direct evidence of convection-associated inward plasma
work at Cambridge, Ratcliffe had been skeptical of the
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Figure 8. Data showing cross-L inward drifts of Eights
whistler paths during a magnetospheric substorm. Above are
magnetometer, riometer, and ULF signatures from the higher-
latitude Byrd station and Great Whale, Byrd's geomagnetic
conjugate. From Carpenter and Stone [1967].
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validity of Storey's results. A measure of his eventual
acceptance of the whistler probing technique was his
decision to feature it on the cover of his popular book.

10. GEOPHYSICAL CONSEQUENCES

As awareness of the plasmapause phenomenon increased,
so did the numberof questions concerning its relations to
other geophysical phenomena such as ionospheric troughs,
drifts in the nightside magnetosphere during a substorm.
The inferred peak velocity of cross-L flow was ~04 Rg/h,
nearly 25% of the speed of corotation at L=4.

10. SPREADING THE WORD ABOUT
THE WHISTLER METHOD

During the 1960s I experienced satisfaction in being able
tocontribute to the growing body of knowledge about the
magnetosphere, but also a sense of isolation due to the
arcane nature of the experimental technique we were using.
At a typical meeting, most of the attendees would be
familiar with the capabilities of devices such as particle
detectors, all-sky cameras, incoherent scatter radars, and
topside and bottomside radio sounders. Almost no one,
however, would know much about whistler experiments, so
I had almost no one to talk to about data. The other whistler
groups around the world were few in number and were not
yet engaged in whistler collection and analysis programs
ona scale comparable to ours.

In the 1970s word did begin to spread. A diagram on the
dustcover of a popular introductory monograph on the
ionosphere and magnetosphere, published in 1972 by J.
Ratcliffe, became a bright spot in the progress of commu-
nity awareness of the whistler technique. The diagram
showed a set of geomagnetic field aligned whistler paths,
distributed on both sides of a plasmapause. In the early
1950s, as supervisor of Storey's [1953] pioneering whistler
SAR arcs, magnetic pulsations, substorm particle in-
jections, etc. It was humbling to encounter the difficulty
inherent in going beyond one's narrow area of expertise. In
1966 I had naively thought that in a short time we in
whistler work would be telling ionospheric workers all they
ever needed to know about the then unknown conditions in
the topside ionosphere ionosphere that are imposed by the
structure and motions of the overlying dense plasmasphere.
Seven years were to pass before Chung Park and I would
summon the nerve to write a review paper entitled "On what
ionospheric workers should know about the plasmapause-
plasmasphere" [Carpenter and Park, 1973]. Even then it
was only a beginning,.

11. EPILOGUE

Since its discovery over 30 years ago the plasmasphere
has been largely hidden from view behind the shield of its
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Memories, Maxims, and Motives
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This account displays continuing development flowing from my Ph.D. proj-

ect.

MHD was sufficient for the discovery of reconnection and observations on

spacecraft provided supporting evidence. If the rate of reconnection is to be
predicted, more sophisticated plasma theory is needed. Extensive analysis of
wave-particle interactions is described. They were thought to be important in
the neutral sheet, but another mechanism, electron viscosity, is described and

no conclusion is reached.
1. INTRODUCTION

It is a big honor to contribute to the celebration of the
senility of the American Geophysical Union (AGU). In
my ignorance I hope to be able to read the history of AGU
and the Journal of Geophysical Research (JGR). How has
JGR reached volume 99?7 I dimly remember references to
a journal called Terrestrial Magnetism and Atmospheric
Electricity and wonder if this was involved. In my earliest
research years I also remember a loneliness, because there
was so little literature on cosmic magnetism; this was fol-
lowed by an explosion to excessive literature in the 1960s,
but I recognize my luck in working in that golden age.
Recently, the loneliness has returned, because my interest
is extremely narrow, but I enjoy not needing to read and
would only wish for a small club in neutral sheets.

I remember being immediately struck by the complexity
of plasma physics and note that "complexity” seems to be
a current trendy buzzword. Without wishing to upset any
applecart, I feel bound to say that complexity is not new.
“Seeing the wood for the trees” is an old cliche, though
which meaning of “wood” is intended is obscure.
“Waterfall physics” was a common metaphor long ago,
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while turbulence is almost synonymous with complexity
and supplied the useful distinction between large and small
eddies. 1 soon acquired some pictures of aurorae
(paintings as there were no photographs), which con-
firmed the complexity described in dynamic accounts.
Later in this paper I will mention complexity in velocity
distributions and in the dynamic spectra of waves. The last
paper I published in JGR [Dungey, 1985] was concerned
with fine structure in the velocity distribution and its re-
percussions for simulations. My experience has been that
complexity appears daunting, but sometimes a route
through the jungle is found and with hindsight it is seen
that the apparent difficulty was deceptive. Consequently,
theorists should be willing to gamble, with crude ap-
proximations say, since very little in the way of resources
is at stake. Ethically, however, one should not stake a
young person's career on too wild a gamble.

Motives are required for any proposal to be approved by
a committee, but more general motives are less often dis-
cussed, rather puzzling and perhaps somewhat subjective.
The generation of physicists previous to mine gave strong
encouragement to plasma physics and the space race gave
financial encouragement. Subsequently, the subject drifted
gradually into middle age, and the community became
more set in its ways. I drifted into middle age about the
same time, but my value judgements diverged from the
consensus: now my Holy Grail is someone else's red her-
ring.
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2. MAGNETOHYDRODYNAMICS

By the 1940s, Alfvén had laid the foundations of both
MHD and the particle approach to plasma theory. Alfvén
waves had his name on, and he also discovered the mag-
netic moment invariant of the guiding-center approxima-
tion. MHD is obviously hydrodynamics with extras and
familiarity with conventional fluid mechanics is a prereg-
uisite. Some mathematicians tackled MHD, but it was also
used in a handwaving way in semiquantitative and often
speculative applications. Handwaving is facilitated by
certain attractive features, which are sometimes criticized
and so will now be defended.

The most attractive feature of MHD is the familiar
“frozen field” theorem. To any mathematician struggling
with partial differential equations, this must seem like
finding a priceless jewel, and it must be even more price-
less to those who prefer pictures to equations.

A pretty and simple example is the Parker spiral model
of the interplanetary magnetic field, which furthermore is
useful in interpreting observations. However, the perfect
conductivity equation is an approximation, and the result
may need to be modified as in the case of reconnection, a
major topic to be discussed later. It is possible to define a
velocity for magnetic field lines even when the electric
field is completely unrestricted, but this will not be pur-
sued here. All my publications are short except one, a
book {Dungey, 1958], in which a recipe for field line mo-
tion is presented, though I might now need to add a reply
to rather hairsplitting criticism involving noise in the
fields. Another stumbling block, the induced electric field,
is dealt with in my book in a section on causal relation-
ships; this is important and will be recapitulated in outline.
Causal relationships are discussed by considering numeri-
cal simulations, a very young industry at the time, leading
to the conclusion that causal relationships depend on the
approximations made and so are not really very fundamen-
tal. In MHD it is found that curl E should be regarded as

causing 6B/d¢, and I have been surprised that several in--

telligent people cannot swallow this, presumably because
they were brainwashed by unusually charismatic teachers
in their youth. Some, however, will admit that it is silly to
add an induced field when curl E already matches oB/0 t.
The other feature of MHD that is conducive to handwav-
ing is the magnetic stress, which can be expressed as the
sum of an isotropic pressure and a tension parallel to B.
Consequently, magnetic field lines can be viewed as elas-
tic strings, whose tension “tries” to shorten them, and this
is useful in understanding MHD behavior, most obviously
in the primitive laboratory experiment known as the
“pinch.”

Waves also involve the magnetic stress and knowledge
of waves is essential to MHD theory. Probably the best
observed waves are associated with geomagnetic pulsa-
tions, which are observed on the ground and are notably
narrowband. They were discovered long before the iono-
sphere but not explained before my investigation in 1954.
Since the Earth is a conductor and the free space wave-
length is many Earth radii, I believed that the ionosphere
would have little effect and investigated MHD waves in
the magnetosphere. It was of course tempting to relate the
pulsation period to the wave travel time along a field line,
but this depends on the mass density of the plasma. Art
Waynick drew my attention to Owen Storey's whistler
story, which was quite recent and not understood. Partly
to fit the pulsation periods, I favored the idea that Storey's
plasma was atomic hydrogen rather than oxygen and, with
Marcel Nicolet's advice, came up with the charge ex-
change mechanism to switch ions from oxygen to hydro-
gen. This aspect of the picture was established early in the
space era and became so familiar that later discoveries of
oXygen ions caused excitement.

My neglect of the ionosphere is an example of crudity
yielding progress. It bothered me for years, but I was not
aware that anyone else worried. Eventually, I suggested
the problem to Jeff Hughes as part of his Ph.D.; he
smashed the problem by computing and, with David
Southwood's help, discovered a simple and elegant ap-
proximation: “the Hughes rotation.” According to Hughes
and Southwood the magnetic perturbation just above the
ionosphere must be rotated through a right angle about the
vertical to obtain the perturbation on the ground, which
exchanges N-S and E-W polarizations while leaving circu-
lar polarization unchanged. This cleared some puzzles and
was timely because of the observational programs starting
at that time.

I speculated on the mechanisms exciting pulsations in
the MHD picture. Given the existence of a magnetopause,
as in the much earlier model of Chapman and Ferraro, the
Kelvin-Helmholtz instability could be anticipated, and
later the MHD formulation was very elegantly laid out and
analyzed by David Southwood. Unfortunately, observa-
tional testing tends to be frustrated by the complexity of
the magnetopause. Another enjoyable handwaving specu-
lation suggests that Pi 2 are the pizzicato form of pulsa-
tions, probably twanged by impulsive reconnection. Ob-
servations may be able to test this hypothesis, but it is
currently controversial. One other mechanism for exciting
pulsations will be discussed in the section on wave-particle
interactions. It is an example of MHD with an additional
collision-free effect, which is common in the subject.
MHD underpins much of plasma theory and is itself un-



derpinned by conservation laws, which of course should
usually be obeyed.

3. RECONNECTION

Reconnection has been the thread runming through my
career, particularly at both ends. The idea started with
Giovanelli's suggestion of the importance of neutral
points, based on his observations of solar flares. Fred
Hoyle pursued the idea and gave me the task of develop-
ing the theory and applying it to the aurora as a Ph.D.
project. In those days there was a financial penalty for
submitting a Ph.D. thesis more than three years after the
beginning of one's grant and halfway through my third
year I had the horrifying thought that Lenz' law would
prevent the buildup of electric current, which Hoyle had
asserted would be large at a neutral point. As I bicycled
nervously to tell Hoyle this worry, it occurred to me that
he might question whether Lenz’ law applies in a fluid,
and I made a U-turn and went home for a rethink. I made
both algebraic and pictorial tests and was surprised to find
that the induction effects actually caused the current den-
sity to increase. Then, when I had obtained the same re-
sults three days running, I happily told Hoyle and wrote a
heading "dissertation” on a clean sheet or paper. Later
some people have told me that Lenz' law does not say
what I thought it did, but that is what I thought, believe it
or not.

The buildup of current density is not the whole story of
reconnection, though qualitatively it is crucial. It must be
reemphasized that reconnection is not a consequence of
the frozen field approximation, but of its breakdown,
which is caused by high current density. The picture may
need to be recapitulated, and the simplest case is of course
clearest. Consider a two dimensional magnetic field, so
that the field lines can be drawn on the page (Figure 1)
and let there be just one neutral point N, with “limiting”
field lines, two going into N and two coming out. Let the
electric field be everywhere perpendicular to the page and
define a velocity for the field lines as W, defined by E
+W x B=0, so that the definition does not involve the
plasma directly, but only through the dependence of E on
the plasma. Now suppose the limiting field lines are
moving in the directions indicated in Figure 1. According
to the frozen field approximation they remain field lines,
and they still go in to or out from N, so that they remain
limiting field lines. This is the kind of motion that tends to
increase the current density at N, but it is not reconnec-
tion.

Reconnection occurs when there is resistivity, anoma-
lous resistivity, or something equivalent, as has now been
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Figure 1. The pictorial explanation of reconnection (see text).

demonstrated by numerous simulations. The problem in
the collision-free neutral sheet will be discussed later.
Now, if E is finite at N, W has a singularity there, and it
helps to make use of another approach, which may be
described as using a one-component vector potential A, the
vector being perpendicular to the page. This A behaves as
a field line label, and it is consistent to say that field lines
retain their 4 values, while moving with velocity W; the
flux between two field lines is the difference between their
A values. Field lines flow toward N from two sides and
away from N on the other two. At some instant a pair of
inflowing field lines actually become the limiting lines
(which all have the same A value) and immediately after
that they form an outflowing pair. They are found to have
“swapped partners” (in Figure 1, A partners B, but after
reconnection A “ partners C’). This process is described as
cutting the field lines as they pass through N and
“reconnecting” them. The rate at which flux is recon-
nected can be obtained from the vector potential A and the
definition of W and, as it should, this yields Faraday's
law.

My first postdoctoral post was in Sydney, and I much
enjoyed interacting with Ron Giovanelli, the originator of
the neutral point mechanism. He did a conscientious job as
devil's advocate and submitted my paper on reconnection
to Monthly Notices. It was rejected mainly on the grounds
of my neglect of plasma pressure, but, since this has no
connection with Lenz' law, my discovery was not demol-
ished. I reacted with a study of MHD equilibrium in a
class of two-dimensional fields and found that equilibrium
required infinite current density at the neutral point, so
pressure was not a worry. With this section added and on
the helpful advice of Sydney Chapman, I submitted the
paper to Philosophical Magazine, and it was accepted. Of
course, Philosophical Magazine was not widely read, but
my paper was occasionally cited, notably in the famous
original paper on the tearing mode [Furth et al., 1963].

There seems to be a psychological problem concerning
the pictorial explanation of reconnection. I felt that the
pictorial explanation was easy to assimilate and was there-
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fore the best sales tactic, but over the years I have been
told that many people find it repulsive. This seems to be
an emotional reaction, and I must have been naive to ex-
pect other scientists to be as objective as myself, but it is
not for me to discuss any aesthetic aspect. Some further
criticism, following up the question of pressure, came in
the "Parker- Sweet" approach. They started with a neutral
sheet rather than a neutral line, and I still think it was a
red herring. Their difficulty was, however, cleared up by
Petschek [1964], who included Alfvén waves propagating
along the outflowing field lines, which I accepted when he
told me. His field lines have corners instead of sharp
bends, but, more importantly, he specified the divergence
of the outflow, whereas my flow was at the handwaving
level. More importantly still, his story sold well. I have
not kept up with MHD and do not know how simulations
have compared with his model. I am not aware of any
observational confirmation but would hardly expect any
because of the limitations of MHD.

My quest for relevant observations followed from
Hoyle's proposal of the aurora as an application. Once the
reconnection picture was sketched, the open model of the
magnetosphere followed easily, provided the interplane-
tary magnetic field was chosen to be southward, and the
open model is in my Ph.D. thesis with diagrams of the
noon-midnight meridian plane. My thesis was short of
material, but [ did not publish the open model until 1961,
and it is barely mentioned in my book. I must have been
influenced by the poor reception of reconnection but was
frustrated by my inability to relate the open model to ob-
servations, not only because of the exhortations of senior
physicists about confronting theory and experiment. [ was
lonely in my subject and fortunate to be given fellowships
in ionospheric groups, so was quite well up on the iono-
sphere and felt that it should provide a test of the open
model. It was like failing to recognize the significance of
a clue in a detective story, and with this analogy, another
suspect must now be introduced. Possibly being greedy, [
had the idea of “viscous interaction” well before Axford
and Hines. The only published evidence is a sentence in
my book about “spray” blown off the magnetopause. The
idea in a vague form occupied my mind quite frequently;
however, I have a clear memory of discussing it with Jo
Pawsey in Sydney; I left Sydney in 1953, and I doubt if I
ever saw Pawsey again, as he died young. For the rest of
the 1950s I wanted an observational clue to choose be-
tween the open model and viscous interaction. Though I
expected both mechanisms to occur, it could well be that
one would dominate. I know that my decision came in a
flash while [ was sitting at a sidewalk cafe in Montpar-
nasse, because, when I got home, I immediately wrote the
paper. What I saw was the open model in three dimen-

sions with the boundary between closed and open field
lines in the auroral zones and particularly the relation of
the electric field in the magnetosphere to the currents in
the ionosphere. Viscous interaction actually produces
similar electric fields and currents, but [ was impressed by
the sharpness of the boundary between eastward and
westward currents. This convinced me that it was a topo-
logical boundary. It may be noted that [ had been familiar
with this observational data for years. It was not from the
International Geophysical Year (IGY) and satellites were
not involved, although a few years later, they would pro-
vide strong support for the openness of the magneto-
sphere.

Since 1960 I have been particularly interested in data
from magnetometers on spacecraft and can even remem-
ber the analogue data from Chuck Sonett's rotating coil on
Pioneer 1. On Explorer XII, launched in 1961, Larry
Cahill's digitization was designed for an exploratory ap-
proach, with the consequence that complex data reduction
was required to obtain a B vector (assuming this was
steady enough over many spins, which turned out to be
usually acceptable). This instrument discovered the mag-
netopause and obtained valuable data just outside the mag-
netopause, but the satellite died when its apogee was near
dawn.

For IMP I, launched in 1963, with the benefit of previ-
ous exploratory results, Norman Ness had his software
ready before launch and was able to announce, almost in
real time, his discoveries of the bow shock and the tail
neutral sheet. Around this time I managed to persuade
Cahill to allow Don Fairfield to make a correlation study
between his Explorer XII data and data from magnetic
observations on the ground. During this period of the
early space race, the United States had a shortage of uni-
versity faculty in some relevant areas and Art Waynick at
Penn State obtained a U.S. Air Force contract to employ
alien consultants to supervise postgraduates mainly by
mail. Fairfield was the first of my students under this
scheme and for his master of science was well grounded
and ground into ground magnetic data from the IGY.
Knowing the time intervals when Cahill's data existed,
just outside the magnetopause, Fairfield selected the most
conspicuous magnetic “bays,” (which by then were known
to relate to auroral substorms). He also sorted Cahill's
hourly means into “clearly northward,” “clearly south-
ward” and “indeterminate” and found that overall, there
were roughly equal numbers of hourly means in each
category. Then he found that each of his 10 big bays had
southward Cahill field, a result I viewed as like a student
obtaining full marks on a multiple choice test of 10 ques-
tions with three choices for each. With hindsight, the fit
was better than average, but it gave me the high of a suc-



cessful prediction and great confidence and attracted at-
tention, though I have several times heard gossip about
unworthy emotions being aroused. It seemed to me that
the result could be popularized because of its similarity to
weather lore, but when I described it to science corre-
spondents, they barely stirred from their after lunch tor-
por.

This is a convenient turning point to break off from the
reconnection story and describe wave-particle interactions,
which attracted me partly because of their possible role in
the anomalous resistivity required for reconnection.

4, WAVE-PARTICLE INTERACTIONS

The analysis of wave-particle interactions is a very im-
portant and large part of plasma theory. I had some origi-
nal ideas independently but will not claim any priority;
most work in this area was associated with fusion, and
much of it originated in the Soviet Union and was pub-
lished first in Russian. I followed and used the subject, but
a chronological order is inconvenient here. I will now
progress through the linear, quasi-linear, and nonlinear
branches.

In linear theory I deviated from the mainstream by using
the technique that calculates the perturbation of the trajec-
tory of a test particle as a past history integral and after-
ward uses this to obtain the distribution function. For
years I gave a postgraduate course to a very small class
always containing two or three postgraduates from the
fusion group at Imperial College, and I remember some-
times one of them would object that my method was dif-
ferent from that in their books. Tom Stix, who very early
wrote an excellent book on waves, told me he had been
familiar with the test particle method for a long time.
Eventually, I suggested to Colette Robertson that she
should perform a rather general calculation, which would
demonstrate the method as well as providing an assess-
ment of “finite Larmor radius stabilization,” which at the
time was fashionable in the fusion group.

Another facet of linear theory, which occupied my at-
tention and that of one of my first graduate students at
Imperial College, Michael Houghton, was the behavior of
wave packets. The distinction between convective and
nonconvective instabilities was topical at the time, and it
was necessary to discover how this depended on the size
of the envelope of a wave packet, which is less con-
strained in space than in a laboratory experiment. Con-
vective instabilities are important in space and will be
mentioned again shortly.

Wave instabilities are synonymous with negative Landau
damping and Landau and many books derived positive
damping by analytical continuation from positive growth.
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In terms of past history integrals it is easy to see that the
integrals converge well for growth but not for damping,
but full satisfaction requires some physical confirmation of
the mathematical magic and this is provided by quasi-
linear theory. This uses zero damping or growth, but it
can be argued that strongly damped waves are uninterest-
ing, while the plasma would not exist in an unperturbed
state in which the growth rate was high. Quasi-linear the-
ory also uses the random phase approximation, and the
validity of this can be addressed by nonlinear theory. The
outcome of quasi-linear theory is described as diffusion in
phase space, from which the rate of change of the kinetic
energy in the plasma can be obtained. Balancing this with
the rate of change of wave energy provides the formula
for Landau damping, but for electrostatic waves the calcu-
lation of wave energy can involve some subtlety. The con-
cept of Landau damping is much more general and for
electromagnetic waves the expressions for wave energy
are usually familiar. Landau damping always involves
some kind of resonance and, when a magnetic field is im-
posed, the original resonance of particles traveling at the
phase speed of the wave becomes just the-zero harmonic
of gyroresonance. Remembering the connection with Lan-
dau damping, quasi-linear theory will be the next topic.

The concept of quasi-linear diffusion is related to earlier
qualitative ideas like eddy diffusion and eddy viscosity.
The concept occurs for instance in Fermi acceleration
sometimes later known as “stochastic acceleration.” The
concept is also that of the Fokker-Planck formula for dif-
fusion due to a random walk with small steps, which is
almost obvious, but of course important. Not long before I
retired, I discovered how to obtain the diffusion coeffi-
cient from past history integrals over unperturbed trajec-
tories and used this in a way to be described in the next
section. Later I met Alex Galeev, and he told me his
group had also discovered the method.

The magnetosphere provides an excellent opportunity to
study quasi-linear behavior in plasmas and conversely
quasi-linear theory can explain a great deal about the be-
havior of energetic particles in the magnetosphere. The
motion of a charged particle can have three periodicities:
gyration in the magnetic field, bounce between magnetic
mirrors and drift round the Earth. Corresponding to each
periodicity there is an adiabatic invariant, which may be
approximately conserved, and it will be convenient to treat
them as conserved when the approximation is adequate in
the context. Thus bouncing between mirrors depends on
conservation of the first invariant (corresponding to gyra-
tion), while drift round the Earth depends on conservation
of the “longitudinal invariant” (corresponding to bounce)
as well. Quasi-linear diffusion always involves a reso-
nance relating to one of the periodicities. It may also be
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necessary to point out that, since the phase space for the
particles has six dimensions, the diffusion is constrained to
a curve in phase space and the determination of this curve
will be illustrated for each resonance and source of noise.
It may also be noted that rough orders of magnitude are 1
ms for an electron gyroperiod, 1 s for a proton gyroperiod
or electron bounce period, 1 min for a proton bounce pe-
riod, and 1 hour for a drift of either species. It is sug-
gested that the past history integrals be viewed as similar
to Fourier integrals.

Diffusion may be best understood in the case of drift
resonance. The noise is dominated by impulses, mostly
associated with substorms, which are easily strong enough
to show up individually. The observations are interpreted
in terms of a dawn-to-dusk electric field causing particles
to move inward and gain energy. Sharp increases of par-
ticle flux are observed on satellites and called
“injections.” Recurrent weaker increases generally agree
with the drift period (proportional to energy) and observa-
tions at different local times and distances generally fit
with acceptable electric field models. Thus, in this case,
partly because of the long timescale, a microscopic view
of the fine structure is easily feasible. Nevertheless, with a
broad brush picture, the outcome can be described by dif-
fusion, as was discovered by early observations that were
of course rougher [Nakada er al, 1965]. Plotting the dis-
tribution function for fixed values of the first two adiabatic
invariants showed a flat region far out and within a critical
distance a rapid decrease in intensity toward the Earth.
The latter indicates a rapid loss of particles, but the flat
region shows that the dominant mechanisms far out can be
described by diffusion, which conserves the first two in-
variants. So it can be claimed that, while substorms are
far from understood, their effect on the trapped particle
population can be comprehended both microscopically and
macroscopically.

It is convenient next to discuss gyroresonance, which is
a big subject. I shall restrict myself to resonance between
electrons and the whistler mode, which still comprises a
large literature, and is a topic in which I maintained an
interest for many years. The whistler mode is an electro-
magnetic mode at frequencies below the electron gyrofre-
quency, and it will be assumed that the phase speed is
slow compared to the speed of light. In the magnetosphere
the plasma typically consists of a “thermal” component
somewhat hotter than the ionosphere and a trapped ener-
getic particle component. If the thermal component domi-
nates the density, this determines the phase speed of the
whistler mode, while gyroresonance requires energetic
particles and these control the Landau damping, which is
usually negative, In the real magnetosphere there are
complications due to the nonuniformity of the magnetic

field and nonuniformity of the plasma density, which is
believed to provide ducts. Theory, however, begins with
the simple case of uniform field and plasma and the unper-
turbed trajectory of a test particle is described by a con-
stant parallel velocity and a rotating perpendicular veloc-
ity. A Fourier component of any noise spectrum is a plane
wave and a general plane wave is considered, though the
dispersion equation is tricky when the phase fronts are
nearly parallel to B. The fundamental gyroresonance re-
quires an electron to “see” the wave as having the gyrof-
requency so a blue shift is needed since the wave fre-
quency is less than the gyrofrequency in the plasma frame.
Therefore the electron and wave are going in opposite
directions. Now [ like to use a theoretical techinique that
will have two further applications in this paper; this is the
use of a frame in which the wave has zero frequency. In
this application the frame moves parallel to B relative to
the plasma, to avoid other complications; its speed is
modest provided the wave fronts are not nearly parallel to
B, and it may be called “the wave frame.” Because the
wave magnetic field is constant in time, the electric field
has a potential and the particle energy, including this po-
tential, is conserved. For quasi-linear theory, however,
only resonant effects are sought, which increase propor-
tionally to time, whereas the potential is limited by the
amplitude of the wave and can only oscillate in time, so
the kinetic energy can be taken to be conserved. When the
past history integral for a test particle is examined, it is
seen to be just like a Fourier integral picking out the circu-
lar polarization, which is dominant in the whistler mode,
and it pleasingly agrees with the physics. Now the point
about the wave frame is that it is in this frame that energy
is conserved, and this determines the surface in velocity
space to which the diffusion is constrained. Either using a
sketch or calculating algebraically and remembering that
the electron is traveling in the opposite direction to the
wave, it is easy to see that in the plasma frame an increase
of energy must be associated with an increase of pitch
angle. It may be noted that the terminology “pitch angle
scattering” is not strictly accurate.

The simplified theory relates well to trapped energetic
electrons in the magnetosphere, a useful realization of a
mirror machine. If one looks for energetic electrons com-
ing up just above the ionosphere, of course, there are very
few, and this is the loss cone. If one follows the trajecto-
ries of the few along a field line, the number will gradu-
ally increase as a result of pitch angle scattering from the
more populous trapped electrons with mirror points above
the ionosphere. If enough are scattered over the full length
of the field line, there may be a substantial flux, now
downward, into the other ionosphere. This is confidently
believed to be the origin of the diffuse aurora. It is also a



loss mechanism for the trapped electrons and demonstrates
the importance of waves for the radiation belts. It is fortu-
nate that both particles and waves are observed so that
their effects on each other can be analyzed.

The trapped electrons amplify the whistler mode when-
ever there is a loss cone. Because the energy of a test par-
ticle changes in the same sense as the pitch angle, diffu-
sion to smaller pitch angles implies diffusion to lower en-
ergies, and the energy released goes into the waves, driv-
ing at least a convective instability. It has been found,
using particle data, that the amplification integrated along
a field line can be large, and this accounts for the strength
of whistlers. Whistlers had been noticed in audio systems
long before Owen Storey deduced their origin from light-
ning and propagation along field lines. A great triumph for
quasi-linear theory was Kennel and Petschek's trapping
limit. They considered a wave packet making a round trip,
propagating along a field line, being reflected at each
ionosphere and ending where it started. If the amplifica-
tion should outweigh the losses at ionospheric reflection,
the waves would grow and catastrophe would loom. How-
ever, pitch angle scattering causes a loss of trapped elec-
trons and consequently reduces the amplification, so that
the trapping limit corresponds to the condition of zero
round trip amplification. Observations show much com-
plexity in the whistler mode noise, which will be men-
tioned in relation to nonlinear theory.

Resonance involving the bounce period remains to be
discussed. This has received little attention but has been of
considerable interest to David Southwood and me. In the
magnetosphere the waves involved are assumed to be
MHD waves, which have already been introduced as
geomagnetic pulsations, so the wave frequency is deter-
mined by MHD field line resonance. Electron bounce fre-
quencies are high, and the interesting case concerns ener-
getic protons with a Doppler shift due to their westward
drift, which is important, because Landau growth can eas-
ily occur. Even in this case, the bounce frequency is sub-
stantially higher than the wave frequency and a large
Doppler shift is necessary, so that the east-west wave-
length of the wave must be short. The resonance condition
can then be used to determine the east-west wavelength,
which turns out to be comparable to the Larmor radius of
a resonant particle, so that the MHD approximation is
barely valid.

It is fruitful to consider a wave whose longitude depend-
ence is simply exp(im¢), and the interesting case requires
m to be large. The frame transformation trick can be used,
if the wave frame is allowed to be a rotating frame and the
angular velocity is small enough to neglect the complica-
tions arising from the use of rotating frames in general.
The important feature in the rotating frame is in the undis-
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turbed electric field; this has an added component in the
meridian plane, which can be described by a potential that
is constant on a field line. Conservation of particle energy
in the wave frame then relates the change of a particle's
energy to its displacement across the magnetic shell. Con-
sequently, if the first invariant is valid, it is necessary only
to compute the change in either energy or displacement.
As far as I know, accurate computations have yet to be
performed, but Southwood et al. [1969] used guiding-
center theory to estimate the displacement and even this
was not trivial. We found that one mechanism dominates.
While a wave may cause a drift across the field due to
either field strength gradient or field line curvature, the
important effect is the change in field direction, which of
course diverts the parallel particle motion. Observation on
geostationary spacecraft shows field perturbations in the
radial direction, which results in inward or outward parti-
cle motion. For the fundamental bounce resonance the tilt
of the field line reverses between northward and south-
ward particle transits, so that the particles displacement is
in the same sense for both. We used this picture to obtain
an order of magnitude expression for the diffusion across
shells and then, using the constraint on the change of en-
ergy, the growth rate can be similarly expressed. Amplifi-
cation of the wave can be caused either by a spatial gradi-
ent or by population inversion in the particle energy spec-
trum. I expected that the amplification by a gradient
would worry the fusion community but they seemed to be
unperturbed. In the magnetosphere, either cause is possi-
ble; particle injections followed by drift cause population
inversions that have been observed.

Again, a crude theoretical picture led to a notable feat
of data analysis depending on some good fortune. A geo-
stationary satellite, ATS 6, had as its principal mission the
relaying of television in India, but initially the system was
tested on some of the inhabitants of the Rocky Mountains,
so it had to be moved from that time zone to the Indian
longitude. Furthermore, ATS 6 carried a magnetometer,
as did the GOES satellites and in particular one which
ATS 6 would pass in the course of its move. Jeff Hughes
undertook to compare the pulsations seen on ATS 6 and
GOES. Before the move, when the spacecraft were hours
apart in local time, he already found high coherence for
pulsations in the morning, an interesting result. However,
his good fortune was that the local time when ATS 6 ac-
tually passed GOES was in the afternoon. What he found
was no coherence throughout the overtake [Hughes et al.,
1978], and this rigorously shows that the wavelength in a
plane perpendicular to B is short. It strongly suggests that
the waves are excited by energetic protons, which are
most intense in the evening sector, but also more intense
in the afternoon than the morning. So the outcome showed
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a successful prediction with a bonus, and it is possible that
this class of pulsation will be surveyed by Cluster.

Turning now to nonlinear features of wave-particle in-
teractions, these may be negligible for electromagnetic
modes when the magnetic amplitude is much less than the
undisturbed field, though this argument is sometimes too
simplistic. Because of the complexity of nonlinear effects,
however, it is easiest to start with a monochromatic elec-
trostatic wave in one dimension without any magnetic
field. In the frame of the wave near-resonant particles are
trapped between potential maxima; in phase space, which
is two-dimensional, their trajectories can be drawn and,
for waves of constant amplitude, they are closed curves
forming eddies in phase space. Next apply Liouville's
theorem to see how the wave changes the distribution
function f by viewing contours of constant f . It is seen
that the eddies wind up the contours into ever tightening
spirals and handwaving suggests eddy diffusion, a result
qualitatively similar to quasi-linear diffusion. There is a
difference, however, for a monochromatic wave. In the
analogous case of stirring, paint say, the spiral is eventu-
ally smeared out by real diffusion and, in the plasma case,
one smearing mechanism is represented by the Fokker-
Planck formulation of collisions between particles, which
resembles a diffusion in velocity. After smearing, f is
nearly uniform throughout the eddies, but little changed
elsewhere. I described the resultant f (v) as having a
“ledge” centered on the resonant velocity [Dungey, 1961],
but the fusion jargon is “plateau,” which suggests their
wave is louder.

There is a substantial literature on the nonlinear features
of electrostatic waves, but my interest switched to the
whistler mode. Having adapted the stirring picture for the
whistler mode [Dungey, 1963], 1 was struck by the trig-
gering of emissions by Morse pulses [Helliwell, 1965],
which is necessarily nonlinear, because the frequency
changes. Fortunately and fortuitously, emissions were
seen or heard only from dashes and not from dots, so that
a critical value was hit on. The criterion can be seen as
the converse of the validity of the quasilinear approxima-
tion: the change in a particle's trajectory due to waves
changes its resonant frequency and quasi-linear theory
loses its validity when this frequency is removed out of the
bandwidth of the waves. The criterion therefore involves
the bandwidth as well as the amplitude. A basic nonlinear
mechanism was described by Das [1968] using the
“ledge” picture. The picture suggests that the flattening of
the ledge should cause steepening of the distribution on
either side. Das pursued this idea for the whistler mode
and showed that the amplification was much enhanced at
frequencies on either side of the triggering frequency.
This became “the sideband instability” in the jargon, but I

suspect that Das received less than the credit due to him.
Not only must the electron distribution function contain
much fine structure resulting from such interactions, but
observation shows that the emissions are complex and
furthermore, the naturally occurring noise consists of nu-
merous features of relatively narrow band. The best
known is “dawn chorus”: on an audio system many rising
tones are heard, reminiscent of birds, and a dynamic
spectrum can be used to record these for analysis. The
whole phenomenon is an illustration of complexity. The
trajectory integrals for electron perturbations are domi-
nated by the sections surrounding resonances, leading to
fine structure in f, but if the resonant contributions are
added as a random walk, the result is a smooth diffusion,
compatible with quasi-linear theory using a time-averaged
spectrum for the emissions. The fine structure may be
detectable in the aurora; perhaps it has been seen.

5. THE NEUTRAL SHEET

The pursuit of reconnection becomes the study of neu-
tral sheets and really there is only one, in the geotail, be-
cause it is so much better observed than any other. Ap-
propriate coordinates have z perpendicular to the sheet and
v in the direction of the current. Before resuming the main
thread, it is convenient to mention two related develop-
ments in 1969. Stan Cowley, who had only just started
graduate study, pointed out the likely need for an electric
field in the z direction in the neutral sheet, and Cloutier et
al. [1970] discovered a field-aligned current in an auroral
arc, which to me was surprisingly intense. Still believing
discrete auroras to connect magnetically to the neutral
sheet, I expected the Cloutier current to be driven by the
Cowley field. If the Cowley field changed the current
should propagate as an Alfvén wave to the aurora. When
the Cowley field is steady, there should be a standing
Alfvén wave, on the assumption that there is also a steady
flow corresponding to a dawn-to-dusk electric held. The
crucial question seemed to be the thickness of the current
layer, and I eventually tackled this [Dungey, 1982] rather
crudely, finding the layer to be thin.

The main thread of the neutral sheet originates from my
second Penn State student, Ted Speiser, looking at particle
trajectories. It was well known that these oscillate across
the central plane, but Speiser added a weak z component
of magnetic field and discovered that this slowly turns the
trajectories around the z direction: possibly obvious but an
important result as these trajectories are typical. A y com-
ponent of electric field can be removed locally by trans-
formation to a frame moving in the x direction, allowing
calculation of a change of energy in the original frame.
This may be the mechanism of proton injections.



The crucial problem in the neutral sheet is the nature of
anomalous resistivity. The importance of noise was em-
phasized by Axford [1967]. For many years it seemed the
best candidate, but any theory would be beset by difficul-
ties. Noise must be composed of waves. Clearly, one
hopes to use the experience of plasma waves in the vast
literature, but this application meets two obstructions at
least. The magnetic field is as far from uniformity as pos-
sible, and the current associated with the wave at any
point does not depend only on the wave field at that point.
Strictly, the perturbation involves past history integrals
over Speiser trajectories and the z dependence of the wave
field for a normal mode is unknown. Some of the difficul-
ties were recognized by Dungey and Speiser [1969], and
we also pointed out the importance of radiation out of the
sides of the sheet; with such a thin layer supplying the
energy it seems likely that the noise will consist of waves
that are ducted by the sheet.

During the next decade, several postdocs worked with
me on the noise problem, but it remained obstinate. The
last was Peter Smith, who, while a graduate student, made
good progress with the linear problem. After that, and
partly because I had decided to take early retirement, we
bulldozed the quasi-linear problem with crude approxima-
tions to obtain a formula for the anomalous resistivity
[Dungey and Smith, 1984]. We assumed that the waves
had a low phase velocity and selected the resonance in
which the electron sees the frequency of its own oscilla-
tion across the sheet. With further approximations we
wrote a trajectory integral for the perturbation in the y
component of velocity and used the newly discovered
technique for relating the mean square perturbation to the
power spectrum. Then using the wave frame the vector
perturbation was described by an angle and the result was
the diffusion coefficient for this. Finally, with a simple
but plausible form for the velocity distribution, we ob-
tained the rate of change of current density due to the
noise and hence the resistivity. Putting in numbers ex-
pected for the tail neutral sheet showed a required noise
level, which I felt was excessive. Perhaps subconsciously
I started to seek an alternative.

Having seen that this problem is quantitative, it is as
well to mention the evidence for the reconnection electric
field. Flows in the ionosphere indicate an order of magni-
tude of 1 mV/m, and several other indirect measurements
agree. Probably the most convincing evidence comes from
a rather elaborate analysis of data from the energetic par-
ticle anisotropy spectrometer on ISEE 3 during its excur-
sion down the tail [Richardson and Cowley, 1985]. Their
value was 0.4 mV/m and was associated with plasmoids,
which are believed to be produced by reconnection, so
perhaps 1 mV/m is an unusually high value. Nevertheless,
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this electric field is strong: the acceleration of electrons
can be thought of as the speed of light in a few seconds,
so that the effective collision frequency needs to be many
collisions per second.

An alternative crystallized three years after [ retired.
Following the idea of Speiser trajectories, suppose the z
component of the magnetic field is proportional to x, fx
say. From £ and the electric field a timescale is obtained,
which may be an effective collision time; if so, the resis-
tivity increases when the current density increases. The
value of £is not known and may fluctuate wildly. A large
value is needed, however, to yield the required electric
field and the problem is still open. I pursued the idea by
looking at simplified velocity distributions and found that
they were extremely anisotropic near the neutral line. This
implies anisotropy of the stress tensor, which is effectively
viscosity and I suggested that resistivity is replaced by
“electron viscosity.” I proposed a set of equations for
computations with anisotropic stress [Dungey, 1988].
Later, I wondered whether electron viscosity in the inflow
could be more important than that in the outflow and
hoped some simulation expert would take up the problem.
No one has yet, but last year Stan Cowley gave me a
computer and now I am a DIY (Do It Yourself) simulator.
This is my view of the future.

Looking into the future, I still have a copy of the sug-
gestion [ submitted for the “Second Large ESRO Project.”
Entitled “Tetrahedral observatory probe system,” it is just
like Cluster, and the scientific objectives specified in it
still make sense. If I live to be 75, with luck I may see
data from Cluster and perhaps some progress in modeling
the neutral sheet.

6. THE FUTURE HAS STARTED
Comments on Simulations of Magnetic Reconnection

I am hopeful that recent activity [Cai et al., 1994;
Mandt et al., 1994] represents the onset of rapid progress.
The contrasts between these two papers may start a debate
about which physical features are important:

C, D & L emphasize the pressure tensor

M, D & D neglect the pressure tensor

M, D & D emphasize electrons

C, D & L use only a background of electrons

M, D & D emphasize By

C,D&LomitB

A feature which is yet to appear occurs where the elec-
trons are magnetized but the ions not, the magnetic field
strength being a fraction of its value at the boundary. Then
the electron perpendicular pressure should be reduced.
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sphere magnetic field configuration.

INTRODUCTION

Contemporary students may find it difficult to realize that
prior to the 1960’s the magnetosphere was unknown. Even
in the early 1960’s the field of plasma physics was in its
infancy with no textbooks, virtually no university courses,
and only a very few monographs on ionized gases. Only a
few individuals such as Sydney Chapman in the 1930’s had
even considered the question of what might happen when an
ionized gas encountered a dipole magnetic field. For many
years these and subsequent early speculations [Stern, 1989]
were of interest to just a small community of scientists.
Only with the advent of spacecraft measurements in the
early 1960’s did the field expand into the vital field of
geophysical and plasma physics interest that we know it to
be today. In the following I offer my personal perspective
of what it was to be educated and participate in those early
years of magnetospheric physics.

EDUCATION OF A SPACE PHYSICIST

In the fall of 1957, T was a sophomore at Beloit College
taking my first college physics course when Sputnik was
launched. In retrospect, my involvement with space physics
began the following day when we were assigned a mechan-
ics problem involving orbiting bodies. I had no particular
interest in space research before completing my undergrad-
uate degree in 1960 although I do remember giving a senior
seminar report on the Van Allen radiation belts. My profes-
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sor had no knowledge of the subject and could offer little
help in understanding the physics of trapped particles.

I accepted a research assistantship in the Ionosphere Re-
search Laboratory at the Pennsylvania State University,
where I commenced study in the fall of 1960. The next

spring I was offered the opportunity of becoming the stu-
dent of Jim Dungey, a consultant in the Ionosphere Research
Laboratory. Jim was permanently located in England and
only visited Penn State for a week or so once or twice a year.
I accepted this unusual arrangement and we subsequently
interacted via the occasional visits and frequent letters. 1
always felt these concentrated weeks with Jim were more
valuable than most student’s more frequent contacts with
their advisors. I had Jim constantly available during his
visits because the ionospheric physicists in the laboratory
had little interest in the newly discovered “‘magnetosphere”
above the ionosphere. They also had little appreciation of
how the magnetosphere affects the ionosphere. Contact with
Jim was particularly valuable since he was one of a few indi-
viduals with a deep knowledge of plasma physics and mag-
netohydrodynamics. The Penn State physics department did
not teach a plasma physics course prior to my graduation
in 1965 and my only formal introduction to the subject was
via sitting in on a course taught by a young professor in the
nuclear engineering department.

For my masters thesis I was given the assignment of
analyzing high latitude magnetograms of the International
Geophysical Year in order to determine the ionospheric cur-
rent patterns that Jim believed to be the result of magneto-
spheric convection. He further believed that these currents
were driven by the solar wind electric field connected to
low altitudes via the open field lines in the revolutionary
new model that he was just publishing [Dungey; 1961]. To
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accomplish my thesis I collected magnetograms and pro-
duced equivalent current patterns in high latitudes. Help
in doing this was initially provided by a room of women
working at mechanical calculators, although I later became
the first person in the Ionosphere Research Lab to walk
across campus and submit card decks to the new IBM dig-
ital computer — other laboratory computations were done
on an analogue computer built by the electrical engineering
department. My thesis results [Fairfield; 1963] generally
supported Jim’s ideas on convection and gave me further
insights into the nature of ionospheric currents and what
would later be called substorms.

Although Jim’s famous paper on this subject had been
published in early 1961, it was far from being accepted.
The early thinking about the magnetosphere was based on
the Chapman-Ferarro model, where a solar wind plasma
enveloped the Earth and was completely excluded from the
magnetospheric cavity. Without Dungey’s interconnected
field lines, it was difficult to see how the solar wind could
do more than confine the Earth’s field. Time variations
could be due only to waves caused by a buffeting of the
cavity by a time varying solar wind.

My first professional trip occurred early in my Penn State
tenure when Jim suggested I visit Ottawa to talk to Colin
Hines and Ian Axford, who had just published their famous
paper [Axford and Hines; 1961] on magnetospheric convec-
tion, in which they suggested that the convection might be
driven by a viscous interaction at the magnetopause. They
received me very graciously, and I remember trying to ex-
plain Jim’s new recently-published reconnection theory to
them, which they had not yet read. As a new graduate
student, I am sure I did a very poor job of explaining this
new view. In any case, Axford particularly became one
of the early converts to reconnection theory. Both these
magnetospheric theories evolved out of an understanding of
magnetosphere convection and differed mainly in the driv-
ing mechanism at the magnetopause. Despite their basically
similar understanding of the magnetosphere, Dungey versus
Axford/Hines has been portrayed as oppositional viewpoints
ever since.

An example of how the closed magnetosphere paradigm
dominated thinking of the time followed from work I did
under Jim’s guidance while we both visited NASA’s Ames
research center during the summer of 1963. Jim had me
investigate the behavior of the mirror points of particles
trapped in the magnetosphere as they drifted around the
Earth in a distorted dipole magnetic field. By assuming
conservation of the first two adiabatic invariants, it was pos-
sible to calculate particle mirror points in a magnetic field
model in the noon meridian and then find the comparable

location in an appropriate model at midnight; it was not
necessary to have a complete field model and inquire how
they moved from day to night. For the two model fields,
we simply added a uniform northward field to a dipole on
the dayside to produce a compressed field and a uniform
southward field on the nightside to produce an extended
taillike field. This work occurred before the discovery of
the magnetotail and the paper was initially rejected by the
referee who stated, “The author assumes, incorrectly, that
the effect of the solar wind on the geomagnetic field is to
push field lines in on the front side and push field lines
away from the Earth on the night time side. However, it
was realized some time ago [references given] that pushing
in on the front face of the geomagnetic field also pushes
field lines in on the night time side, thus the southward
uniform field on the night time side of the diagram as as-
sumed by the author is of the wrong sign.” Fortunately, very
early observations of the depressed fields of the magnetotail
current sheet were just becoming available, and I was able
to get the paper published [Fairfield 1964]. This example
demonstrates how theory dominated the field prior to space-
craft measurements and how wrong theory can be without
measurements to guide it.

Another highlight of that summer was a trip to a meeting
in Los Angeles where, at Jim’s suggestion, I talked to a
young graduate student of Sydney Chapman, Syun Akasofu,
who was just finishing his degree at the Umiversity of
Alaska. Syun told me about his work on the morphology of
an auroral substorm which I, along with many other people
at that time, regarded as a great accomplishment. This new
perspective helped me considerably in understanding the
auroral zone magnetograms I had been looking at for two
years. In the present era of global auroral pictures and
stacked plots of magnetograms from chains of stations it is
difficult to appreciate how difficult it was to separate time
and space variations with the limited ground data of that
time.

Since the Dungey theory needed a southward interplane-
tary field to open the magnetosphere and drive ionospheric
currents, Jim gave me the task of investigating the rela-
tion between the north/south polarity of the interplanetary
magnetic field (IMF) and geomagnetic activity. The Ex-
plorer 12 spacecraft launched in August 1961 was the first
long lived (4 months) Earth orbiting spacecraft to provide
measurements outside the magnetosphere. Jim arranged for
me to spend the summer of 1964 at the University of New
Hampshire with Larry Cahill who had the magnetometer
experiment on this spacecraft. Explorer 12 was designed
to study Earth’s magnetic field and with an apogee of 13
Re was the first spacecraft to map out the magnetopause



position. Since it was designed to measure strong fields,
however, the experiment had a large dynamic range and a
large digitization error (£12 nT). Launch successes were al-
ways problematical in those days, computers were new, and
Larry’s experience had previously been on rocket flights of
a few minutes duration. Probably for these reasons, minimal
preparations had been made to automate the data process-

ing from an experiment that produced data at the rate of 3
vector measurements per second. When I arrived in New
Hampshire the halls of the Physics building were lined with
shelves containing printouts of this high resolution data;
undergraduate students were busy at mechanical calculators
computing average fields for immediate use while others
were striving to automate the process on a modern (for the
time) digital computer.

I had a very enjoyable and productive summer compar-
ing ground magnetograms with the magnetic field outside
the magnetosphere. With paper magnetograms and a lim-
ited amount of magnetosheath data, it was difficult to do
anything more than prepare a set of examples. Even so, I
was impressed with how well the southward field seemed
to correlate with geomagnetic activity [Fairfield and Cahill,
1966]. 1 wondered if research would always be this easy,
but having so little experience, I was in no position to judge.
Little did I know that this correlation would remain one of
the clearest results in sun/Earth relationships over the years.

I also remember being impressed with the potential im-
portance of this work. It confirmed the major prediction of
Dungey’s new theory and it clearly offered the possibility
of predicting magnetic activity and related phenomena such
as the high latitude ionospheric disturbances that could re-
sult in communications blackouts so important during the
cold war. It also appeared to be the answer to another long-
standing question of why some sudden commencements are
followed by storms (those with southward IMF) and others
are not (those with northward IMF). In those days, how-
ever, the common view was that science was done for its
own sake and it was up to others to apply the results if they
wished; space weather had to wait until the 1990’s. At least
Jim Dungey was pleased with my results and I received my
degree.

EARLY YEARS AT GODDARD

I was famihar with the work of Norman Ness and partic-
ularly remember attending a one day symposium on results
from the IMP 1 (Interplanetary Monitoring Platform) space-
craft at NASA’s Goddard Space Flight center in March 1994
when he first presented his mapping of the position of the
Earth’s bow shock. This was a very clear and exciting result
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and it left no doubt that collisonless shocks were a reality
in space plasmas.

Norman’s IMP magnetic field data were the best inter-
planetary measurements available at this time so I apphed
for, and later accepted, a postdoctoral position at Goddard
in order to pursue the relationship between the IMF and
geomagnetic activity. Norman had recently published his
very clear evidence for a magnetotail [Ness, 1965] when I
arrived at Goddard in the fall of 1965. This was of special
interest to me since I had earlier puzzled with Jim Dungey
over early unpublished Explorer 10 results after Jim had
visited Goddard on the way to Penn State. This spacecraft
had skimmed the then unknown magnetotail in 1961 on its
one outbound pass, moving back and forth between two
plasma/field domains that recurred out to 42 Re. At that
early time their interpretation was not at all clear, although
they were eventually published with a tentative association
with an extended magnetospheric cavity popular at that time
[Heppner et al., 1963]. These early Explorer 10 results,
along with Jim Dungey’s theory, all fell into place in the
light of Norman’s tail observations.

On arriving at Goddard, Norman turned the IMP 2 anal-
ysis over to me. IMP 2 was designated a failure by NASA
headquarters because a rocket malfunction left it in a near
equatorial orbit with an apogee of only 16 Re — only
about half that planned for monitoring the interplanetary
medium. Interestingly, this is an orbit that most magneto-
spheric physicists would kill for today. The IMP 2 expen-
ments worked well and the spacecraft had a very productive
6 month hfetime [Fairfield and Ness, 1967].

At Goddard I was able to pursue correlations with geo-
magnetic activity with plenty of high quality IMP interplan-
etary magnetic field data, but the problem was still how to
quantify the ground activity on a time scale better than the
three hour Kp index. The geomagnetic AE index had just
been defined by Davis and Sugiura [Davis and Sugiura,
1966] and digitized ground magnetograms were becoming
more available. Given this situation I decided to produce
the AE index on the 2.5 minute time scale of the digitized
data. T was able to enlist the help of the National Space Sci-
ence Data Center at Goddard and the index was produced,
mitially with six auroral zone stations. The NSSDC con-
tinued production of this index under my direction until the
effort was transferred to the World Data Center in Boulder
in 1968. With the AE index I was able to demonstrate the
IMF — geomagnetic activity relationship in a more quan-
titative manner and I presented these results at the 1967
COSPAR meeting in London. I published the results in the
meeting proceedings [Fairfield, 1967a], and in the process
learned a lesson on the dissemination of scientific results.
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Having grown up in the early days of space research
where one gleaned the limited literature for any article of
possible relevance to one’s research, I had developed the at-
titude that it didn’t much matter where one published one’s
results. My paper in the COSPAR proceedings provided
confirming evidence for what became the prevailing theory
of the solar wind/magnetosphere interaction, but it also be-
came what is undoubtedly the least referenced paper I have
ever written. This IMF/AE confirmation of Dungey’s theory
was known and accepted by a few knowledgeable people in
the field but this result was probably not widely known and
accepted until Roger Arnoldy’s clear quantitative exposition
in a JGR paper in 1971 [Arnoldy et al., 1971], which did
not even reference my COSPAR paper.

Other results from the IMP 2 spacecraft included a pa-
per which I titled “The ordered magnetic field of the mag-
netosheath” [Fairfield, 1967b] in an attempt to counteract
the prevailing impression, based on the enhanced magnetic
field fluctuation level in the magnetosheath, that this region
was very turbulent. This paper also used a very limited
amount of IMP I data taken simultaneously with IMP II.
These data demonstrated how frozen-in magnetic fields are
indeed convected from one spacecraft to another in what
to my knowledge was the first demonstration of this well
known property of fully ionized plasmas. Lacking a formal
plasma physics education, I always considered myself for-
tunate in being able to learn plasma physics from such real
life examples. These IMP 2 magnetic field data also demon-
strated how the interplanetary field was convected into the
magnetosheath and draped over the magnetopause.

The orbit of IMP 2 was also ideal for investigating the
magnetospheric configuration and particularly the transition
from the dipolar region to the tail [Fairfield, 1968]. The
sweeping back of field lines was demonstrated graphically in
this work and contours of constant B in the equatorial plane
were determined. These data were used in obtaining the first
quantitative determination of where low altitude field lines
map to in the outer magnetosphere. Although static and
graphical, it remained the only data-based magnetosphere
model until later quantitative computer fits to experimental
data were carried out. Since equatorial particles conserving
their first adiabatic invariant drift around the Earth in a
constant magnetic field, the constant B contours gave an
early quantitative idea of how particles circled the Earth.

The launch of the IMP 4 spacecraft in 1967 carried
Norman Ness’s sensitive triaxial magnetic field experiment
which produced a vector magnetic field every 2.6 seconds,
which was a significant improvement over the earlier IMP’s.
Prior to this time there were a few observations suggesting
that Earth-associated particles were seen upstream of the
bow shock, but the accepted view was that the nature of a

shock was incompatible with waves propagating into the up-
stream region. IMP 4 data greatly extended an earlier two-
component search coil magnetometer measurement of ap-
parent upstream waves and clearly demonstrated that there
was a permanent presence of waves in an upstream region,
later termed the foreshock by Gene Greenstadt [Fairfield,
1969]. These high quality IMP 4 data also allowed deter-
mination of the typical wave frequencies (.01-.05 Hz) and
polarizations (left handed) and even indicated the speed of
propagation into the upstream region. I was always grateful
to Derek Tidman who suggested to me that generating the
waves by protons streaming away from the shock was the
way to get around the inability of waves to propagate into
the upstream region. This foreshock work was particularly
satisfying in that it revealed a new region that remains to
this day one of the most fascinating plasma physical labo-
ratories available for experimental study.

SUMMARY

I will remember the early years of space research as a
golden age that can never be repeated. Little was known
but the rapid pace of spacecraft launches rapidly produced
a wealth of revelations and insights. At virtually every sci-
entific meeting, data from a new spacecraft would yield ex-
citing new results. I personally felt particularly privileged
to work on magnetic field data from high apogee Earth-
orbiting satellites that traversed all regions of the magneto-
sphere and interplanetary space. Magnetic field data is vital
in any plasma environment and these eccentric orbits al-
lowed me to work on problems in various regions of space.
With so much less known in the early days, it was much
easier to keep informed about different regions compared
to today’s burgeoning literature and greater specialization.
In retrospect, it seemed relatively easy to achieve signifi-
cant new results in those days, but one must remember how
much more difficult it was to process and manipulate data
without today’s high speed interactive workstations, math-
ematical toolkits, and efficient plotters.

Without spacecraft data in the early days, theory led the
field, but in some cases led in the wrong direction. Ad-
vances in magnetospheric physics are accomplished by in-
dividuals with different backgrounds and different scientific
styles. I have realized that my own personal style is con-
trary to the classical view of science where one starts with
a hypothesis and then compares it with data. I tend to view
the magnetosphere as a giant jigsaw puzzle. I first look at
the data to see what they seem to be saying and then look
for an explanation and how it fits into the bigger picture. It
is often rewarding to solve a little bit of the puzzle and one
doesn’t have to keep working on the same intractable piece.
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The recognition by Alfvén that magnetic fields in conducting gases are
convected with the fluid, led to a better understanding of the relationship
between solar phenomena and magnetic field disturbances at the Earth. From
the observed abrupt beginnings of magnetic storms, I concluded that a type of
shock-wave must exist, in which the magnetic field interactions and not
particle collisions were the dominant effect. Solar flares, explosions at the Sun
that often caused magnetic storms, were attributed to the sudden destruction
of solar magnetic fields (in a paper by F. Hoyle and myself). Highly energetic
particle emission at the Sun and their reception at the Earth allowed one to
make statements about the magnetic fields in solar system space, even before
direct spacecraft exploration was possible. The mobility of tubes of force of
the terrestrial magnetic field, allowed by the insulating atmosphere, resolved a
puzzling aspect of Van Allen's radiation belts. In the paper giving this result, I
also introduced the word "Magnetosphere”, to describe the region around the

Earth in which the magnetic field had the dominant effect on gas motions.

My interest in the magnetic field of the Earth was
aroused for two reasons. One was the great puzzle why that
field existed at all: what in the Earth could give rise to
such a field?

The other was the immense amount of observational
evidence that had been gathered over many years, about re-
lations between solar events and a variety of types of dis-
turbance observed in the Earth’s external magnetic field, as
well as in long-distance radio propagation effects. How
were all these to be explained?

The explanations in vogue at the time in both of these
areas seemed unsatisfactory to me, or at least lacking in
some essential components. Could I perhaps puzzle out
some of the answers?

My first step was simply to read the major textbook on
the subject: two thick volumes by Chapman and Bartels,
entitled “Geomagnetism.” They taught me more than I
really wanted to know, but then I could not leave out
anything since it might contain a vital clue. Although the
books were well written and presented the knowledge of the
day, they confirmed my conviction that major components
were missing, and not much imagination had gone into the
search for them.
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The enormous puzzle of the Earth’s field itself was
presented on just one page of the two books, and it ex-
plained nothing. There was not even the emphasis I would
have expected on the difficulty of finding an explanation. (I
am still doubtful that the present day viewpoint is the
correct solution.) The other, the numerous external and
mostly solar influences were given in the greatest detail,
but also, I felt, without giving the sense of urgency to find
an explanation for them.

Alfvén's influence

In the early 1950’s I had much contact with Hannes
Alfvén whom I had met when he visited Cambridge and 1
had in turn visited him several times in Stockholm. I was
most impressed with his simplifications of that otherwise
quite impenetrable subject, the combination of hydrody-
namics, already a very difficult subject by itself, and the ef-
fects on this of electromagnetic fields: magnetohydrody-
namics or MHD. He had seen that one approximation made
it possible to think about it in simple terms, but only in
conditions when the scale was large and the electrical
conductivity was high: conditions that were met in many
or most astronomical applications. This was simply the
approximation that in such circumstances the magnetic
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fields would be convected around with the fluid. Faraday’s
useful fiction of the lines of force of a magnetic field as-
sumed a new meaning: the particles of the fluid that were
once on one line of force would continue to be on that
common line, to whatever place and shape it came to be
convected. Of course the magnetic forces would affect the
fluid motions, and that combination still left us problems
of great complexity; but at least these were much simpler
than a step-by-step, self-consistent calculation of the flow,
under the interacting hydrodynamic and electromagnetic
forces would have been.

I understood that these were no more than helpful ap-
proximations, but I was prepared to use them wherever
they were applicable. Many others, especially those with a
puritanical mindset like Sidney Chapman, rejected these
out of hand. I had many discussions with Chapman on this
subject, and he insisted that nothing short of a complete,
self-consistent calculation could ever be used to solve a
problem in magnetohydrodynamics. “You might be misled
terribly by such approximations” was his response, and he
would then point out errors that Alfvén had
(unquestionably) made in his writings.

Alfvén himself did not always apply his own approx-
imations to problems he was trying to solve. On one of
my visits to Stockholm he demonstrated to me a large
vacuum system in which an electron beam was directed at a
magnetized sphere. This was to represent the Earth under
the influence of a beam of electrons from the Sun. I re-
member questioning him why he thought of an electron
beam rather than of magnetized clouds emanating from the
Sun. At that time, in the early 50’s, he still resisted this
viewpoint.

MHD shocks

In 1953 there was a symposium, organized by the
International Astronomical Union, entitled “Gas Dynamics
of Cosmic Clouds” [LA.U. Symposium number 2, July
1953, proceedings published by North Holland publishing
Company, 1955]. It was a splendid occasion, and really
the first meeting in which MHD in an astronomical setting
was taken seriously; but nevertheless plain gas dynamics
of low density gases seemed to have been the mainstream
of the discussions.

It was at that meeting that I made the acquaintance of
many of the people with whom I had much contact in later
years. There was the German contingent consisting of L.
Biermann, A. Schliiter, R. Liist, and also several persons
from the U.S., including Arthur Kantrowitz.

Kantrowitz gave a major talk on shock waves, both on
the experimental results and the theory. All this was pretty
new stuff at the time, much of it spurred on by the U.S.
rocket development program. The maintenance of sharp
shock fronts with a thickness of only a few mean free

paths in the medium was of particular interest to me,
because I had puzzled a lot about one phenomenon in the
solar-terrestrial relationship: the phenomenon of the abrupt
beginning of magnetic disturbances, disturbances that then
continued for many hours or days. These "sudden com-
mencements”, as they were called, represented a rise in the
strength of the Earth’s field from the preceding undisturbed

state, taking as little as two minutes, and then followed by

the “main phase” of the storm, which represented erratic
fluctuations but mainly a diminution of the surface field.
In many cases the event at the Sun that would give rise to
such a magnetic storm was well recognized and so the time
delay to the onset of the storm was known to be generally
between one and three days. How could something travel
here from the Sun in 1,500 minutes and have an abrupt
beginning in two minutes? One could not imagine that
the surrounds of the Earth experienced some critical phe-
nomenon so that a gradual rise in the intensity of an arriv-
ing stream would have no effect, and then, suddenly, at a
certain intensity, have a large effect. One therefore had to
ascribe this to a property of the stream, that it had main-
tained a sharply collimated front whose thickness was no
more than roughly one part in 1,500 of the Earth-Sun dis-
tance. Could this be due to a shock wave phenomenon
similar to those Kantrowitz had described? Obviously not,
because any estimate of the gas density in the solar system
space would make the mean free path equal to or larger
than the entire Earth-Sun distance, and we would need 5
mean free paths for the collimation of a shock wave.

But of course this consideration was in the regime of
low density gas dynamics, not in the MHD regime. I con-
cluded that this must be making the enormous difference
required to make for a collimation of a shock wave to a
thickness roughly 7,500 times narrower than the plain gas
dynamical shock would have been. Could the presence of
magnetic fields in space really change the phenomenon by
a factor of 7,5007 I concluded that was the only acceptable
explanation for the sudden commencements. (The previous
literature had described these but had neither offered an ex-
planation nor discussed that this represented a major diffi-
culty.) I presented this explanation at the conference, and
stated, in opposition to criticism: “In considering the inter-
action between the stream and the residual gas one must
not restrict oneself to the collision cross-section of neutral
particles, but one has to consider the much stronger elec-
tromagnetic interactions that may occur between the two
ionized gases™ [Gold, 1955, Discussion Section p.104].
While this was not accepted very readily by many of the
participants, Arthur Kantrowitz was much taken with the
notion of an MHD shock wave, and he organized later a se-
ries of experiments to demonstrate the existence of such
waves in the laboratory. Now of course MHD shock waves
are regarded not only as the explanation of the problem I
was addressing, but they enter into every phase of cosmical
gas dynamics.



Solar Flares

The origin of gigantic explosions in the solar atmo-
sphere, known as “solar flares” was a major puzzle. What
was the origin of the sudden large energy releases that ap-
peared to come from a level called the chromosphere, a
level at which the thermal energy content was far too small
to account for them? Suggestions had been made that per-
haps some nuclear processes were responsible, but on
closer analysis one could see that the density was far too
small to get into any such regime. What then could be the
explanation?

It was known that solar flares occurred in the surround-
ings of strongly magnetized regions, recognized as
Sunspots. The sudden event of a flare could be identified by
a brightening up in a Sunspot region of the H o band of
hydrogen, and both the total energy and the peak tempera-
ture could be estimated from such observations. No doubt a
much larger amount of energy had suddenly become
available than had previously been identified to reside there.
The only possibility seemed to be magnetic energy, and
this suggestion would also account for the proximity of
flares to the strongly magnetized Sunspots.

Hoyle and I published a paper based on these consider-
ations [Gold and Hoyle, 1960] in which we selected the
simplest configuration in which such an energy release
from the magnetic fields could arise. The essential feature
was that the conducting gas of the atmosphere could carry
currents that would increase the energy content there be-
yond the value given by the "potential field" based on the
flux emanating from the photosphere below. (The potential
field is the field of minimum energy consistent with the
boundary conditions below). This “non-potential”
component of the field would derive its energy from the
forceful motions in the photosphere or below, which will
incessantly tangle and distend the fieldlines in the spaces
above where the density and the hydrodynamic forces are
too low to resist this. This implies that currents will be
generated there, that can be annihilated or diminished, re-
ducing the energy content of the field possibly even down
to the potential field value. In particular sudden instabili-
ties of the field could cause such annihilation, and release
the energy as heat or as electric fields that would in turn
cause particles to be accelerated to high energies. While
we restricted ourselves to one case of particular geometrical
simplicity, we believed that many more complex configu-
rations would have similar results.

In recent times some doubts have been expressed that
solar flares are the major cause of magnetic storms on the
Earth [Gosling, 1993]. There are indeed other phenomena
on the Sun that can also have similar results at the Earth,
and possibly these are of a similar nature but occur at a
higher level, and at the lower density they then emit much
less light and are not seen in Hot [Gold, 1962, Gold 1959
d]. But there can be no question that many magnetic
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storms are indeed caused by the identified flares, as the
temporal relationship has often been clearly observed. (In
the early '50’s I was at the Royal Observatory, and my du-
ties included the supervision of the solar and the magnetic
observatories. [ observed many flares, in some cases fol-
lowed within less than one hour by the arrival of high en-
ergy particles, and then followed within one to three days
by the sudden commencement and the magnetic storm.)

The Heating of the Corona

The high temperature of the tenuous outer atmosphere
of the Sun, the solar Corona, and the resulting constant
evaporation [Parker, 1958] that we call the solar wind, has
in my view a similar explanation. [Gold, 1964; Gold,
1965] But here we are dealing in most areas with much
weaker fields, and we are not seeing large energy releases in
major instabilities. Instead there appears to be a persistent
energy source that provides the heating to the million de-
gree temperature and the energetic evaporation of this at-
mosphere [Biermann, 1952. Parker, 1958]. I attributed this
also to the destruction of non-potential components of the
magnetic fields, but now not just of the strong Sunspot
fields, but of the weaker general field of the Sun,
constantly and everywhere moved by the violent convec-
tion cells that we see as the granulation of the photo-
sphere. These photospheric motions must generate cur-
rents in the fieldlines above, and thus provide a constant
supply of non-potential field energy there. "Mini flares",
too small to see, will be the result, since it is not conceiv-
able that the magnetic energy content of the atmosphere
would increase indefinitely with time, nor that the motions
below would contrive to disentangle the fields they had
previously entangled.

The Van Allen Belts

The entire discussion of the magnetosphere and its
properties was changed in 1958 with the earliest spacecraft
discovery by Van Allen and his skillful team in the U.S.
[Van Allen, 1959]:and later confirmed by Vernov and
Chudakov in the USSR [Vernov and Chudakov, 1960], of
the belts of high energy particles that were stored in orbits
around the Earth. Van Allen realized readily that the parti-
cles would be on captive orbits in the magnetic field, and
that such orbits would spiral around the Earth’s field lines,
oscillate rapidly in latitude between reflection points in the
converging fields, and precess slowly around the Earth in
longitude. Such orbits were soon calculated in detail and
were found to have long term stability. In fact I found it
surprising that no one had made such calculations before
the discovery, and predicted that this phenomenon was pos-
sible. The well known diminution of the field at the sur-
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face, during the main phase of a magnetic storm required a
current ring around the Earth somewhere above the surface,
and that had been amply discussed; but neither the origin
nor the stability of such a ring ever had a thorough discus-
sion. That ring would have to have a much larger flux of
particles than that observed now in the newly discovered
Radiation Belts. But one may well consider that the domi-
nant contribution may have come from a lower particle en-
ergy range than was detectable by the instruments that had
been flown. I published a paper in Nature describing these
orbits and giving a few deductions one could make about
them. [Gold, T. , 1959a.]

If these orbits were so stable, then this immediately
posed the question how they could ever be supplied with
high energy particles. If particles cannot get out of the
storage orbits, they also cannot get in. The mathematicians
who had made the detailed calculations, seemed to think
that the only possible entry would be by uncharged
energetic particles such as neutrons from the Sun, some of
which would decay into protons and electrons in the region
of the storage orbits. This explanation was widely accepted
at first, but I did not consider it adequate for quantitative
reasons. I had been concerned with researches on neutron
fluxes from the Sun, and when it became clear that the
radiation belt particle flux suffered temporal variations, the
solar energetic neutron flux was insufficient to account for
these by a large factor.

Motions in the Magnetosphere of the Earth

I came to realize that the mathematical stability calcu-
lations had been based on an erroneous assumption. It was
implied that the lines of force were anchored in the Earth,
and therefore that they could distort, but not move their at-
tachment points (their “feet”) relative to the solid Earth.

Alfvén’s simplification of MHD stated that in suitable
and defined circumstances, his approximation meant that
low energy particles that were on a common line of force
would stay on that same line and in fact be convected
around with the field. What had not been discussed in the
Alfvén approximations, was the effect of a layer of insulat-
ing material running across the magnetic field lines. I be-
lieve that some people thought that if such a layer were
sufficiently thin, it would have no effect. Thinking more
about it, I realized that this was an error, and if the insulat-
ing layer interrupted currents that were flowing along the
field lines, the whole situation was completely changed.
The atmosphere is such an insulating layer, and one now
had to puzzle out what effects this would have.

Within the Alfvén approximations of field lines moving
with the gas, one could ascribe an "identity" to each field
line since one can ascribe an identity to the particle fluxes
that were on that field line. But when an insulating layer
cuts across the field lines, these lines lose their identity.

The field lines still have to be continuous from below to
above the insulating layer, but the connections can now be
freely changed so that the field emanating from the Earth
cannot hold any particular tube of force in the same
location. Thus, the tube of force and the particle fluxes that
it contains can move around as they may be subjected to
other forces, but they must merely obey the condition that
in each area the total flux must be the same above and
below that layer.

This consideration then implied that the stability cal-
culations for the radiation belt particles were not applica-
ble. Any one tube of force with the particles in it may be
moved from one place to another and thus any one flux
tube could be convected together with its particle content
into a position which the individual charged particles could
not have reached. The entire force field and its particle con-
tent was subject to convection that could bring outer tubes
emanating at high latitudes into the position previously
occupied by lower tubes and vice versa. Particles that could
enter the outermost tubes of force might then later be
convected into regions to which they would not have had
access individually.

The forces that will cause such convection can be dis-
cussed, and they may anse either from hydrodynamic forces
in the outer ionosphere or from pressure differences be-
tween neighboring tubes that have been distended to a dif-
ferent degree by the hot gas or energetic particle loading
they may contain.

I published this in a paper entitled, "Motions in the
Magnetosphere of the Earth” [Gold, 1959 c.] and it seemed
to me that this largely resolved the stability problem and
did not require now that only decay products of neutral par-
ticles would inhabit these regions. The magnetic storm on-
slaughts on the Earth's field could now be a source of re-
supply of the radiations belts.

The title of this paper introduced, as a new addition to
the language, the word "magnetosphere". There was much
opposition to this in the first place, but I insisted that we
must have a name for the rcgion in which the Earth's mag-
netic field is the controlling factor. It did not take long be-
fore this word was part of the English language and indeed
translations of it became a part of many other languages.

The sequence of phenomena observed in a magnetic
storm and in Van Allen's radiation belts now became much
clearer [Gold, 1962]. A magnetized high speed cloud from
the Sun would arrive here with a shock front, as it plowed
its way through any gas that was in the Earth-Sun space
and relative to which the cloud was moving at supersonic
speed. The width of this shock front determined by the
magnetic interactions was narrow enough to flow over the
Earth's magnetosphere in a matter of one or two minutes.
At that stage, it implied a compression of the external field
and therefore an increase of the fieldstrength at the Earth.
Following that, the outer field lines would become loaded
with energetic particles and that would imply a distention



of the field and therefore a decrease of the strength of the
field during the main phase of the magnetic storm. Much
interchange of tubes of force would take place as they were
loaded differently with energetic particles. All this became
much clearer still in the picture devised by Axford and
Hines [Axford and Hines, 1962] who then considered all
this together with the rotation of the Earth, and provided a
clear explanation of the process of "folding in" of the hot
and fast moving solar gas into the storage regions around
the Earth.

The Solar Cosmic Rays

I had also directed my attention to another aspect of the
solar outbursts, namely the high energy particles, called
solar cosmic rays, that sometimes arrive at the Earth
within minutes or hours after a solar flare has been ob-
served, and long before the arrival of a storm cloud, often
but not always associated with such particle bursts. The
particles are mostly protons in an energy range of 10 Mev
to 1 Gev, and would be strongly guided by the magnetic
fields in the Sun-Earth region. Observations of these par-
ticles at the Earth allowed one to make deductions about
the configurations of magnetic fields in the Earth-Sun
space and beyond. For these energetic particles to arrive so
quickly, one has to suppose that these fields had been
drawn out previously from the Sun, to encompass the do-
main of the Earth. It often happens that the same event at
the Sun that caused the high energy burst also causes a gas
outburst, showing up 1 to 3 days later as a magnetic
storm.

The most remarkable high energy particle burst occurred
on February 23, 1956, following a large solar flare, with a
delay of only approximately 20 minutes. Nothing of this
magnitude or short time delay had been observed in the six
prior years of observation of such phenomena. Working at
the Royal Observatory in England, and being interested in
solar-terrestrial relations of this nature, I had arranged for
the construction of a monitoring instrument specifically
for the observation of such solar outbursts. A small house
had been constructed for it, so that the instrument would be
free from any effects that could change the counting rate,
since the solar events are only superposed, so we thought,
as a small effect on the galactic cosmic radiation. Our
instrument was the most sensitive and best protected from
interfering effects that existed in the world at the time; it
had been in operation for three months only when this
giant event occurred. Optical observations of the Sun,
various radio observations, and several other cosmic ray
observations all confirmed the great magnitude of this
event, and we arranged for these to be published as a collec-
tion in the Journal of Atmospheric and Terrestrial Physics.
[Gold and Palmer, 1956].

Mr. Palmer and I were of course proud that our new
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instrument had brought in so quickly such a remarkable re-
sult, and had recorded it with excellent precision. However
the new Astronomer Royal, the head of the observatory,
Dr. R. R. Woolley, appointed less than two months be
fore, was not pleased. He instructed me to have the in-
strument and its building dismantled forthwith, since "such
observations were not part of astronomy and had no place
in the Royal Observatory”. (My subsequent move to the
United States was related to this and other similar com-
mands.)

The following conclusions could be drawn from an
observation of these energetic particles: [Gold, 1959 b.;
Gold, 1959 c.; Gold, 1959 d.; Gold, 1961; Gold, 1963]

1.) The Earth is a large part of the time in magnetic fields
that connect with the Sun. It is only rarely, if ever, em-
bedded in galactic fields that are unconnected with the Sun.

2.) The high energy particles that arrive first from a solar
outburst show a small angular spread in their direction of
flight, and that direction is consistent with an origin at the
Sun. However, at later times this flux slowly changes to a
more isotropic distribution of velocities. The field must
thus be in the shape of loops, drawn out from the Sun so
that the particles filling such a loop can eventually arrive
even from anti-solar directions.

3.) The interplanetary magnetic fields have irregularities
that cause the captive particles to develop finally an
isotropic velocity distribution.

4.) The magnetic fields drawn out by gas eruptions retain
their connection with the Sun for a day or more and proba-
bly often for as much as five days.

5.) The magnetic total pole-strength of the Sun cannot in-
crease indefinitely with time. (Pole-strength is here defined
as the total number of field lines emanating from the sur-
face, irrespective of the sign.) A mechanism has to be at
work that reduces this pole-strength, on an average by as
much as it is increased by the individual outbursts. Loops
of field blown out must eventually be cut off from the
Sun, and then become independent clouds progressing into
space. This cutting-off process is attributed to a reconnec-
tion near the Sun across the neutral sheet that separates the
two sides of the loops. [Gold and Palmer, 1956, Gold,
1959, 1961, 1963]

There was another set of observations that related to
these phenomena. These were the observations by
Forbush, who had noted that there were times of a small
decrease in the flux of galactic cosmic rays seen at the
Earth, decreases that had a relationship with solar out-
bursts. Of course outbursts that made such field configura-
tions as would favor solar energetic particles to get to the
Earth would also tend to exclude particles from external
sources. However, the effect is only small, mainly because
the galactic cosmic rays are mostly of higher energy, and
therefore fields that can make a region of containment of
solar cosmic rays can still be penetrated by much of the
galactic cosmic ray flux.






Whistlers

R. A. Helliwell
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My whistler work began quite unexpectedly during the course of radio studies
at Stanford University in 1949. Observations of radio atmospherics from
lightning led to the identification of dispersed, falling-tone signals that proved
to be whistlers. Stimulated by Storey's [1953] explanation of whistler
propgation along paths extending to high altitudes within the Earth's magnetic
field, observations at College, Alaska, led to the discovery of the "nose"
whistler which provided the key information on the path of propagation. The
nose whistler was the tool for all subsequent ground based studies of the
thermal plasma distribution in the magnetosphere as well as the interpretation

of triggered emissions.

A RADIO BACKGROUND

In this paper on whistlers, (see Figure 1 for a sketch of
whistler paths) I will describe how I unexpectedly entered
the field and how the whistler research program at Stanford
developed in cooperation and in competition with others.
Then I show how this study of an ancient natural
phenomenon turned into a probe for remote sensing of the
magnetosphere, and then led the way to a new man-made
method of stimulating non-linear wave particle interactions
in the radiation belts. Like many new scientific fields, the
study of whistlers has had several unexpected turns, both
experimental and theoretical, with more to come I am sure.

I entered Stanford in 1938, having long been interested in
electricity and radio, getting a ham radio operator’s license
in 1934 while in Palo Alto High School. Making radio
contacts was fun but I got even more pleasure just building
the equipment and making it work (not always
successfully). One memorable experiment was constructing
a Lecher transmission line on which, with the aid of a neon
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bulb, I could see the standing waves excited by my
transmitter. It was only several years later, as an electrical
engineering student at Stanford in a course by Prof. Hugh
Skilling, that I was introduced to the theory and
applications of transmission lines, which further deepened
my interest in radio waves. In 1939, Mike Villard, then a
graduate student in E.E., started a modest program on
ionospheric sounding at HF, and I was lucky enough to be
taken on as an assistant. I operated a 3 frequency sounder in
the small furnace room located in the basement of the Ryan
High Voltage Laboratory, where my companions were
assorted tarantulas and black widow spiders.

With the increasing political unrest in the world at large,
there was a demand for more accurate forecasting of high-
frequency propagation conditions, the principal means at
that time for long distance communications, both military
and civilian. The key instrument was the sweep-frequency
sounder, a new innovative version of which Mike Villard
was charged with building at Stanford. Again, I was ready
and eager to help. In addition to operating and maintaining
the sounder, I got a part time job (about 1939) with the
Hoover Library on War, Revolution and Peace (now the
Hoover Institution) recording Japanese propaganda from
Radio Saigon, under the direction of Mike Villard. We used
the wax cylinders of a standard dictating machine coupled
acoustically to a Hammarlund short wave receiver located in
the Ham Shack behind the Ryan High Voltage Laboratory.
These recordings I delivered to the Hoover Library where
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INTERACTION
REGION

PLASMASPHERE

Figure 1. Typical ducted and non-ducted paths of whistler-
mode signals within the plasmasphere, together with sketches
of the waveforms of ducted WM signals before, during and after
their non-linear interaction with cyclotron-resonant electrons
in the interaction region at the dipole equator. Each traverse of
the duct is called a "hop". A two-hop whistler then is one that
has traveled to the opposite hemisphere and been reflected
back to the starting point.

they were transcribed under the direction of Inez G.
Richardson.

After graduating in June 1942, I had an opportunity to
work for the General Electric Co. in Schenectady, but an
interesting research project for the U.S. Navy attracted me
to remain on the Stanford campus as a graduate student.
The work involved using an HF Direction Finder to study
the errors in the bearings of short wave transmitters,
particularly those in Europe. One purpose was to help
military pilots recognize faulty bearings, a frequently
occurring event on high latitude routes to Europe. What we
found was that the signals of BBC stations, for example,
which would normally arrive from the Northeast, along the
great circle path from London, would during magnetic
disturbances often come from the Southeast. This anomaly
resulted from back scattering of the radio signal from the
ocean surface in the South Atlantic and became a source of
confusion to pilots flying between Europe and the U.S.

In the meantime, I had completed an M.A. (1943) and
was working towards an Engineer’s Degree (1944) when [
was classified 1-A in the Draft. I had applied for a deferment
to continue with the research which was sponsored by the
Office of Scientific Research and Development (OSRD),
but the papers were apparently misplaced by the Draft
Board. As the deadline approached, I rushed my E.E. thesis
to completion and packed my bags, prepared to bid my
family adieu. In the mean time the draft board found the
deferment papers and decided that I would be more useful to
the war effort by remaining at Stanford doing wave
propagation research.

As the war drew to a close the need for direction finder
(DF) work became less urgent but the wave propagation

studies with our newly acquired C-3 ionospheric sounder,
sponsored by the National Bureau Standards, were turning
up interesting questions. For example, I wondered what the
ionosphere would look like if the sounder frequency were
reduced below 1 MHz, the lower limit of the C-3. By this
time, I was attracted to the idea of a career in teaching and
research and decided to pursue the Ph.D. degree in E.E. My
interest in frequencies below 1 MHz coupled with the
presence of the Ryan lab with its high voltage facilities led
me to the idea of building a low frequency spark transmitter
to operate at 100 KHz using a 200 kv charged capacitor as
a power source. The antenna was to be a leftover section of
a 2 inch diameter power line cable that had been designed to
carry power from Hoover Dam on the Colorado River to
Los Angeles, California. I built a power supply consisting
of a nine-stage series-connected stack of war-surplus 20 kV
oil-filled capacitors. Each capacitor was charged through a
half-wave vacuum rectifier. Their filaments were heated in a
series resonant circuit driven at ~500 kHz. The spark
transmitter became operational in the spring of 1947.

The repetition period of the pulses was set at ~1.5 s by
mechanically rotating one sphere of a spark gap. At the
receiver, located about 3 miles away in a hut on old
Searsville Road, the scope time base was triggered by the
strong ground pulse from the transmitter. To keep the
ground pulse from overloading the receiver, a converted war
surplus standard (1.85 MHz) Loran receiver was fed from a
home made balanced dipole antenna whose orientation could
be adjusted by remote control to reduce the ground pulse
without affecting the strength of the downcoming
ionospheric echoes.

To operate such an unconventional transmitter, I needed a
license from the FCC, whose regulations stated that an
experimental transmitter such as I was proposing must
have a bandwidth less than a certain value. However,
nowhere in the regulations could I find a definition of
bandwidth for this purpose. So I made my own definition
such that the calculated sidebands of the exponentially
damped pulse fell within the required range, which, not
surprisingly turned out to be very much less than the -3 dB
point of the actual spectrum. The license was duly granted,
but in fact the spectrum was so broad that a 30 kHz wide
receiver could detect ionospheric echoes on virtually any
clear channel up to several megahertz. Some of the most
useful data came from the next higher-order mode at 356
kHz (the higher order modes were anharmonic because of
the series inductance needed to tune the antenna to 100 kHz)
A consequence of this wide spectrum was a potential for
interference to communication services. However by
keeping the pulse repetition frequency (PRF) low (< 1/s)
and performing operations late at night, there were no
serious complaints.

One unexpected problem arose during unattended
automatic operation late one night when the feed-through
insulator on the roof of the transmitting building began
flashing over (probably due to dust on the insulator’s



porcelain surfaces) producing a sound like that of a high-
powered rifle. Alarmed neighbors called the Stanford police
who arrived well armed, but fortunately no real shots were
fired. Since the Ryan Lab was involved they correctly
surmised that the E.E. Department might be able to explain
the discharges. I took corrective action, cleaning the
insulators, and the work went on.

EARLY WHISTLER EXPERIMENTS

As the presence of multiple-layer fine structure in the D
and E regions became apparent in the fixed frequency
records [Helliwell et. al., 1951], a natural question was:
what happens at frequencies even lower than 100 kHz, say
10 kHz? Because of space limitations, the very large
antenna required at 10 kHz was not feasible on the campus;
instead we took advantage of lightning impulses, called
sferics, as very low frequency VLF sources of oblique
incidence sounding. At VLF, the nighttime 1onosphere has
a reflection coefficient approaching one (on magnetically
undisturbed days) allowing a train of up to a hundred or
more multi-hop pulses (called tweeks) to be detected from a
single lightning discharge (16mm film recordings of tweek
waveforms were collected using a Tektronics *scope). Since
the time spacing between successive echoes depended on the
height of the reflecting layer and the distance of the source,
it was easy to extract both parameters from a single tweek
[P. Smith, 1953].

It was in the course of these nighttime tweek recording
sessions that Jack Mallinckrodt heard long (1-3 s) whistlers
of descending frequency mixed in with the tweeks. When I
saw Jack the day after one of these sessions, he reported
that the recording session went well with many good tweek
waveforms having been recorded. And, then he added, rather
as an afterthought, that he heard on the monitor loudspeaker
some descending tones, which we came to know as
whistlers, mixed in with the various pops, crackles, and
tweeks from lightning. Neither of us had heard of whistlers
and I wondered whether the cause might be an unstable
amplifier. Jack (who is an excellent musician) felt that the
whistlers were of natural rather than instrumental origin.
After his next observing session Jack reported more
whistlers! At this point, I suggested to Jack that perhaps
he had been working too hard and needed a vacation. He
stoutly rejected this hypothesis, convincing me that his
whistlers were real phenomena, whereupon I suggested that
I join him at the next recording session on old Searsville
Road. We started, as I recall, about 8:00 p.m., after sunset,
so as to reduce the effects of D region absorption, that
tended to smear out the waveform of the tweeks, making
the interpretation difficult.

The tweeks that night were good and we paid so much
attention to the quality of the wave forms that I had almost
forgotten the purpose of my visit. Then it happened--a clear
descending whistler came from the loudspeaker, lasting 2-3
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seconds, and I cried to Jack, “Is that what you’ve been
hearing?”, and he said, “Yes, that’s it!” After hearing a few
more whistlers, I became a confirmed believer and asked
Jack to go to the Stanford library to determine whether
anyone had reported simtilar observations. And, they had.
There were several references to whistlers [see Helliwell,
1965], of which two were particularly significant. The first,
by H. Barkhausen [Barkhausen, 1919], working for the
German Army in World War I, described how he listened in
on Allied telephone conversations at the front lines using
two widely spaced conducting ground probes connected to
an audio amplifier. Often, usually in the afternoon, he heard
descending audio tones, while he was engaged in
eavesdropping. At first he assumed his amplifier was
oscillating, but the tests he performed confirmed its
stability, leading to the conclusion that he had observed a
new natural phenomenon. In a later paper [Barkhausen,
1930] he gave an explanation of the whistler based solely
on what he remembered hearing, there being no wire or tape
recorders yet available. His explanation was the same as the
mechanism of the tweek which has a musical sound of
rapidly descending pitch ending near 1600 Hz. But without
a quantitative analysis of the wave form or a dynamic
spectrum analysis, the distinction between tweeks and
whistlers can be somewhat fuzzy, particularly when long
tweeks are mixed with short whistlers. (One observes that
the ear coupled with a fertile imagination can sometimes
bring false closure between observations and theory).

Later, T. L. Eckersley [Eckersley, 1935] using the new
equattons of the magneto-ionic theory developed the so-
called “Eckersley approximation” for the dispersion of a
lightning pulse in the Earth’s ionospheric plasma, which
provided a good fit to the f-¢ curves observed 1n England.
However, he could not find a plausible model for the path
of propagation since it was believed at that time that the
atmosphere ended just above the F layer. This was the state
of affairs when we made our serendipitous whistler
observations at Stanford. After we uncovered the literature
on whistlers, I became very excited about the possibilities
for further research since there were so many unanswered
questions. I was hoping that the answers might lead us to
new tools for research on the upper atmosphere.

About this time (circa 1950), I learned of Owen Storey’s
observations of whistlers, carried out at Cambridge
University, U.K. [Storey, 1953]. He showed experimental
evidence that “long” whistlers and their even-order echoes
originated in lightning impulses from points within a few
thousand km of Cambridge whereas short whistlers had odd-
order multi-hop delays pointing to lightning sources in the
southern hemisphere. Using the Eckersley approximation,
Storey showed by ray tracing that one could get a good fit
to the data if the whistler path was assumed to be
approximately aligned with the Earth’s static magnetic field
out to 3-4 Earth radii. At this distance his model required an
electron density of ~400/cc, a value in stark contradiction to
the then widely accepted notion of an atmosphere
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terminating at an altitude of a few thousand km. This
disagreement was highlighted at the URSI General
Assembly in 1952 at Sydney, Australia, where I heard J.A.
Ratcliffe, Storey's Ph.D. advisor at Cambridge, report
Storey’s density prediction with the implication that it
probably was wrong because it was at variance with current
ideas about the vertical extent of the atmosphere. As it
turned out Storey’s density was in good agreement with
later satellite in situ measurements and “nose” whistler
measurements. Thus it was that Storey discovered the
thermal magnetosphere well ahead of the discovery of the
radiation belts by Van Allen in 1958.

In order to check and extend Storey’s findings, it seemed
to me that we would need data from locations of much
higher latitude than either Cambridge or Stanford.
Accordingly, I proposed (~1954) to Chris Elvey, then
Director of the Geophysical Institute of Alaska (GIA) that
we carry out a joint search for whistlers at College, Alaska,
(L~6), where L is the geocentric distance in earth radii of
the top of the field line, assuming a dipole field model. We
would supply a VLF receiver and the Institute would
supply the low noise site and operating personnel. In 1955,
some swishy-sounding whistlers were recorded by Joe Pope
at College and the tapes were sent to Stanford for analysis
using our newly acquired 0-8 kHz spectrum analyzer, called
the Vibralyzer (an outgrowth of a device developed for
speech analysis by R. K. Potter [Potter, 1951] of Bell
Laboratories, later to be marketed by the Kay Electric Co.,
as the Sonograph).

As the Stanford-GIA field work on whistlers was getting
started, I studied a photocopy of Storey’s thesis which
Storey had kindly supplied to me. Using a homemade filter
bank driving a set of neon bulbs photographed on moving
photographic film, Storey was able to plot the dispersion
curve in Eckersley coordinates (f° 172 yersus time) for each
whistler. In the Eckersley approximation this plot is a
straight line whose origin is the instant of the lightning
source. Storey’s data, shown in his thesis with error bars,
fitted the straight line very well except for some higher
frequency points which usually showed a little extra delay
than the Eckersley Law predicted. Storey himself called
attention to this deviation but offered no explanation since
it had little effect on his results. Because we could see that
the Eckersley approximation, based on the assumption
f<<fu where fy=electron gyrofrequency, would fail at very
high latitudes, such as College, I recruited in 1955 a young
undergraduate physics student, T.F. Bell, to carry out a
more accurate calculation using Stanford’s IBM 650 card
programmed computer.

The College tape arrived by mail just as Bell was
finishing his calculations. I personally made spectrograms
of the tape recorded whistlers from College using the
Vibralyzer which was located in the same room of the
Electronics Research Laboratory (ERL) where Bell was
hand plotting the dispersion curves from the IBM 650

printout. The first swishy whistler spectrum I made was
quite surprising because it didn’t look anything like the
mid-latitude whistlers that were recorded at Cambridge and
Stanford. At first glance (see Fig. 2), my impression was
of a noise band whose center frequency was slowly
decreasing with time, in keeping with the sound. I was
puzzled and annoyed because the spectrogram seemed to
make no sense. At the same time Bell had arrived at his
desk with plots of frequency versus group delay (f - curves)
from the computer. His hand-plotted curves were parabolic
in shape, not monotonically decreasing in frequency with
time as in the Eckersley approximation. Furthermore, there
was a frequency (which we later called the nose frequency)
of minimum time delay where the upper and lower
(Eckersley-branch) branches of the whistler dispersion curve
were joined, in good qualitative agreement with the new
data from Alaska. As Figure 2 shows, the swishy sounding
whistler consists of multiple parabolas whose nose
frequencies fall with the nose time delay. Soon after this
startling finding, a new approximation was derived from the
magneto-ionic theory (by Bob Smith, I believe) for the
nose whistler. A discovery paper was presented at the
Gainesville, Florida, USNC/URSI meeting in December
15, 16, and 17, 1955 and published in JGR [Helliwell et
al., 1956]. Those new results provided a theoretical
framework for the following IGY program on whistlers and
VLF emissions, 1957-58.

About this time I was invited by Alan Shapley of the
NBS Boulder Laboratories to travel to the Antarctic in the
Austral summer to learn whether there might be
opportunities for whistler work there during the IGY.
Having long been a fan of Admiral Byrd's Antarctic
explorations, it didn't take me long to accept the invitation
and to assemble a portable whistler receiver. My trip via
C124 to McMurdo and DC 3 to Little America V was
exciting and instructive but inconclusive because of the
high station noise level and lack of sensitivity of my
portable receiver. But when all factors were considered it
seemed that the Antarctic should be an excellent place for
whistler research and in any case we needed to know the
level and kind of whistler-mode (WM) activity in both
polar regions. On my return from Antarctica we put
together a more sensitive system which was sent to Byrd
station, beginning a long term successful effort to discover
Polar region phenomena at VLF [Helliwell, 1965;
Helliwell and Katsufrakis, 1978].

A VLF receiver was also set up at Eights Station where
in 1963 Mike Trimpi observed the so-called Trimpi Effect,
consisting of a perturbation (either positive or negative) of
the signal strengh of a VLF transmitter (eg. NSS, NAA,
etc.) in association with a northern hemisphere whistler. At
first I tried, unsuccessfully, to explain the effect by a direct
alteration of the ionosphere near the transmitter by the
causative sferic. Later we showed that the effect was
produced by cyclotron resonant electrons scattered into the
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were presented in person by their authors at the General
Assembly of URSI held in 1963 in Japan,

Other important findings based on the nose whistler
include the detection of the cross L electric field E through
the measurement of the ExBg drift of whistler ducts
[Carpenter and Stone, 1967] which provided additional
confirmation of the duct hypothesis while at the same time
providing a new ground-based tool for studying the
circulation patterns of the magnetospheric plasma as
predicted by theory [Axford and Hines, 1961]. A further
application of whistlers was made by Chung Park [Park,
1970], who measured the filling from the ionosphere of
plasma tubes after they had been emptied during a magnetic
storm, the filling process requiring about one week. Using
the nose whistler method, Park showed for the first time
that the nighttime F region was maintained primarily by
downward diffusion from the already-filled plasmasphere.

CONTROLLED SOURCES OF
WHISTLER MODE SIGNALS

As whistlers and ducting became relatively well
understood, we asked ourselves whether VLF
communication stations (e.g. NAA on 14.7 kHz) might
excite detectable whistler mode signals. If so, they would
have the advantage of fixed location, known radiated power
(as high as a Megawatt) and known modulation pattern.
Furthermore, there was virtually no transmitter cost to the
experimenter. Since such echoes had not yet been reported
their observation could provide further confirmation of
Storey’s hypothesis. With help from the Office of Naval
Research, we arranged in 1957 for a special keying sequence
to be transmitted by station NSS at Annapolis, Md.
[Helliwell and Gehrels, 1958]. Observations were to be
made near the transmitter’s conjugate point which was
close to Cape Horn.

We were lucky to obtain the services of Ernst Gehrels, a
resourceful Stanford graduate student and one of Mike
Villard’s Ph.D. candidates who was attracted to what turned
out to be a true adventure. He was to take a VLF receiver,
tape recorder, loop antennas and, most important, a wind-
powered generator to charge a battery, since it was expected
that suitable locations would probably not have reliable
commercial power available. The observation equipment
was to travel with Gehrels to Santiago, Chile and then on
to Punta Arenas for installation at a suitable location,
Gehrels’ first challenge came as he passed through customs
in Santiago. His equipment could not be allowed in because
it did not satisfy certain unspecified requirements. Through
astute observation Gehrels discovered that by paying five
dollars his passage through customs was assured. Upon
arrival in Punta Arenas, Gehrels persuaded the Captain of a
Chilean freighter that was heading south into Antarctic
waters to take him and his equipment along and drop him

off at a remote island near the conjugate point. However,
bad weather prevented a landing and so Gehrels decided to
leave the ship at a more northerly location off Cape Horn
where he set up his station.

However we had not realized that the wind speed in that
area of the world averaged about 60 mph and his Sears
Roebuck wind generator was designed for mid U.S.A. farms
where the wind speed was less. Never daunted, Gehrels got
the station working, but before he could record any data, the
generator was literally blown away. A less resourceful
person might have “thrown in the towel” at that point, but
Gebhrels perservered, finding a reasonable site with access to
power where he made some highly successful recordings,
the first of their kind, of whistler mode echoes from NSS
on 15.5 kHz [Helliwell and Gehrels, 1958].

The measured magnetospheric delays (~0.75 s) of the
NSS pulses were consistent with whistlers observed on the
same paths whose sources were lightning discharges on the
East Coast of the U.S. These new findings gave further
support to Storey’s hypothesis while at the same time
demonstrating that VLF transmitters could be used as
sources for sounding the magnetosphere using receivers on
the ground and on satellites. Later work included several
other VLF transmitters such as NLK/NPG at 18.6 kHz, in
Jim Creek, WA; NAA at 14.7 kHz, Cutler Maine; NPM at
19.8 kHz, Oahu. Signals were received at Ushuaia,
Argentina; Green Bank, W. Virginia (a two-hop signal
from NSS); Wellington, N.Z. (one-hop from NLK);
Stanford, CA. and Seattle, WA, (both two-hop NLK)
[Helliwell, 1965]. These data revealed the effects of sunrise
and sunset in the D region of the ionosphere where the
whistler mode signals entered the duct. By measuring the L
value of the path with whistlers and the time of onset and
cessation of absorption, we could estimate the points of
penetration through the ionosphere of the ducted WM
echoes.

The combination of whistlers and WM signals from VLF
transmitters provided the evidence needed to design
experimental magnetospheric sounding transmitters for use
on the Antarctic ice sheet. The first was built in the period
1966-1971 near Byrd Station and called Long Wire
[Helliwell and Katsutrakis, 1978]. Successors at Siple
Station L=4.3 were Zeus, 1973-1977, and Jupiter 1978-
1988 [Helliwell, 1988], which replaced Zeus after it was
crushed by the accumulating ice burden (about five feet per
year). These wave injection experiments from Siple Station
revealed many new non-linear wave-particle interactions
which are discussed in the following section on Triggered
VLF Emissions.

An important manmade source of relatively weak WM
signal is the harmonic radiation from power grids (usually
at a fundamental of 50 or 60 Hz), a subject beyond the
scope of this paper [see Helliwell et. al., 1975]. Another
controlled source of whistlers is the nuclear explosion,
whose details are also beyond the scope of this chapter
[Helliwell and Carpenter, 1963].
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triggered emissions may themselves exceed the parent
signal in strength, making this phenomenon of intense
interest in magnetospheric physics.

After the discovery of whistler-mode signals from certain
VLF communication stations signals, other VLF stations
that appear on the broad band whistler tapes were found to
contain examples of WM echoes, both one-hop and two-
hop. In a 1959 study of Stanford IGY 2-min recordings
made every hour at Wellington, N.Z. of Morse code signals
from NPG on 18.6 kHz, located at Jim Creek, WA, it was
discovered quite by accident, that the WM echoes often
triggered discrete VLF emissions. Not only was this the
highest frequency yet found to exhibit triggering, but the
triggering of risers by NPG was confined almost wholly to
the Morse dashes (150 ms duration) with few, if any
emissions from the Morse dots (50 ms duration) [Helliwell,
1965]. Since the transmitted amplitudes were the same for
the dots and dashes the difference in triggering was
apparently due simply to the factor of three difference in the
length of the dashes compared with the dots. Detailed
measurements showed that the triggered riser began 70-130
ms after the start of a dash, a range that exceeded the dot
length of 50 ms which confirmed the role of pulse duration.
Called the “dot-dash” anomaly, this effect was not present
in any known plasma instability and for me was a top
priority mystery.

But there was more to come. Similar phenomena were
found in 1962 by the U.S.N.S. Eltanin while cruising in
South Atlantic waters near the magnetic conjugate point of
NAA, which was radiating about 1 Megawatt at 14.7 kHz,
well above the radiated power of NPG (~250 kW). We had
equipped the Eltanin with a complete whistler station
(designed and installed by L.H. (Bud) Rorden), with two
large crossed loops, each in the form of a square constructed
from 2 inch diameter copper pipes mounted on the foredeck
of the ship. Ampex type 350 dual channel analog audio
recorders provided about 55 dB dynamic range and an upper
cutoff frequency of 30-40 kHz. These favorable
characteristics provided good simultaneous data on whistlers
and related chorus and hiss as well as the entire VLF band
used for communications. The two crossed loops gave
some information on signal polarization and direction of
arrival of both the earth-ionosphere (e-1) waveguide signals
(usually vertically polarized) and the downcoming circularly
polarized ducted WM signals. An example of these data is
shown in Figure 3b recorded on October 1,1962 [Helliwell,
1965, Fig. 7-65], along with the ground waves from all
detected VLF transmitters from 14 kHz to 24 kHz as
measured at Green Bank, W. Virginia (GR) in the upper
panel of part (b) along with the Eltanin observations from
8 -28 kHz plotted as function of time. The slanting lines in
(b) connect the source pulses with the received pulses based
on a measured one-hop group delay of about 0.7 sec. This
set of observations confirmed the earlier NPG data on the
dot-dash anomaly but showed a much higher level of
activity, possibly due to both the greater power (4:1) and

lower frequency (14.7 kHz vs. 18.6 kHz) of NAA relative
to NPG.

The Eltanin results provided a strong base for the idea of
a controlled VLF wave-injection facility that could
experimentally determine the nature of non-linear VLF
wave-particle interactions. It would operate in the frequency
range where wave-particle interactions (WPI) were
commonly observed and would be controllable in frequency,
radiated power, modulation characteristics and polarization.
No such transmitter existed nor was there any readily
accessible location where a reasonably efficient antenna
could be erected. Solutions to these problems were later
found, resulting in the creation of Siple Station on the
Antarctic ice sheet near the average plasmapause location of
L~ 4 and where the ice thickness of ~2 km provided an
acceptable antenna efficiency of a few percent [Raghuram
et. al., 1974]. The first antenna was a 23 km long
horizontal dipole about 5 meters above the snow surface,
operating in the frequency range, 2 to 6 kHz, of greatest
interest for controlled WM experiments. The receiving
station was placed close 'to the Siple station conjugate
point in Canada (Roberval, Quebec) for the first transmitter
(called Zeus) and Lake Mistissini, Quebec for the second,
called Jupiter. Details of the Siple Station program can be
found elsewhere [Helliwell and Katsutrakis, 1978;
Helliwell, 1988].

INTERPRETATION OF TRIGGERED EMISSIONS

A fundamental problem was posed by the dot-dash
anomaly described above since only coherent input waves
(150 ms Morse dashes from keyed continuous wave [CW]
transmitters (e.g. NPG and NAA) produced risers. There
was no known instability in plasma physics that could
explain the effect. To meet this need Neil Brice, who was
working on his Ph.D. in Stanford’s Radioscience Lab.,
came up with an ingenious suggestion based on the concept
of coherent addition of the radiation from an end-fire array
of antennas. Brice [1963] argued that a coherent WM signal
(with its wave normal aligned with the Earth’s magnetic
field) would tend to phase-bunch any electrons traveling in
the opposite direction at the cyclotron parallel resonance
velocity "vy/” given by wg=w+ kv, where wg =
gyrofrequency, w=angular wave frequency, k=wave number,
These phase-bunched electrons would radiate more
coherent wave energy which would phase-bunch more
electrons, and so on.

Brice’s phase-bunching process was based on the
assumption of a homogeneous interaction region, whose
effective length was not given. Furthermore, the
mechanism for producing the change in frequency observed
on triggered risers and fallers was not included in Brices’s
model.

The publication of the Kennel and Petschek [1966] model
provided the landmark concept of the regulation of the
radiation belts through the feedback between a growing



WM wave (assumed to be hiss) and the dumping into the
loss cone of the cyclotron resonant electrons which grew
the waves. The idea was that the Doppler-shifted cyclotron
resonance interactions involved coupling between the
transverse B field of the WM wave and the electron’s
perpendicular velocity component vpe,p; wave growth
occurred through the conversion of the vy, energy of the
electron to the Ep,yp of the wave which then increased in
power according to Maxwell’s equations. As vpe,p dropped,
the pitch angle dropped causing some electrons with small
pitch angles to fall into the loss cone where they were
absorbed in the ionosphere (such absorption may produce
light, x-rays, enhanced ionization, and heat).

The difficulty with the KP theory was its inability to
describe narrow band signal growth, since KP assumed very
small wave-induced changes in the phase of an interacting
electron in order to make their analysis tractable. For their
waves, assumed to be random noise, (called hiss), this
assumption seemed reasonable, but, as Brice [1963]
showed, one could expect much larger phase changes during
electron phase-bunching by coherent waves.

With this background, I became mildly obsessed with
visualizing the physics of the wave-electron interaction.
The key insight came in the middle of the night on
Valentine’s Day (Feb. 14, 1967) with the visualization of
the two helices, one representing the motion of the
resonant elecrons and the other the locus of the circularly
polarized B field of the wave. In this picture, the electrons
were radiating a changing frequency as they moved through
the inhomogeneous interaction region (IR), defined as the
region in which the phase angle between Eperp and vperp
remained within £ /2. In the following days, weeks (and
months) I derived a differential equation for df/dt in terms of
f and the inhomogeneity variables fi fy and pitch angle
which gave the df/dt of a triggered emission at the location
of the IR. Typical asymptotic values of the emission slope
were observed to be 1-2 kHz/s.

To get the df/dr at the receiver (ground or space) it was
necessary to compute the effect of dispersion on df/dr as the
wave traveled from the source to the receiver. For
frequencies near the whistler nose, this effect could often be
neglected to first order. I applied my analysis to a "hook"
triggered by a Morse dash, getting acceptable agreement
with the data [Helliwell, 1967].

By applying the phase criterion for the IR length noted
above, I was able to show that for values of df/dr less than
about 1-2 kHz/s the length of the IR was to first order
independent of df/dt [Helliwell, 1970]. This meant that such
rising and falling ramps could be expected to have roughly
the same growth rate and saturation values as a constant
frequency signal; this prediction was supported by later
Siple experiments [Helliwell and Katsufrakis, 1978]. For
slopes exceeding 1-2 kHz the IR length was determined by
direct computation [Carlson et al., 1985].

The dot-dash mystery was solved experimentally with the
first variable pulse length transmission from Siple Station
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in 1973 [Helliwell and Katsufrakis, 1974] where it was
shown that at any given time all pulses, regardless of
length showed the same temporal growth rate (typically 40-
250 dB/s) in agreement with the "dot-dash” observations.

SATELLITE OBSERVATIONS OF
WHISTLER MODEWAVES

Our first satellite VLF experiment on Explorer VI (1959)
was a piggy back NSS receiver. It was built by Bud Rorden
at Stanford Research Institute on a very short time scale.
Complete testing with deployable antenna was not feasible,
both cost-wise and time-wise. Although the overall
mission was successful, the NSS receiver produced
detectable signals only from the ground up to the E region
and was virtually deadthereafter. No satisfactory explanation
was ever found, but it was suspected that the monopole
antenna may not have deployed properly.

Since the Vanguard III satellite recorded short whistlers
with its magnetometer, it was clear that WM signals were
readily detectable within the ionosphere, as expected
[Helliwell, 1965, Fig 4-22]. Accordingly, we teamed with
SRI to produce a whistler receiver for the range 300 Hz to
100 kHz to be flown on 060-1 in 1964. We created a new
type of loop antenna, with the aid of the Lockheed Co.,
which consisted of an inflatable torus of mylar and
aluminum (a 1-turn 3 meter diameter loop that was folded
into a small package to be deployed by compressed CO9
after orbit was achieved). It was highly successful,
producing the first evidence of echoing signals in the non-
ducted whistler mode (see Figure 4) that generally does not
reach the ground with detectable intensity. Ducted whistlers
on the other hand have wave normals that are confined to
a small angle around B and hence can more easily exit the
ionosphere whose refractive index requires that only waves
close to the vertical can escape into the earth-ionosphere
waveguide (this is the critical angle effect of geometrical
optics) [Helliwell, 1965].

The superposition of many echoing components in the
magnetospherically reflected whistler gave the impression
that it might be some kind of emission, but ever
suspicious of the possible complexities of propagation we
set to work first to understand the effects of propagation on
the received signals. Smith and Angerami [Smith and
Angerami, 1968] using an expression for refractive index
that included ions together with a 2-D ray tracing program
developed by Kimura [1966] showed that non-ducted waves
would typically be reflected near the location where the
wave frequency f and the lower hybrid resonance frequency
f1, were equal. Each reflected echo would in turn be reflected
near the LHR point in the conjugate hemisphere, creating a
superposition of multiple echoes at the satellite altitude
which we dubbed Magnetospherically Reflected (MR)
whistler. See Fig 4. Other examples of MR whistler
spectra and their path interpretation are shown elsewhere
[Edgar, 1976 ]. MR whistlers tended to have high wave






region acting as source and sink for the overlying
plasmasphere were all identified and even in some cases
explained. The whistler method being essentially an
integral technique was relatively immune to localized
fluctuations and was able to provide plasma models that
were later shown to be in good agreement with in situ
satellite measurements.

But a crowning achievement of the IGY, in my view,
was the bringing together of the waves of the thermal
plasma (eg. whistlers and VLF emissions) with the charged
particles of the radiation belts, in terms of wave particle
interactions (WPI) in the magnetosphere.

One of these, the Doppler-shifted cyclotron resonance,
plays a key role in the precipitation of electrons from the
radiation belts [Kennel and Petschek, 1966; Inan et al.,
1989] and in the generation of the whistler-mode waves
[Brice, 1963; Kennel and Petschek, 1966; Helliwell, 1967;
Carlson et al., 1990, and references therein].

A practical result of the synthesis of waves and particles
was recognition that non-linear WPI phenomena could be
investigated in a controlled fashion by VLF coherent wave
injections from a ground transmitter. Accordingly, Siple
station was established for this purpose and led to the
discovery of a host of new non-linear phenomena
[Helliwell, 1988] most of which had never before been
observed or predicted. Although Siple Station had a finite
lifetime [1973-88] due to its being crushed by the snow
cover, these 15 years of data are being archived and continue
to produce new results of importance to basic plasma
physics as well as for diagnostics of the magnetosphere
itself. At the time of closure of Siple Station, many new
questions were being raised which require more
experimentation. Accordingly, a new improved wave
injection facility is needed and should provide exciting
opportunities for extending knowledge of cosinic plasma
physics.
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The Opportunity Years:
Magnetic and Electric Field Investigations

James P. Heppner

Hughes STX Corporation, Greenbelt, Maryland

The author reviews his personal research activities and participations in
space programs in the NRL and NASA environments between 1954 and
1970. Emphasis is placed on the origins and initial stages of (1) early space
projects directed toward magnetic field investigations, and (2) the electric
field projects initiated at the Goddard Space Flight Center in the mid-1960s.

1. SETTING THE STAGE

The stage for my space physics career was set during a 20
month leave from graduate studies at the California Insti-
tute of Technology following receipt of an MS in geo-
physics. In 1950 the thought of a job in Alaska was very
appealing for a student sabbatical. On arrival at the Geo-
physical Institute of the University of Alaska I found that
most of the institute's staff had resigned as a consequence
of local political skirmishes and I was immediately given
responsibility for the auroral aspects of contracts with both
the Central Radio Propagation Laboratory of the National
Bureau of Standards and the U.S. Army Signal Corps.
Both projects were directed toward studying the effects of
aurora on radio wave propagation and I knew virtually
nothing about either aurora or the ionosphere. However, at
age 22 one is not frightened by ignorance and I readily
became fascinated with the challenges involved. What
followed was two winters of visual observing with all-sky
sketch mappings, continuous zenith photometry, and
intermittent height measurements using photographic
parallax from a short, 7 km baseline. The second winter
photometric measurements were extended to ionospheric
midpoints between E-W and N-§ trans-Alaska transmitting
and receiving stations but the descriptive visual mappings
carried out through all dark, non-overcast hours provided
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the most useful information for analyses. The immediate
results [Heppner et al., 1952] were in the form of relating
different sporadic-E densities to auroral forms, finding a
close relationship between "blackout” r-f absorption and
pulsating auroras which were found to usually occur at
heights < 110 km, and the identification and naming of the
"slant-Es" ionosonde signature. More importantly, a
unique auroral database was acquired along with lasting
mental images of auroral behaviors, both morphological
and unusual.

Returning to Caltech I envisaged a thesis topic within the
framework of the geophysics faculties traditional interests
in the solid Earth. Instead Professors B. Gutenberg, C.
Dix, G. Potapenko et al. not only approved but strongly
encouraged a continuation of my auroral research and
suggested that Oliver Wulf (Chemistry Dept.) would be an
excellent advisor. This was particularly relevant because
my objective was to make a detailed study of the magnetic
disturbance accompanying different auroral forms and their
diurnal sequence of occurrence and O. Wulf was known to
have a long-standing interest in "magnetic bays" (also
called "polar elementary storms” by C. Birkeland and now
called "substorms” which is unfortunate because their
occurrence is not dependent on "storms” characterized by
sudden commencements and enhancements of the ring
current or Dst index). Precedents for the study were non-
existent and within the range of widely divergent auroral
theories I could not find any with predictive relevance; thus
the study was not burdened with existing concepts.
Although two publications were spun-off during the study
[Heppner, 1954,1955] the principal result in the form of a
pattern of auroral behavior in magnetic local time (MLT),
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centered on coincident "auroral breakups" and negative bay
onsets, was not published, simply because I became too
engrossed in new work on leaving school. Later, the
Defence Research Board of Canada requested permission to
publish the entire 1954 thesis as a DR report [Heppner ,
1958] for which I was both flattered and grateful. The
thesis conclusion that aurora and its morphology had to be
related to electric fields set the stage for my initiating an
electric field program within NASA in the mid-60's.

In later years I revisited and updated the thesis study on
two occasions. The first was at an aurora and airglow conf-
erence in Keele, England in 1966 at which I presented
[Heppner. 1967] a motion picture showing at 2.5 minute
increments the simultaneous magnetic variations at 25
high latitude observatories for 16 consecutive days.
Amongst other features this illustrated the stability of the
MLT vs. invariant latitude (INL) two-cell disturbance
pattern over a wide range of disturbance levels. It further
illustrated my disagreement with a then popular current
system proposed by Akasofu et al. [1965] which treated
the eastward evening auroral currents as being merely a
return flow from a more poleward westward electrojet
which encircled the pole, i.e., a one-cell system.

The second revisit was prompted by an invitation to
contribute to a memorial volume of Geofysiske Publik-
asjoner honoring Professor Leiv Harang [Heppner, 1972c].
This provided an opportunity to not only acknowledge
Harang's influence on my own studies but also to make
other scientists more aware of his very basic and important
contributions which had, unfortunately, been ignored by
most investigators of high latitude current systems.. In
effect my identification of negative bay (i.e., substorm)
onsets and current reversals with a space-time discontinuity
in auroral activity could be regarded as putting structure on
a foundation previously laid by Harang [1946, 1951].
Thus it was appropriate to name this spatial feature, which
shifts irregularly in position within a range of several
hours at and preceding midnight. the "Harang
Discontinuity.” It is now gratifying to see this name
being widely used [see e.g., Fukushima, 1994]. The
Harang paper [Heppner, 1972c] also permitted an update
relating the previous studies to the electric fields that were

by then being measured by Bat cloud motions and double
probe instruments (discussed later).

2. EARLY ROCKET EXPERIMENTS

Very few laboratories were active in upper atmosphere
research in 1954. Thus I was fortunate in finding a job at
the Naval Research Laboratory following a letter to E. O.
Hulburt, NRL's Director, that asked critical questions
regarding the Bennett-Hulburt auroral theory based on
magnetic self-focusing of ion streams from the Sun.
Hulburt's gracious acceptance of criticism and Willard
Bennett's enthusiastic demonstrations of his "terrella”
experiments are engraved in my memory. As hired within

the Rocket Sounding Branch, headed by Homer Newell, my
first assignment was to assist Charles Johnson in fabri-
cating and testing Bennett r-f mass spectrometers for
measuring both positive and negative ion compositons
from Aerobee rockets. This grass roots training in rocket
instrumentation was invaluable for future endeavors and the
flights after a year of lab work were highly successful
[Johnson and Heppner, 1955, 1956].

Packard and Varian's [1954] announcement of free nuclear
induction in the Earth's magnetic field was of considerable
interest at NRL where there was a recognized need for a
magnetometer with much greater accuracy than achieved in
the pioneering rocket measurements of Singer et al. [1951].
In view of my interests in current systems I was given the
opportunity to look into possibilities for developing this
new technique into an operational magnetometer. This
began a highly effective working relationship with
scientists and engineers at Varian Associates that extended
beyond the development of the proton precession
magnetometer to the development of alkali vapor optical
pumping magnetometers several years later. For an initial
flight test of the proton magnetometer it was apparent that
the Aerobee payload capability would not be fully utilized.
This gave me the opportunity to pursue another objective,
i.e., obtaining the altitude distributions of oxygen and
sodium nightglow emissions, using modified versions of
the photometers I had previously used in Alaska for auroral
monitoring. This ambitious undertaking, flying two new
experiments in the same payload, was greatly facilitated by
the assistance of Leslie Meredith, my section supervisor
who was also a valuable coworker in this and future
endeavors. The pre-flight testing of this payload was
arduous, in part because of the vacuum tube technology
still in effect and the high levels of r-f interference
encountered with dual, high power level, telemetry systems
but also as a result of the special environments required for
realistic tests of both experiments. Fortunately, the effort
paid off. The flight in July 1956 was highly successful.
The magnetometer performed flawlessly [Hepprer et al.,
1958] and accurate altitude profiles of nightglow emissions
were obtained [Heppner and Meredith, 1958]. This
terminated my involvement in airglow research but rocket
experiments with the proton magnetometer were continued
with flights from Ft. Churchill, Canada during the IGY.
The simplicity of proton magnetometers also rapidly made
them popular for studies of ionospheric currents by other
government laboratories and universities. Larry Cahill at
the State University of Iowa and later at the University of
New Hampshire was particularly active in this arena along
with his graduate student Nelson Maynard. Later, within
my GSFC group, rocket investigations of ionospheric
currents were rejuventated by NRC research associates, T.
Neil Davis and Keith Burrows, using Rb-vapor
magnetometers to measure Sq and equatorial electrojet
currents as well as auroral electrojets [e.g., Davis et al.,
1965; Davis et al., 1967; Burrows et al., 1971]. A review



with tabulations and references through 1964 is given in
Heppner [1968].

3. VANGUARD 3

In 1955 NRL was intensely engaged in selling Project
Vanguard as the means of meeting the countries’ commit-
ment (announced in July 1955) to launch scientific Earth
satellites during the IGY. My contribution at this stage
was limited to outlining a scientific experiment whereby
magnetic field measurements above the ionosphere could be
used to determine the existence of an equatorial ring current
at much greater altitudes during magnetic storms. This
became one of two sample experiments used in NRL's
proposals which were primarily concerned with vehicle and
tracking feasibility issues. NRL received the go-ahead on
Vanguard in the fall of 1955 and by 1956 the competition
for satellite experiments was underway. Our successful
rocket flight of a proton magnetometer in July 1956, noted
above, demonstrated instrument feasibility and placed us in
an excellent position for this competition. In February
1957 the "IGY Technical Panel for the Earth Satellite
Program” made its selection of experiments to fly in the
first full-size Vanguard satellites. We received position
three in this queue, behind Lyman-alpha and cosmic ray
experiments [for a detailed history, see Green and Lomask,
1970]. Our first opportunity was Satellite Launch Vehicle-
5 (SLV-5) for which we had designed a 13-inch fiberglass
sphere with a protruding tube to hold the
polarizing/sensing coil away from the instrument,
telemetry, and command electronics contained in the
sphere. Following the early rocket flights, suitable
transistors had become available and designs were greatly
simplified. The launch looked good until the second stage
pitched wildly and separated the satellite from the vehicle
giving 400 seconds of meaningless signal.

The next and last opportunity became Vanguard 3. For
this launch, September 1959, the magnetometer was again
prime but solar X-ray, Lyman-alpha, and environmental
experiments were added with additional space using a 20-
inch sphere. The Explorer 1 radiation belt discovery had
given new meaning to the ring current search but the belt
electrons saturated and nullified the X-ray and Lyman-alpha
measurements. Magnetometer operations were carried out
almost exactly as planned over an 85 day period during
which accurate measurements were obtained by command
over the altitude range 510-3750 km within the meridian
strips covered by Minitrack stations [Heppner et al., 1960].
The Vanguard experiment also involved the installation of
magnetic obsevatories at nine Minitrack stations to provide
a disturbance reference for the satellite measurements. For
this we developed a vector proton magnetometer based on
applying homogeneous bias fields to a proton precessional
magnetometer. With the speed and excellence of NRL's
shops and John Stolarik and Ivan Shapiro's dedication these
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installations were completed by the spring of 1958
[Shapiro et al., 1960].

Inasmuch as the analysis of the Vanguard measurements,
scattered in space and time, depended critically on
referencing the measured values to a common magnetic
field model we had an obvious need for skills in using
computers for spherical harmonic analyses. Fortunately,
Joe Cain was interested and available for employment. This
initiated his subsequent career in developing models of the
Earth's main field and the Vanguard measurements became
an important element in refining main field models for the
next 10 years. The dominant handicap in analyses to reveal
ring current variations was the uncertainty involved in
evaluating the accuracy of the satellite's location as
provided by the GSFC's orbit determination group. The
technique for orbit determination involved analysis of the
Minitrack data in weekly increments. The consequence was
that plots of measured minus computed field values showed
step-like displacements at weekly intervals, suggesting a
very high precision within each week but making it
obvious that the absolute accuracy of locations was
uncertain [e.g., see Heppner et al., 1960]. With time and
many reworks of the location information, analyses finally
demonstrated that the equatorial source of Dst variations
had to be above Vanguard altitudes [Cain et al., 1962].

As a by-product Vanguard 3 also provided the first
measurements in space of whistlers and rising tone VLF
emissions. The magnetometer's coil was a very effective
antenna and the amplifier band-pass was well matched to
whistler frequencies. Approximately 1200 whistlers were
recorded during the two-second proton precession readout
periods that followed approximately 4000 responses to
ground commands. When statistically analyzed [Shapiro
et al., 1964] the occurrence and dispersion characteristics of
these fractional-hop signals agreed very well with
extrapolations from studies of whistlers from the Earth's
surface.

4. NRL TO NASA TRANSITION

In late 1958 and early 1959 most of NRL's space effort
was transferred to NASA to form the Beltsville Space
Center which was soon, May 1959, renamed the Goddard
Space Flight Center. We continued to work in NRL
facilities and our preparations for Vanguard 3, now a
NASA satellite, were unaffected. There was, however, an
air of great expectation for new opportunities and resources
[See Rosenthal, 1968 for a history of GSFC's early years].
In 1958 prior to my official transfer I was one of a small
number of NRL scientists detailed part-time to NASA to
layout a start-up space science program. Under Homer
Newell's supervision the objective was sound science but
also included impressing congressional committees. The
fields and particles programs were, as one might anticipate,
oriented toward initial projects for the new Beltsville Space






have been from its location on some mission planning
chart. Within GSFC I was designated Project Manager
and Tom Skillman served as Payload Coordinator. Many
years later I was reminded that I was GSFC's first Project
Manager for an in-house mission. The payload structure
and all supporting electronic systems were designed and
built within GSFC. Thus, line managements throughout
GSFC played key roles and the Project Manager was
obliged to work through management chains when there
were problems. Fortunately, very few administrative
problems were encountered in the positive atmosphere that
prevailed.

Early in the design phase two events altered the course of
the P-14 project. One was a meeting with Homer
Stewart, representing the NASA Administrator. In this
meeting I was told what I already knew: that the odds of
hitting the Moon with a Thor-Delta launch were very low,
that tracking facilities would not be able to verify a close
approach, etc. My counter argument was that a Moon
encounter would be a no-cost bonus to add to the magneto-
spheric crossing and interplanetary objectives; hence we
should try. The over-riding argument was that it would be
embarrassing to NASA and the country to aim for the
Moon and miss. I accepted that argument with little choice
and agreed that P-14 would be launched in an orbit that
could not be interpreted as an attempt to hit the Moon.
Later I wondered if Stewart, on assignment from Caltech,
wasn't influenced by JPL's desire to go to the Moon with
the Ranger program. Subsequently I was given the
opportunity to fly a Rb-vapor magnetometer on Rangers 1
and 2. For this effort John Stolarik had the engineering
responsibility and he did an excellent job working with the
JPL team. Unfortunately both launches, in August and
November 1961, were failures. A full account is given in
Hall [1977]. On reading this document I found that I had
given JPL numerous headaches over magnetic cleanliness:
confirmation that John had done his job well !

The second event was the addition of a modified Faraday
cup plasma probe designed for interplanetary measurements
by Bruno Rossi's group at MIT. Rossi had very
effectively lobbied through various channels to obtain a
flight opportunity and following the rejection of our lunar
objective, P-14 became an obvious candidate [See Rossi's
autobiography, Rossi, 1990]. I was initially reluctant to
accept this addition, primarily because I envisaged magnetic
contamination jeopardizing our weak field objectives but
also because we were making every effort to reduce weight
to achieve a large distance from the Earth. The logic of
joining the field and plasma measurements was, however,
overwhelming. Meetings with Herbert Bridge and Frank
Scherb, who were to carry out the plasma probe
integration, also provided assurances regarding
contamination and weight.

As a warm-up to flight test a Rb-vapor magnetometer and
the new telemetry and ground systems designed for P-14,
we scheduled a 4-stage Javelin flight from Wallops Island.
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This flight, December 12, 1960, was completely success-
ful from the standpoint of magnetometer and systems per-
formance but results were never published. The reason was
that the rocket went northward from the predicted eastward
trajectory and was lost to facility radars. Furthermore,
from piecing together the available information,
particularly from telemetry antenna tracking, it was quite
possible that the payload and 4th-stage impacted in Boston
harbor; a possibility that we did not wish to publicize.

P-14, renamed Explorer 10, was launched on March 25,
1961 following a trajectory that traversed the late evening
geomagnetic tail in the southern hemisphere to an apogee
at 46.6 Re. A variety of constraints such as solar radio
noise at receiving sites, look angles for the optical aspect
system and the plasma cup, and launch angle restrictions
led to this trajectory. The result was numerous crossings
of the geomagnetic cavity surface (i.e., the magnetopause)
attrributed to diurnal changes in the tilt of Earth's magnetic
axis relative to the solar wind as well as cavity expansions
and contractions. The first crossing was in reasonable
agreement with theoretical models for the cavity boundary
[e.g., Spreiter and Briggs, 1962] but the total sequence of
crossings suggested a slightly more conical or flared
configuration than the nearly cylindrical tail predicted by
the models. Earlier models predicting tear-drop and other
geometries were clearly ruled out. One of the principal
questions in data interpretations revolved around the extent
to which closeness to the cavity surface would alter the
properties of the interplanetary field and solar wind plasma.
As there were no previous measurements for comparisons,
both groups (MIT and GSFC) tried to look at all
alternatives in interpretations [See Bonetti et al., 1963;
Hepprer et al., 1963].

The Vanguard 3 nemesis of uncertainties in orbit
determination reappeared in the analysis of Explorer 10.
This had little affect at large distances but near the Earth
initial determinations with large residuals led to radiation
belt ring current effects of several hundred nanoteslas. Our
discomfort with this result, presented at a meeting in
Kyoto, Japan [Heppner et al., 1962}, prompted us to put
considerable pressure on the orbit determination personnel
to continue work on the problem. Consistency was finally
found using primarily minitrack data and this reduced
diamagnetic ring current effects near 3 Re to 10 to 50
nanoteslas depending on the choice of reference field.
During this period Norman Ness, who had joined our
group near launch time, became an effective partner in
arguing the orbit issue and also undertook the task of
obtaining fluxgate calibrations from the Rb-vapor
magnetometer. As reviewed in Ness [1996] this was his
introduction to space exploration.

Explorer 10 was followed by Explorers 12 (August 1961)
and 14 (October 1962) carrying fluxgate magnetometers
with Larry Cahill as Principal Investigator. These
measurements [reviewed by Cahill, 1995] outlined the
dayside magnetopause and field configurations in the near-
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tail. Explorer 18 (IMP-1, November 1963) followed with
identification of the bow shock [Ness et al., 1964] and
mappings of the geomagnetic tail and thus completed an
initial observational picture of the magnetosphere's
configuration.

6. ORBITING GEOPHYSICAL OBSERVATORIES
(OGOs)

The period following Explorer 10 and Rangers 1 and 2
was one of multiplying opportunities and a need for
dividing work loads. As a first cut I took responsibility for
OGO magnetic field experiments and Norman Ness became
the PI for magnetic field measurements on what was to
become the IMP series [See Ness 1996; McDonald, 1996].
In a later cut Joe Cain became the PI for the Polar Orbiting
Geophysical Observatory (POGO) measurements on OGOs
2, 4, and 6 and I retained the PI role for the Eccentric
Geophysical Observatory (EGO) measurements on OGOs
1, 3, and 5. Engineering was also divided into teams with

Clell Scearce and Joe Seek supporting IMPs, Harry
Farthing and Walter Folz supporting POGOs, and Tom
Skillman supporting EGOs with the backing of two new
post-doc research associates from Australia, Brian Ledley
and Malcolm Campbell. IMPs 1, 2, and 3 and OGOs 1, 3,
and 5 used combinations of fluxgate magnetometers and
Rb-vapor magnetometers with bias fields for vector
measurements. OGOs 2, 4, and 6, mapping the main field
in low Earth orbit used Rb-vapor magnetometers for scalar
measurements only; vector measurements in strong fields
were ruled out by the need for extremely accurate
orientation information as well as analog accuracy
limitations.

My personal involvement in OGOs 2, 4, and 6 and main
field mapping effectively ended after two related diversions:
the World Magnetic Survey Program [Heppner, 1963] and
the NASA-U.S.S.R. attempt to cooperate in space research
in 1962-63. Following a widely publicized exchange of
letters between Presidents Kennedy and Khruschev a U.S.
delegation ( H. Dryden, D., Hornig, and J. Townsend) was



established to implement the "Bilateral Space Agreement of
June 8, 1962 between the Academy of Sciences of the
U.S.S.R. and the National Aeronautics and Space
Administration of the U.S." Initially magnetic fields were
designated as one of three areas of cooperaton and I was
given the opportunity to serve as a technical advisor.
Enjoyable meetings were held in Geneva, Rome, and
Madrid but the outcome for magnetic fields eventually
degenerated to exchange of surface observatory data.
Satellite mapping with the exchange of measurements from
absolute magnetometers was rather suddenly ruled out. My
speculation was that Soviet authorities suddenly realized
that magnetic field measurements could reveal the accuracy
of their satellite tracking capabilities. Right or wrong, I
believe this possibility impressed our delegation and
possibly gave magnetic field mapping new status in the
space program.

OGO 1 (also called OGO A and EGO 1), launched
September, 5, 1964, was, for magnetic field studies, the
most successful failure I can recall. The 3 section, 22 foot
boom holding the magnetometers failed to deploy with the
consequences: (a) that the spacecraft became spin stable
with a 12 second period rather than being 3-axis stabilized,
(b) the Rb-vapor magnetometer was left against the
spacecraft body in high field gradients where it couldn't
work, and (c) the 3-axis fluxgate was left in its undeployed
position several feet from the spacecraft. The fortunate
aspect was that the Z-axis of the dual range (0- 30 and O -
500 nT) 3-axis fluxgate was aligned with the highly stable
spin axis such that X and Y measurements could be made
independent of spacecraft fields, and spacecraft fields in the
Z direction were very weak. Accurate measurements over
the range 4 to 24.5 Re were obtained for more than 20
months.

New findings from OGO 1 were published in a 54 page
JGR paper [Heppner et al, 1967] after extensive cutting of
figures and a much longer manuscript, as requested by the
editor. We realized at this point that we should have
submitted at least 4 separate papers. The grouping of
results did, however, lead to this paper being one of the
first space research papers to be honored as a "Citation
Classic" in Current Contents [Heppner, 1979]. Two of the
results are, to me, particularly memorable. One was the
construction of a model magnetic field profile of the cross-
sectional structure of the bow shock. This resulted in part
from the large number of crossings but primarily from
OGO 1's sampling rates which were very high at that time.
The high sampling rates also revealed shock associated
waves. Coherent waves at frequencies near 1 Hz in the
satellite reference frame were particularly prominent
superimposed on the shock and in packets sunward from
the shock. Masahisa Sugiura, who had much earlier joined
our group and became a valuable co-worker in analyses,
almost immediately identified these waves as being in the
whistler mode.

The second most memorable result was the discovery of
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events we called "tail collapse" events immediately
following negative bay onsets in the near midnight auroral
zone. Today these are called "dipolarization" events and
substorm onsets. Using my previous studies of auroral
break-ups and bay onsets, my interpretation was that the
events had to originate on the lowest latitude auroral shells
and propagate outward in L-coordinates. Taking this one
step further I speculated that the cause was probably short-
circuiting in the auroral ionosphere with a readjustment of
the electric field and electrostatic particle acceleraton along
magnetic field lines. When first presented at an
international ESRO magnetospheric colloquim in
Stockholm in November 1965 [Heppner, 1967] Jim
Dungey and Ian Axford enthusiastically greeted the "tail
collapse" observations as support for their concept that
sudden bay onsets were a consequence of reconnection with
rapid merging of field lines in the geomagnetic tail.
Arguments contrary to this interpretation were later
presented in Heppner et al., [1967] but for years to follow
Axford tried to convince me that the initial appearance on
the lowest latitude auroral shells was simply analogous to
a break in a dam when the water pressure behind the dam
passed some threshold.

Following OGO 1 my participations in satellite magnetic
field experiments became intermittent primarily because I
had by then become highly committed to our long antenna,
double probe and chemical release, barium cloud
programs for measuring electric fields. M. Sugiura, B. G.
Ledley, and T. L. Skillman capably continued with both
magnetometers functioning properly on OGO's 3 and 5
[e.g., Sugiura et al., 1971].

7. INITIAL ELECTRIC FIELD MEASUREMENTS
7.1. Double Probe Measurements

Stemming from my thesis studies I was sometimes
bothered by the thought that our magnetic field measure-
ments were merely showing the effects of electric currents
and not the cause. To study cause one should be measuring
electric fields. The opportunity to do something about this
first appeared in the form of Tom Aggson. When Tom
joined our group in 1964 he made me aware that he wanted
to do something new. My response was a challenge to find
a technique for measuring weak electric fields in and above
the ionosphere as opposed to the field mill techniques that
had previously been attempted. A month or so later Tom
came into my office with a pail of water with a cork and
four protruding wires in an XY configuration floating on
the surface. In answer to my question, what's this, he
replied, these are double probes and you measure the
floating potentials. I'm sure Tom enjoyed my initial
confusion in trying to find some meaning in the word
"floating" as applied to the water, but once the irrelevance
was clarified he showed me what he had done on paper. He
had clearly demonstrated that a high impedence voltmeter
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measuring the potential difference between two long
cylindrical booms placed end to end would measure the
difference in plasma potential between the two mid-points
of the booms (i.e., V] - V2 = Eed where E is the electric
field in the plasma and d is the distance between mid-
points). In addition, he had analyzed a variety of effects
that could cause errors with the general conclusion that
they would not be restrictive for most objectives, unless
some unspecified condition caused large (e.g., 10 volt)
potential differences between the spacecraft body and the
booms.

The next step was to look for immediate flight
opportunities that would not require hardware developments
or a drawn out period of obtaining flight approvals from
experiment selection committees. A piggyback experiment
on the Advanced Technology Satellite, ATS-1, with long
gravity gradient booms thus became our first objective and
a proposal was rapidly put together in July 1964 and
updated with additional detail in February 1965 [Aggson
and Heppner, 1964, 1965]. Knowledge of these proposals
spread rapidly and we received numerous inquiries for
information, particularly from potential future competitors.
Rather than take the time to prepare a journal paper on the
technique, we simply supplied copies of our proposals. In
fact, with Tom's reluctance to write, the technique did not
reach the open literature until 1969 [Aggson, 1969] in the
proceedings of a NATO Advanced Study Institute in 1968
and this did not include the details presented in proposals.
However, by then we could show results from 1966 rocket
flights [Aggson, 1969] and OV1-10 [Heppner, 1969]
launched in December 1966. The proposal era extended to
proposals for ATS D and E in September 1965; POGO
satellites (OGOs 4 and 6) in October 1965; EGO-3 (OGO
5) in December 1965; and IMP spacecraft H, I, and J in
October 1966.

During this period Nelson Maynard became a valuable
addition to our team and took responsibilities for the
piggyback flight we received from the Air Force on OV1-
10. OV1-10 unfortunately suffered a short-circuit to one
boom which negated dc measurements but the ac channels
from the other boom supplied a wealth of data on the
global distribution of electric field irregularity structures
and their high latitude occurrence boundaries [Heppner,
1969; Maynard and Heppner, 1970]. Our ATS flight was a
total loss as a consequence of an upper stage vehicle
failure. However, these early flights, conducted at very
little cost, demonstrated the simplicity of the cylindrical
double probe approach. If Tom had initially taken the
alternative of using spherical probes, satellite flights would
have had to wait for the development of long booms with
internal wiring. Asymmetric shadowing of spherical
sensors by the holding booms would also have presented
problems in gravity gradient configurations with the
measurement axis not normal to the sunline.

The limitations of the double probe technique first
appeared with OGO 5. Beyond the plasmapause where

plasma densities dropped below 100/cm3 it was predicted
that the photoelectron flux from the probes and spacecraft
would, with exceptions for select conditions, be greater
than the ambient plasma flux and that under these
conditions the probes and spacecraft would be positively
charged. Analyses did not, however, predict the complex
interactions between the sheath surrounding the spacecraft
and the electric field probes as observed by OGO 5.
Initially it was thought that the use of electric field
baselines (i.e., mid-point separations, d) much greater than
the 20 meters used on OGO 5 would solve this problem.
This turned out to be only partially correct. IMPs 6 and 8
later showed that the influence extended to dimensions of
the order of 100 meters. Adequate explanations were not
found but it appeared likely that the large sheath
dimensions came from the high energy tail of the
photoelectron distribution. Interpretations of
measurements were further complicated by the fact that the
interactions between the sheath plasma and the probes
were sensitive to density and temperature changes in the
ambient plasma and these variations could be incorrectly
interpreted as being electric field variations. The
complexity of the sheath overlap problem became even
more evident when it was observed that the sheath did not
collapse when the spacecraft potential was small or zero,
thus indicating that control of the potential would not
solve the problem. Despite these problems some
measurements, at select locations and times, were believed
to be valid. These were associated with solar wind and bow
shock fields, fields near the magnetopause, and transient
fields on nightside auroral L-shells [e.g., Aggson and
Heppner, 1977; Maynard et al., 1982].

In contrast to the sheath problems encountered in the
outer magnetosphere, the OGO 6 near Earth polar orbiting
measurements in 1969 were completely reliable and highly
accurate. They provided a wealth of data and firmly
established the fundamental two cell configuration of high
latitude convection. Analysis of this data continued for a
number of years with an eventual development of model
convection patterns [Heppner, 1977]. The need for plural
models rather than a single model came from the much
earlier finding [Heppner, 1972b] that the distribution of
polar cap electric fields was dependent on the Y component
of the interplanetary magnetic field, By. Dawn-dusk
asymmetries in the distributions reversed with reversals in
the sign of By and were of the opposite sense in the
northern and southern hemisphere polar caps (i.e.,
distributions skewed to the dawn meridian in the northern
hemisphere were accompanied by distributions skewed to
the dusk meridian in the southern hemisphere, and vice
versa). This behavior has ever since been a key element in
developing reconnection models of the solar wind -
magnetosphere interaction.

Preceding the model studies, above, the OGO 6 data was
used to look for large scale electric field changes that might
explain the onset of substorms [Heppner, 1972a]. The



findings in this case were negative in that no unusual
distributions or intensity changes were found preceding the
time of a substorm onset. Effects, such as turbulence near
the late evening polar cap boundary were evident after, not
before, the onsets. Thus the substorm onset problem
remained elusive, as it is today.

7.2 Measurements Using Ba* Clouds

Parallel in time with the development of the double probe
technique at GSFC, the Max-Planck Institute (MPI) under
Professor R. Lust was developing a chemical release
technique for creating barium ions that could be optically
tracked to determine the vector velocity, v, and thus the
electric field, E, from the relationship E =- vx B where
B is the magnetic field [Foppl et al., 1965, 1968;
Haerendel et. al, 1967]. 1 was greatly impressed for
several reasons: one, simultaneous ion cloud and double
probe measurements could be used to prove the double
probe technique; second, double probe and ion cloud
measurements would be complementary rather than
competitive for most scientific objectives; and third, it was
apparent that the ion cloud approach could be uniquely
powerful in mapping the time-space electric field
characteristics over an extensive region through use of
multiple releases. The latter reason was particularly
compelling for detailed studies of field configurations in
regions such as the Harang discontinuity and polar cap
boundaries and I was convinced that we had to exploit this
tool as part of an electric fields program. Accordingly 1
began looking into sources for fabricating chemical
canisters that would essentially be copies of the MPI
chemical technology. Simultaneously, I discussed this
with Gene Wescott, who had applied for an NRC research
associateship at GSFC, and he was immediately interested
in taking a lead role in this new program. In less than 2
months following Wescott's arrival in September 1966 we
issued a competitive procurement action for fabricating
chemical release payloads. In January 1967 a contract was
granted to the Astro-Met Division of the Thiokol Chemical
Corporation and in March 1967 we conducted our first
flight test from Wallops Island with three successful
releases. Support from the Astro-Met group was
particularly advantageous because this same group was
under contract with GSFC's sounding rocket division for
rocket field services. Thus there was a considerable cost
savings in remote site operations through use of a common
crew. Thiokol also developed assembly line efficiencies in
producing canisters and payloads. With Thiokol producing
the payloads our efforts at GSFC were directed to the two
other aspects of a chemical release program: (1) assembling
systems for synchronized imaging from multiple observing
sites, and (2) developing computerized tools for tracking
and triangulating the released clouds relative to star
backgrounds. Mary Miller was initially given
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responsibilities for item (2) and with time, and Wescott's
return to the University of Alaska in 1970, she looked after
observing logistics as well as the analysis of cloud
motions.

Eleven Ba™ clouds were released in our first auroral belt
measurements from Andennes, Norway in 1967 [Wescott et
al., 1969]. Positive bay, negative bay, and Harang
discontinuity conditions were all encountered. In all cases
the ion cloud motions revealed electric fields perpendicular
to the ionospheric current, clearly demonstrating for the
first time that auroral electrojets were Hall currents. Along
with this expected result, the clouds also indicated
agreement with the double probe finding [Aggson, 1969]
that within narrow auroral arcs the electric field drops to
low values.

Our next objective was to obtain measurements within
the polar cap. For this we obtained approvals from the
U.S. Air Force, Canadian Air Force, and the National
Research Council of Canada to use the Pin-Main DEWline
(Distant Early Warning) radar site on the Cape Perry Arctic
coast as a launch site and other radar stations in the Pin
sector for camera sites. This was the beginning for our
future use of DEWline sites for numerous launches that
were very efficiently conducted in winter months by
freezing launchers into several feet of ice.

The three Pin-Main launches with 12 releases in March
1969 were probably the most scientifically significant set
of launches in our program. The simultaneous directions
of the electric field, from the anti-solar cloud motions, and
the magnetic disturbances, from our temporary
observatories at the camera sites, could not be attributed to
ionospheric Hall currents or other elements of the
ionospheric conductivity tensor. This clearly demonstrated
that the traditional global current patterns, showing a
closure of auroral belt currents across the polar cap, were
incorrect. From this one could conclude that the auroral
electrojets had to complete their circuits via field aligned
currents into the magnetosphere, and further, that the field
aligned currents were responsible for the polar cap magnetic
variations [see Heppner et al., 1971 for discussion and
additional references].

From the early releases, above, we also found that we
were obtaining unique information on thermospheric winds
at altitudes 200 - 320 km by tracking the neutral strontium
clouds accompanying each barium release. To expand this
information we added TMA/TEA, and later lithium, trail
releases in our payloads to cover the 90 to 200 km range.
This by-product information on high latitude wind profiles
from 90 to 320 km at numerous high latitudes and local
times was eventually summarized in Heppner and Miller
[1982].

8. APOLOGIES AND COMMENTS

While writing the above account of my personal
involvement in space research prior to 1970, 1T was
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The Magnetosphere is Brought to Life

Colin O. Hines

15 Henry Street, Toronto M5T IW9 Canada

An account is given of scientific and institutional changes encountered by the
author and by some of his colleagues during the birth of the magnetosphere as an
object of scientific investigation. The role of the 1961 Axford-Hines paper on
convection of the high-latitude geomagnetic field lines and associated phenom-

ena is highlighted.
1. THE PRE-NATAL STATE

The magnetosphere, as yet unnamed, entered the world
of scientific investigation in the early 1950s in response to
the whistler studies of Owen Storey, published in 1953 but
given currency a year or two before that.

Prior to his work, the ionosphere was effectively termi-
nated as an object of scientific concern at or immediately
above the level of maximum ionization of the F layer, there
having been no means of examining it at greater heights.
True, a ring current had been hypothesized by Sydney
Chapman and V. C. A. Ferraro to form at several earth radii
within the geomagnetic field at times of magnetic storm,
but it was viewed as a transient and isolated phenomenon.
True too, scintillations of radio stars had been attributed to
fluctuations of electron density, but whether in Earth's near
vicinity or in interplanetary space was uncertain. And, in
what came closest to heralding things to come, David C.
Martyn had suggested an explanation of the ionospheric
equatorial (or geomagnetic) anomaly on the basis of an
electrodynamically driven uplifting of equatorial ionization
above the F peak and its subsequent diffusion downward
along magnetic field lines to off-equatorial latitudes; but
the process, if operative, could not be examined in situ.

Nor could theorists contribute much to invigorate studies
above the F peak, for they had little information on tem-
perature or chemical transition (specifically, to a hydrogen-
dominated regime) on which to base upward extrapolations
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beyond the observed domain. The theory of thermal es-
cape of molecules from Earth’s gravitational field, and so
of the exosphere, was already begun; but it concerned only
the neutral gas, or so it seemed at the time, and had nothing
to do with the magnetosphere proper.

2. THE BIRTH

Into this virtual vacuum were thrust the findings of Sto-
rey [1953]. His detailed studies of whistler characteristics,
most notably their form of dispersion, permitted no rational
explanation other than propagation nearly along geomag-
netic field lines, arching up to heights of a few earth radii
from hemisphere to hemisphere, through a medium surpris-
ingly rich in electron concentration. Hydrogen ions were
postulated as partners to the electrons, first as invaders
from the sun [Storey, 1953] and then as a direct extension
of the normal ionosphere [Dungey, 1954]. Suddenly the
region was populated by interesting plasma and interesting
processes, and was itself susceptible to scientific investiga-
tion. The essential features of the magnetosphere—
ionization and the geomagnetic field, extending together
upward from the F peak—were now in place. The magne-
tosphere had arrived.

3. MY OWN EARLY INVOLVEMENT

My own research career had begun slightly earlier, in
1948, at the Radio Propagation Laboratory (RPL) of Can-
ada's Defence Research Board (DRB) in Ottawa, Canada.
RPL was an accidental step-child of war-time operations in
the field of radio propagation, a home in which to locate
some of the senior scientists of the war years. It was headed
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at the time by Frank T. Davies, a good-hearted but occa-
sionally curmudgeonly Welshman, with James C. (Jim)
Scott as second in command.

My appointment to RPL was as a summer student, fol-
lowing my third year of university. DRB and RPL, them-
selves only recently created and so still mere novices in the
business, had yet to find an effective way of handling
summer students. My own assignment turned out to be the
microfilming, for an incipient RPL library, of a large num-
ber of journal papers deemed to be relevant to ionospheric
studies: the very latest technology (of its day) for informa-
tion storage and retrieval.

I maintained my spirits intact through the summer, but
only by taking the opportunity of my frequent visits to the
library of the National Research Council of Canada (NRC)
to do some reading in matters closer to my own heart,
mainly in fundamental physics. Aside from that, the job
itself was a pitiful introduction to what I had been informed
was scientific research.

When, toward the end of August, 1 was told that I must
submit a formal letter to terminate my employment, | had
no hesitation in writing, “It is with great pleasure that I
tender my resignation, effective ...” The secretary to whom
I handed it, Rita Richard (later Langille), refused to accept
it in that form; and, since she was such a sweet person, |
rewrote it according to her prescription.

The fortunate outcome of this byplay was that Ms Rich-
ard drew my plight to the attention of Jim Scott, who had
just returned from a summer in Switzerland serving on a
frequency-allocation committee or suchlike, and he was
suitably appalled. A theorist himself, he immediately as-
signed me to a problem he had been meaning to look into:
the magnetic susceptibility of an ionized gas. Within a
week I was able to report to him an answer, noting that an
ionized gas turned out to be diamagnetic. This may have
been well known in some quarters already at that time, but
to him (as to me) it was a surprise and an interesting one.

He then assigned me to another problem, the designing
of a nomogram for the convenient calculation of radio-
wave dispersion in a dissipative ionized medium. (These
were the days before computers—before even desk calcula-
tors, other than mechanical, often hand-driven. In my pre-
vious summer’s employment I had even been given a
“cylindrical slide rule” of five-figure accuracy as my calcu-
lating device.) Despite the fact that a Ph.D. had worked all
summer on this project and had failed to achieve the
wanted nomogram, 1 managed to design an acceptable
product before my time was up. Thus began a long and
happy relationship with Scott, whom I have ever since
considered to be my scientific mentor (though he did once
tell me that I would never be a great scientist, because my
interests were too diverse).

The following summer produced quite a different story,
as did the year following my master’s degree. Scott treated
me from the outset as a productive researcher and guided
me into what became fruitful problems concerning propa-
gation in an ionized medium. In the last of these, he di-
rected me to Hannes Alfven’s recently published volume,
Cosmical Electrodynamics, and suggested that I would do
well to come to an understanding of hydromagnetic theory.
This I did, but primarily in the sense of understanding hy-
dromagnetic waves as an extension of ionospheric mag-
neto-ionic theory, a route not taken by Alfven (who, in-
deed, assumed always an isotropic conductivity). This
study became a catalyst for much of my later work.

It was with this background that I arrived in Cambridge,
England, for doctoral studies during 1951-53. 1 must have
overlapped with Storey, but in fact I do not recall meeting
him or learning of his work at that time, despite the fact
that he was a student in J. A. (Jack) Ratcliffe’s group, with
which I formed a loose affiliation. My own studies, after a
brief fling with Ritz’s theory of relativity, centered on mo-
tions in the tonosphere. These turned out not to be expli-
cable as hydromagnetic waves, suggested for my consid-
eration by Ratcliffe, but rather as atmospheric gravity
waves, which 1 have studied on-and-off through most of
my research years since then. (In Hines [1989], I have out-
lined my entry to and early involvement in this field, and
the consequences.)

After a year at University College, London, for post-
doctoral theater-going, 1 returned to RPL in the summer of
1954, to find that it had been relocated to Shirley Bay, west
of Ottawa, had been renamed the Radio Physics Labora-
tory, had been extended by what was soon to become the
Communications Laboratory (CL), and had been united
administratively with the Electronics Laboratory (EL), lo-
cated east of Ottawa, into the Defence Research Telecom-
munications Establishment (DRTE) with Davies now Chief
Superintendent and Scott now Deputy Chief Superinten-
dent. I was allowed to finish my gravity-wave studies as
they then existed, but was soon reoriented into meteor
studies under Peter A. Forsyth. [See Hines, 1989.]

A year or two later, Storey joined the RPL staff, though I
have no idea how he came to be recruited or why he would
have accepted. He began establishing an observational
program of whistler studies, but only on a modest scale, for
he was not given support at the level appropriate to his ac-
complishments and prospects. He suggested to me that |
might look into the propagation of whistlers when account
was taken of ions as well as electrons. This work led to the
recognition that the geomagnetic guidance of whistlers
broke down at the hybrid frequency given by the geometric
mean of electron and ion gyrofrequencies. [Hines, 1957a.]

At about this time, E. N. (Gene) Parker, who had re-



cently introduced the solar wind, took issue with the long-
standing concept of the terrestrial ring current. His objec-
tion was based on the existence of the high plasma concen-
trations that had been revealed by whistlers. He argued
that any magnetic effects the hypothesized ring current
might produce at ground level would arrive only after dif-
fusion through this plasma, which diffusion would take too
long to produce the observed behavior. [ took exception to
his view, arguing instead that the magnetic effects would
propagate as hydromagnetic waves, with delay times of a
few seconds at most [Hines, 19575b].

Further discussion with Storey led to our jointly publish-
ing a somewhat revised version of this view [Hines and
Storey, 1958]. It took into account the possible effects of
multiple reflections along field lines, and it produced an
irregular rise of the observable disturbance in times of the
order of a few minutes, as observed. The heart of the issue
was resolved in due course [Hines and Parker, 1960], once
Parker accepted that the ring current would be formed
within the geomagnetic domain rather than outside it as he
had previously been thinking. Indeed, he and A. . (Alex)
Dessler went on to develop a theory of the ring current—
one that, incidentally, stressed its diamagnetic nature. (An
otherwise similar model had already been suggested by S.
Fred Singer, who called upon Alfven’s “guiding-center”
drifting of low-energy ionization within the geomagnetic
domain.)

My involvement with Storey, extending to that with
Parker, had thrust me into magnetospheric studies, just then
gaining impetus from the detection of energetic trapped
particles by James A. Van Allen and his colleagues. This
thrust was given further impetus by certain institutional
changes that proceeded simultaneously.

4. INSTITUTIONAL REORGANIZATION

Early in 1958, Davies was ordered into DRB Headquar-
ters (DRB/HQ) in order to “serve time,” as he thought of it,
alongside militarily oriented bureaucrats rather than in the
research ambiance that he so much enjoyed at DRTE, until
then his personal fiefdom. Scott was named to succeed
him. Forsyth, only recently named as Superintendent of
RPL, was on the point of departure for the academic world,
and Scott named me to succeed him. This was an act of
courage (or frivolity) on his part, for I was suspect to many
both because of my relative youth and because of my theo-
retical predilections. However, had T not been given the
appointment, [ would have looked elsewhere for a more
appropriate home: the constraints of research conducted in
a defense organization had proven to be unpalatable to me,
at least unless I was the one implementing or, better, cir-

HINES 109

cumventing them. [ thought I saw an opportunity of
building a research group of such strength that DRB would
simply have to put up with it (or give it away to NRC, its
more natural home at the time). [ was quite prepared to
dedicate a decade of my life to the project.

Putting first things first, upon my appointment being
announced I offered to Storey whatever support he wanted
that [ might now be able to provide. Unfortunately, he had
already made plans to go elsewhere—the U.S. National
Bureau of Standards (NBS), as it was then, in Boulder,
Colorado—and could not be dissuaded. For me, it was a
poor start.

[ fared better when [ sought out Jules A. Fejer, then
working in South Africa, who | supposed might be looking
for an escape route from that then benighted country. This
proved to be the case, and 1 was able to wheedle out of my
superiors a salary for him that, though inappropriately low
for his talents, was adequate to his needs. (The in-house
battle over the offer to be made him derived in part, no
doubt, from the suspicion in which I was held. The pow-
ers-that-were ultimately agreed to a salary somewhat less
than my own, where [ had been demanding one considera-
bly greater than the pittance [ was then being paid. The
smirks with which my request had been met were turned to
blushes when, too late to have an immediate effect, a letter
arrived from Ratcliffe in support of Fejer’s pending ap-
pointment. After extolling Fejer, Ratcliffe stated that the
only concern he had was that Fejer would find himself in
something of a scientific wasteland, with no one to talk to
of a calibre suitable to his talents. [ do believe that my own
stock rose a little in consequence, at least as a manager if
not as a scientist, and in due course both Fejer and 1 re-
ceived appropriate increments.)

Aside from questions of personnel, there was the ques-
tion of program. RPL had hitherto been operated as a col-
lection of groups that had grown with their own individual
interests, but usually under the protective coloration given
them by Canada’s position relative to the auroral zone,
which made for radio-communications problems in the
military. It had been argued that any basic research related
to the ionosphere—particularly the disturbed ionosphere—
must be suitable for DRB’s purposes. 1 resolved to take
this position a step further and actually make the disturbed
ionosphere the focus of our research activities, no longer
just in name but now also in fact.

A group headed by T. R. (Ted) Hartz, including George
C. Reid as consultant, formed the observational nucleus,
one centered on VHF radio-star observations that revealed
such things as polar-cap absorption. A second, headed by
J. S. (Jack) Belrose, and including R. E. (Ron) Barrington,
who took over such whistler studies as were left after Sto-
rey’s departure, dealt with observations at lower frequen-
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cies. (It was to this group that Fejer most closely attached
himself, on arrival.) A third group, headed by Walter J.
Heikkila, was concerned with scattering of radio waves in
the troposphere; but he came to be persuaded that a better
future lay in the development of rocket techniques for
auroral observations to be made at Churchill, Manitoba, a
DRB base and the site of many rocket launches during the
International Geophysical Year, then in progress.

But the ultimate heart of the program, as I saw it, was to
be what [ called the Synoptic Studies Group. Its mission
would be to view with dispassion all these local studies,
meld them with complementary studies conducted on site
in CL and others reported in the journal literature, and so
produce a comprehensive integration of the diverse and
loosely correlated types of information that were building
in our area of concern. The initial scientists in this group
were Doris Jelly and Clare Collins, but they were soon
joined by Irvine Paghis, an administratively senior scien-
tist, formerly of EL by way of DRB/HQ, who wanted an
opportunity to return to research of whatever nature RPL
might offer him. I accepted him as head of the group, and
he quickly turned to geomagnetic fluctuations as his per-
sonal field within its broader context. Within a year, the
group was extended again when Louise Herzberg, wife of
the Nobel laureate but a well-established scientist in her
own right, sought out a position at RPL (leaving behind
one at the Dominion Observatory), conceiving RPL to be
“the place to be” for the most exciting research activity of
the day.

As part of RPL's role, an extension course was given at
Carleton University, in suburban Ottawa, by our staff
members (augmented by Bert C. Blevis and Ray Montal-
betti from CL). It later provided the basis for a text on the
upper atmosphere [Hines et al., 1965], of which there were
virtually none at the time.

Not long after Heikkila was reoriented to rocket studies,
Scott called me into his office and asked whether 1 would
like RPL to advance to satellite-borne studies. There was a
proposal (initiated, 1 believe, by Scott’s deputy, John H.
Chapman, and Eldon S. Warren of CL) for a “topside
sounder,” a miniaturized ionosonde that would be little
bigger than a baseball and would be fitted into someone
else’s satellite. [t was supposedly a trivial thing to build
but one having great scientific potential. [ replied that I
would be interested, but all in good time: Heikkila should
first get a sound grounding with rockets (as he was then
doing), if only because the project would undoubtedly
grow Into something much more complex, especially with
the requirement to marry it to someone else’s payload.
Thus | turned down the opportunity to develop what be-
came the first Alouette satellite—and a good thing, too,
since it ultimately grew to consume much of the resources

of DRTE, even after those resources had been expanded by
DRB out of political necessity. (Had 1 been its godfather,
no doubt the skeptics would have railed at my naivete and
cancelled the whole project at its first demand for an order-
of-magnitude leap in finances and personnel.) | was, never-
theless, trotted off by Scott, in company with Warren, to
add “scientific respectability” when he made his first pitch
to NASA, I believe early in 1958. The story of Alouette
and its successor spacecraft has been surveyed, minus the
foregoing details, by Hartz and Paghis [1982].

5. MY SCIENTIFIC REORGANIZATION

My scientific career underwent a major bifurcation at
about the same time, following upon a totally unexpected
phone call from Millett G. Morgan of Dartmouth College.
He had undertaken to edit a special issue of the Proceed-
ings of the Institute of Radio Engineers commemorating
the International Geophysical Year, whose ending was then
in sight. Among the papers he had commissioned was a
review of motions in the ionosphere, with Martyn (the
natural choice) as author, but Martyn had at a late date re-
neged. Morgan had been in a quandary for a suitable re-
placement, had consulted Scott (a long-time friend), and
was now acting on Scott’s advice that I should be invited.
It was with some dismay that | accepted, for the schedule
was tight by then and I still had my new job as Superinten-
dent of RPL to get under control. My acceptance changed
my scientific life.

I have described elsewhere [Hines, 1989] how prepara-
tion of the review led me back into studies of atmospheric
gravity waves, now in a much broader context than [ had
previously considered. Those studies have constituted the
principal focus of my subsequent scientific life. But a sec-
ond area opened as well, leading in time to my paper with
lan Axford [Axford and Hines, 1961] on magnetospheric
convection induced by interaction with the solar wind.

It began simply enough. The most basic motion of the
ionosphere, requiring at least a passing comment in my
review, was rotation. Oddly enough, I could find virtually
nothing that had commented on this topic: it seemed to be
taken simply as “a given.” My search turned up only a
remark by J. W. (Jim) Dungey in a rather obscure report
[Dungey, 1954], to the effect that the entire ionospheric
milieu would corotate with the earth, under the hydromag-
netic constraint that all ionization on a geomagnetic field
line must move together. (Or, as he was soon to say
[Dungey, 19581, “If a rotating star (or planet) had no mag-
netic field, the surrounding gas would tend to rotate with
the star, but the rate of rotation would be controlled by the
viscosity and [the angular velocity] would decrease



gradually with the distance from the star. When there is a
magnetic field, on the other hand, the rate of rotation is
controlled by the law of isorotation.”) In saying so he was
responding in part to the new reality imposed by Storey's
discovery.

So far so good. But ] was well aware that the hydromag-
netic constraint could not impose itself through the under-
lying nonionized atmosphere—a fact subsequently im-
pressed forcefully on the scientific community by Tom
Gold as a preamble to his discussion of magnetospheric
convection [Gold, 1959], but not yet in common currency.
My own understanding derived from earlier work by Mar-
tyn. He had described the tidal generation of electric fields
in the “dynamo” region of the ionosphere, their communi-
cation upward along equipotential geomagnetic field lines,
and the driving of the F-region “motor” in response to
those fields. This was nothing but a classical electrody-
namic description of what was soon to be described with
the convenience of hydromagnetic terminology: the overly-
ing ionization was constrained to convect as if frozen to
convecting field lines. And the field lines were free to
convect (if one chose to think of them as being in motion—
not at all a necessity) since they lost their individual identi-
ties (as defined by the ionization “frozen” on them) below
the ionosphere. By the same token, the ionization was free
to corotate with Earth, or not, depending on other forces
acting on it: it was not in fact forced into corotation by hy-
dromagnetic means.

It seemed clear that ionization on low-latitude field lines
would corotate, since atmospheric viscosity would combine
with ion-neutral collisions to tend to set both ends of these
field lines into corotation, and there was no countervailing
force. But the high-latitude field lines were a different
matter: if they extended out into the interplanetary medium,
their corotation would imply a corotation of that medium,
indefinitely into space. Conversely, if that medium was
reluctant to corotate with Earth, it would impose along the
field lines an inhibition of corotation that would extend
right down to the dynamo layer. The net effect would be
some compromise between the forces imposed from with-
out and the viscous forces imposed from within—a com-
promise whose consequences could not be forecast without
further analysis. In my review paper [Hines, 1959], I sim-
ply pointed out the problem, but I developed it formally in
a subsequent paper [Hines, 19604].

The later history of this idea is sketched in Postscript 40
of Hines [1974]. Though the idea itself faded from sight,
and may be of no observational significance, I believe that
it must lie buried somewhere inside the numerical compu-
tations that now dominate the theoretical study of magneto-
spheric convection, its message overwhelmed by the more
complicated patterns of motion that have come to be of
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greater concern. For me, however, its important conse-
quence was that it thrust me into thinking of motions above
the dynamo layer in terms of the “frozen fields” of hydro-
magnetics.

Hydromagnetic thinking was soon being thrust on the
ionospheric community at large by Tom Gold, who took
the long-delayed but highly appropriate further step of put-
ting a name—the magnetosphere—to the extended upper
region of geomagnetic control [Gold, 1959].

Gold, coming from an astrophysical background in
which magnetic field lines could be identified once-for-all
by the ionization “frozen” to them (save for “merging”
processes), took pains to point out the breakdown of that
concept imposed in Earth's case by its nonconducting at-
mosphere. Having freed his magnetosphere from freezing
to the earth, he went on to suggest a certain class of diurnal
variations that might be engendered by a form of thermal
convection of the inner magnetosphere, with possible con-
sequences to geomagnetic variations and trapped radiation.
At the same time, he noted the possibility of similar mo-
tions at higher latitudes having consequences for aurorae.

Gold was fully aware of the availability of an equivalent
classical description of such motions, but he seems to have
been unaware that it had already produced, in the concept
of an F-region “motor” driven by electric fields from the E-
region “dynamo,” frozen-field motions precisely of the
type he was invoking. Indeed, he took no cognizance of
the partially conducting dynamo region, where induced
currents would have acted to inhibit the thermal convection
he was postulating. Further, he paid no heed to the fact
that some of the observations he was seeking to explain
were already reasonably well described by dynamo theory.
In consequence Martyn, who was preeminent in such stud-
ies, felt called upon to invite comment on the earlier work
when Gold presented his views orally at the International
Symposium on Fluid Mechanics in the lonosphere
[Transactions, 1959, p. 2083]. Gold responded with a neat
segue, redirecting attention simply to the great vault of the
magnetosphere throughout which motions of this class
must now be recognized to occur.

Gold’s idea of a thermally driven magnetospheric con-
vection met a dead end: Martyn’s dynamo effects, suitably
updated as our understanding of tidal forcing has im-
proved, have retained their dominance in the analysis of
large-scale magnetospheric plasma motions on low- and
mid-latitude field lines. But the encompassing concept of
the magnetosphere had been established, the convenient
concept of hydromagnetic convection within it had been
put in place for use when later needed, and the prospect of
further application at higher latitudes had been introduced.

(The term “convection” is often employed to imply
thermal convection, as in Gold’s usage. When Axford and
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[ came to write our 1961 paper, this usage bothered me,
and for some time | considered using “advection” as a less
prejudicial word. But I ultimately opted for “convection”
on the grounds that its Latin root words might emphasize
the concept of the field lines being carried with the ioniza-
tion.)

6. INSTITUTIONAL RE-REORGANIZATION

My attention at this time was split between the publica-
tion of my comprehensive gravity-wave thesis [Hines,
19605] and my commitment to the research program | had
reorganized within RPL. That commitment was directed
mainly toward a search for a similarly comprehensive
framework on which we might in time synthesize the wide-
ranging elements that constituted Earth’s response to solar
disturbances.

As one step in this process, I arranged for a two-day
symposium at RPL in the summer of 1959, designed to
bring together many of the foremost North American re-
searchers in the field (e.g., Sydney Chapman, E. H.
Vestine, J. W. Chamberlain; Parker, whose views on the
ring current would have made for interesting discussion,
was one of my hoped-for invitees but unfortunately was
unable to attend). The conference went well, I believe, both
scientifically and as an advertisement for RPL's new role in
the field.

But, on the afternoon preceding its social evening, I was
called into the office of Frank Davies, recently returned
from DRB/HQ as Chief Superintendent of DRTE once
again. He had taken to expounding on how he now, as
never before, appreciated the responsibilities incumbent on
a defense scientist, and how DRTE must play its part in
providing staff for DRB/HQ on a rotating basis (as had
been forced on him) and in supporting the military with
research of immediate consequence to their needs. Basic
research into the disturbed ionosphere did not fall into that
category, in this new view. Moreover, | was too much ori-
ented toward basic research and too little of a management
type to meet his needs, he said. (He reached this latter
judgment despite also arguing that, of all the initiatives
undertaken during Scott's tenure, including the Alouette
satellite, the only ones appropriate to DRTE were the for-
mation of the rocket program and of the Synoptic Studies
Group! He later recanted his adverse judgment of me as a
manager, but too late.) Accordingly, he invited me to step
aside while he replaced me as Superintendent of RPL with
Paghis, who had served him well in earlier years at EL. He
would ensure that I would be given suitable status, and
perhaps even one or two people to form a separate theoreti-
cal group within DRTE—a small bauble for me that would

not get in the way of his over-all plan. [ protested, but to
no effect: he had his mind set, and that was that.

Making no secret of my dismay once the symposium had
been completed, | took a week’s leave of absence, in part to
scout employment possibilities at the University of To-
ronto. On the morning of my return, upon boarding the
DRTE bus [ was pulled aside by Davies, who turfed out his
seat-mate and obliged me to sit beside him. He announced
that A. Hartley Zimmerman, Chairman of DRB and there-
fore his boss, had instructed him to keep his hands off me
and to leave me and RPL in peace; he would, of course,
comply. (I suppose, but do not know, that Paghis had got
word through to Zimmerman as to Davies’ plans and my
reaction.)

This was a happy indication that RPL had already estab-
lished credentials sufficient to its needs, but the entire inci-
dent left a bad taste. Moreover, in the months to come, it
became clear that the Alouette topside sounder, no longer a
baseball-sized instrument on someone else’s vehicle but a
full-blown satellite in its own right, was taking over EL and
making financial and personnel demands within DRTE
(and DRB, for that matter) that could not be resisted: RPL
would be, if not strangled by its growth, at least prevented
from taking new initiatives of its own.

The only exception would be in the purely theoretical
area: Davies’ idea of a theoretical group within RPL had by
now been embraced wholeheartedly by Zimmerman, and |
was asked to establish such a group as a separate unit of
DRB, as an additional responsibility. Six positions were to
be made available initially, more if things worked well. It
was to be located at DRTE but responsible directly to the
Chairman, who had visions of it developing in time into a
Canadian equivalent of the Institute of Advanced Studies in
Princeton. Thus arose the DRB Theoretical Studies Group
(DRB/TSG), initially comprising me as Head, a reluctant
Fejer (who preferred and indeed maintained direct contact
with RPL experiments) and Stan Mack, a scientist of some
seniority who had served his time in DRB/HQ and was
being allowed to “recharge his batteries” (as a popular
saying then went) by conducting certain studies in general
relativity that were close to his heart. Reid, though invited
to join, had already made plans to move on to NBS in
Boulder and chose not to change them.

Thus things continued for much of the ensuing year. In
the end, however, I decided that my long-term hopes for
RPL must be abandoned and that I should redirect my or-
ganizational energies, now in decline, solely to the
DRB/TSG, which would take on a visibly separate exis-
tence outside of RPL. [ terminated my RPL position at the
end of June, 1960, and went off to symposia and a holiday
in Europe to wash my mind of my RPL experience. lroni-
cally, it was in the course of this trip that I was led into the



model of high-latitude magnetospheric convection that
would provide the comprehensive framework 1 had hoped
to find, the one on which RPL's studies of the disturbed
ionosphere might be expected to be synthesized.

7. THE 1961 AXFORD-HINES PAPER

The first of my symposia was in Kiruna, Sweden, and
was directed specifically at disturbed conditions. Among
the presentations was one made on behalf of T Neil Davis
[1960], who was unable to be present himself. It concerned
motions of auroral structures observed in Alaska: westward
pre-midnight and eastward post-midnight, as had been
widely reported previously by others, but now joined by
equatorward in the midnight region at somewhat higher
latitudes. The whole picture, as I sketched it in my pro-
gram, had the appearance of a sweep across the polar re-
gions, followed by bifurcation of the flow at auroral lati-
tudes. I could not resist the urge to complete the pattern in
my notes, making the auroral streamlines—if that was what
they were—coalesce again on the (unobserved) sunward
side, and producing two loops of apparent circulation.

I was conditioned at the time to a “closed” magneto-
spheric model. It had been presented by Francis S. (Frank)
Johnson [1960], in part in response to my own arguments
(outlined above) concerning inhibition of rotation if the
polar field lines extended indefinitely into interplanetary
space. Johnson argued that those field lines would instead
be carried into a closed geomagnetic tail and so would be
free to rotate with the earth (or to counterrotate, at their
equatorial crossing), contrary to my suggestion. With the
thought that Davis’ pattern of motion might represent the
low-altitude end of a field-line convection, I mapped that
pattern up the arching field lines and down into the equa-
torial section of the tail, producing the sketch shown here
as Figure 1, in tidied-up form.

I had also been recently exposed (by Gold and Hermann
Bondi, in response to a cocktail-party query I had put to
them) to the idea that the front-to-back asymmetry inherent
in Johnson’s model must imply some sort of viscous-like
interaction between the solar wind and the magnetospheric
plasma. And now my sketch was showing just the pattern
of convection that would accord with such a process: con-
vection directed away from the sun on the outer flanks,
where any such interaction would be imposed. The magne-
tosphere was, to me, suddenly alive with new-found mo-
tion; and that motion—yet to be combined with rotation—
would affect any number of processes at ionospheric
heights that had previously maintained separate identities!

In the course of my European jaunt, while visiting
friends in Cambridge, I met a young officer of the Royal
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Figure 1.

New Zealand Air Force, W. lan Axford. He was about to
be seconded to RPL for a period, his superiors having
found nothing better to do with him. (He had been aimed in
my direction at RPL by Scott, who was by this time serving
as DRB liaison officer in London. The circumstances were
as I have described them elsewhere [Hines, 1986].)

Axford had recently completed a Ph.D. degree at Man-
chester, on shock waves in interstellar plasmas, and was
being given some exposure to things ionospheric in Rat-
cliffe’s group. Knowing nothing of him in advance, other
than his militaristic background (howsoever that might
have been tempered by his stay in Manchester), | had been
intending to leave him to his fate in RPL; but this brief
meeting was sufficient to convince me that I should pry
him loose, as a recruit to DRB/TSG, once I got back to
Ottawa. Paghis, who had succeeded me as Superintendent
of RPL, resisted such a move but at last acquiesced on
condition that | would “raid” RPL no further.

Even before the transfer was formalized, Axford began
working with me in developing the convection idea and its
extensive implications for the ionosphere, aurorae, trapped
radiation, geomagnetic storms, and so forth. As to the ba-
sic model, he was soon arguing that, though I had drawn
the impressed pattern as if it was confined to the counter-
rotating tail, the low-latitude corotating part of the magne-
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Figure 2.

tosphere would undergo a similar convection, similarly
induced by the hypothesized viscous-like action on its own
flanks. For several weeks, we were sketching a four-celled
convection as in Figure 2. Indeed, this was the point we
had reached when [ went, with Fejer and Reid, to the US-
URSI meeting in Boulder a few months later (December
1960, if 1 recall correctly).

One of the sessions there, chaired by Alan H. Shapley,
ran out of material before its time was up, and Shapley
asked if there were any unscheduled topics of interest that
might usefully fill the remaining time. [ took the oppor-
tunity to sketch the model we had developed, complete
with its four convective cells, in what constituted our first
public announcement of what we were onto. Since the
four-celled convective pattern implied a four-celled pattern
of Hall currents (and associated Pedersen currents, closed
by field-aligned Birkeland currents) and a corresponding
Ds geomagnetic variation, ! enquired as to whether any
such four-celled patterns of currents were known to anyone
present. They were not, a fact that left me in a quandary as
to whether the lower-latitude convection cells would really
exist. (Four-celled patterns have since been reported, but [
believe them to have no relationship to ours except possi-
bly as transient phenomena.)

I ultimately resolved this quandary in mid-flight a month
later, on a gravity-wave trip, when I realized that the line !
had first drawn to distinguish the counter-rotating tail from
the corotating inner magnetosphere was but an imaginary
figment of magnetospheric book-keeping. Even if there
were some initial tendency for two distinct pairs of con-
vection cells to be established, it should soon be overcome
by viscous-like forces at the figmentary boundary: the two
pairs of cells would simply merge into a single pair, and so
Figure 3 was born. This, with rotation added as in Figure
4, completed our modeling of the convection itself. One
might well ask, in retrospect, how it took so long for us to
reach this point, but that is of course the nature of research.

Simultaneous with these developments, and following on
them, were our integration of a variety of observed phe-
nomena into the picture and our inference of other pro-
cesses that had to be implicit (such as perturbations in the
motion and distribution of trapped radiation, the energiza-
tion and precipitation of auroral-energy particles, and ac-
celeration of the neutral gas at ionospheric heights, which
in turn would modify the current systems of the dynamo
region). We also broadened our starting point, with the
recognition that any mechanism that would set up the two-
celled circulation would serve all our ultimate purposes.
Dungey’s [1961] mechanism of field-line merging and di-

Figure 3.



Figure 4.

rect driving by the solar wind, of which we learned during
this period, became our ally as a likely contender.

(Fejer [1961] produced yet another mechanism, though I
believe it would have been transitory and appropriate to
storms only [Hines, 1962]. By the time Axford and I came
to publication, we were convinced that our model was as
important in quiet times as in disturbed times; and so, while
we mentioned Fejer’s mechanism, we did not incorporate
or otherwise adopt it. Both Fejer and Reid—for different
reasons—came close to being invited to appear as co-
authors, in what would then have been a Hines et al. paper;
but this would have done an injustice to Axford’s role, and
so I dropped the thought. Upon then adopting alphabetical
ordering of Axford’s name and mine, 1 opened the way to a
reverse injustice: J. H. Piddington—who may have felt
slighted by our comments on his work and would have
attributed the slight to me—in one paper referred to our
work as “Axford et al.” This seems to have titillated Mi-
chael Gadsden, Secretary-General of IAGA in the late
1980s, who invited me to reminisce in the IAGA News on
the origins of the Axford-Hines paper, conditional on my
permitting him to identify the author as “Al.” This I did,
thereby leading to the forerunner of my Eos reminiscence
[Hines, 1986].)
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The first formal presentation of our theory took place in
the early months of 1961, at the annual DRB symposium.
This symposium was designed to permit DRB scientists to
present for discussion even their highly classified research
and was therefore conducted under deep security wraps.
Zimmerman insisted that [ should make the presentation—
his first showcasing of the DRB/TSG—and so I did. For-
syth, who was one of the invitees, had been asked to serve
as discussion leader. He made highly flattering remarks:
flattering not only to Axford and me for our work, but to
DRB for permitting and supporting such a high calibre of
basic research. I am sure that Zimmerman could not have
been more pleased.

Soon after that, 1 was invited by Henry G. Booker and
Gold to Cornell, to present our work at a seminar. I had
Axford join me, thereby initiating contacts that led him to
appointments at Cornell and in due course La Jolla, Cali-
fornia.

Our first formal presentation to the scientific world at
large was made by Axford the following spring at the
Washington meeting of the American Geophysical Union
(AGU). At the URSI meeting five months earlier, William
E. Gordon had, in concert with Booker, initiated plans
whereby AGU would lay claim to the magnetospheric
realm. The mechanism was to be a special session of in-
vited speakers. A suitable set of speakers—including me,
speaking on my long-ago union of magnetoionic and hy-
dromagnetic theory—had been arranged. But it became
clear to me, as Axford and [ continued our development
following the URSI meeting, that the session would be
remiss if it did not include our work on convection. | pro-
posed to Gordon that he invite Axford for the purpose,
which he did. Axford made a masterful presentation, and
our synthesis was almost immediately assimilated into the
magnetospheric thinking in North America. A few months
later, I performed the corresponding function on the inter-
national scene at the International Conference on Cosmic
Rays and the Earth Storm in Kyoto, Japan.

Journal publication of our work, when it came [Axford
and Hines, 1961], was almost anti-climactic (or, in truth,
post-climactic). The big picture was already accepted, and
arace to fill in the details was already begun.

It often seems to me nowadays that our journal publica-
tion must have gone virtually unread. Much of its mes-
sage—the basic patterns of convection, the associated
electric fields, and their various consequences—became so
much a part of the “revealed truth” of magnetospheric
studies that our original formulation was ignored, while
much of the detailed development was lost from sight only
to be reformulated later by others, as if for the first time,
often with a change of nomenclature that disguised the
equivalence.
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Whether or not this impression is valid, it is certainly
true that our paper is now cited most often for its alleged
assertion that a viscous interaction drives the convection,
and as an alleged alternative to the Dungey “merging”
mechanism. Anyone who takes the trouble to actually read
our paper will find that this is but a perversion of the truth.
We were careful to write only of “a viscous-like compo-
nent” of the interaction, and we specified that “By this we
mean simply that some of the momentum of the solar wind
is transferred across the boundary of the magnetosphere to
the ionization within. The nature of this momentum trans-
fer is, for present purposes, of minor importance; its exis-
tence, or the existence of an equivalent mechanism, is cru-
cial.” We included, explicitly, reference to Dungey’s as
one of the mechanisms that would serve our purpose. And
we said, “Regardless of its manner of generation, however,
the convective system we discuss has consequences of far-
reaching import, and it is these that we wish to emphasize
in the present paper.”

Nevertheless, current discussion would lead to the im-
pression that one must choose between Dungey on the one
hand and Axford and Hines on the other, and that the
choice to be made is that of mechanism alone. But, as one
now-prominent member of the geomagnetic community
said to me some time after hearing my complaint on this
score, “I went and actually read your paper. You guys
didn't say at all what people say you said!”

Lost in the debate over mechanisms is what we actually
said—what our actual contribution to the field was: that of
providing the basic structure on which future assimilations
would be built, and taking some steps toward making and
anticipating such assimilations. [ feel that we produced,
not a paradigm shift, but a new paradigm where none had
existed before.

(Axford—who, incidentally, embraced Dungey's
mechanism more strongly than I did at the time—takes a
more philosophical view than [ am now displaying, holding
that people forget who did what in any event. But, in a
survey of the history of the magnetosphere such as this, |
feel obliged to state the history as [ see it.)

8. THE AFTERMATH

Axford and I joined in only two further papers, of a rela-
tively trivial nature [4xford and Hines, 1962, 1964]. With
his Ph.D. work as background, he (and independently P. I.
Kellogg) soon predicted the formation of a shock front on
the sunward side of the magnetosphere [Axford, 1962], one
whose reality is now fully accepted. And, after leaving
Ottawa, he went on to study, with students, many further
aspects of magnetospheric and general plasma theory
which need no documenting by me. My own further re-

search in the area was limited to a reconciliation of the hy-
dromagnetic and particle-drift descriptions of energization
[Hines, 1963a], a topic left somewhat cloudy by Gold
through his assumption of a single scalar ratio of specific
heats (rather than distinct values for compression along and
across magnetic field lines).

In the spring of 1962, things began to unwind. Axford
was soon to depart for New Zealand in response to his Air
Force obligations. Fejer, whose wife had slipped on a
patch of Ottawa's winter ice and broken an arm, was being
recruited away to sunny California. Stan Mack, whose
relativistic research had come to naught, was returning to
harness as a real defense scientist (in Victoria, British Co-
lumbia), and I had a choice of appointment offers open to
me. With the DRB/TSG on the point of collapse, I made
one further effort, not magnetospherically related, to keep
it in being.

[ decided to test Zimmerman on his long-term intent with
respect to an institute. [ obtained applications for employ-
ment from both Ivor Robinson (a distinguished relativist
and cosmologist, then at Cornell; more recently at the
Southwest Center for Advanced Studies, University of
Texas at Dallas) and the somewhat younger Roger Penrose
(now Rouse Ball Professor of Mathematics at Oxford, well
known—probably to all readers of this account—for his
tiling theory, his cosmological studies with Stephen
Hawking and his recent book, The Emperor’s New Mind).
It would have been difficult to start a Canadian I[nstitute of
Advanced Studies on a higher plane.

Zimmerman responded well, taking a personal interest in
moving their appointments forward over bureaucratic ob-
jections. But the latter bothered me because they revealed
the tenuous nature of the support available within DRB for
an institute: we might be but a heartbeat away from having
the whole thing collapse. To test that [ was not misreading
the situation, 1 requested and was granted an interview with
Zimmerman and his own Management Committee, includ-
ing the Vice Chairman (who was really the man responsi-
ble for the internal operations of DRB), the Chief Scientist,
the Chief of Personnel, the Chief of Security, and the Chief
of Establishments. | asked for clarification of their percep-
tions of the mandate granted me and the TSG.

Zimmerman—not a scientist himself but rather an indus-
trial engineer, however visionary—made a few pious re-
marks but otherwise kept rather quiet. One of the others
fell asleep (the meeting was held just after lunch). Another
suggested the TSG was intended to be a way-station for
that favored project of the day, recharging the batteries of
various DRB scientists as they moved through it from one
more important position to another. The discussion did not
get much above this level, and [ felt all my enthusiasm—or
what was left of it—drain away.
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Ray Tracing Technique Applied to ELF and VLF Wave
Propagation in the Magnetosphere

Iwane Kimura

Faculty of Information Science, Osaka Institute of Technology,
1-79-1 Kitayama, Hirakata-city, Osaka 573-01, Japan

The ray tracing technique which has contributed to the study of
whistler mode wave propagation in the magnetospheric plasma is re-
viewed, to stress its significance in the history of the discovery of the
magnetosphere. It has been closely associated with plasma distribu-
tion surrounding the earth, later called the exosphere, plasmasphere,
and magnetosphere. Many whistler mode wave phenomena observed on
the ground and on-board satellites have been clarified by the analyses
of ray tracing. In the first part of this article, the works made mainly
before 1975 were described from the point of view of the history. In the
second part of this article, the author attempts to describe how the ray
tracing technique has been revised since 1975. First of all, to do more
accurate ray tracing a more realistic geomagnetic field configuration
than the dipole model has been adopted. The ray tracing of ion cy-
clotron waves and in hot plasmas are the further development. The ray
tracing technique has been used for the exploration of plasma environ-
ment by means of various VLF/ELF wave phenomena. However, this
technique is an inverse problem, because we have to give plasma density
distribution in advance for doing ray tracing. Recently there has been
developed a very positive method by using the ray tracing technique
tomographically to determine the global electron density distribution
at least in the plasmasphere. This is one of the most significant appli-
cations of ray tracing technique related to the magnetosphere.

1. INTRODUCTION
work published in 1953.

the discovery of the magnetosphere was made by Storey’s

Though the discovery of whistling atmospherics or
whistlers dates back to the 19th century [Helliwell, 1965],
the theoretical clarification of the whistlers related with
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He showed that from Eckersley’s theory, or Apple-
ton’s equation of the magneto-ionic theory, VLF waves
whose frequency below the electron cyclotron frequency
(fu), can propagate nearly along a background geomag-
netic field line with group velocity much slower than the
light velocity. For frequencies much lower than fg, the
group velocity is inversely proportional to the plasma
frequency (fp) and is proportional to the square root of
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the product of fy and the wave frequency (f). A low
frequency part of wave energies generated from lightning
flashes penetrates the ionosphere and it is guided by the
geomagnetic field and comes back to the opposite hemi-
sphere, if there are enough electrons in the space where
the wave propagates. The deviation of the wave energy
from the direction of wave normal and also the charac-
teristics of dispersion are due to the anisotropic nature
of magnetized plasma. In general, the mode of the right-
hand polarized electromagnetic waves with frequencies
lower than both the electron cyclotron frequency and
the plasma frequency, is called the whistler mode.

According to Storey, for the existence of whistling
atmospherics the space surrounding the earth at least
up to several earth’s radii must be filled by a suffi-
cient concentration of electrons (naturally together with
ions), much higher than so far expected, and the dis-
persion characteristics or delay time characteristics of
the phenomena would give rise to the valuable informa-
tion of plasma concentration in the space surrounding
the earth. This was a sensational point, the discovery
that the space surrounding the earth is filled by plasma.
Therefore it could be said that the so-called space age
started from 1953, when Storey’s work was published.

Following the initial work of whistlers by Storey, ob-
servations of whistlers have been widely made all over
the world and soon after, satellite observations were
added from 1959 [Cain et al., 1961]. Theoretically on
the other hand, ray tracing study for the ray paths of
whistlers was started by Maeda and Kimura in 1955 and
the first result was published in 1956.

By the way, Maeda was a graduate of Kyoto Uni-
versity, and had been working in research laboratories
of the government, where he had mainly investigated,
for long, topics associated with radio wave propagation
in the ionosphere. In 1953, he was invited to become
a professor of Kyoto University in charge of radio wave
comrnunication engineering. In 1954, Maeda, for the
first time, took care of 8 senior students for graduation
rescarch. Just before this timme, Maeda had learned, at
an international meecting, Storey’s work on the interpre-
tation of whistling atmospherics. He felt it very interest-
ing, so that he assigned this topic to one of his students,
named Kimura. This was the start of Kimura’s connec-
tion with whistlers and magnetospheric study.

In several months Kimura wrote a graduation the-
sis, which was just a report, explaining the theoretical
part of Storey’s paper. After graduation, he entered the
graduate course for master’s degree, where he continued
the investigation of the whistlers, and started to develop

a method of ray tracing for whistlers under the guidance
of Maeda as mentioned previously.

In the following of the present paper, the initial phase
of the works using ray tracing technique nearly over
10 years from the start of ray tracing is first reviewed.
In corporation with the results of ground and satellite
observations the ray tracing technique has contributed
much to the clarification of plasma concentration in the
plasmasphere and magnetosphere. The distribution of
plasma concentrations in the plasmasphere and magne-
tosphere is directly concerned with ray tracing of waves
propagating in the space, which is therefore very briefly
described in the subsequent section of the paper. Vari-
ous VLF and whistler mode wave phenomena observed
by mainly satellite borne receivers were interpreted by
the results of ray tracing. Such typical phenomena are
also described.

In the second part of this paper the recent works are
very briefly described in the sense of how the ray tracing
technique has developed and contributed to advanced
and more sophisticated purposes associated with the
physics of the plasmasphere and magnetosphere. This
includes, for example, a revision of the background ge-
omagnetic field for ray tracing from the dipole to the
IGRF nondipolar model, ray tracing technique for the
ion dominant modes, the effects of plasma temperature
on ray paths, and finally a tomographie application of
the ray tracing technique for the exploration of a global
electron density distribution in the plasmasphere.

The works using the ray tracing technique were also
reviewed in the past by the present author [Kimura,
1985; 1989].

2. RAY TRACING STUDIES OF WHISTLERS

In his paper, Storey described short whistlers, long
whistlers and whistler trains; one hop, two hop and
multiple hop echoes of whistlers respectively. For long
whistlers and whistler trains to be detected at the source
point, the ray path from the source hemisphere to the
opposite hemisphere should be symmetric with respect
to the geomagnetic equator. The initial motivation of
Maeda and Kimura's ray tracing for whistlers [1956 and
1959] was to know how can the ray path of a whistler be
symmetric with respect to the geomagnetic equatorial
plane.

In an anisotropic medium like a magnetized plasma,
the wave normal direction is refracted by generalized
Snell’s law due to inhomogeneity of the medium, so
that a change of the instantaneous direction of the wave



normal is determined by the spatial derivatives of the
medium parameters. On the other hand the ray or the
group velocity is always directed perpendicular to the
refractive index surface at the direction of the wave nor-
mal. For ray tracing we have to trace simultaneously
the change of the ray direction as well as the change
of the wave normal direction. This principle of the ray
tracing technique in an anisotropic medium was studied
by Haselgrove [1955] to derive the first order differen-
tial equations in the form to be suitable for numerical
integration using an electronic computer.

Maeda and Kimura, however, performed their ray
tracing by a graphical method, based on Fermat’s prin-
ciple, instead of the above mentioned numerical inte-
gration, because no electronic computer was available
at that time. Although the method was not so accu-
rate, a characteristic of whistler ray paths was clarified.
For example, for the sources located at relatively low
geomagnetic latitudes, the ray path arrives in the op-
posite hemisphere at a latitude higher than the source
latitude (so-called polar creep). On the other hand, for
the sources located at high latitudes, the ray paths be-
come more symmetric with respect to the geomagnetic
equator, although the ray paths are still deviated ap-
preciably from the geomagnetic field lines (see Figure
1).

In 1961, Yabroff made the first ray tracing by using a
digital computer, doing numerical integration of first or-
der differential equations derived by Haselgrove [1954].
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Figure 1. One example of ray paths for several VLF fre-
quencies calculated by Maeda and Kimura [1956].
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Her calculation confirmed the asymmetric ray path char-
acteristics, found by Maeda and Kimura [1956; 1959],
especially the polar creep for whistlers starting from rel-
atively low latitudes and more symmetric ray paths for
relatively higher latitude sources, although there was
some discrepancy in detail between the results of Maeda
and Kimura’s and those of Yabroff, which was ascribed
to an accumulation of error in the former’s calculation.

Considering the asymmetric ray paths calculated bas-
ed on so-called magneto-ionic theory and the existence
of whistler trains whose ray paths should be symmet-
ric with respect to the geomagnetic equatorial plane,
there must be a mechanism which makes the ray paths
more symmetric than the results of ray tracing. It was
the multi-path nose whistlers that stimulated Smith’s
study of field aligned ionization ducts [Helliwell et al.,
1956], which enable the whistlers to propagate along
a field aligned symmetric ray path [Smith, 1960; 1961;
Scarabucci and Smith, 1971]. This mechanism is just
the same as the trapped loss-free propagation of a light
beam through an optical fiber cable. No clear exper-
imental evidence of the existence of the field-aligned
ducts has so far been clearly detected, from the point
of view of a direct measurement of electron density en-
hancement along the geomagnetic field line in the plas-
masphere. The existence has, however, been indirectly
proved later by a careful examination of ducted and non-
ducted whistlers observed by a satellite. According to
OGO-1 data analyzed by Smith and Angerami [1968],
the equatorial separations between ducts ranged from
50 to 500 km, and the equatorial thicknesses were about
400 km.

Kimura went to Stanford University in 1964, where
he developed a three dimensional ray tracing computer
program [Kimura, 1966] for the aim to study the effect of
ions on whistler propagation in the exosphere. He used,
for the first time, a so-called diffusive equilibrium (DE)
model, which was the newest physical model, at that
time, of the exosphere (inside the plasmasphere) devel-
oped at Stanford University by Angerami and Thomas
[1964].

Kimura’s first attempt at applications of his ray trac-
ing program was to confirm Smith’s idea [1964] on the
subprotonospheric (SP) whistlers, which were consid-
ered to be reflected back around an altitude of 1000
km by crossing a geomagnetic field line. He could con-
firm Smith’s idea and multiple echoing SP whistler paths
could be produced by assuming an existence of a latitu-
dinal gradient as well as a negative gradient in the radial
direction of electron density in the ionosphere. Figure
2 (a) and (b) illustrate one example of SP whistlers ob-
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Figure 2a. SP whistlers observed by Alouette satellite [Car-
penter et al., 1964].
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Figure 2b. Kimura’s result of ray tracing [Kimura, 1966].

served by Alouette satellite [Carpenter et al, 1964] and
Kimura’s result of ray tracing, respectively.

A reflection of waves due to the wave energy cross-
ing perpendicularly across the geomagnetic field lines
takes place due to a closed refractive index surface with
respect to the wave normal angle, when the wave fre-
quency becomes smaller than the local lower hybrid res-
onance (LHR) frequency. This fact was first pointed
out by Hines [1957]. Such a reflection of the ray paths
is called "LHR reflection’.

Kimura also found that whistler waves can be mul-
tiplically reflected outward by the LHR reflection mech-
anism when the wave propagates down from above and
the local LHR. frequency becomes higher than the wave
frequency. Special species of whistlers which were pro-
duced by such a multiple LHR reflection, were detected
by the OGO-1 satellite, and was called 'magnetospher-
ically reflected (MR)’ whistlers [Smith and Angerami,
1968]. Figure 3 (a) and (b) show one example of the
paths calculated by ray tracing [Kimura, 1966] and ac-
tual dynamic spectrum of MR whistlers observed by
0GO-1 [Smith and Angerami, 1968], respectively.
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Later, this MR reflection was analytically described
by Lyons and Thorne [1970], and they found that whistler
mode waves are accumulated within a low latitude re-
gion along a magnetic field line, where the local LHR
frequency is close to the wave frequency. They consid-
ered that such an accumulation of VLF wave energy can
be a cause of relatively steady hiss band almost continu-
ously observed within the plasmasphere by Dunckel and
Helliwell [1969] and Russell et al.[1969].
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Figure 3a. MR reflections disclosed by ray tracing [Kimura,
1966].
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Figure 3b. MR whistlers observed by OGO-1 [Smith and
Angerami, 1968].



3. MODEL OF THE ELECTRON DENSITY
DISTRIBUTION

In the earlier stage of ray tracing, the electron den-
sity was assumed to decrease with altitude in an expo-
nential law [Maeda and Kimura, 1956; 1959, Yabroff,
1961], and often in the function r~3, which is based on
the relation that fg / fu becomes constant, and is called
the gyrofrequency model. This model was sometimes
used in calculating dispersion of whistlers trapped in
the field aligned ionization ducts. These functions were
adopted from the reason that the calculated dispersions
can be satisfactorily made to agree with those observed,
by choosing appropriate parameters. From these results,
a rough image of the electron density distribution in the
magnetosphere was obtained.

The diffusive equilibrium (DE) model was investi-
gated by Angerami and Thomas [1964], in which they
took account of thermal diffusion of ions along a field
line and gravity toward the earth’s center. Motion of
protons, and helium and oxygen ions were included. By
their model, electron density distribution along geomag-
netic field lines could be theoretically determined, with
some parameters such as ion temperatures, and rela-
tive ion concentrations at a reference altitude, say 1000
km. We have information on these parameters, so that
Kimura [1966] could use this model for ray tracing in
the plasmasphere.

The existence of the plasmapause, the outer bound-
ary of the plasmasphere, was disclosed by Carpenter
[1963], from a series of nose whistlers, called 'knee whist-
lers’ observed at a polar station, Eights. The process of
his discovery of the plasmapause was based on the field
aligned ducted propagation, which was thought to be
a reasonable assumption for whistlers observed on the
ground. Therefore ray tracing was not necessary. How-
ever, once the existence of the plasmapause was known,
we had to take account of the effect of the plasmapause
on the ray paths for whistler mode waves propagating
in the magnetosphere.

Aikyo and Ondoh [1971] devised a model with the
plasmapause for their ray tracing, in which they as-
sumed that inside the plasmapause the diffusive equilib-
rium model [Angeramsi and Thomas, 1964] is used and in
the outside they adopted a collisionless model [Eviator
et al., 1964].

Walter and Scarabucci [1974] adopted the DE model
throughout the magnetosphere, but they made the elec-
tron demnsity at the reference level latitude-dependent,
the density being reduced at latitudes above L value
corresponding to the plasmapause.
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4. VARIOUS WHISTLER MODE PHENOMENA
ELUCIDATED BY RAY TRACING

So far several whistler mode phenomena disclosed by
ray tracing were introduced. In the following some other
interesting results will be described.

LHR noise [Brice and Smith, 1965] is excited by
whistlers and detected by satellites in near-earth or-
bits. This phenomenon was interpreted to result from
the trapping of whistler energy in the valley of LHR
frequency altitude profile [Smith, et al., 1966] with the
ray path appearing as a series of a figure 8 as shown in
Figure 4.

The Nu whistlers, whose dynamic spectra appear as
a reverse of the character 17, were detected by the OGO-
1 satellite, together with the MR whistlers. Smith and
Angerami [1968] concluded that the Nu whistlers belong
to a group of the MR whistlers, and are composed of,
for example, a pair of 2% and 2yR, which are referred
to Figure 3(a).

When there is an appropriate amount of horizon-
tal gradient of electron density at the reference altitude
level, the decreasing rate of the density toward high lati-
tudes, that is, the uiegative density gradient in the radial
direction increases so that a favorable condition is pro-
duced for the wave normal direction of whistlers to be
kept within a small angle with a geomagnetic field line
throughout the ray path to the opposite hemisphere.

T 525 kHz

/ /
05 1.0
DISTANCE FROM FIELD LINE (km)

RAY TRACING IN AN LHR MINIMUM

Figure 4. Trapping of rays in the LHR duct, calculated
by ray tracing [Smath et al., 1966]
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This is called pro-longitudinal propagation (PL-mode)
[Scarabucei, 1969).

On the other hand, normally, the wave normal direc-
tion is bent outward when a whistler mode wave passes
over to the other hemisphere, finally approaching to the
resonance cone angle. This type of propagation is some-
times called ’'pro-resonance’ (PR) propagation. If the
local LHR frequency becomes larger than the wave fre-
quency, an LHR reflection takes place. For waves with
frequencies always higher than the local LHR frequency,
the waves can reach lower ionosphere altitudes in the
PR propagation mode. Walter and Angerami [1969] de-
tected, by the OGO-2 and 4 satellites at altitudes below
1000 km, a group of whistlers in the PR propagation as
well as the PL propagation at the same time, both aris-
ing from the same lightning sources. The PR whistlers
had rising traces in frequency higher than the maxi-
mum LHR frequency along the ray path down to the
satellite, and showed a rapid increase in travel time as
a function of satellite latitude as compared with the PL
components of whistlers observed at the same time. The
PR components of whistlers were called 'walking trace
(WT)’ whistlers.

Taking account of a latitudinal or horizontal gradi-
ent in electron density, such as due to the equatorial
anomaly, the ray tracing resulted in a focusing and de-
focusing of the ray paths for waves traversing over the
magnetic equator. These characteristics were used to in-
terpret an abrupt amplitude cutoff of signals from VLF
transmitters [Scarabucci, 1970] and a drifting whistler
cutoff phenomenon — striations [ Kimura, 1971], both ob-
served near the magnetic equatorial region by the OGO-
4 satellite.

Various ray tracing trials were made, such as that by
Walter and Scarabucci [1974], who found a condition of
electron density distribution for getting whistler mode
ray paths completely symmetric with respect to the geo-
magnetic equatorial plane. This condition will explain a
possibility of multiple echoes or whistler trains without
the help of field aligned ionization ducts.

5. RECENT DEVELOPMENTS OF RAY
TRACING TECHNIQUE AND THEIR
APPLICATIONS

5.1.  Geomagnetic field model for ray tracing

For long, the ray tracing for whistler mode waves in the
magnetosphere has been performed in the dipole mag-
netic field. However, it has been known that the actual
geomagnetic field is deviated from the dipole model, and
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so-called IGRF (International Geomagnetic Reference
Field) is recommended to be used for more realistic ge-
omagnetic field except in the deep magnetosphere and
the geomagnetic tail region.

One big problem introducing the IGRF model in ray
tracing was that the electron density model, like the DE
model, is defined along a geomagnetic field line. Namely,
in order to know the plasma density at a certain point
on the way of ray tracing, we have to refer to the plasma
density at the reference altitude on the field line pass-
ing through the point, where the density is given by a
latitude or L dependent function. In case of the dipole
model, all field lines can be defined analytically from the
location of the point in space, but in the IGRF model,
the geomagnetic field line to the reference altitude from
a point in space must be independently calculated by
field line tracing. This process is a very heavy burden
in doing ray tracing.

Kimura et al. [1985], devised the ray tracing pro-
gram adaptable to the IGRF model, in which they took
the following procedures, namely before the ray tracing,
(1) using the IGRF model a magnetic field line tracing
is performed to the reference altitude from a sufficient
number of grid points evenly distributed in the space
where ray tracing is later made, (2) at each grid point
all informations about the field line passing through the
point are registered, and (3) in the process of ray trac-
ing the necessary quantities relating to the magnetic
field line passing through each point on the ray path
are calculated by interpolation from those at the near-
est eight grid points. The procedure of interpolations
takes much smaller computer time compared with that
of integration for field line tracing, and it was checked
that such an approximated procedure can be adopted
for obtaining enough accurate ray paths by choosing a
good number of grids.

As a result of ray tracing under the IGRF model,
ray paths are generally deviated from the initial dipole
meridian plane and the effect of non-dipolar magnetic
field is found to be substantial. In the ray tracing used
in the subsection 5.4, the above mentioned IGRF model
is adopted in the computer program.

5.2.  Ray tracing of ion dominant modes

Most dominant effect of ions from the point of view of
ray tracing is 'LHR reflection’, as mentioned earlier.
For frequencies much lower than the LHR frequency,
the wave propagation is directly associated with the
ion cyclotron frequencies. The proton whistlers were
first detected by Gurnett et al. [1965] by a satellite, as
was interpreted from the modes in the multi-component



plasma [Smith and Brice, 1964]. From the point of view
of ray tracing, the ion cyclotron whistlers take place in
the lower ionospheric region and are mostly observed by
low earth orbiting satellite, so that the ray tracing is not
always necessary.

For the ELF waves propagating in the magnetosphere
around the ion cyclotron frequency, the ray tracing tech-
nique can play a powerful role. However, the algorithm
of ray tracing is the same as that for whistler mode
waves, except that the left-handed mode is taken for
ion cyclotron waves and the right-hand polarized mode
is taken for the magnetosonic mode or for the branch
connected with the whistler mode.

Two types of interesting ELF emissions were often
detected in the vicinity of the geomagnetic equatorial re-
gion, by a semi-polar orbiting satellite, Akebono, which
was launched in 1989. The first type of emissions has
frequency spectra that are limited below the proton cy-
clotron frequency and above the second LHR frequency
for three component ions (H*, He*, and O% ) (to be
called ’proton mode’), and below the helium ion cy-
clotron frequency and above the third LHR frequency
(to be called ’helium mode’). Their wave normal direc-
tions observed by Akebono always lie in the geomag-
netic meridian plane, with nearly a resonance cone an-
gle. These waves are interpreted as the ion cyclotron
mode. Ray tracing for this mode was started from the
geomagnetic equatorial plane with the initial wave nor-
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Figure 5. The results of ray tracing for (a)proton mode
and (b)helium mode [Kasahara et al., 1992].
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Figure 6. Calculated ray paths of magnetosonic waves

which traverse around the earth in the vicinity of the equato-
rial plane, where a sharp density gradient is located around
L=3 [Kasahara et al., 1994].

mal directed along the geomagnetic field line. It was
found that the rays traverse almost along the field lines
and are reflected back due to LHR reflection, so that
the wave energy is trapped within a relatively low ge-
omagnetic latitude region in the geomagnetic meridian
plane with the wave normal direction nearly the reso-
nance cone angle, as illustrated in Figure 5(a) and (b)
for the proton mode and the helium mode respectively.
These results completely agree with the characteristics
of the detected region and observed wave normal direc-
tions for the above mentioned emissions [Kasahara et
al., 1992)].

The second type of emissions also detected by the
Akebono satellite in the equatorial region was those with
a wide frequency band and some times a harmonics
structure covering below and above the proton cyclotron
frequency. For these emissions, the wave normals were
directed nearly perpendicular to the meridian plane.
Ray tracing was made for the right-hand polarized mag-
netosonic mode (connected with the whistler mode) with
the wave normal direction nearly perpendicular to the
meridian plane, starting from the geomagnetic equato-
rial plane [Kasahara et ol., 1994]. Rauch and Roux
[1982] had made a similar ray tracing for the magne-
tosonic mode in a plasma density distribution monoton-
ically decreasing with radial distance and found that all
rays go outward. Kasahara et al.[1994], on the other
hand took account of the existence of a sharp density
gradient around a distance where the emissions were de-
tected, such as the plasmapayge, and found that the ray
paths are trapped within a torus with the sharp gradient
as the outer boundary, circulating around the equatorial
plane, as shown in Figure 6.
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5.3. Effects of hot plasma in ray tracing

In a warm or a hot plasma, whistler mode waves suffer
cyclotron damping. Another effect of thermal motion
of particles is a modification of plasma dispersion from
the cold plasma case. Growth and damping through the
ray paths have been calculated, for e.g. plasmaspheric
hiss. However, most of them were separately made from
ray tracing, that is ray paths were calculated in the cold
plasma, and growth or damping was calculated by inte-
grating along the paths the imaginary part of refractive
index due to high energy particles.

Real hot plasma ray tracing can be made by modi-
fying the dispersion relation taking account of isotropic
Maxwellian hot plasma, the ray paths could be traced
of so-called Z mode continually through the electron cy-
clotron harmonic mode [Hashimoto et al., 1987].

A hot plasma ray tracing for the magnetospherically
reflected whistlers was also made by Thorne and Horne
[1994].

5.4. Tomographic approach of determining the global
electron density distribution in the plasmasphere by ray
tracing technique

For most of ray tracing, we wish to find the plasma,
density distribution in the plasmasphere or magneto-
sphere model, so as to well explain observed ELF and
VLF wave phenomena. This is however an inverse prob-
lem, that is we have to know a plasma density distribu-
tion in advance for doing ray tracing. The destiny was
found to be reconciled in the following work, where we
have positively used the ray tracing technique to find
appropriate plasma parameters to construct a global
electron density distribution in the plasmasphere, using
wave data observed by the Akebono satellite.

Namely, Omega navigational signals transmitted from
eight stations over the world could have been detected
continuously over more than 30 minutes, and their wave
normal directions are determined by three orthogonal
loop antennas and a pair of crossed dipole antennas on-
board Akebono. The delay time from the source to Ake-
bono and in-situ electron density can also be measured
on-board. Using these three quantities obtained from
the wave measurements an appropriate set of plasma
parameters based on the DE model with an ion tempera-
ture gradient along geomagnetic field lines can be deter-
mined, by changing the plasma parameters until these
quantities calculated by ray tracing and field line tracing
agree with those observed along the satellite trajectory.
The algorithm of calculation to find the parameters is
non-linear least square fitting method, so-called modi-
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fied Marquart method [Sawada et al., 1993; Kimura et
al., 1995; 1996a].

In Figure 7, four electron density profiles on the
equatorial radial line, thus obtained on four different
days in December, 1989 are illustrated. The profiles
on 891206 and 891211 show a compression of electron
density after a very high magnetic activity (K, = 6 on
891206) and the profiles on 891218 and 891222 show
those of quiet conditions long after the high activity on
891206. As shown in this figure, a global electron den-
sity profile in the plasmasphere around the meridian of
Akebono orbit can be determined for each orbit of the

Akebono trajectories, as far as at least one Omega sig-
nal was detected continuously for more than half an hour
[Kimura et al., 1996b].

In these procedures to obtain a global electron den-
sity profile, we use a number of Omega ray paths from
the source to the satellite, so that this is a kind of to-
mographic approach and the ray tracing technique using
the IGRF model is effectively utilized.

6. CONCLUDING REMARKS

This paper was prepared as a historical review as
well as a review of the recent development of ray tracing
techniques used in the plasmasphere and magnetosphere
of the earth.

Needless to say, plasma wave phenomena are closely
associated with the physics of the plasmasphere and
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Figure 7. Several global electron density profiles (the den-
sities along the equatorial radial line are shown) on different
days in December, 1989 [Kimura et al., 1997].
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Music and the Magnetosphere

Carl E. Mcllwain

Department of Physics, and Center for Astrophysics and Space Sciences, University of California at San Diego

The beginning of the space age is usually associated with the time of the
first satellite launches. Some of us were fortunate enough to have already
been pursuing the exploration of space. This paper attempts to document
some of the extraordinary opportunities for exploration and discovery Pro-
fessor James A. Van Allen offered a young music student at the State Uni-
versity of lowa (SUI) during the period 1954 to 1959.

I arrived in Towa with the intention of studying the
physics of music in early 1954. I had a degree in music,
and at the time, the only thing required to be a graduate
student in anything at the State University of lowa was to
have a bachelor's degree. Well, I had a bachelor's degree,
so I signed up as a physics graduate student, and enrolled
in undergraduate physics, mathematics, and chemistry
courses. For three years at the North Texas State College
School of Music, I had helped my flute teacher and mentor,
Dr. George Morey, by teaching the secondary flutists.
Upon my graduation, he arranged a student teaching posi-
tion for me at SUI, his Alma Mater. Shortly after arrival, I
played my flute for Himie Voxman, the Chairman of the
SUI Music Department, and obtained a chair in the SUI
orchestra (as second flutist, first chair positions being re-
served for music majors). Later Chairman Voxman in-
formed me that the flute teaching position I was supposed
to take over had disappeared. The previous graduate stu-
dent had decided to join the Towa faculty, and would be
continuing her role of teaching the flute students. Professor
Betty Bang later became the President of the National Flute
Association, and continues her illustrious career at the Uni-
versity of Towa to this day.

At that time, Frank McDonald had recently arrived from
Minnesota with a position as Research Associate. There
were other Van Allen graduate students: Les Meredith was
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just finishing; Joe Kasper, Bill Webber, and Ernie Ray
were well underway; Larry Cahill would arrive shortly; and
George Ludwig was about to finish his undergraduate
studies. Obviously, I was just beginning.

Dr. Van Allen was on sabbatical leave at Project Mat-
terhorn at the time I arrived. Upon return, he found that he
had some new graduate students, so he called them into his
office, and put a list of potential projects and topics need-
ing attention on the blackboard. Van Allen had developed a
technique of getting extra altitude out of rockets by
launching them from balloons, and he called the combina-
tion rockoons. He had the idea of launching rockoons, not
only with just six-inch rockets, but also with easier-to-use
and cheaper rockets that were only three-inches in diame-
ter. One of the potential projects was to miniaturize the
proton precession-magnetometer, which had just been in-
vented. Larry Cahill thought that was interesting, so he
took over that project of fitting the magnetometer into the
three-inch rockets.

Another project was to use these small rockets to make a
latitude survey of cosmic rays, i.e., to obtain the spectrum
of cosmic rays by measuring the magnetic latitude depend-
ence and using the Earth's magnetic field as a spectrometer.
Not knowing any better, the flute player said, “OK, I'll do
that.” (Dr. Van Allen probably did not know that this stu-
dent was fresh out of music school.) The idea was to
launch the three-inch Loki rockets from Skyhook balloons
from a Navy ship during a voyage to Thule, Greenland in
1955. Even in those days, money was needed to do things.
Therefore, Dr. Van Allen wrote a proposal to NSF. Figure
1 shows a copy of that proposal. Only one and a half pages,
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asking for only $2000. The estimated costs were later
slightly reduced to make room for another item: fifteen
percent university overhead. Dr. William H. Pickering,
Director of JPL, helped obtain surplus Loki Phase I rock-
ets, and that reduced the launch costs.

o -
(bt ST )

W
LV
17 Februury 1955

Mr. Ross Cs Poavey
National Science Foundation
Washington 25, D. C.

Dear Hr, Peaveys

At the 22 Januery 1952 meeting of the Technical
Panel on Rocke (of the U, 8, National Committeo for

the Internatio Geophysical Yeer) I drew attention to
the fact that none of the budgeted amount of §$120,000

for fiscal year 1955 had yet beon made available for the
procurerent of rockoons for a vitel phase of tho I,GeY¥.
rocket programe I further pointed out thut there were

a number of new possibilities avallable for smaller and
less expensive rockets for this program and that, at the
least, a thoroughgoing study of these possibilities should
be m&e a8 soon as possible.

It was proposed by Dr., Whipple and agreed by the
Panel that an amount of $2,000 should be sllocated to the
ttate University of Iowa for this purposes the work to be
done under my supervision. The proposed use of these funds
15 as follows:

(a) Trajectory and design calculations and
preparations of reports $800

(b) Travel L00

(¢) Procurement of several small rockets
and balloons for tests of new smnll
rockets, and preparation of test
instrumentation

Total

—f0b
$2,000

It is proposed that the results of design and performance
studies be presented to the Technical Panel on Rocketry

at or before its next scheduled meeting on 28 April 1955.
It 18 further proposed thut the flipght appraisals be
made in July 1955.

Sinecerely yours,

(o 0~

As Van Allen

cce Business 0ffice, State University of Iowa,
Members Technical Panel on. Rocketry
and Special Committee on Smuall Rockets for the I.G.Y.

Figure 1. Proposal for the first Loki rockoon program.

After designing an adapter for the three-quarter inch tip
of the Loki rocket permitting a three-inch-diameter instru-
mentation, the next task was to try to package a Geiger
tube, voltage sources, and telemetry system in a light-
weight stack capable of withstanding the 270 g acceleration
of the Loki rocket. The individual components were tested
to 1000 g in a centrifuge and to temperatures below minus

fifty degrees Centigrade (it is very cold at balloon alti-
tudes).

Hoping to detect the 'soft radiation' discovered on a
previous rockoon expedition [Meredith et al, 1955; Van
Allen, 1957], the nose cones were made of aluminum only
32 thousandths of an inch thick. Transistors were unknown,
so the signal circuits, the transmitters, and high-voltage
supplies all required vacuum tubes. The transmitter coils
were wound by hand and then adjusted for proper fre-
quency (74 Mhz) and maximum power (one to two watts).
The adapter included electrical insulation so the rocket
motor served as one half of a dipole antenna. The broad
lawn in front of the Old Capitol was used to simulate
“space” for testing the transmitters.

The instrumentation assembly line for my ten little
three-inch rockets occupied one of the lab benches in the
basement of the Physics Building (Figure 2). The entire
instrumentation assembly weighed 6.8 pounds.

Frank McDonald, Joe Kasper, and George Ludwig were
also on the 1955 expedition. Joe Kasper served many roles,
and also volunteered to help me with the contents of the
classes being missed while on the ship. George Ludwig
was helping Frank McDonald with instrumentation for the
large six-inch Deacon rockets. George's presence on the
expedition was very helpful for everyone. We four pro-
ceeded to go to the U.S.S. Ashland (LSD-1) at Norfolk,
Virginia, and found, to our dismay, that some of the three-
inch rockets had arrived without their high-altitude fins,
and only had their one-inch stubby fins for low-altitude
launches. Frank McDonald and I ran into a Norfolk hard-
ware store for some sheet aluminum, came back, cut some
fins, and bolted them on. We took the precaution to use a
hand drill, rather than an electric drill, to make the screw
holes in order to avoid any possibility of accidental igni-
tion.

Thus in August 1955, 1 found myself on a ship west of
Greenland launching balloons carrying rockets. There were
many experiences during this expedition, including coping
with the ship’s rolling up to 45 degrees in the large waves
left behind by hurricane lone. Some of the launches were
made during periods with substantial rolling (Figure 4), but
it was calmer for the Loki rockoon launches (Figure 3).
Figure 3 is a page from my notebook at the time of the first
Loki launch. It is easy to imagine my elation when Ludwig
reported that he had seen a rocket trail. So it did ignite ...
that had been the first question: would it ignite? (with good
cause, the first rockoon in 1952 did not ignite). But then
there was great consternation: we could not find the signal.
What happened? After an agonizing 20 seconds, I found
the signal at a different frequency, and began recording the
data from my first rocket. As an ex-music student, I was
obviously elated to be receiving real cosmic ray counts.
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Figure 13. A half minute time exposure of Nike-Cajun [16.27F from nine miles away.

transition from normal to zero rates. Did it just drop sud-
denly as in a failure, or did it smoothly rise to higher rates,
go into saturation, and finally give only zeros? Unfortu-
nately, only tiny fragments of data were available as only
the scattered Minitrack Stations were being used at the
time. We had to wait, not only until Explorer II--- it went
into the ocean--- but until Explorer III was launched with
the tape recorder that George Ludwig had developed. Two
film strip copies of its first readout, recorded in San Diego
on March 28, 1958, were sent. One was sent to Van Allen,
who had gone to Washington after the launch. The other
was sent to lowa, where Assistant Professor Ernie Ray, Joe
Kasper, and I promptly grabbed the reel of film, put it on a
microfilm reader, and anxiously began looking for a transi-
tion. And there it was. So we knew at once that there was
something of very high intensity out there. I immediately
took the spare payload, and put it in front of an x-ray ma-
chine (a 250 kV DC machine I had installed for calibrating
my rocket instrumentation) where I generated what became
known as a Van Allen r vs R plot [Figure 8 in Van Allen,
1958]. The results showed that fluxes that would ideally
produce more than 35,000 counts per second, instead drove

the rate to zero. We knew we had measurements of an ex-
citing new phenomenon.

Simultaneously, having no tools other than his slide rule
in his Washington hotel room, Van Allen [1983] bought
graph paper and a ruler at a local drug store, and carefully
plotted the counting rates for the entire 102 minutes of
data. At 3:00 AM, he had turned in for the night “with the
conviction that our instruments on both Explorers I and III
were working reliably and giving reproducible results but
that we were encountering a mysterious physical effect of a
real nature” [Van Allen, 1983 p66]. Returning to lowa, Dr.
Van Allen proudly showed Ernie Ray and me his graph. I
then showed him my x-ray machine results. He instantly
agreed that the satellites were encountering very high
fluxes.

Van Allen announced the discovery to the world at a
National Academy Meeting in Washington on May 1, 1958
[Van Allen et al, 1958; Berland, 1962; Hanle and Cham-
berlain 1981 p58]. It was clear that a spacecraft was
needed to go up and study this new phenomenon. The pre-
ceding fall, Nicholas Christofilos had asked “What would
happen if we set a high-altitude atomic bomb off; would it
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with the bomb blasts. Explorer IV proceeded to measure a
great deal of what was to be known about the radiation
belts for some time. Perhaps the majority of what was
known for the first two years about the radiation belts was
from Explorer IV [Van Allen et al, 1959a]. 1t did most of
the mapping, much of the composition estimates, and was
up in time to measure the results of the high-altitude nu-
clear explosions.

In February 1959, there was a classified workshop at the
Lawrence Livermore Laboratory. Earlier, Edward Teller
had asked Ted Northrop to “see if you can find out how
particles drift in longitude.” Nobody knew. We knew that
particles spiraling around the magnetic field lines would
bounce and be trapped, but did not know how they would
drift around the Earth. Ted Northrop found the key: the
Rosenbluth longitudinal invariant. At the workshop, he
gave an impromptu seminar on the invariant to Dr. Van
Allen, me, and other interested people. Later, the invariant
was described in the open literature (Northop and Teller,
1960).

This invariant formed the basis for devising a way of
mapping trapped radiation, the B,L coordinate system
[Mcllwain, 1961]. There was the fortunate circumstance of
Ted Northrop finding exactly what was needed, even
though it was then known only in a few classified circles.
The nuclear explosions gave markers on magnetic shells,
which told us where the particles were drifting [Van Allen
et al, 1959b], and provided one of the first confirmations
that adiabatic invariants really worked. Explorer IV thus
provided a firm observational basis for the B,L coordinate
system [Van Allen, 1962].

In conclusion, it is now recognized that radiation belts
are an important and common aspect in many parts of our
universe. We at the State University of lowa who were
involved with the Explorer I, III, and IV spacecraft were
exceedingly lucky be there to help produce mankind’s first
view of this wondrous new phenomenon. The ex-musician
would have liked more time to perform music, but he has
never had regrets concerning his lowa transformation.
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Adventures With the Geomagnetic Field

E. N. Parker

Enrico Fermi Institute and Departments of Physics and Astronomy University of Chicago,Chicago, Illinois 60637

The magnetic field of Earth and its outward extension into the varying solar wind
provide a number of puzzles in classical physics, ranging from the generation of
the field in the liquid metal core to the various forms of agitation driven by the
solar wind. The effects are described by Newton’s equations of motion for the
atoms, 1ons, and electrons and Maxwell’s equations for the electromagnetic fields.
The problem is to identify the primary physical concepts and effects in the
observed activity so that the overall complexity can be understood in terms of a
few principles from Newton and Maxweil. In that way the geomagnetic field,
along with the rest of the astronomical universe, provide an ongoing challenge and
adventure for the interested physicist. Prior to the Space Age progress was slow
but substantial over many decades, working with such indirect phenomena as the
observed behavior of comet tails, records of worldwide geomagnetic fluctuations,
records of the activity of the Sun, etc. The Space Age made it possible to obtain
direct in situ information, greatly accelerating the scientific inquiry. So the
pursuit of magnetospheric physics has been a continuing fascination and adventure
throughout my professional career, with some of my earliest and latest research

papers devoted to the topic and with several basic puzzles still unresolved.

I. THE EARLY YEARS

My adventures in the physics of the terrestrial
magnetosphere began with the oo dynamo theory for the
origin of the dipole geomagnetic field (Parker, 1955b).
That work was based on the fundamental conjecture by
Walter M. Elsasser (1945, 1946) that the geomagnetic field
must be induced by the motions in the convecting
electrically conducting metal core. That is to say, the
geomagnetic field is not a consequence of a ferromagnetic
interior, or a thermoelectric effect, or an intrinsic property
of angular momentum. Elsasser proceeded to show that the
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magnetic field in the core is principally azimuthal,
generated from the dipole component by the nonuniform
rotation of the core. The question, then, was how to
generate the axisymmetric dipole component from the
dominant axisymmetric azimuthal magnetic field. It was
my good fortune to work as a research associate with
Professor Elsasser at the University of Utah for two years
(1953-1955) thereby assimilating his ideas, on which my
own work was based. After learning the basic concepts of
magnetohydrodynamics from expositions by Lundquist
(1952) and Elsasser (1954), I stumbled through the
strictures on axisymmetric field generation imposed by
Cowling's (1934) theorem and finally realized that the
several convection cells in the core of the rapidly rotating
Earth must be cyclonic and that the cyclonic convection
provided the necessary net circulation of magnetic field in
the meridional planes, equivalent to an azimuthal vector
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potential. A little smoothing through resistive diffusion and
the mean axisymmetric dipole field was the result, thereby
completing Elsasser's conjecture.  The mean rate of
generation of the dipole field (azimuthal vector potential) is
given by the product of the azimuthal B, already established
by Elsasser and a coefficient I' characterizing the cyclonic
velocity of the convective cells multiplied by their filling
factor. If the azimuthal vector potential is denoted by A,
then, for axial symmetry (&/0p = 0), the mean field equation
can be written

[0/6t - (V? - I/ )M = TB,

in cylindrical polar coordinates (w,p,z) where 1 is the
resistive diffusion coefficient and I' = I'(w,z), now
conventionally denoted by a(w®,z). The generation of B,
is, of course, given by the usual magnetohydrodynamic
induction equation
[0/0t-n(V? -1/ ©)] B, = H(BA,Q)/ D (w.,2),

where Q2 = Q(w,z) is the angular velocity in the convecting
core and the right-hand side represents the Jacobian or
Poisson bracket. In cartesian coordinates in which y
represents the equivalent azimuthal direction of the mean
field ( 0/6y = 0 ), the equations can be written

[0/t - (/o +&* 1074 = T'B,, (1)

[0/0t - (O 1P +D1D)]B, = HA,V)A(x,2), )
where the velocity v = v(x,z) in the y-direction represents
the nonuniform rotation. In the simplest case of uniform
shear let G, = ov/dx, G, = Ov/0z with the result

[0/0t—N(810x°+8°102°) 1B, = G.0A/0x—G,04/82.  (3)

Then if the spatial dependence of 1  is ignored, the basic
solutions of equations (1) and (3) have the exponential form
exp(t/r+ ikyx + ik, z), with the dispersion relation

1/t = HI(kG~k,GO/2]" (N +i)—n (ke +k,1).

It is obvious by inspection that there are growing oscillating
solutions for real %, and %, while there are nonoscillatory
growing solutions when &, and k, are complex, as when the
region is bounded. The nonoscillatory solutions are
appropriate for Earth (see the review in Elsasser, 1951,
1955, 1956a,b). The oscillatory solutions suggested that the

periodic magnetic field of the Sun is generated by the same
combination of nonuniform rotation and cyclonic
convection that provides the quasi-stationary geomagnetic
field. The oscillatory character of the magnetic field of the
Sun is a consequence of the relatively thin geometry of the
convective zone and the relatively slow rotation (of the
order of one rotation per convective turnover) (Parker,
1955b, 1957¢). The azimuthal field of the Sun is brought to
the surface by its own intrinsic magnetic buoyancy (Parker,
1955a), where it forms the bipolar magnetic regions and the
associated activity. It is that activity that produces the
outbursts in the solar wind responsible for much of the
magnetospheric activity at Earth.

0

II. THE VIEW FROM CHICAGO

In 1955 [ became a research associate with Professor John
A. Simpson at the University of Chicago. Simpson was
observing and analyzing the energy dependence of the
cosmic ray variations associated with solar activity. By the
time I arrived Simpson (1954, 1955; Simpson et al, 1955;
Fan et al, 1960a,b) had established that the energy spectrum
of the cosmic ray variations could not be produced by
changes of the geomagnetic cutoff energies, or by an
electrostatic potential in space. Hence the variations could
be attributed only to changing interplanetary magnetic
fields. This implied that interplanetary space is filled with
magnetic fields and the plasmas to manipulate them. Years
earlier Simpson had invented the cosmic ray neutron
monitor to study the variation of the lower energy (1-15
Gev) cosmic ray particles supplementing the traditional ion
chambers and Geiger counters, that respond principally to
the mu meson component produced in the atmosphere by
cosmic rays of 15 Gev and above. He distributed five
ncutron monitors over geomagnctic latitude from the
equator (Huancayo, Peru) to Chicago, so that he could
determine the energy spectrum of the cosmic ray variations
using the geomagnetic field as a mass spectrometer. The
effective geomagnetic cutoff at the equator is approximately
15 Geyv, falling to about 1.5 Gev at the geomagnetic latitude
of Chicago. Thus the geomagnetic dipole field was part of
the overall instrumental system, which included the
interplanetary “solar corpuscular radiation" and whatever
variable interplanctary magnetic fields might be there. It
paved the way for recognizing the concept of the solar wind.
It must be understood how little was known of conditions
above the terrestrial ionosphere at that time. No radio beam
could probe beyond the F-layer of the ionosphere, and
instruments could be carried no higher than high flying



balloons or the V-2 rocket!. So knowledge of
magnetospheric conditions was limited to inference from
the time variation of ground based magnetometers, ground
and balloon borne cosmic ray detectors, ionospheric (i.e.
radio propagation) conditions, auroral activity, etc. It is
interesting and even amusing, now some forty years later,
to look back at the random assortment of ideas that many of
us constructed to account for the activity of the
magnetosphere, the aurora, the cosmic ray variations, etc.
For instance, for a brief period I advocated the absurd idea
that the Forbush cosmic ray decrease was caused by
magnetic interplanetary gas clouds settling down onto the
outer geomagnetic field. Can anyone top that for a dubious
theory? Generally, each of us started from some glimpse of
the truth which was then extrapolated to provide a more
complete, if retrospectively naive, scenario. It is a good
thing that there were many of us, each pursuing his or her
own concepts and misconcepts, so that the random
components of the ideas largely canceled out in time.

One of the interesting exceptions to the severe
observational limitations was provided by the great solar
flare of 23 February, 1956, which produced an enormous
outburst of relativistic protons and helium nuclei. The
prompt arrival of these energetic particles at Earth came
from the direction of the Sun, with isotropic arrival
developing within about five minutes. The net effect was a
direct probe of interplanetary magnetic conditions. The
worldwide observations of this enormous cosmic ray event
collectively showed clear passage from the Sun to Earth and
strong scattering and impediment beginning at about the
orbit of Mars (Meyer et al, 1956). In rereading our old
paper 1 am struck by the mixture and confusion of the old
and the new concepts. On the one hand, we thought in
terms of the galactic magnetic field penetrating through
interplanetary space, with the prompt arrival of the flare
particles placing an upper limit at 107 gauss on any
transverse component of that field, otherwise estimated at
10~ gauss (Chandrasekhar and Fermi, 1955). On the other
hand, we noted Davis’s point (Davis, 1955) that the general
solar corpuscular radiation pointed out by Biermann (1951,
1952) must sweep back any galactic field to some great
distance ~200 a.u. to where there is a balance of pressure
with the outgoing corpuscular radiation. But we hardly
knew what to make of these mutually exclusive ideas.
Then, we quoted the 500 electrons/cm’ in the interplanetary
space at the orbit of Earth based on the inference by Behr

1 van Allen (1957, Meredith, et al, 1955) reached 100 km with a
small rocket launched from a balloon at 60,000 fi, achieving the
first direct detection of auroral particles.
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and Siedentopf (1953) that the zodiacal light is primarily
sunlight scattered by free clectrons rather than dust. We
also alluded to Chapman’s (1957) concept of a solar corona
extending beyond the orbit of Earth, thinking that the 500
electrons/cm’ represents Chapman’s static corona. We
wrote the curious paragraph “There is strong evidence that
this ionized gas, in the process of escaping from the sun,
will occasionally transport away from the sun small
amounts of the general solar magnetic field (mapped by
Babcock and Babcock, 1955). Additional gas in the form of
clouds and so-called solar streams may escape field-free”.
But we went no further. In fact, all the essential facts to
realize the solar wind were there, but I did not understand
the dynamics of tenuous plasinas well enough at the time to
make the necessary connections. That had to wait a couple
of years while I explored the dynamical theory of the large-
scale motion of the collisionless plasma. Only then was I
able to push forward the dynamical theory of the
magnetosphere and only then did the facts of Chapman’s
and Biermann’s work fall into place in my mind to see the
implications for coronal expansion, the solar wind, and the
associated magnetospheric activity. Nonetheless our
stumbling analysis of 23 February event emphasized in our
minds the central importance of the dynamical state of
interplanetary plasmas and fields, whatever that might be.

III. THE ORIGINS OF MAGNETOSPHERIC PHYSICS

It may be fairly stated that the first step in the physics of
the magnetosphere was the work of Gilbert around 1600,
who was inspired to recognize that Earth has an external
magnetic field in the dipole form of the magnetic field
around a lodestone. That is to say, Gilbert asserted that the
magnetosphere exists. He supposed that Earth itself is a
spherical lodestone. That Earth is not a ferromagnetic body
(i.e. not a lodestone) was recognized only with the discovery
of the Curie temperature in the late 19th century. But the
existence of a three dimensional sphere of influence
surrounding Earth stands on its own, regardless of the
origin within Earth. In Gilbert’s day the geomagnetic field
was detected and measured through its mechanical effect on
magnetic needles. It is interesting that the small geo-
magnetic fluctuations were detected mechanically and
eventually recognized in the 19th century as following solar
activity.

The corpuscular nature of the effects of solar activity were
championed by Birkeland (1896). The auroral ray structure
suggested to Birkeland the cathode ray streamers produced
by the energetic electrons in a Crookes tube. His idea was
simply that the Sun emitted electrons of such high energy (~
200 Mev) as to penetrate through the geomagnetic field to
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produce the auroral streamers in the upper atmosphere of
Earth. With this inspiration he constructed his ingenious
and spectacular terrela experiment, using a small
magnetized sphere representing Earth as the anode of a
large cathode ray tube. The ultimate irrelevance of the
experiment in no way detracts from the important
conceptual step to the corpuscular nature of the aurora and
corpuscular emission from the Sun that drives the aurora.
We know now that the aurora is only an indirect
consequence of the particles of kilovolt energies (the solar
wind) from the Sun impacting the outer boundary of the
magnetosphere. But Birkeland pointed the way with his
idea that the aurorae are a direct manifestation of the
impinging solar particles themselves. Birkeland observed
the deflections of the geomagnetic field associated with
auroral activity and deduced from Ampere’s law that there
are strong horizontal electric currents in the ionosphere
flowing perpendicular to the auroral curtains. He
recognized that the beginning and end points of the
ionospheric currents must be supplied by electric currents
flowing down along the magnetic field from above, now
known as the Birkeland currents.

In 1918 Lindeman pointed out that the necessary large
quantity of corpuscles implies near equal numbers of
electrons and ion charges i.e. near electrical neutrality.
Chapman and Ferraro (Chapman:1918, 1935; Chapman
and Ferraro, 1931, 1932, 1940) picked up on these ideas,
addressing the geomagnetic storm phenomenon. They
postulated an electrically neutral plasma cloud ejected by
the Sun at ~ 10° km/sec and impacting the geomagnetic
field. They recognized that the impacting plasma would not
penetrate immediately into the geomagnetic field but would
compress the field on the sunward boundary behind a
relatively sharp interface (magnetopause). The sudden
commencement of the storm was evidently a consequence of
the impact of a well defined front surface of the plasma
cloud. The sustained increase of the horizontal component
(the initial phase of the storm) was a consequence of
compression of the geomagnetic field by the continuing
pressure of the impacting plasma cloud. Chapman and
Ferraro noted that the subsequent world wide decrcase of
the horizontal component (the main phase of the storm) is
equivalent to adding a southward magnetic field in the
space around Earth. According to Ampere’s law a
southward field at Earth would be caused by a westward
ring current around Earth somewhere out in the
magnetosphere. They suggested, then, that after a few
hours the plasma impacting the geomagnetic field
penetrated into the magnetosphere and somehow set up a
westward ring current. Then the horizontal component of
the geomagnetic field gradually relaxed back to normal as

the ring current succumbed to electrical resistivity (i.e.
collisions with the ambient atmosphere). Ampere’s law
allows no simple alternative. But in reading the later
literature one had the impression that the ring current was
the ultimate explanation of the main phase, i.e. there was no
more physics involved than a westward current through,
say, a hypothetical copper wire circling Earth at a distance
of several Earth’s radii, Rg . In fact, to have applied an emf
to drive a current around a ring of wire would have created
a magnetic field that springs outward from the wire,
displacing the ambient field from the region around the
wire, and compressing the ambient geomagnetic field to
provide a world wide increase in the horizontal component
(Parker, 1958b,f). Rapid reconnection (Parker, 1957b,
1958b) would soon merge the field of the ring current and
the geomagnetic field, of course, providing the expected
decrease of horizontal component for the main phase.
Thus, one might have argued that the driven current
provides both the initial and main phases of the
geomagnetic storm, but these points were not generally
appreciated.

IV. DYNAMICS OF A TENUOUS PLASMA

It should be kept in mind that the theory of the dynamical
behavior of tenuous plasma in a magnetic field was only
beginning to be understood in the early and middle fifties.
Magnetohydrodynamics was understood to apply to dense
gases and liquids, e.g. the liquid core of Earth, or the dense
partially and fully ionized gases below the surface of the
Sun, with only a slight resistive dissipation of the electric
currents. However, the very tenuous ionized gases in space,
where the collision rate is small compared to the cyclotron
frequency, posed a different problem. For it was well
known that the application of an electric field perpendicular
to the ambient magnetic ficld produced no lasting electric
current flow. The net effect was merely to set the plasma in
motion with the electric drift velocity u = ¢ExB/B’ | so that
the plasma moves on the local frame of reference in which
there is no clectric field. In that respect the tenuous plasma
is the perfect insulator, as distinct from the dense collisional
plasma which is an excellent conductor, with ¢ ~ 2x107 7?
sec . On the other hand, there is no dissipation of the
current in a collisionless plasma so the effective resistivity
is zcro. The convention was to work with the conductivity
tensor, including the Hall and Pedersen conductivities.
Unfortunately the equations relating the current j with E,
B, and the bulk plasma motions v were too complicated to
provide any clear general concepts. Cowling (1957) gave a
concise outline of the dynamical theory of the bulk motion
of a plasma as it was understood at the time. In fact the



equation of motion for dv/dt and the induction equation for
dB/dt were magnetohydrodynamic in form (as emphasized
by Schlueter(1950, 1952)) but the additional terms
involving the various resistivities and thermal eflfects gave
the impression of a much more complicated state. In fact it
1s widely believed up to the present day that magneto-
hydrodynamics does not provide a proper description for the
large-scale dynamical behavior of the active magnetosphere
(cf. Parker, 1996), so that one must deal directly with
electric fields, electric currents, and a tensor conductivity.
was as puzzled as anyone in those early times, when it
occurred to me that the extreme limit of an entirely
collisionless plasma could be handled quite easily. The
basic problem is the dynamics of the bulk motion v of the
plasma and magnetic field B on a scale / large compared
to the cyclotron radius of the ions and electrons. In the
limit of large scale / the motion of the individual electron
or ion can be written down quite generally using the
guiding center approximation (Alfven, 1950). The particle
motion consists, then, of the electric drift velocity
u=cExB/B’ plus the so called gradient and curvature drifts,
both of the order of the thermal velocity multiplied by R/
where R is the cyclotron radius. So in the limit of / >> R |
the bulk motion of both electrons and ions is just u.
Summing over the difference in the motions of ions and
electrons gives the current density j . Writing Maxwell’s
equation as

OE/0t = cVxB —41j (4)

and noting that E = -uxB/c and /0t ~ u/l, it is clear that the
left hand side is small O(u® /c?) compared to the first term
O(cB/I) on the right hand side, so that the left hand side can
be neglected, leaving just Ampere’s law to the order in w/c
considered. Replacing j on the right hand side by the
current carried by the electrons and ions yielded Newton’s
equations of motion from Ampere’s law, viz.

NM du/dt =
V. (p+ BYSm)+{[(B-V)B 1/4m}[1-4n(p,~p)/B]]  (5)
(Parker, 1957a). It is supposed that there are N singly
charged ions per unit volume, each ion and its associated
electron having a total mass M, so that the density of the
plasma is NM. The subscripts £ and // refer to the
perpendicular and parallel directions relative to the
magnetic field. Thus if w, and wy represent the
perpendicular and parallel components of the individual
particle thermal velocities, it follows that

and

ps = 3 EMw/ pu= TMwi
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where the sum is over all particles in a unit volume. The
term (p, - p, ) represents the net centrifugal force exerted
by the electrons and ions streaming along a curved
magnetic field. It has the effect of opposing the tension
B*4n in the field around the radius of curvature
[(B-V)B1,/B* of the field lines. If p, - p, is as large as
B*/4m, the centrifugal force cancels the effect of the tension
B/4m.

At about the same time it was becoming clear from
studies of the dynamical instabilities of anisotropic thermal
velocity distributions (cf. Parker, 1958a, 1959a) that any
strong anisotropy for which p, - p, ~ B?/8n, is unstable on
times comparable to the ion and electron plasma
frequencies and cyclotron frequencies. Hence a strong
anisotropy is rapidly dissipated, so that for the long term
bulk behavior of large-scale plasma motions, one expects
no important effects of thermal anisotropy. By the same
token one expects no long term impediment to motion along
a magnetic field. This follows from the fact that an
isotropic thermal velocity distribution yields a uniform
density distribution along an inhomogenious magnetic
field. To a good approximation, then, the bulk motion of
tenuous large-scale plasmas is described by the familiar
momentum equation

pavldt = -V (p+B*/8m)+(B-V)B/4m, (6)
and if we think there may be significant thermal anisotropy,
it is obvious how to go about including the effects, writing
p. and p,, etc. The point is that anisotropy is a gas kinetic
effect which in no way alters the Maxwell stress tensor

M= —8;B°/8n+B,B/4n. (7

The general statement of the momentum equation can be
written

Gpvi/ Ot = OR,; /ibx-OM, ) 0x,~0p ) x, - pODIx, ®)

where @ is the gravitational potential, R; = —pv,v; is the
Reynolds stress tensor, and pj; is the pressure tensor. This
momentum equation is applicable to any plasma with a
number density N sufficiently large that NP is very large
compared to unity. In that case the equation is nothing
more than the statement of conservation of momentum of
the particles in a fixed cube of intermediate dimension
MNIP>>NA*>>1). The mean velocity of all particles in the
cube is v; while the thermal velocity w; of the individual
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particle is measured relative to v;. The acceleration of the
center of mass of the particles is represented by dv/df and
the calculation includes the transport of momentum by the
streaming of particles in and out through the faces of the
cube, giving the contributions R;; and p; for the mean bulk
motion and thermal motions, respectively. Noting that E =
-uxBle, it follows from Faraday’s induction equation that

OB/0t = Vx(uxB), 9)
so that we have the familiar magnetohydrodynamic
induction equation. Including collisions would, of course,
introduce dissipation on the right hand side of the induction
equation. However, dissipation in the tenuous plasmas in
the magnetosphere is a small effect that can be neglected for
most purposes. Only when the dense ionosphere is involved
does resistive dissipation become significant, The reader
may find it interesting to consult the development of the
momentum equation by Chew et al (1956), based on the
transverse and longitudinal invariants of the individual
particle motions.

The conclusion (Parker, 1957a, 1960b) was that the large-
scale behavior of the active terrestrial magnetosphere is
described by the familiar magnetohydrodynamic equations.
The field and plasma move together, except for the small
gradient and curvature drifts. This result was both a
revelation and a disappointment to me at the time. It was a
revelation because at last I felt I understood the basis of
magnetohydrodynamics of the tenuous plasma. The electric
currents and various tensor Ohm’s laws with the Hall and
Pedersen conductivities were secondary. The basic
dynamics concerns the direct interaction of the plasma
inertia and pressure with the elastic magnetic field whose
stresses are described precisely by the Maxwell stress
tensor. It was a disappointment because I had hoped that
my efforts would discover some exotic new effect arising in
a truly collisionless plasma that was not to be found in the
magnetohydrodynamics of an electrically conducting fluid.
In retrospect, of course, it was clear that there was nothing
missing from the magnetohydrodynamic equations that was
anything more than the kinetic effects of an anisotropic
thermal velocity distribution: The bottom linc is simply
that the magnetic field is carried bodily in the loval frame of
reference in which the electric field vanishes. For the
collisionless plasma that is the frame moving with the
electric drift velocity u.

We should not lose sight of the fact that the
magnetohydrodynamic formulation does not apply to scales
comparable to the cyclotron radii of the ions and electrons,
nor to regions such as the spontaneous auroral current
sheets.(Parker, 1972, 1994) wherein the number of electrons

is too small to carry the enormous current densities required
by Ampere’s law without acceleration of ions and electrons
to suprathermal velocities. In that case there is a significant
electric field component £, along the magnetic field. The
internal dynamical structure of the collisionless shock front
is another example and one of my next efforts was to
explore the parallel shock (Parker, 1959a) while others
pursued the more difficult case of the perpendicular and the
oblique shock. The collisionless shock introduced rapid
acceleration of ions and electrons (Parker and Tidman,
1958a,b; Parker, 1959¢) with implications for the bow
shock of the magnetosphere, interplanetary shock fronts
(Parker, 1961a,b,d, 1965a) and solar flares. Finally, the
large scale magnetohydrodynamic deformation of the
geomagnetic field, including internal Alfven waves,
provides diffusion and acceleration of the trapped energetic
particles (the Van Allen radiation belts) (Parker, 1960a,
1961b.c).

With the magnetohydrodynamic concepts in mind, it
became clear that the decrease of the horizontal magnetic
field at the surface of Earth, characterizing the main phase
of the magnetic storm, is a consequence of some outward
force that expands the elastic magnetic field outward from
Earth. It goes without saying that the outward force exerted
by the plasma on the field induces a westward ring current,
but the essential physics is the outward force on the field.
One of my early ideas (Parker, 1956) was that the
ionosphere is heated so as to expand outward, lifting the
magnetic field and thereby decreasing the field below the
ionosphere. However further inquiry showed no such
ionospheric effect.

V. SOLAR CORPUSCULAR RADIATION

Turning to the dynamics of the solar corpuscular radiation
responsible for geomagnetic activity, I had the good fortune
to learn from Sydney Chapman (1957, 1959) at the High
Altitude Observatory that the high thermal conductivity and
negligible radiative cooling provides a tenuous solar corona
that extends well beyond the orbit of Earth. A discussion
with Ludwig Biermann, who was visiting John Simpson at
Chicago, emphasized that the anti-solar pointing of gaseous
comet tails indicates that the Sun emits solar corpuscular
radiation in all directions at all times (Biermann, 1951,
1952, 1957). After thinking about these ideas of Chapman
and Biermann, it occurred to me that they were mutually
exclusive. The idea of interplanectary space filled with a
static tenuous coronal plasma and also with corpuscular
radiation was not possible because of the powerful plasma
instabilities that arise in any but a closely isotropic thermal
velocity distribution.  That is to say, the two-stream



instability prevents one collisionless plasma from passing
through another. Yet Biermann and Chapman had solid
arguments for their conclusions. After some thought it
became clear that the reconciliation was that the static
corona near the Sun somehow became the solar corpuscular
radiation at large distance from the Sun. With
magnetohydrodynamics as the basis for the dynamics of
both collisional and collisionless plasmas, it was only a
matter of writing down the hydrodynamic cquation for
radial acceleration of the corona to see that Chapman’s
extended temperature produced a gentle outward
acceleration of the nearly static corona closc to the Sun,
ultimately reaching supersonic velocity at large distance and
fulfilling Biermann’s inference from the behavior of comet
tails that the Sun emits corpuscular radiation in all
directions at all times at speeds of the general order of 500
kim/sec (Parker, 1958d). @ To emphasize the purely
hydrodynamical character of the phenomenon I suggested
that it be called the “solar wind”.

From the basic principles of magnetohydrodynamics it
followed immediately that this more or less steady solar
wind extends the weak fields of the Sun out through the
solar system in an Archimedean spiral from the rotating
Sun (Parker, 1958d). Variations in the wind speed
complicate the basic spiral form of the field, with occasional
blast waves (from flares, etc.) with well defined shock fronts
(Parker,1961¢,1963). It was immediately evident that the
outward sweep of the irregularities provides the modulation
of the cosmic rays studied by Forbush and Simpson, and
others (Parker, 1958g, 1961e, 1963, 1965b, 1966¢c, 1967c;
Jokipii and Parker, 1967). Thus the modern concept of the
heliosphere sprang full blown from the hydrodynamic state
of the solar corona. In particular, it is the solar wind
streaming past Earth that confines and agitates the
geomagnetic field in the manner described by Chapman and
Ferraro, while stretching out the outer regions of the
geomagnetic field in the anti-solar direction (Parker,
1958c).

The community reacted to the whole proposition with
coordinated disbelief. This sociological phenomenon is
more or less universal and every scientist should be aware
of it. The basic paper (Parker, 1958d) was submitted to the
Astrophysical Journal, edited by Prof. S. Chandrasekhar.
Chandra came to my office one day and noted that the
referees, all authorities in the field, assured him that the
work was wrong. In view of that fact, did I really want to
publish the paper? I replied that none of the referees had
any explicit criticism of the physical arguments and
mathematics in the paper, and how else did the referees
propose to reconcile Chapman’s inescapable extended
corona with Biermann’s inescapable continuous corpuscular
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radiation? Yes, I wanted to publish the paper. After a
moments thought Chandra said, “Alright. I will publish it.”
And he did, undoubtedly incurring the annoyance, if not the
wrath, of the referees.

A couple of years later Joseph Chamberlain gave a review
lecture at the Spring meeting of the National Academy of
Sciences in which he assured the audience that the proposed
supersonic expansion of the solar corona at large distance
was the result of an incorrect choice of the constant of
integration. He went on to show that a very dense corona
(10" atoms/cm®) with a limited heat supply provides only a
slow subsonic expansion of some 20 km/scc at the orbit of
Earth (Chamberlain, 1960,1961). T was not present at that
Spring meeting, but several acquaintances later offered their
sympathies. The solar wind was an interesting idea, but
clearly not acceptable to the expert community. Only two
or three colleagues seemed to understand the implications of
the work of Chapman and Biermann and the elementary
integration of the radial component of the momentum
equation for an atmosphere strongly bound by gravity but
with an extended temperature. Curiously, Chapman was
not one of them.

Fortunately detection and then quantitative study of the
solar wind was not many years away. Gringauz, et al
(1961) found a continuing streaming of ions in
interplanetary space with velocity in excess of 60 km/sec (>
15 ev/unit charge). Then Bridge, et al (1961) measured an
intermittent quiet day solar wind from the direction of the
Sun at 240 - 400 km/sec and 7 - 20 atoms /cm’ as Explorer
10 skimmed along the flapping surface of the tailward
magnetosphere. Finally the JPL plasma instrument of
Mariner 2, bound for Venus, showed the continuous
supersonic solar wind with velocities varying between 300
and 800 km/sec but always present with densities in the
range 2 - 20 atoms/cm’ (Snyder and Neugebauer, 1964).
Ness, Scearce, and Seek (1964) found the interplanetary
magnetic field to have the expected average inclination of
about 45° to the radial direction. Meanwhile T collected my
theoretical investigations of the solar wind and its effects all
the way out to the interstellar wind into a monograph
(Parker, 1963). Over the next several years the community
came to accept the solar wind as coronal expansion. I do
not recall who coined the term “heliosphere”.

In retrospect this is a typical example of the universal
sociology of scientific progress. It was repeated several
times in later years. For instance, when I first pointed out
the theoretical limits to the magnetic field of the Galaxy and
noted the general dynamical instability (Parker, 1966d), the
referee’s report began with “I had always thought that
Parker was competent, but...” The ideas are now generally
accepted and applied to a variety of stellar and galactic
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circumstances. More recently I have shown that the nature
of the Maxwell stress in a magnetic field is such that almost
all magnetic field topologies develop internal tangential
discontinuities (current sheets) as the field relaxes to
equilibrium in an infinitely conducting fluid. It appears
that this phenomenon may be the principal source of
magnetic dissipation heating the X-ray corona of the Sun
and other stars. The ideas are currently passing through the
same negative phase, with six papers in the literature
declaring, with “proofs”, that the spontaneous formation of
discontinuities is not possible, without noting the simple
formal mathematical examples of the formation of
discontinuities and without ever addressing the
contradictions that arise were it not so. These papers are
now widely quoted and , in fact, have been useful in writing
my monograph (Parker, 1994) on the spontancous
formation of tangential discontinuities, because they exhibit
the ambient confusion to which the writing is addressed.
On the whole it is my impression that the negative reflex
reaction of the community may have a positive effect, based
on P. T. Barnum’s dictum that bad publicity is better than
no publicity. Certainly in the case of the solar wind it
worked that way.

It should be emphasized that this is all in the normal
course of events. It was interesting to read Baldwin’s
(1995) recent account of the flat rejection of his point, made
some forty years ago, that the craters on the moon have all
the detailed characteristics of impact craters as distinct from
volcanic calderas. Then we recall the early reaction of the
community to Walter Alvarez’s association of the demise of
the dinosaurs with the worldwide iridium layer and the
implied impact of a massive boloid.

This is not at all a recent development. For instance,
geomagnetic activity as a consequence of corpuscular
radiation from activity on the Sun was proposed by
Fitzgerald, Lodge, Birkeland, and others in the last decade
of the 19th century. On the other hand Kelvin’s “proof” in
1892 (based on a hard vacuum with no charged particles in
space) was accepted by the community as overwhelming
proof that no solar-terrestrial connection exists beyond the
steady sunlight. It was 25 years before the pursuit of solar
corpuscular radiation was revived by Sydney Chapman.

In 1912 Alfred Wegener pointed out the extensive
evidence for the relative drift of the continents. The idea
was explored and debated until 1924 when Harold Jeffries
“proved” that the crust and mantle are too rigid to allow
relative motion, based on his estimates of the rigidity
necessary to support the Himalayas and completely
overlooking the fact that there are forces strong enough to
buckle the crust and raise the Himalayas in the first place.

At the present time the inescapable conclusion that the

well documented variations of the brightness of the Sun and
similar stars (by several tenths of a percent over periods of
years and decades) may have some noticeable effect on
terrestrial climate is undergoing similar “disproof”. The
interested reader is referred to such articles as (Thomson,
1995) offered as the definitive proof that the variations of
the Sun have no discernible effect on mean temperatures at
Earth. The “disproof” in this case is founded on the curious
assumption that a change in the brightness of the Sun would
have greater effect on the mean temperature in the Summer
than in the Winter because the Sun shines for more hours
per day in the Summer. Shining for more hours contributes
to the higher Summer temperatures compared with Winter,
but Thomson failed to realize that the hours of sunshine are
unaffected by the brightness of the Sun. In fact terrestrial
climate is a sufficiently complicated phenomenon, with heat
transported over latitude by wind and ocean currents and
with sunlight blocked by cloud cover, that we are in no
position to state the relative contributions of a changing
solar brightness to Summer and Winter temperatures, any
more than it is possible to give a reliable statement of the
precise warming brought about by the accumulating
anthropogenic greenhouse gases.

There seems to be an overweening reluctance in the
scientific community to admit that nature presents us with
puzzles whose solution requires new ideas to be introduced
into the repertoire. A reasoned caution with new concepts
is part of the scientific process, but eager rejection tells a
sad tale of the common scientific mind. All too often “truth”
1s defined as the consensus of our peer group. So we should
have no illusions about ourselves, nor should we be
surprised at the normal course of scientific events.

I next undertook a study of the dynamics of the outer
boundary of the magnetosphere in response to the impact of
a beam of protons and electrons, representing an
idealization of the incident supersonic solar wind (Parker,
1958c). With the assumption of specular reflection of the
incident beam, it was easy to show that the boundary and
the confining wind are subject to the familiar Kelvin-
Helmholtz instability. The instability suggested an
effective viscosity across the magnetopause, converting the
incident kinetic energy into more chaotic thermal motions
and accelerating some particles to high energy by the Fermi
mechanism. The individual particle motions within the
idealized shear layer at the boundary showed elliptical
orbits and gave an effective kinematic viscosity of the order
of the wind velocity multiplied by the ion cyclotron radius.
However, there was a basic difficulty arising from the fact
that the aurora and the main (expansion) phase of the
magnetic storm occurred deep within the magnetosphere,
on field lines that cross the equatorial plane at » sometimes



as samll as 2-3 Rz where Rg is the radius of Earth. Using
the idealized Chapman-Ferraro plane boundary for the
sunward magnetopause it was easy to show that
compression to » = 2Rz would require an interplanectary
blast wave of immense density (M~10° atoms/cin®) and
velocity (v~10° km/sec), as well as providing an increase
AB/B~0.02 in the vicinity of Earth. Neither so massive a
wind nor so large an increase AB has ever been observed.
So I turned to the unstable character of the magnetopause
and conceived the idea that tongues of solar wind plasma
are injected through the magnetopause and deep into the
magnetosphere. I wondered if the particle acceleration at
the magnetopause provided the aurora, with the fast
particles coming in with the intrusive tongues of plasma.
In retrospect it seems so naive. What pressure besides the
impact pressure of the wind could force the tongues of
plasma deep into the magnetosphere in opposition to the
increasing magnetic pressure? And such impact pressures
were beyond anything to be expected in the solar wind.
Then I conjectured that the injected solar wind gas might be
trapped in the geomagnetic field; accumulating to sufficient
mass as to give a net outward centrifugal force (for gas at
> 6.2 Rg) that expands the magnetosphere to provide the
main phase of the geomagnetic storm. It would have been
more astute to recognize that there was some missing
physics.

Returning, then, to the unstable magnetopause I noted
that “the solar wind tends to carry away the lines of force of
the outer geomagnetic field, just as a high wind blows
smoke away from a chimney”(Parker, 1958¢c). Gold
(1959a,b) and Johnson (1960) described the general comet
or tear drop shape of the magnetosphere as a whole, while
others then went ahead and formally calculated the general
comet shape of the sunward magnetopause and the extended
geomagnetic tail.

Then the missing physics began to appear. Dungey
(1961, Parker, 1966a) emphasized the importance of active
reconnection of a southward interplanetary magnetic field
component with the geomagnetic field at the sunward
magnetopause, stretching magnetic field lines into the
geotail. This becomes the magnetic substorm in the present
understanding of geomagnetic activity. Axford and Hines
(1961) worked out the important consequences of the
overall convection of the magnetosphere driven by viscous
forces across the unstable magnetopause. It has been
realized since that the reconnected flux bundles stretched
into the geotail are the principal driver of the enhanced
convection during active times. But whatever the driver,
Axford and Hines showed that particles from the solar
wind, or particles accelerated by the solar wind, are
convected deep into the magnetosphere, thereby sparing us
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the unworkable hypothesis that fingers of solar wind are
directly forced in to the auroral field lines and ring current
field lines deep in the magnetosphere.

VI. THE GEOMAGNETIC STORM

To go back a little in time, I had a continuing interest in
the main phase of the geomagnetic storm, in which the field
is displaced outward from Earth to decrease the horizontal
component at the surface of Earth. Singer (1957) had
pointed out that the gradient drift of the energetic particles
(e.g. the Van Allen radiation) trapped in the geomagnetic
field provides a westward directed electric current, with the
effect of decreasing the horizontal component in the vicinity
of Earth. This idea fitted naturally and simply into the
general picture. Indeed, what else could be the cause of the
main phase of the magnetic storm? It was a simple matter
for me to work out the small perturbation AB in the
neighborhood of a magnetic dipole as a consequence of an
equatorial concentric ring of radius » of trapped charged
particles. The particles with velocity w,, mass M, and
charge ¢ drift westward with the gradient drift velocity
3w, R/2r where R is the cyclotron radius Mw,c/qB(r) and
the geomagnetic field B(r) is Be(Re/r)® where Bg(~ 0.3
gauss) is the field intensity on the magnetic equator of Earth
(r = Rz ). Besides the westward drift, each trapped particle
has a diamagnetic moment g = Mw,*/2B(r). The net effect
of all this can be written

AB/Bg = 2E/3E, (10)
where E is the total kinetic energy of all the particles and
En = Bs°Rg*/3 is the total magnetic energy (0.8x10%ergs)
of the dipole field outside the surface » = Rg. It is
interesting to note that AB, which is parallel to the dipole
moment, depends only on the total kinetic energy of the
trapped particles and not at all on the distance at which the
particles are trapped, subject to the restriction that the
particles only slightly perturb the field.

The centrifugal force of any particle motion wy, parallel to
the field provides an outward force on the field of 3Mw, Ay
per particle. This force is exerted on the field by a
westward current I, producing a perturbation field

AB/Bg =2E,/E,, (11)
in the vicinity of the dipole by particles near the equatorial
plane, where Ej is the total kinetic energy of the parallel
motion. The general relation for particles distributed along
the field with both w, and w, was worked out by Sckopke
(1966; Parker and Stewart 1967; Olbert et al, 1968)



152 ADVENTURES WITH THE GEOMAGNETIC FIELD

During this same period of time Alexander Dessler (at
Lockheed, Palo Alto, California) had also been thinking
about the magnetic storm. In particular he realized that the
abrupt onset of the compression of the geomagnetic field
represents the arrival at the ground based magnetometer of
the signal from the progressive points of impact on the
magnetopause as the interplanetary blast wave sweeps over
the magnetopause (Dessler, 1958) He also learned that
laboratory measurements of charge exchange between
protons of a kev energy and a neutral hydrogen atmosphere
show an effective cross section ten or more times larger
than the geometrical cross section ( 10'15cmz) of the
individual atoms and very much larger than the Coulomb
collision cross section between two protons. So it appeared
that the trapped particles were largely protons and that
charge exchange was the principal dissipation channel for
the trapped energetic protons that produce the main phase
of the magnetic storm. Conversations with Dessler led to
combining our results into a paper on the geomagnetic
storm (Dessler and Parker, 1959, 1968; Parker, 1962a,b,
1969a).  We pointed out that the time of sudden
commencement of a geomagnetic storm differs at various
locations around Earth as a consequence of the differing
Alfven transit times as the interplanetary shock front
sweeps over the sunward magnetopause (Dessler, 1958;
Frances et al, 1959). We followed up the next year (Dessler
et al, 1960) with detailed ray tracing, showing how it takes
about 10* sec for the shock front to engulf the
magnetosphere and 107 sec more in differing Alfven transit
times to the surface of Earth, with the night side of Earth
experiencing the impulse later than the day side. We
suggested that solar wind ions (protons) are injected into the
geomagnetic field to radii of 3-5 Rg to produce the main
phase of the geomagnetic storm, as described by equations
(10) and (11) above. @We emphasized the magneto-
hydrodynamic nature of the storm phenomenon, beginning
with equations (5), (6), and (9).

As already noted, Dessler had come across the laboratory
results of Fite et al (1958) showing that the charge
exchange cross section for proton-hydrogen atom collisions
varied inversely with the relative velocity over the energy
range 10° to 2x10% ev. It followed that the life t of a proton
in an ambient neutral hydrogen gas of number density N H
atoms/cm’ is independent of the proton velocity in the kev
energy range. The laboratory measurements gave the
simple result that

T ~ 107/N sec.

The large charge exchange cross section dominates other
losses for a uniform current of protons circling around

Earth, so that the rate of decay of the main phase is given
approximately by the charge-exchange life t (Parker,
1966b). The characteristic relaxation time of the
axisymmetric main phase of a large storm is about 1 day,
say 10° sec. Therefore the ambient density must be about
10? H atoms/cm’, arising at r ~ 3Rg.

On the basis of charge exchange it follows that the rate of
decay of the main phase should be largest for the great
storms and much less for weak storms, assuming that the
vigor of the solar wind implants the particles deeper in the
magnetosphere to create the stronger storm. The initial
decay of a storm proceeds more rapidly than later on as the
innermost ions are the first to charge exchange, leaving the
more distant ions in the tenuous outer neutral hydrogen to
charge exchange more slowly. Both these theoretical
characteristics conform to the observed facts.

It also followed that the decay of magnetic storms should
proceed more slowly during the years of minimum solar
activity when the ambient neutral hydrogen atmosphere is
about one third as dense as during activity maximum. This
is in good agreement with the recorded decay of magnetic
storms. We estimated that the typical storm particles repose
at r = 4Rz, based on the observed decrease of the vertical
field component of the surface at Earth at £60° latitude and
on the characteristic 3-day decay time of the typical storm.
These simple facts collectively suggested that the main
phase of the geomagnetic storm is primarily a consequence
of protons with energies of the general order of a kev, i.e.
velocities of the order of 500 -1000 km/sec, trapped in a
broad band at a few Earth radii. A couple of years later we
explored the possibility that the protons are accelerated in
situ by magnetohydrodynamic waves and shocks during the
initial phase of the storm, thereby creating the subsequent
main phase as the wind pressure subsides (Dessler et al
1961). We estimated that most of the acceleration occurs
on the night side where the magnetic field is somewhat less,
accelerating the ambient ions to velocities ~10° km/sec or 6
kev, in order of magnitude. It has been gratifying to find
that the information on the geomagnetic storm subsequently
accumulated from particle detectors, magnetometers, and
electric field detectors on orbiting spacecraft has largely
confirmed this basic picture over the decades since we first
wrote about the geomagnetic storm. The acceleration of
particles is more varied and complex than we imagined,
picking up terrestrial atmospheric ions as well as protons,
and is still not quantified in spite of the best efforts of many
investigators. The charge exchange with the ambient outer
terrestrial ionosphere has been forgotten and reinvented in
recent years so that Dessler and I feel pretty good about our
old paper of 1959.



VII. THE MAGNETO PAUSE

My final foray into magnetospheric physics in those early
years was an investigation of the submagnetohydrodynamic
microstructures, i.e. the plasma physics, of the
magnetopause. The problem is interesting at the most
elementary level because the geomagnetic field lines at the
magnetopause extend down into the ionosphere, so that
under steady conditions there are no significant electric
fields perpendicular to the magnetic field lines in the
stationary magnetopause. Any such electric fields would be
short circuited by a static conducting ionosphere. It follows,
then, that the ions and electrons of the impacting solar wind
each penctrate a distance comparable to their respective
cyclotron radius. So the ions and electrons part company,
with the ions penetrating much deeper (~ 10° km) than the
clectrons.

Now the solar wind has a velocity component v,, parallel
to the geomagnetic field at the magnetopause, forming a
current layer about 10> km thick. Ampere’s law stipulatés
that there is a magnetic field generated by the parallel
current, and that magnetic field lies in the plane of the
magnetopause and perpendicular to the current, i.e.
perpendicular to the initial magnetic field. That is to say,
the magnetopause represents a rotational layer of field, with
the field direction turning from the normal field direction
on the inner side to essentially perpendicular to the incident
solar wind at the outer surface. The curious feature is that
the perpendicular field component produced by the
penetrating ions deflects the ions inward rather than
providing the usual outward reflection. Thus the
perpendicular field component is not confined by the impact
of the ions. Indeed, the contrary. The magnetic flux in the
magnetopause is continually expelled into the wind sliding
along the magnetopause. The wind then carries the
expelled field into the geotail, of course. The perpendicular
component increases outward, according to Ampere’s law.
The scenario suggests that there is no steady equilibrium
(stable or otherwise) of the magnetopause when we take
account of the solar wind velocity component parallel to the
geomagnetic field at the magnetopause. We have suggested
that the effect plays an important role in the “viscous”
coupling of the solar wind to the magnetopause.

One may argue that the parallel electric current of the
impacting ions induces an equal and opposite current in the
ambient magnetospheric plasma. But any such induced
current closes through the ionosphere, where the current is
subject to resistivity. Hence it soon decays, and we are left
with our parallel current and related field in the
magnetopause. So there is no evident stationary state for
the magnetopause. Indeed, this condition would seem to
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apply to all circumstances in which there is a rapid plasma
flow along a magnetic surface from which the field lines
connect into a resistive layer. The effect is not included in
my own earlier development (Parker, 1957a) of the large-
scale (L >>R) dynamics of plasmas, nor are we aware that it
has been developed beyond our own simple demonstration
(Parker, 1967a,b, 1968, 1969b; Lerche, 1967, 1968; Ferraro
and Davies, 1968; Hurley, 1968). Lerche and Parker (1967,
1970) suggested the occurrence of the effect in surges of gas
upward along the magnetic fields in the Sun, where the
photosphere is the effective resistive layer. Eviatar and
Wolf (1968) suggested that a sharp interface may be so
unstable that the question of the stationary equilibrium is
academic, and if an equilibrium does not exist, it has little
or no effect on the chaotic instability. Whether one adopts
that point of view or whether the parallel current causes the
surface field to be expelled outward into the solar wind, it
appears that there is an effective steady state erosion of
magnetic flux from the magnetopause by a solar wind that
is otherwise steady. The eroded field lines are carried back
into the geotail. It would be interesting to know the rate at
which flux is eroded under quiet conditions in the wind.
The problem has been taken up again in recent years in the
simple case that the magnitude of the magnetic field is the
same on both sides of the velocity shear layer (Roth et al,
1996). This avoids the erosion and expulsion of magnetic
field into free space, of which the authors seem to be
unaware, although the calculations nicely demonstrate the
rotation of the field direction.

VIII. EPILOGUE

My adventures with the geomagnetic field have provided
a rewarding experience over the years. Direct quantitative
observational results were forthcoming as the space age got
underway, so it was possible to do hard science, with the
expectation that a theoretical conjecture could soon be
tested and affirmed or discarded. Some questions are
sufficiently subtle that they remain unanswered for extended
periods, e.g. the precise internal dynamics of the
magnetopause. Many of the lingering theoretical questions
are academic, but no less interesting, if their consequences
are so subtle as to be undetected up to the present time. But
I still wonder about the dynamical state of the
magnetopause and the ejection of flux bundles into the
passing solar wind. So the magnetosphere has a continuing
fascination for me and I recently reactivated my old
acquaintance with the magnetosphere with a critical review
of the present state of the theory of magnetospheric activity
(Parker, 1996). It is my impression that the substantial
progress of the subject has been impeded by a reluctance to






geomagnetic storm main phase ring current, J. Geophys. Res..
66, 3631, 1961.

Dessler, A. J. and E. N. Parker, Hydromagnetic theory of
geomagnetic storms, .J. Geophys. Res., 64, 2239, 1959.

Dessler, A. J. and E. N. Parker, corrections to paper by A. J.
Dessler and E. N. Parker, Hydromagnetic theory of
geomagnetic storms, . J. Geophys. Res. 73,3091, 1968.

Dungey, J. W., Interplanetary magnetic fields and the auroral
zones, Phys. Rev. Letters, 6, 47, 1961.

Elsasser, W. M., Induction effects in terrestrial magnetism, Phys.
Rev., 69, 106, 1945.

Elsasser, W. M., Induction effects in terrestrial magnetism, Part
11. The secular variation, Phys. Rev. ,70, 202, 1946.

Elsasser, W. M., The earth’s interior and geomagnetism, Rev.
Mod. Phys. 22,1, 1950.

Elsasser, W. M., Dimensional relations in
hydrodynamics, Phys. Rev., 95, 1, 1954.

Elsasser, W. M., Hydromagnetics I , A review., Amer. J. Phys.,
23,590, 1955.

Elsasser, W. M., Hydromagnetic dynamo theory, Rev. Mod.
Phys., 28, 135, 1956a.

Elsasser, W. M., Hydromagnetism 1I. A review, Amer. J. Phys.,
24, 85, 1956b.

Eviatar, A. and R. A. Wolf, Transfer processes in the
magnetopause, J. Gegphys. Res., 73, 5561, 1968.

Fan, C. Y., P. Meyer, and J. A. Simpson, Rapid reduction of
cosmic radiation intensity measured in interplanetary space,
Phys. Rev. Letters, 5, 269, 1960a.

Fan, C. Y., P. Meyer,and J. A. Simpson, Experiments on the
eleven year changes of cosmic ray intensity using a space
probe, Phys. Rev. Letters, 5,272, 1960b.

Ferraro, V. C. A. and C. M. Davies, Discussion of paper by E. N.
Parker, Confinement of a magnetic field by a beam of ions, .J.
Geophys. Res., 73, 3605, 1968.

Fite, W. L., T. R. Brackman, and W. R. Snow, Charge exchange
in proton-hydrogen atom collisions, Phys. Rev., 112, 1161,
1958.

Francis, W. E., M 1. Green, and A. J. Dessler, Hydromagnetic
propagation of sudden commencements of geomagnetic
storms, J. Geophys. Res.,64, 1643, 1959.

Gold, T., Magnetic field in the solar system, Nuovo Cimento
Suppl. X, 13, 1959a.

Gold, T., Motions in the magnetosphere of earth, J. Geophys.
Res., 64, 1219, 1959b.

Gringauz, K. I, Bezrukikh, V. V., Ozerov, V. D., and
Ribchinsky, R. E., Study of the interplanetary ionized gas, high
energy electrons, and solar corpuscular radiation by means of
three electrostatic traps for charged particles on the second
Soviet cosmic rocket, Soviet Phys. Doklady,5, 361, 1960.

Hurley, J. P., Discussion of paper by I. Lerche, On the boundary
layer between a warm streaming plasma and a confined
magnetic field, J. Geophys. Res., 73, 3602, 1968.

Johnson, F. S., The gross character of the geomagnetic field in
the solar wind, J. Geophys. Res. 65, 3049, 1960.

Jokipii,J. R. and E. N. Parker, Energy changes of cosmic rays in
the solar system, Planet. Space Sci., 15, 1375, 1967.

Lerche, I., On the boundary layer between a warm streaming

magneto-

PARKER 155

plasma and a confined magnetic field, J. Geophys. Res., 72,
5295, 1967.

Lerche, L, Reply to Hurley, 1968, J Geophys. Res., 73, 3602,
1968.

Lerche, 1. and E. N. Parker, Nonequilibrium and enhanced
mixing at a plasma field interface, Astrophys. J. 150, 731,
1967.

Lerche, . and E. N. Parker, Comments on “Steady state charge
neutral models of the magnetosphere, Astrophys. Space Sci., 8,
140, 1970.

Lundquist, S., Studies in magnetohydrodynamics, Ark. Fys., 5
(15),297,1952.

Meredith, L. H., M. B. Gottlieb, and .J. A. Van Allen, Direct
detection of soft radiation above 50 kilometers in the auroral
zone, Phys. Rev., 97, 201, 1955.

Meyer, P., E. N. Parker, and J. A, Simpson, Solar cosmic rays of
February, 1956 and their propagation through interplanetary
space, Phys. Rev., 104, 768, 1956.

Ness, N. F., Scearce, C. S., and Seek, J. B., Initial results of the
IMP 1 magnetic field experiments, J. Geophys. Res., 69, 3531,
1964.

Olbert, S., G. L. Siscoe, and V. M. Vasyliunas, A simple
derivation of the Dessler-Parker-Sckopke relation, J. Geophys.
Res., 73, 1115, 1968.

Parker, E. N., The formation of sunspots from the solar toroidal
field, Astrophys. J., 121, 491, 1955a.

Parker, E. N., Hydromagnetic dynamo models, Astrophys. J.,
293, 1955b.

Parker, E. N., On the geomagnetic storm effect, J. Geophys. Res.
61, 625, 1956.

Parker, E. N., Newtonian development of the dynamical
properties of ionized gases of low density, Phys. Rev., 107,
924, 1957a.

Parker, E. N., Sweet’s mechanism for merging magnetic fields in
conducting fluids, .J Geophys. Res., 62, 509, 1957b.

Parker, E. N, The solar hydromagnetic dynamo, Proc. Nat. Acad.
Sci., 43, 8, 1957c¢.

Parker, E. N., Dynamical instability in an anisotropic ionized gas
of low density, Phys. Rev., 109, 1874, 1958a.

Parker, E. N., Electrical conductivity in the geomagnetic storm
effect, J. Geophys. Res., 63,437, 1958b

Parker, E. N., Interaction of the solar wind with the geomagnetic
field, Phys. Fluids, 1, 171, 1958c.

Parker, E. N., Dynamics of the interplanetary gas and magnetic
fields, Astrophys. J., 128, 644, 1958d.

Parker, E. N., Suprathermal particles II: Electrons, Phys. Rev,
112, 1429, 1958e.

Parker, E. N., Inadequacy of ring current theory for the main
phase of a geomagnetic storm, J. Geophys. Res., 63, 683,
1958f.

Parker, E. N., Cosmic ray modulation by the solar wind, Phys.
Rev., 110, 1445, 1958¢.

Parker, E. N., Plasma dynamical determination of shock
thickness, Astrophys. J., 129,217, 1959a.

Parker, E. N., Auroral phenomena, Proc, IRE, 47, No. 2, 239,
1959b.

Parker, E. N., Geomagnetic fluctuations and the form of the outer



156 ADVENTURES WITH THE GEOMAGNETIC FIELD

zone of the Van Allen radiation belt, J Geophys. Res., 65,
3117, 1960a.

Parker, E. N., Solar, planetary, and interplanetary
magnetohydrodynamics, Proc. Woods Hole Symp. on Plasma
Phys., 10-14 June 1958, Addison Wesley, Reading, Mass., ed.
F. H. Clauser, 1960b.

Parker, E. N, Quasi-linear model of plasma shock structure
in a longitudinal magnetic field, Nucl. Energy, Part C, Plasma
Phys., 2, 146, 1961a.

Parker, E. N., Effect of hydromagnetic waves in a dipole field on
the longitudinal invariant, J. Geophys. Res., 66, 693, 1961b.
Parker, E. N, The distribution of trapped particles in a changing

magnetic field, J. Geophys. Res., 66,2641, 1961c.

Parker, E. N., Transresonant electron acceleration, J. Geophys.
Res. 66,2673, 1961d.

Parker, E. N., Sudden expansion of the corona following a large
solar flare and the attendant magnetic field and cosmic ray
effects., Astrophys. J., 133, 1014, 1961e.

Parker, E. N., Theory of magnetic storms, J, Phys. Soc. Japan,
Suppl. A-1, 17, 199, 1962a.

Parker, E. N., Dynamics of the geomagnetic storm, Space Sci.
Rev., 1, 62 1962b.

Parker, E. N., Interplanetary Dynamical Processes, Interscience
Div. John Wiley, New York, 1963.

Parker, E. N., Interplanetary origin of energetic particles, Phys.
Rev. Letters, 14, 55, 1965a.

Parker, E. N. The passage of energetic particles through
interplanetary space, Planet. Space Sci., 13,9, 1965b.

Parker, E. N., Particle effects in the geomagnetic field, in
Radiation Trapped in the Earth’s Magnetic Field D. Reidel,
Dordrecht, ed. B. M. McCormac, p 302, 1966a.

Parker, E. N., Nonsymmetric inflation of a magnetic dipole, J.
Geophys. Res., 71,4485, 1966b.

Parker, E. N., The effect of adiabatic deceleration on the cosmic
ray spectrum in the solar system, Planet. Space Sci., 14, 371
1966¢.

Parker, E. N., The dynamical state of the interstetlar gas and
field, Astrophys. J. 145, 1966d.

Parker, E. N., Confinement of a magnetic field by a beam of ions,
J. Geophys. Res., 72,2315, 1967a.

Parker, E. N., Small-scale nonequilibrium of the magnetopause
and its consequences, J. Geophys. Res., 72, 4365, 1967b.

Parker, E. N., Reply to Ferraro and Davies, J. Geophys. Res., 73,
3607, 1968.

Parker, E. N., Solar wind interaction with the geomagnetic field,
Rev. Geophys., 7, 3, 1969a.

Parker, E. N., Dynamical properties of the magnetosphere, in
Physics of the Magnetosphere, D. Reidel, Dordrecht, eds. R. L.
Carovillano, J. F. McClay, and H. D. Radoski, p 3, 1969b.

Parker, E. N., Topological dissipation and the small-scale fields
in turbulent gases, Astrophys. J., 174, 499, 1972.

Parker, E. N., Spontaneous Current Sheets in Magnetic Fields,
Oxford University Press, New York, 1994.

Parker, E. N., The alternative paradigm for magnetospheric
physics, J. Geophys. Res.,101, 10587, 1996.

Parker, E. N. and H. A. Stewart, Nonlinear inflation of a
magnetic dipole, J. Geophys. Res., 72, 5287, 1967.

Parker, E. N. and D. A. Tidman, Suprathermal particles ., Phys,
Rev., 111, 1206, 1958a.

Parker, E. N. and D. A. Tidman, Suprathermal particles IL., Phys.
Rev. 112, 1048, 1958b.

Roth, M., J. De Jager, and M. M. Kuznetsova, Vlasov theory of
the equilibrium structure of tangential discontinuities in space
plasmas, Space Sci. Rev., 76, 251, 1996.

Schlueter, A. Dynamik des plasma. | Grundleichungen, plasma
in gekreuzten feldern, 72, 1950.

Schlueter, A., Plasma im Magneticfeld, Ann. Physik, 10, 422,
1952.

Sckopke, N., A general relation between the energy of trapped
particles and the disturbance field near Earth, J. Geophys. Res.,
71,3125, 1966.

Simpson, J. A., Cosmic radiation intensity time variations and
their origin. [1 The origin of 27- day variations., Phys. Rev., 94,
426, 1954.

Simpson, J. A., The cosmic radiation and solar terrestrial
relationships, Ann. de Geophys., 11,305, 1955.

Simpson, J. A.,, H. W. Babcock, and H. D. Babcock, Association
of a “unipolar” magnetic region on the Sun with changes of
cosmic ray intensity, Phys. Rev., 98, 1402, 19535.

Singer, S. F., A new model of magnetic storms and aurora, Trans.
Amer. Geophys. Union, 38, 175, 1957.

Snyder, C. W. and Neugebauer, M., Interplanetary solar wind
measurements by Mariner 2, Space Research,4, 89, 1964.

Thomson, D. ], The seasons, global temperature, and precession,
Science, 269, 59, 1995.

Van Allen, J. A., Direct detection of auroral radiation with rocket
equipment, Proc. Natl. Acad. Sci., 43, 57, 1957.

E. N. Parker, Enrico Fermi Institute, University of Chicago, 933
East 56th Street, Chicago, I1 60637



The Role of the DISCOVERER Program
in Early Studies of the Magnetosphere
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The DISCOVERER/CORONA program was the world’s first operational photo
satellite reconnaissance system. Over the August 12, 1960 to May 25, 1972
operational lifetime of the program, there were 130 DISCOVERER/CORONA
satellite flights. In addition to the primary mission the DISCOVERER/
CORONA satellites hosted a wide variety of piggy-back scientific payloads. The
frequent space flight opportunities in these early years of magnetosphere
exploration led to many scientific discoveries and provided the foundation for
several successful space scientists and institutions that have persisted to the

present.

1.THE DISCOVERER/CORONA PROGRAM

In February 1958 President Dwight D. Eisenhower
formally endorsed the creation of a satellite imaging
reconnaisance system that would take pictures from space as
it passed over the Sino-Soviet bloc. The code name given to
the highly secret program was CORONA. The satellite
periodically would deorbit a capsule with film which would
be sent to the National Photographic Interpretation Center
for imagery analysis. Eisenhower’s bold decision was an
attempt to counter the effects of the Iron Curtain which had
closed the West’s view into the communist world. Nikita
Khruschchev of the Soviet Union had rejected Eisenhower’s
1955 “Open Skies” proposal that was to be an essential basis
for mutual arms control. In addition there was a growing
US public concern over a perceived “missile gap” with the
Soviet Union. US policymakers were under pressure to
obtain timely, accurate and comprehensive information
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about world events, especially those occurring in the Soviet
Union. High altitude aircraft and balloons provided limited
information. The objective of the CORONA program was to
use a space platform to acquire photographic intelligence to
satisfy what was viewed as a critical requirement.
Eisenhower’s decision was also bold from the perspective
that such a system in February 1958 was based purely on
theoretical concepts that were yet to be demonstrated using
technologies that were not proven nor for which hardware
existed. Issues that are taken for granted today had yet to be
proven. The Soviet Union had successfully orbited the
Sputnik satellite a few months earlier on October 4, 1957
and the Explorer 1 scientific satellite was successfully
launched by the US on January 31, 1958; but even if you
could launch a camera into orbit, would it work in the space
environment about which relatively little was known?
Remember that film is notoriously sensitive to radiation and
the radiation belts were not discovered by James Van Allen
until May 1,1958. If you took pictures from a satellite
could you see through the atmosphere? Would the space
platform be steady enough to obtain decent resolution?
Could you control the satellite in orbit and take pictures
when desired? Could you de-orbit through the atmosphere a
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capsule containing sensitive film? Could you capture the
capsule in the air or at sea without degrading the film
quality? These were formidable technological challenges to
the team that developed the CORONA program.

The CORONA program was managed jointly by the
Central Intelligence Agency (CIA) and the US Air Force
with the funding source for development being the
Advanced Research Projects Agency (ARPA). The Air
Force Ballistic Missile Division (BMD) was responsible for
the development of the space vehicle and for launch,
tracking and, in conjunction with the US Navy, for capsule
recovery. The CIA was responsible for the development of
the photo-reconnaissance equipment. The industry team that
supported the US Government consisted of Lockheed
Missiles and Space Company, Itek Corporation, Fairchild
Camera and Instrument Corporation, Eastman Kodak,
General Electric, and Douglas Aircraft Company. Lockheed
had broad responsibilities as the technical director and
integrator of all equipment other than the Thor booster
which was the responsibility of Douglas Aircraft. Lockheed
also developed the Agena orbiting upper stage and
integrated and led the test, launching and on-orbit control
operations. Itek and Fairchild developed the camera system
and General Electric was the contractor for the recovery
capsule.  Kodak supplied the film and assisted the
government in the development of film processing .

The government/industry team worked feverishly to
develop an operational system because of the critical
national need. The first attempted but unsuccessful launch
of the system, announced as DISCOVERER I, was on
February 28, 1959, only one year after go-ahead. The next
12 launches were also unsuccessful for a variety of reasons
but the team learned from each failure. Finally on August
12, 1960 the gold-plated capsule from DISCOVERER XIII,
without any film, was presented to President Eisenhower in
a White House public ceremony. The capsule had been
released from the three-axis stabilized Agena spacecraft to
effect atmospheric reentry near Hawaii. The gold plating
enabled the capsule to survive the high temperatures of
reentry through the atmosphere. A deployed parachute
slowed the capsule descent to enable a specially equipped
USAF C-119 cargo aircraft to snag the parachute in mid-air.
The mid-air capture did not succeed on this mission and the
capsule, which splashed down in the Pacific Ocean some
330 nautical miles northwest of Hawaii, was retrieved by a
Navy helicopter and deposited on the deck of the surface
recovery ship Haiti Victory. This capsule, the first object
ever to be returned from space, currently resides in the
Smithsonian National Air and Space Museum. During the
next flight of DISCOVERER XIV on August 18, 1960, the
first imagery of the earth from space was obtained. The era
of space reconnaissance was born. Over the next year

launches were as frequent as monthly but with mixed
success. By early 1962, however, the launch rate was up to
20 per year and the success rate was up to 85 percent. From
that time forward until the final mission of CORONA on
May 25, 1972 the flights were highly successful. Over 130
satellites were placed in orbit over the 12 year lifetime of the
program. Image resolution on the ground improved from
7.5 meter in the early missions to 1.8 meter or better in later
flights. The CORONA program provided essential
information for US policymakers in 1) exposing the “missile
gap” myth 2) monitoring arms control and 3) detecting
nuclear proliferation.

On February 22, 1995, 35 years after initiation, President
William J.Clinton declassified the CORONA program and
made available approximately 2 million linear feet of
reconnaissance film acquired by the program for scientific
and academic purposes [McDonald, 1995a]. This imagery
has the potential to contribute significantly to the analysis
and understanding of global environmental processes.

CORONA not only played a major role in answering key
national security questions and revolutionized the way the
US collects intelligence, but it also contributed to advances
in the overall US space program. For example, Itek’s
camera technology evolved into imaging capabilities for the
Apollo lunar mapping program and the Mars Viking Lander.
Lockheed’s exacting rocket steering that was necessary for
precision imaging of ground targets evolved into a capability
for accurate space maneuvering and docking. For a greater
understanding of the CORONA program and its
contributions to national security the reader is referred to
[McDonald, 1995b).

A fundamental decision was made early in the CORONA
program by Col. Frederic C.E. Oder, USAF Program
Manager. Dr. Oder realized that the space environment
might play an important role in the success of the program
but he was concerned about the limited knowledge of this
environment. He directed that piggy-back payloads be
carried under the DISCOVERER program name to
investigate the space environment and that the information
be used to support the CORONA program [Personal
Communication]. This was a monumental decision for the
early space scientists eager to obtain flight opportunities on
the new satellite platforms. Because of the frequent flights
of the DISCOVERER satellites, the generous piggy-back
payload capability, and the long 12 year duration of the
program, numerous opportunities were created for
individual scientists and institutions to make discoveries and
to build their reputations in the new field of magnetospheric
physics as well as in other scientific areas. Much of what
was learned about the space environment was applied back
into  CORONA and contributed to the program’s later
outstanding performance record. This was especially true



regarding the nature of the radiation belts and their effects
on the sensitive imagery film. The purpose of this paper is
to highlight some of the personal scientific measurements
made aboard DISCOVERER satellites and how they
contributed to our early knowledge of the magnetosphere.

1.1 The First Soviet Space Imagery Program

It is of historical interest to compare the Soviet space
imagery program with the US CORONA program. Even
before the launch of Sputnik on October 4, 1957 Russia’s
chief space designer, Sergei Korolev, recently revealed that
he launched a satellite imagery reconnaissance program
[Oberg, 1995]. The Soviets adapted the spherical Vostok
capsules that carried the first cosmonauts into space into the
ZENIT space reconnaissance system. The initial ZENIT
design consisted of a cylindrical camera module and a
conical film return capsule. Film was wound on cassettes in
the small recovery capsule, while the camera system was not
recovered.  Similarities to the CORONA program are
striking. The first launch attempt of the ZENIT was on
December 11, 1961 but failed due to the booster’s third
stage not igniting. About the same time, the Soviets began
to successfully launch small satellites called KOSMOS for
the scientific exploration of space. The first successful
ZENIT space reconnaissance satellite was launched on
March 16, 1962 and because of secrecy was disguised as
KOSMOS-4 [Oberg, 1995]. Usable photographs were
returned after a four-day flight of KOSMOS-7 in July 1962,
some 23 months after the successful imagery obtained with
DISCOVERER XIV. Over the next eighteen months, the
Soviets carried out ten flights. Initial resolution on the
ground was 10 to 15 meters but improved such that the
Soviets reported that they could “identify the type of
automobiles in the Pentagon parking lot” [Oberg, 1995].
Korolev’'s design team eventually evolved into Energiya
NPO and through privatization into Energiya Rocket and
Space Company, which is now actively engaged with the US
in the development of the International Space Station.

2.0 DISCOVERER RESEARCH PAYLOADS

The Lockheed Missiles and Space Company in Sunnyvale,
California developed the AGENA spacecraft as the host
vehicle for the DISCOVERER/ CORONA program. The
AGENA was a three-axis stabilized vehicle, 1.5 m in
diameter by approximately 7.6 m long, that could fly in the
horizontal or vertical orientation to the earth. For CORONA
missions the AGENA flew in the horizontal mode with the
camera system mounted on the forward bulkhead. The
recovery capsule containing the film was at the foremost
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end. An artist’s concept of the KH-4B camera system in
flight is shown in McDonald [ 19955].

The aft bulkhead of the spacecraft housed a restartable
engine that was used to adjust orbit parameters.
Surrounding the engine were four panels each approximately
60 cm by 100 cm to which “piggy-back”scientific payloads
and new technology components and systems under test
could be mounted. The available weight on each flight was
determined by the film load and the boost capability of the
launcher. Typical “piggy-back” payloads were in the 50 kg
range. Electrical power, telemetry, thermal control, and on
many flights magnetic tape recorders, were provided to
support the experiments.

Experiments involving biological samples, film pack,
cosmic ray film stacks, film and solar cell degradation, as
well as radiation shielding tests that needed to be recovered
for analysis, were mounted inside the recovery capsule.

The Research Payloads program office at Lockheed
Missiles and Space was responsible for integrating the
“piggy-back” payloads with the AGENA spacecraft and the
CORONA recovery capsules. The requirements were kept
simple and payloads could be interfaced and tested in a
matter of days to weeks. The author recalls installing and
testing one payload that was launched within 48 hours.
Many of the experimental payloads bore no security
classification and most experimenters had no knowledge of
the highly secret primary mission. With launches occurring
every few weeks in the early days and with most carrying
experiments on board, the DISCOVERER program was the
forerunner of the “smaller, faster, cheaper” philosophy of
conducting space science that is so in vogue today.

The Research Payloads office accommodated a wide
variety of space experiments from a large number of
government and industry laboratories as well as universities
across the US. This is illustrated in Table 1 which shows an
actual Research Payloads manifest from the early days of the
DISCOVERER program.

The Air Force Cambridge Research Labs (AFCRL), the
Lockheed Palo Alto Research Labs (LPARL), and the Los
Alamos National Labs (LANL) got their start and/or early
growth in scientific space research through these initial
opportunities aboard DISCOVERER. Based on the
knowledge and reputation gained these institutions went on
to become major contributors to the new field of
magnetospheric physics. In addition to these and the others
institutions shown in Table 1, the Space Sciences
Laboratory of the Aerospace Corporation under the
leadership of Dr. George Paulikas conducted many of their
early space physics experiments aboard DISCOVERER in
support of the U.S. Air Force. Dr. Paulikas is currently the
Executive Vice President of the Aerospace Corporation. As
another significant example of the scientific opportunities
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Table 1. DISCOVERER RESEARCH EXPERIMENTS

TRACKING
Precision Doppler
Precision Optical
Secor

SPACE SYSTEMS DEVELOPMENT

Radiometers Air Force Space Systems Division

Applied Physics Lab, Johns Hopkins Univ.
Smithsonian Astrophysical Observatory
Army Map Service

AGENA Restart Air Force Space Systems Division

Horizon Sensor Air Force Space Systems Division
RECOVERY

Biological Air Force Aerospace Medicine

Air Force Special Weapons Center

Air Force Aeronautical Systems Division

Brookhaven National Lab,

Air Force Space Systems Division

Dosimetry Air Force Aerospace Medicine,

Air Force Cambridge Research Lab,
Lockheed Palo Alto Research Lab,
Naval Research Lab
Air Force Cambridge Research Lab,
Air Force Aerospace Medicine,
Lockheed Palo Alto Research Lab
Air Force Cambridge Research Lab
Air Force Aeronautical Systems Division
Air Force Space Systems Division
Air Force Aerospace Medicine
Air Force Special Weapons Center
GEOPHYSICAL ENVIRONMENT
Cosmic Ray Monitors Air Force Cambridge Research Lab
Atmospheric Density Gauges
Atmospheric Impedance Probes
Micrometeorite Detectors
Erosion Detectors
Radiometers
Galactic Radio Frequencies
Charged ParticleEnergy Analyzers Defense Atomic Support
Auroral Electrons Agency/Lockheed Palo Alto Research Lab
Proton Spectrometers
Optical Luminosity Distribution
Radio Frequency Propagation
X-Ray Detectors
Neutron-Gamma Detectors
Electron Spectrometers
Proton Spectrometers

Cosmic Ray Studies

Film Deterioration

Solar Cell Deterioration
Shielding Studies

Univ. of Illinois
Los Alamos National Laboratory

presented by the DISCOVERER flights, Dr. Edward Stone,
the current President of the Jet Propulsion Laboratory,
conducted the first cosmic ray composition measurements
aboard DISCOVERER XXXVI in partial completion of his
doctoral degree from the California Institute of Technology.

3.0 THE AURORA EXPERIMENTS

The LPARL conducted a series of experiments aboard
DISCOVERER satellites between 1962 and 1965 for the

Defense Atomic Support Agency (DASA) and the ARPA
through a contract with the Office of Naval Research. The
objective of the experiments was to use the aurorae as
natural disturbance phenomena in the D- and E- ionosphere
and to correlate the “input” parameters (the particle types,
intensity and energy spectra that caused the energy
deposition and resulting ionization profiles) with the
“output” parameters (radio propagation attenuation and
optical luminosity). From such correlation the
recombination characteristics of the ionosphere following a
major man-made disturbance could be derived. DASA
needed such information to understand the duration and
extent of blackouts to critical military communication
systems in the event of a nuclear explosion in the
atmosphere.

The “Aurora” experiments, as they were called, were
complex for this time period and involved simultaneous
coordination of satellite, aircraft and ground observations.
The key LPARL scientists involved in the design and
execution of the program were Drs. Roland Meyerott,
Richard Johnson, John Evans, Richard Sharp, Martin Walt,
Raymond Smith and William Imhof. The author was a
young member of the LPARL team and actively engaged in
the instrumentation development. The satellite payloads
consisted of large arrays of electron and proton detectors
oriented along and at various angles to the zenith to observe
the downward spiraling particles producing the aurora as
well as a more limited set oriented to the nadir to observe
the backscattered particles from the atmosphere.
Photometers sensitive to several auroral wavelength bands
were oriented in the nadir direction to correlate the “input”
energy from the particles with the “output” luminosity of the
auroral forms.

The particle detectors and the photometers were designed
and developed at the LPARL. The primary auroral particle
detectors were plastic scintillators coupled to ruggedized
photomultipliers. The thin scintillators were coated with
evaporated aluminum to render them opaque to moon light
but sensitive to the keV electrons and protons that create the
aurora. The thickness of the aluminum layer determined the
lower energy threshold of this total energy detector.
Several detectors with different threshold settings between 1
and 30 keV were used to obtain energy spectral data on the
auroral electrons. By the addition of a ceramic magnet
system in front of the scintillator, electrons could be swept
away and low energy protons could be detected. Both the
electron and proton detectors were placed at different
orientations to the zenith and nadir to obtain angular
distribution information.

The photomultipliers were operated in a unique, constant
anode current mode. By maintaining the anode current
constant the high voltage across the photomultiplier



necessary to produced that current would decrease in an
exponential manner as the scintillation light intensity
increased. By sampling the high voltage as a 0-5 volt analog
output it was possible to obtain over five decades of
dynamic range. The large dynamic range was needed to
measure the wide intensity variations observed in the
different classes of aurorae. The temporal response of the
detector system was in the few millisecond range, allowing
the tracking of the rapidly changing auroral forms. The
miniature high voltage supply that powered the
photomultiplier was designed for this purpose and later
patented [ Smith et al., 1962]. It became the backbone high
voltage power supply for future LPARL instrumentation for
many years into the future. The photometers which were
filtered to observe the 3.914 and 4.278 nm bands of ionized
nitrogen were operated in a similar manner to the
scintillation detectors.

From an historical perspective it should be mentioned that
in the early 1960’s there were a very limited number of
detectors available for the measurement of low energy
electrons and protons.  Geiger-Muller tubes with thin
windows, bare electron multipliers (the multiplying dynodes
of a photomultiplier) and scintillation detectors were the
only available systems. In addition to the mainstay
scintillation detectors, electrostatic analyzer spectrometers
were also designed and flown by LPARL on certain flights.
Channel multipliers did not exist in the early 1960’s and
indeed their first use in space was in later Aurora flights
aboard DISCOVERER.

A radio beacon operating at 20, 40, and 120 MHz was
provided by Prof. George Swenson of the University of
Illinois. The radio beacon would propagate from the
satellite through the undisturbed and aurora-disturbed
ionosphere and be detected by receivers on aircraft flying
below the aurora and on the ground. Measurements of the
rate of change between the signals at different frequencies,
i.e. the dispersive doppler, would provide the total electron
density integrated along the transmitted path.  Signal
strength measurements indicated the D- and E- region
absorption due to the auroral particle ionization. The
aircraft, operated by the AFCRL and flown from airfields in
Alaska, also carried zenith viewing photometers to observe
the auroral luminosity for correlation with the satellite
measurements.  Ground-based radio receivers and optical
instruments were also located and operated by personnel of
the University of Alaska at Fairbanks.  Coordinated
measurements in the nighttime ionosphere above the
University of Alaska were planned and conducted using the
predicted ephemeris of the satellite.

In the early years of the DISCOVERER program the
satellite lifetime was typically 2 to 3 days. The short
lifetime resulted from a combination of 1) the low perigee
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altitudes of typically 200-300 km in the northern latitudes,
chosen to obtain maximum imagery resolution but resulting
in considerable atmospheric drag that reduced lifetime 2) the
limited film load and 3) the desire to return the capsule with
the precious information as soon as possible. In later years
the satellite lifetime was extended to 7-10 days as improved
film and success rates increased [McDorald, 1995b].

The low altitude, polar-orbiting satellite basically placed
the detectors in an ideal location crossing the magnetic field
lines just above the auroral forms in the northern
hemisphere. The short satellite lifetime provided about 12
opportunities for overpass coordinations in Alaska, far
more than could be obtained in a typical rocket campaign.
The satellite particle and luminosity measurements were
most often obtained on every crossing of the northern and
southern auroral zones using a combination of on-board tape
recorders and frequent ground station contacts provided by
the Air Force world-wide tracking network.

An all-electronic 64 channel analog multiplexer operating
at 64 samples per second was designed especially for these
experiments. The high sampling rate of the particle and
photometer sensors provided a few millisecond temporal
resolution in the auroral forms. Typically, this translated to
obtaining auroral spectra every 63 meters but some detectors
were sampled as often as every 13 meters. This is believed
to be the first use of an electronic multiplexer in space since
slow and noisy mechanical commutators were still the
standard spacecraft multiplexer of the early 1960°s. These
high sampling rates on the auroral forms were not to be
repeated by other experiments for many, many years to
come.

Seven of these Aurora payloads were built and flown
aboard DISCOVERER vehicles between 1962 and 1965.
Table 2 shows a list of these experiments by their payload
designator, the DISCOVERER and/or CORONA mission
designator, the experiment payload complement and the
performance of the mission. For more detail on these
coordinated auroral experiments the reader is referred to the
article by J. E. Evans [Walt, 1964] and for additional
information on the instrumentation to Reagan et al.[ 1964].

The first flight on January 13, 1962 aboard DISCOVERER
XXXVII was unsuccessful due to the AGENA failing to
orbit. Within a month a second large payload was built and
launched on February 27, 1962 aboard DISCOVERER
XXXVIHI. Such a rapid turn around of a complex payload
was typical of this time period but nonetheless a tremendous
tribute to the dedication and talents of the early space
scientists, engineers and technicians. The main telemetry on
DISCOVERER XXXVIII failed but 12 passes of limited
data on the aurora were obtained over Alaska via a back-up
telemetry link. The scientific data were analyzed and
reported in the literature [ Sharp et al 1963,1964]. This was
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Table 2 AURORA EXPERIMENTS CONDUCTED BY
LPARL ON DISCOVERER SATELLITES

Payload Mission Launch Payload Performance
1962a XXXVII 1-13-62 10 particle detectors AGENA
-9030 1 scanning photometer failed
1 radio beacon to orbit
1 multiplexer
1962b XXXVIII 2-27-62 11 particle detectors Partial
-9031 1 scanning photometer  success,
| radio beacon 12 passes
1 multiplexer over Alaska
1963a 9052  2-28-63 11 particle detectors AGENA/
I electrostatic analyzer =~ THOR
1 scanning photometer failure
| nadir photometer
1 radio beacon
1 multiplexer
1963b 8002  5-18-63 8 particle detectors Complete
1 radio beacon success
1963c¢ 9059a 10-29-63 6 particle detectors Complete
1 ion probe success
1964 1003 3-24-64 12 particle detectors AGENA
I electrostatic analyzer failed to
1 photometer achieve
1 radio beacon orbit
1 multiplexer
1965 1026  10-28-65 21 particle detectors Complete
1 7-channel CEM success
| electrostatic analyzer
1 photometer
1 UV photometer
1 radio beacon
1 multiplexer
the last flight using the unclassified DISCOVERER

designation. All of the subsequent 92 flights were classified
secret under the CORONA program name. Unclassified
scientific payloads thereafter referred only to the
international designation for the satellite launch, e.g. 1963-
40.

The 1963a flight produced no data due to failure of the
AGENA satellite to separate from the THOR booster. The
1963b flight consisted of a small payload without
photometers since Alaska at launch time was in constant
sunlight. This mission was a complete success and
contributed much to our early understanding of the aurora
phenomena [Sharp et al. 1965]. Another small payload,
1963c, containing five electron detectors, one proton
detector and an ion trap to measure atmospheric
composition was also flown successfully aboard CORONA
mission 9059a in October 1963. The purpose of this
payload was to obtain detailed low- energy electron spectra
and angular distribution data in the northern and southern

auroral regions. Particle data on 141 crossings of the
auroral zones were obtained on this flight. The exciting new
results prompted an International Symposium on the Aurora
held at the LPARL in January 1964 [Walt, 1964].

A large payload was flown in 1964 that included an
electrostatic analyzer but the AGENA vehicle failed to
achieve orbit and no data were obtained. A photograph of
this payload mounted on the aft rack of the AGENA as the
spacecraft was being mated to the Thor launch vehicle at
Vandenberg Air Force base is shown in Figure 1. Finally,
the largest and most comprehensive Aurora payload flew in
1965 and was a complete success. Twenty one particle
detectors and two photometers as well as the radio beacon
successfully operated. Three days of world-wide data were
collected. Included in the payload was a Channel Electron
Multiplier spectrometer with seven channels, the first use of
this new class of low energy detectors in space.

These early DISCOVERER flights led to a much better
understanding of the aurorae phenomena. The distributions
of the electrons and the protons around the auroral oval were
mapped as a function of latitude, local time, and magnetic
disturbance and it was discovered that 1) the peak electron
and proton precipitations did not occur at the same latitudes
2) the proton energy deposition was significantly lower in
latitude than the electron energy deposition 3) a region of
“soft” electron precipitation distinct from the “hard”
electron precipitation existed of the dayside auroral oval and
4) the electrons were more energetic on the night side of the
auroral oval than on the dayside. These were all early clues
to the complex magnetospheric phenomena that would be
unraveled over subsequent years. The coordinated
measurements between the “input” parameters and the
“output” parameters led to a better measurement and
understanding of the effective recombination rates in the
upper D- and E- regions of the ionosphere.

4.0 THE STARFISH EVENT

On July 9, 1962 the U.S. detonated a 1.4 megaton nuclear
device in the upper atmosphere over the Pacific ocean as
part of the Cold war nuclear test readiness program. The
detonation, code name Starfish, resulted in an intense
artificial radiation belt that did not decay back to the natural
levels until 1965. The fission-spectrum electrons trapped in
this radiation belt were very intense and penetrated
spacecraft skins causing considerable radiation damage to
solar cells and other sensitive components. A more detailed
scientific account of the Starfish event is included elsewhere
in this monograph [Walt, 1997]. CORONA vehicle 9039
was launched on July 21, 1962, a few weeks after the
Starfish event.  Upon recovery and analysis it was
discovered that some of the film in the supply canister was
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1. SPACE RESEARCH AND COSMIC RAYS AT APL
(1946-1950)

In August 1946, fresh out of the US. Navy as a
mineman (gunner's mate) 2nd class, I started work as a
junior physicist at the Applied Physics Laboratory of
Johns Hopkins University (APL) in Silver Spring,
Maryland. I had been recruited by James Van Allen to
join the High Altitude Research Group, which was
planning a series of experiments using captured German
V-2 rockets.

Before volunteering for Navy service in 1944, I had already
received a bachelor's degree in electrical engineering from
Ohio State University at the tender age of 18 and had just
taken my Ph.D. prelims in physics at Princeton. Iknew next
to nothing about the upper atmosphere or "space," and I had
only a vague idea about cosmic rays. But I was willing to
learn and the research sounded exciting, working in a newly
established group full of enthusiasm under the triumvirate
direction of Van Allen, Howard Tatel, and Robert Peterson--
all of them basically nuclear physicists. My great companion
and friend at APL was Jim Jenkins, a little older and more
experienced than 1. He and his wife Lu took me under their
wing and told me about the wonders of California and the
West, places I had never seen but would soon become familiar
with. Tatel, a superb scientist, who had trained at the
University of Michigan, became my mentor on nuclear
instrumentation and physics generally; I was truly sorry when
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he left APL after a couple of years and later died quite young.
I owe him a great deal.

My main assignment was to work with them on studying the
intensity of the primary cosmic radiation (CR). My secondary
job was to work with John Hopfield and Harold Clearman on
the construction of an ultraviolet spectrometer to measure the
altitude distribution of ozone. I was also put to work
designing sun-based (and later also magnetic) systems to
establish the attitude (angular coordinates) of the rocket so
that we would know which way the CR "telescopes" (Geiger-
counter coincidence-arrays) were pointing.

It was a very active job, involving long hours designing and
testing circuits and preparing instrumentation that could
withstand the accelerations of rocket launch, protecting high-
voltage terminals from the near-vacuum conditions of space,
and designing the experiment so that the data could be
telemetered to ground-receiving stations. Generally, the
rocket and all of the instrumentation would be destroyed on
impact in the White Sands Proving Ground (New Mexico)-
that is, if we could locate the debris at all. The actual
recovery involved mainly armored film cassettes from rocket-
borne cameras, whose information about the position of the
horizon I also used to analyze the spin and attitude of the
rocket.

The initial cosmic-ray experiments used Geiger counters
that were heavily shielded with lead, in an effort to
distinguish between the high-energy CR primaries (having
energies of at least 7 BeV) and lower-energy secondaries. It
was soon discovered, however, that the lead shielding created
additional secondaries that could not be distinguished from
primaries; it made the experiment infeasible. After about a
year of experimentation and several rocket flights, Van Allen
and Tatel dropped the idea of lead shielding or of using ion
chambers, and went instead to "clean" CR-telescopes,
consisting of a threefold-coincidence configuration, with
additional "guard" counters to detect secondary events from
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CR showers. While this scheme eliminated most of the
secondaries produced within the rocket and instrumentation,
it could not eliminate "splash albedo,” i.e., sccondaries
coming out of the atmosphere, energetic enough to penetrate
the telescope and cause a coincidence. {Fig. 1]

By that time, I had become a full-fledged collaborator of Van
Allen's and was trying to devise some means of distinguishing
between primaries and secondaries. Time-of-flight would
have been the obvious solution, but was beyond our technical
means at the time. Nor would the method distinguish
between a primary CR protons and splash "albedo" protons
that had been turned around by the geomagnetic field [Fig.
1]--although I calculated what this contribution might be (and
later used this information in developing the "neutron-albedo”
theory of trapped radiation). I did have another experimental
approach: placing a "low-efficiency” Geiger counter (filled
with pure hydrogen) within the CR telescope, and thereby
measure the specific ionization of the particle. (A primary
CR proton with energy of several Bev, having minimum
specific ionization, would generally not set off such a counter,
while a secondary, e.g., a 100-MeV proton, would ionize
heavily enough to set off the counter. Of course, primary CR
alpha-particles, having 4 times minimum ionization, would
also set off the counter; but their flux was known to be small.)

But our most basic approach was to measure the CR flux at
different latitudes, pointing the telescope not only upward but
also into other directions as the rocket spun and pitched--
using the Earth's magnetic field as an energy spectrometer.
(More specifically, the relevant parameter was the magnetic
rigidity, defined as momentum divided by electric charge.)
We therefore had to become experts on geomagnetic theory,
and in particular, the formulation developed by the
Norwegian geo-mathematician Carl Stermer. Fortunately,
one of our team members was Ralph Alpher (of later fame for
the Big-Bang theory of element formation, with George
Gamow). He developed geomagnetic theory in enough detail
to make it useful to experimenters like myself, who wanted to
interpret not only the observed latitude variation, but also the
so-called east-west asymmetry arising from the positive
charge of CR primaries. (For example, one should observe, at
the equator, a strong excess counting-rate for primaries from
a telescope pointing towards the west, while albedo particles
were thought to be isotropically distributed, thus diluting the
expected asymmetry.)

In 1950, Van Allen and I finally published the results of our
latitude survey of primary cosmic rays. In 1949 we had
launched CR instrumentation in Aerobee sounding rockets
from the USS Norton Sound (a small aircraft carrier) off the
coast of Peru at the geomagnetic equator, and continued the
work the following year with launches in the Gulf of Alaska.
Even with some uncertainty about CR secondaries, we could
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Figure 1. "Splash albedo"; motion of secondary protons originating

from primary cosmic rays bombarding the atmosphere (Progress in
Elementary Particle and Cosmic Ray Physics, Vol. 4, p.264).



calculate an energy spectrum for the predominant component
of primary CR~high-energy (multi-BeV) protons.

2. FIRST ENCOUNTERS WITH GEOMAGNETICALLY
TRAPPED PARTICLES (1950)

I had some misgivings about the results, however, because
we never fully eliminated secondaries, as judged from the fact
that they should dilute the expected west-to-east asymmetry of
primary CR protons. It was essential to show that the splash
albedo was isotropic. I wrestled with this problem for some
time and published some suggestions that involved the idea of
albedo protons rising from the atmosphere and spiraling in
the Earth's magnetic field. (This work was published in an
American Physical Society abstract and in a later review
article; see Figure 1) But it was only after the discovery of the
radiation belts that I calculated that geomagnetically trapped
protons (from neutron albedo) were not isotropic but should
show a west-east asymmetry--because of an intensity gradient
with altitude.

This was not the only time that I missed out on trapped
radiation. In the summer of 1950, as my stay at APL was
drawing to a close, I joined a Navy Arctic resupply expedition
to Thule, Greenland, aboard the icebreaker USS Edisto.
Riding an icebreaker is a great experience;, without a keel,
they roll and pitch even in calm seas. With some difficulty, I
launched balloons carrying lightweight cosmic-ray telescopes
to measure primary radiation all the way up to the
geomagnetic pole to investigate the CR energy spectrum
down to a Bev or less. (In those days we believed that a solar
magnetic dipole would produce a low-energy cutoff ("knee")
in the energy spectrum.) Everything looked fine as we left
Boston and Halifax and worked our way up the coast of
Labrador and Greenland. But then the counting rates at top
balloon altitudes, around 80,000 feet, started to go wild.
Were these genuine high-energy particles, or was the high
voltage feeding the thin-walled counters discharging? In
further flights I applied extra wax protection to all high-
voltage terminals and still the "problem” persisted. My co-
worker, Russ Ostrander, a very capable APL engineer,
decided to pack up after we finished our balloon launch series,
a little disappointed by the absence of solid data.

We now know that I was seeing trapped particles leaking
into the auroral zone. In 1954, at the University of Maryland,
my graduate student Ray Rhodes and 1 finally figured out
what was happening, and a little later, I began to realize that
high-energy trapped particles must exist in the
magnetosphere after all, whereas according to Stermer theory
they could not have entered from infinity and should therefore
not be present.
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3. THE EQUATORIAL ELECTROJET (1948-1952)

Around 1948, Dr. EH. Vestine of the Department of
Terrestrial Magnetism of the Camegie Institute of
Washington suggested to APL that we try to measure the
actual distribution of electric currents flowing in the
ionosphere: their presence was known through the well-
known magnetic variations observed at the Earth's surface;
but these could not tell us about the location and vertical
extent of the currents. Specifically, he suggested that we
focus on the equatorial electrojet (EJ), a current-system
generated by atmospheric tidal motions, with a highly
concentrated maximum at local noon at the magnetic equator.
The project was assigned to me and I began to try to
understand the theory behind this effect by reading a book on
the upper atmosphere by S. K. Mitra. The book became a sort
of bible for me since it covered our knowledge--or rather lack
of knowledge—of the ionosphere and exosphere (the region
from which atmospheric atoms escape from the gravitational
field into space). Parenthetically, much of my later research
was devoted to correcting errors in the book relating to
ionospheric conductivity, density distribution in the
exosphere, ozone photochemistry, etc.

The task of measuring the electrojet seemed daunting, if not
impossible. As one penetrates through the current layer, one
should see a gradual weakening and then reversal of its
magnetic field effect. But unless the layer were very limited
in vertical extent, the available Aerobee rockets would not
surmnount the layer.  Furthermore, the small magnetic
perturbation would be horizontal and north-south, and
therefore require an attitude-stabilized magnetometer for
optimum detection sensitivity. But I discovered a saving
possibility: since the main geomagnetic field at the equator is
also horizontal and north-south oriented--and therefore
parallel to the perturbation—a total-field magnetometer could
do the job without requiring any stabilization. At any other
latitude, however, the effect of the perturbation would be
reduced and make it even less detectable.

With the help of Harry Vestine and Victor Vacquier I found
such a total-field magnetometer at the Naval Ordnance
Laboratory in White Oak, Maryland, and two scientists who
were willing to work with me: Elwood Maple and William
Bowen. Together we modified an existing, highly classified
flux-gate magnetometer used in naval torpedoes and adapted
it for use in a rocket. Lots of problems, in addition to
security; I still remember having to construct a wooden
internal structure and replacing the standard Aerobee
aluminum cone so as to avoid induced current effects. Our
first test came in 1948 at White Sands where we established
that the magnetometer worked and that the Earth's field
decreased with altitude in about the right manner. We saw no
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magnetic effects that could be attributed to an ionosphere
current, but were not discouraged. The current is very small
away from the equator; and when its horizontal magnetic
field is added vectorially to the inclined Earth's field, it would
produce an even smaller change.

In 1949, I was ready for the equatorial flights to be
conducted from the deck of the USS Norton Sound, off the
west coast of Peru. My main concern was whether we would
be able to surmount an appreciable fraction of the current
layer so as to establish its distribution. According to the book
by Mitra, based on the work of Sydney Chapman, the current
would extend from the bottom of the E-layer, at around 90
km, to the very top of the ionosphere, some 450 km--and even
then there might not be enough conductivity to support all of
the current. Yet the ground observations (by Alberto
Giesecke at Huancayo, Peru) convinced me that the current
must be there; and the rapid disappearance of the magnetic
signal north and south of the equator seemed to indicate a
current concentration at low altitude.

We fired two rockets, one at noon during current maximum,
and one away from noon. A comparison of the two records
should establish the existence of the current-and it did.
What's more: the rocket seemed to have surmounted all of the
current layer within about 12 km; unfortunately the rocket did
not go any higher so that we could not see a change in slope
of the field decline. We were jubilant and published our
results in the Journal of Geophysical Research, but without
explaining why the current was so highly concentrated in the
vertical dimension. My jubilation didn't last very long.
Sydney Chapman visited APL soon after, saw the results, and
shook his head sadly. He obviously did not believe that our
observations were valid, and I felt quite discouraged.

I found the answer some two years later after reading
carefully the book on "Cosmical Electrodynamics" by Hannes
Alfven. The reason for the assumed low west-cast electrical
conductivity of the ionosphere is the interfering effect (Hall
effect) of the north-south magnetic field. This was the
conductivity used by Chapman, Mitra—and everyone else.
But if there should be an electric polarization set up in the
vertical direction, then the Hall effect is canceled and the full
conductivity restored as if there were no magnetic field. I
published these conclusions explaining our obscrvations in
Nature in 1952. The very same issue carried a more elaborate
theoretical paper by David F. Martyn giving exactly the same
result.

4. THE MOUSE AND TRAPPED-PARTICLE RING
CURRENTS (1952-1957)

In 1950, I was faced with decisions: Jim Van Allen had
decided to leave APL and accept a position at the University

of Iowa. He wanted me to join him there and I did visit. I
also was interviewed by Edward Teller at Los Alamos who
wanted me to work on instrumentation that would survive for
even less time than it did in rocket experiments. Finally, APL
wanted me to continue as a co-director of the High-Altitude
Research Program. I was very flattered, but eventually
decided to go to London instead.

My tenure as Scientific Liaison Officer for the Office of
Naval Research (ONR) in Europe (1950-1953) gave me a
chance to think more deeply about the rocket experiments of
1946 to 1950. That period had been too hectic, with too
many deadlines, too many night sessions, to leave time for
fundamental thinking. Visiting European laboratories gave
me a chance to learn. At Prof. Powell's lab in Bristol I
learned about cosmic-ray interactions with nuclei in
photographic emulsions. In Durham, Prof. Paneth showed
me work on uranium-helium dating of iron meteorites that
gave impossibly large ages. Putting two and two together, I
developed a theory of CR interactions with meteorites that
would create helium in nuclear fragmentations—-then a new
idea. I figured that about 30% of the helium would be in the
form of the rare He-3 isotope—-and so it turned out. I should
have become a chemist right then and there; instead, I landed
in space—in a different way.

Partly stimulated by lectures I gave to the British
Interplanetary Society in London in 1951, I developed ideas
for an instrumented Earth satellite to carry on the kinds of
measurements we had been doing in rockets. (Years later,
Professor Joseph Kaplan who was head of the U.S.
Committee for the 1957 International Geophysical Year
(AGY), would refer to satellites as LPR~Long Playing
Rockets). It was quite a radical idea at the time, which
offended those who poo-poohed any notion about working in
space as well as those who had already sct their aim on
manned exploration of the solar system. What I brought to
the discussion, mainly, was the notion that instrumentation
could be miniaturized and that useful research could be done
with a satellite weighing only a few kilograms—even if it
survived only for days or weecks. With rocket propulsion
power limited, I figured that "lifetime" would be limited by
aerodynamic drag; I soon published calculations of lifetime
under various conditions. So was born the MOUSE—the
Minimum Orbiting Unmanned Satellite of the Earth--with
the help of futurist Arthur C. Clarke and rocket engineer Val
Cleaver and some alcoholic conviviality at the Players' Club
near Trafalgar Square. For the next few years, I would fry to
think of all kinds of experiments that could be done by such a
satellite: meteorological observations, including worldwide
measurements of ozone; ultraviolet measurements of the Sun
and other stars;, measurements of incoming interplanetary
dust as well as the zodiacal light/solar dust corona; magnetic



measurements of ionospheric currents; the use of the satellite
lifetime to measure the density of the upper atmosphere;
primary cosmic rays, and finally, geomagnetically trapped
particles. All these ideas were duly worked out and published
in some detail.

The idea of a particle population trapped in the geomagnetic
field developed slowly, but was certainly helped along by a
three-months' stay in Stockholm in the Spring of 1953. As a
guest worker in the institute of Hannes Alfven at the Royal
Institute of Technology (KTH), I was put in touch with many
interesting investigations. = For example, 1 thoroughly
absorbed Alfven's criticism of the magnetic-storm theory of
Chapman-Ferraro. They had visualized an equatorial ring
current at a distance of several Earth radii, in which protons
and electrons moved along the equator in the same direction
but with different velocities; the current thus generated was
supposed to account for the observed magnetic field decrease
during the main phase of a magnetic storm. Their model was
highly artificial--and also physically unstable. On the other
hand, Alfven's theory of magnetic storms, based on an
electrically polarized particle beam coming from the Sun,
secemed equally improbable.

All theories at the time were dominated by the geomagnetic
theory of Stermer, where a fixed magnetic dipole of the Earth
would prevent low-energy particles from entering the field so
that the region out to many Earth radii was termed
"forbidden." I noticed, however, that the original terrella
experiments by Birkeland, in which he shot electron beams at
a magnetized sphere in a vacuum chamber, showed
luminosity coming from these forbidden regions. I concluded
that the imperfect vacuum allowed electrons to be scattered,
changing their (Stermer) invariant integral of motion (the
vertical component of angular momentum). This observation
stimulated me to think about the consequences of what would
happen if particles were really to exist in the magnetosphere--
even though we had no clear idea of how they would get to
these inaccessible regions in the first place. But once there,
they would not only spiral about lines of force from pole to
pole, but would also drift in longitude—¢lectrons one way, and
protons the other—thus creating a completely stable ring
current. I completed my calculations in 1955, but was
disappointed when the Journal of Geophysical Research
returned my paper with unfavorable comments from referees.
(Something about being "too fantastic.") Fortunately, just
then, Helmut Landsberg asked me to prepare a review atticle
on "geophysical research with Earth satellites." I had already
published several chapters in a book edited by Van Allen
based on a conference at the University of Michigan. My
"review" for the Landsberg volume, which appeared in 1956,
contained a more complete discussion of research
possibilities, including the results of the trapped-particle/ring-
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current theory. These particles were supposed to have entered
into the geomagnetic field by perturbing it and being scattered
in at the same time; they occupied the region of what was
later referred to as the "outer" radiation belt. My research
paper giving the details of the theory was finally published in
1957 in the Transactions of the American Geophysical
Union. [Fig. 2]

5. TRAPPED PARTICLES AND FARSIDE AT CASP
(1953-1958)

I had joined the physics faculty of the University of
Maryland in 1953, and, with the enthusiastic help from
department chairman John Toll, gradually built up a research
operation called the Center of Atmospheric and Space Physics
(CASP). It involved some dozen research associates and
graduate students, and cooperating faculty members Ernst
Opik, Howard Laster, and William MacDonald. Ray Rhodes,
starting in 1954, worked on trapped auroral particles, and
together with Ken-Ichi Maeda, studied their energy loss and
penetration into the upper atmosphere. Hans Griem, who
joined me as a post-doc from the University of Kiel in 1954,
studied the lifetime (looping factor) of trapped particles in the
exosphere [Fig. 1]. Our aim then was to put some limits on
the importance of albedo when measuring primary cosmic
radiation. Robert Wentworth became my most important
research assistant, working on everything from impact points
of ballistic rockets on a rotating Earth to ozone observations
from satellites and, of course, trapped particles. He and I
started a thorough analysis of the trapped-particle ring
current, later continued by John Apel in his master’s thesis. It
was also a time for intensive experiments in cosmic rays
(David Stern, George Homa, Martin Swetnick, John
Corrigan), and development of small research rockets for a
variety of experiments.

Our first rocket was the Terrapin, a simple 2-stage solid-
propellant vehicle, designed by us (Yuri Kork, Dick
Bettinger) and built by Republic Aviation. We launched from
Wallops Island and off Puerto Rico, from aboard a Navy
vessel so small that it could barely be called a ship. We flew a
sodium vapor experiment to observe ionospheric winds (Einar
Hinnov), what with thermite bombs to evaporate the solid
sodium, it's a wonder we didn't kill ourselves or sink the
vessel. It's a good thing the ship's captain never knew what
we were doing--except when we disposed of the sodium in a
spectacular fashion by tossing it overboard.

From the Terrapin we went to an even simpler and cheaper
vehicle: our Oriole design was a 1%:-stage vehicle, a 1-inch
diameter "pencil” of extremely low drag, without fins but with
a tungsten tip (for stability), boosted by a standard 3-inch
LOKI rocket. It worked, but we had a hard time cramming
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Figure 2. (a) Contours of equal concentration of trapped particles. (b) Contours of equal drift current density. (c) Contours of

equal magnetic moment density (Apel et al, 1962).

instrumentation and telemetry into the pencil; it would be
much easier now with solid- state miniaturization.

We also experimented with an aircraft-launched rocket--to
overcome the drag of the lower atmosphere. We instrumented
a 2.75" FFAR rocket and persuaded Patuxent Naval Air
Station to try a loop maneuver in which the rocket was fired
when the plane was moving straight up. In spite of technical
success, funding for all these small-rocket programs dried up

as NASA built its own research centers. Afier 1957, I soon
switched to theoretical work.

Beginning in 1955, much of my activity revolved around
schemes for observing the geomagnetically trapped particles I
had been publishing on. I had met Colonel William Davis of
the Air Force Office of Scientific Rescarch and Morton
Alperin, head of the AFOSR Pasadena office and a prize-
student of the legendary Theodore von Karman (who kept



referring to me alternately as "the Mouse-Man" or as "Herr
Kollege," a title of which I was rather proud). I proposed to
them building a four-stage vehicle, using well-known solid
rockets (Loki and Recruit), to be launched from a balloon
platform. I calculated that the payload would reach an
altitude of about one Earth radius (6370 km), enabling us to
see not only an expected increase in cosmic radiation
(calculated by Bob Wentworth) but also look for the existence
of trapped particles (as stated in my proposal). CASP at the
University of Maryland received the funding to build the
instrumentation, consisting of a simple geiger counter. Ford-
Aeronutronics received the contract to build the vehicle,
which the Air Force named FARSIDE. (The general in
charge of AFOSR had become convinced by super-salesmen
Davis/Alperin that we would pass the farside of the Moon; 1
couldn't talk him out of it.) In 1957, and in a later 4-part
series, in the magazine "Missiles and Rockets," I published a
sequence of articles discussing the prospective results,
together with an analysis of how atomic explosions in the
upper atmosphere could generate artificially trapped particles.
After the Soviets launched Sputnik in October 1957, the Air
Force became serious about FARSIDE and rushed into
launchings from a Pacific atoll. I never had any written
confirmation, but was told that the balloons failed to perform.
In any case, I never received data from my experiment.
Since I had already been turned down for satellite
experiments in the IGY, I had to give up the idea of looking
for trapped radiation.

6. THE PRE-SATELLITE YEARS (1953-1957)

In 1953, after my move from ONR London to the University
of Maryland, I became much involved in propagating the
cause of small instrumented Earth Satellites—a novel idea at
that time. On the one hand I was a popularizer, speaking at
the Hayden Planetarium in New York a few months later; it
involved such notables as Arthur Clarke and Willy Ley, but
also Harry Wexler, chief scientist of the US Weather Bureau--
who only a few years later, in 1962, would recruit me to take
over as the first director of the US Weather Satellite Service.

On the other hand, I had started to publish serious scientific
papers pointing out the kind of geophysical research that
could be done with very simple instrumentation by remote
sensing or in situ observations. Inevitably, this brought me
into contact with government agencies that had the capability
of launching such payloads. My friend and American Rocket
Society colleague, Frederick C. Durant, introduced me to
Navy Commander George Hoover, who was actively
promoting satellites in the Office of Naval Research (and
everywhere else) and in 1954 arranged a meeting in his
Washington office with Wernher von Braun. Project Orbiter
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was born at that meeting, and from then on I was in close
touch with the Army Redstone Arsenal in Huntsville,
Alabama, where the von Braun rocket group developed a
satellite launch system based on the Redstone ballistic missile.

(I remember visiting von Braun, General John Medaris, and
Ernst Stuhlinger there around 1956-57.)

At the same time, this brought me into conflict with the
Navy effort to develop a satellite launcher, the Vanguard
project, based on an extrapolation of the Viking research
rocket. The Viking, in turn, was developed to be a
replacement for the V-2 and became a rather expensive rival
to our APL-devcloped Acrobee. President Eisenhower
decided that an American satellite, to be launched during the
International Geophysical Year, 1957-1958, should not be
based on a military rocket. And so the Army project was put
aside. Ironically, once Sputnik went up in October 1957 and
after the Vanguard launching failed, the Army project was
permitted to launch Explorer-1, the first U.S. satellite.

The groundwork for an IGY satellite was laid by two
international resolutions, both drafted by me. The first one
was adopted at the URSI (International Scientific Radio
Union) meeting in The Hague in the summer of 1954; the
sccond one a few wecks later at the IUGG (International
Union of Geodesy & Geophysics) meeting in Rome. In both
cases it was Lloyd Berkner and Athelstan Spilhaus who, by
sheer force of their personalities, pushed through these rather
radical resolutions. @ When a representative of Project
Vanguard objected, trying to slow down a rush towards
satellites that might have favored the far-advanced Army
project, and complained that batteries might not work in a
vacuum, Spilhaus slammed the table: "Dammit! We'll get
batteries that don't bubble!” And so satellites—-Long-Playing
Rockets--became part of the IGY program. Nobody, of
course, suspected that the Soviets would get there first. I got
an award from President Eisenhower, but missed out on
getting an experiment on satellites during the International
Geophysical Year.

7. RADIATION BELT THEORY (1958-1962)

The situation changed in a quite unexpected manner, when
Explorer-1, launched in 1958, reported the existence of
trapped radiation at low altitudes. Actually, the radiation had
first been observed by Vernov and Chudakov in Sputnik-2,
but since they did not receive the data from apogee (over
Australia), they did not see the rapid rise in intensity with
altitude until much later. The rapid rise in counting rate with
altitude of the Explorer-1 Geiger-counter indicated to me that
the particle flux rate was controlled by the atmospheric
density and, therefore, by lifetime in the atmosphere. In turn,
this suggested a very low injection rate that had nothing to do
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with solar eruptions or magnetic storms. When Van Allen's
results appeared in the newspapers, I speculated that we must
be dealing here with cosmic ray "albedo" whose lifetime with
altitude we had already studied [see Fig. 1]. (The albedo
particles would stem from the disintegration of a nucleus of
atmospheric oxygen or mitrogen hit by a primary high-energy
proton.) But how could an "albedo" proton travel from the
atmosphere (from, say, 30 km) to an altitude of several
thousand km at the equator in the presence of a horizontal
magnetic field? It suddenly occurred to me that the injection
into the magnetic field must have occurred from albedo
neutrons emanating from the atmosphere and decaying
within the geomagnetic field. From my earlier studies, I
already knew that the energy spectrum of these neutrons
would extend into the range of several hundred MeV, and
that their decay would produce protons of that energy—highly
penetrating and of long lifetime. I quickly published my
neutron albedo theory in Physical Review Letters, having
calculated the energy spectrum of the trapped protons and
their detailed spatial distribution up to about two Earth radii.
I also predicted that trapping would break down at that
altitude as the adiabatic invariance broke down and that a
second radiation belt would occur at higher altitudes [Fig. 3].
From then on I focused my attention entirely on the trapped
protons in the lower magnetosphere. Independently, Paul
Kellogg had published on the albedo theory, focusing his
attention on electrons. But because of their short range and
short lifetime, their role would not be very important. Much
later I learned that Vernov and Chudakov in Moscow had
independently thought of neutron albedo; as far as I know,
they never developed the theory in as much detail as we did.
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We now had a big theoretical effort going at the University
of Maryland. Bill MacDonald joined Wentworth and me in
fully developing the electron component of the neutron-albedo
theory. Because of their scattering, the full Fokker-Planck
formalism had to be applied. Graduate student Alan Lenchek
joined me in detailing the proton component. We expanded
this work to calculate the to-be-expected west-east asymmetry
and were gratified when Harry Heckman and George Nakano
(UCAL, Berkeley) confirmed the theory with their
observations. We also expanded the albedo theory to cover
neutron albedo generated from solar-flare-produced cosmic
rays, which introduced an interesting time-dependent feature.

So while I missed on actual experiments of trapped radiation,
we were able to cover the theoretical explanation fairly
completely.

8. OTHER MAGNETOSPHERIC PROBLEMS (1953-1962)

There were three other problem areas that occupied me
during my years at the University of Maryland (1953--1961)
and my year as a guest scientist at the Jet Propulsion Lab of
Cal Tech (1961-1962). One was the problem of
magnetospheric plasma composition, the others were
magnetospheric effects on cosmic rays and on the motion of
electrically charged bodies.

8.1. Exosphere and Magnetospheric Plasma

Beginning in 1959, Opik and I published a complete theory
of the Earth's exosphere, for the first time considering its non-
equilibrium, non-Maxwellian character, manifesting itself in
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Figure 3. Geomagnetically trapped protons (forming a radiation belt) derived from albedo neutrons. Calculated
omnidirectional fluxes are shown; the directional intensities and energy spectra, calculated from theory and basic cosmic-ray
data, without any further adjustments, compared well with subsequent detailed observations (Progress in Elementary Particle

and Cosmic Ray Physics, Vol. 6, p.314).



the absence of bound orbits of exospheric atoms. (As a result,
unlike the existing theory described in Mitra's book which
gave a finite density at infinity, our theory quite properly gave
a zero density). Independently, Francis Johnson and Joe
Chamberlain published similar theories, but from different
points of view. We all agreed, however, that the solar wind
could be thought as the evaporation of the hot solar corona in
the Sun's gravitational field. Graduate student Mort Liwshitz
studied the difficult problem of whether, in view of the escape
of fast particles, a full Maxwellian distribution existed at the
base of the Earth's exosphere, as generally assumed. Aharon
Eviatar studied the density distribution of ions in the
combined Earth's gravitational and magnetic field and
discovered many interesting new facts in this theoretical
analysis which was stimulated by discussions with Bob
Helliwell and Don Carpenter, who were studying "whistlers."
Paul Nakada and I published on the existence of a vertical
electric field in the ionosphere due to the higher velocity of
electrons (and their tendency to escape); one consequence of
such a field is an increased scale-height for positive ions, and
even a negative scale-height for multiply charged ions of
helium and oxygen.
Richard Bettinger constructed Langmuir probes for rocket
- experiments involving the emission of electrons from hot
cathodes, in order to measure the electric potential, Debye
length, and other plasma parameters of rockets in space.
Einar Hinnov developed a detailed proposal, complete with
calculations, for emitting barium clouds from rockets and
observing their motion from the ground, with the aim of
studying magnetospheric motions. Unfortunately, neither
Bettinger nor Hinnov's experiments ever received funding,
Graduate student Evan Harris Walker was chasing after
"ghosts," calculating whether the motion of a charged
spacecraft could generate plasma condensations in the
geomagnetic field that might explain the strange radar echoes
observed by John Krauss at Ohio State University.

8.2. Forbush Decreases: Magnetosphere or Interplanetary?

It had been known for many years, largely through the
observations of Scott Forbush, that the intensity of cosmic
rays at the Earth's surface decreased during the main phase of
magnetic storms (when the observed geomagnetic field also
decreased). It had been commonly assumed that the Forbush
decrease was a geomagnetic effect and could be explained
somehow in terms of a modification of the Stermer theory.
This proved not to be the case.

Quite by accident, I had become a participant in the debate.
It happened in the summer of 1947 when as part of my Ph.D.
thesis I made observations on extensive cosmic-ray showers
(Auger showers) and decided to take advantage of a Navy
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Arctic resupply expedition to also investigate (as a subsidiary
objective) the possible existence of a latitude effect. (There
was no latitude effect observed, but I did obtain good data on
the density distribution of showers and thereby on the energy
spectrum of cosmic-ray primaries in the range of 10'* to 10"
eV)

Forbush, whom I knew in Washington, asked me to install
in Thule, Greenland, essentially at the geomagnetic pole, one
of his lead-shielded ion chambers, a rather old-fashioned
instrument for measuring cosmic rays. I was happy to oblige
and later analyzed the data for him. I noticed that a typical
Forbush decrease occurred during a magnetic storm in 1951.
Upon reflection, I realized that there was no way an
equatorial ring current could affect primary cosmic rays,
typically of energy 10 BeV, at the pole. Tracing back their
path, they would have to be arriving from beyond the
magnetosphere.

There now developed an interesting debate about the cause
of Forbush decreases, in which Phil Morrison and Eugene
Parker played leading roles. They favored mechanisms that
would delay the arrival of cosmic rays at the Earth; they
visnalized a turbulent magnetic field that would increase the
path length. But it became clear to me that according to
Liouville's theorem (from statistical mechanics) the
directional intensity (and flux) of cosmic rays reaching the
Earth would not be affected. Using phase-space arguments,
the decrease had to be caused by an energy change along the
cosmic ray trajectory, due to a retarding electric field or some
other means. Using a thermodynamic argument, I finally
settled on a mechanism whereby cosmic rays caught in an
expanding turbulent magnetic field would lose energy to the
field and thereby be reduced in flux. I remember proposing
this mechanism at an American Physical Society meeting and
later, at a cosmic-ray conference on Lake Como, Italy (Nuovo
Cimento). But the theory was only taken seriously after I had
renamed it as an "inverse Fermi effect.” Interesting! Howard
Laster and Alan Lenchek joined me in a more detailed
publication.

8.3. Coulomb Drag: Needles, Interplanetary Dust Particles,
and Orbital Debris

The story of "charged drag" also has a long history. Around
1954, in preparing ideas for different satellite experiments, it
occurred to me that interplanetary dust particles (zodiacal
light particles) would become electrically charged while
moving through interplanetary space and through the outer
ionosphere (as the magnetosphere was then known), would
their interaction with the geomagnetic field lead to a latitude
dependence of the incident flux, similar to that for cosmic
rays? Lyman Spitzer and Fred Whipple had already
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published on the negative charge of particles in a plasma; I
added the idea that the photoelectric effect would produce a
positive charge for particles in interplanetary space and that
there might be a narrow region in the outer ionosphere where
the two effects could balance, producing a near-zero charge.
(Years later, using this phenomenon I developed a trapping
mechanism for particles ejected from lunar impacts.)

All this speculative material was duly published, first in the
Van Allen volume, together with what I called the "coulomb
drag," the retarding force experienced by a charged body
moving through a plasma (I didn't know at the time that this
had already been discussed in the literature and tried
laboriously to reinvent an expression for the drag force).

Much to my disappointment, both geomagnetic effects and
coulomb drag did not seem to be very important in practice.
For satellites, the ordinary acrodynamic drag was far more
important because the dimension of the satellite was large in
relation to the Debye length. I did invent a special satellite
made out of chicken wire, which had essentially no aero-
dynamic drag and only charged drag, in order to demonstrate
experimentally the importance of coulomb drag. Even for
particles in the micron range, it could be important only in
special cases: For example, Harris Walker and I published on
the migration of charged dust on the lunar surface and found
that there would be no deep accumulation—-no dust oceans, an
important issue before the first manned landings. In a 1969
review article, Lothar Bandermann and I discussed the
problem extensively for zodiacal particles in interplanetary
space.

But for particles in the magnetosphere, the effect would only
be important if the particle were in a bound orbit rather than a
hyperbolic trajectory. Three opportunities arose to apply the
theory.

(i) Around 1960, there was much excitement and a flurry of
papers when it scemed that high levels of observed dust
impact rates pointed to a "dust belt" around the Earth. I was
able to show, using the extended Liouville theorem, that the
observed impact rate for a detector should increase several
hundred-fold near the Earth, just because of focusing and
acceleration by the gravitational field--without any bound
orbits. There should be additional interesting features: a
maximum impact rate well above the Earth's surface--because
of the Earth's shadow effect; a morning-toevening
asymmetry and seasonal variation--because of the Earth's
orbit eccentricity.

(i) In 1961, the Air Force launched Project Westford. It was
designed to release into the upper atmosphere millions of
copper needles, cut to the length of a dipole, to form an
artificial ionosphere for communication purposes. To meet

objections that this project would interfere with radio
astronomy, Irwin Shapiro, at Lincoln Lab, tried to
demonstrate that a radiation-pressure resonance would limit
the lifetime of these particles so that the needle belt would
only be temporary. I noticed that he had neglected to consider
coulomb drag and showed in a paper in Nature that charged
drag would interfere with the resonance required to make the
radiation-pressure perturbation effective. We engaged in a
hot debate over these points, which was never quite settled.
The first Westford project launch failed because the
experimenters had forgotten about some basic points of
classical mechanics so that the needles were never released.
(Raymond Lyttleton and I pointed out to them that the stable
rotation of the payload, a nonrigid body, would be about the
axis of maximuym moment of inertia, not about that of
minimum as designed.) The second launch attempt did not
settle the controversy either.

(i) A quarter-century later, in 1986, my one and only space
experiment went into orbit on the LDEF (Long Duration
Exposure Facility) satellite, launched by space shuttle. With
my University of Virginia graduate student John Stanley (now
deceased) we wanted to measure the flux of interplanetary
dust particles with an array of solid-state detectors—capacitors
that discharged when impacted. LDEF was supposed to be
recovered a year later, but the Challenger accident changed
all that. LDEF was finally brought back six years later, just
days before it would have re-entered the atmosphere and
burned up. Unfortunately, we used a tape recorder that only
had a capacity of one year; there was no telemetry, and so we
missed secing Halley's comet. We did, however, observe
quite unexpected results: clouds of micron-sized orbiting
particles, almost certainly manmade debris. When we wrote
up the results in 1990-93, coulomb drag finally came back in
its own as determining the lifetime of the debris particles.

9. POSTSCRIPT: FROM MAGNETOSPHERE INTO THE
ATMOSPHERE (1962-1996)

With the exception of the LDEF analysis of orbital debris in
1992, 1 left active magnetospheric research in 1962 when I
was asked by the Department of Commerce to head the
activities that started the U.S. Weather Satellite Service—
certainly my most worthwhile government assignment. My
adventures in promoting the simple spin-stabilized TIROS
satellite, a re-incarnation of the MOUSE, over the elaborate
and costly Nimbus satellite are recorded in a thesis and book
on public administration by political scientist Richard
Chapman of Syracuse University, NY.

From 1964 to 1967, as Dean of the new School of
Environmental and Planetary Sciences at the University of
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on the value of nuclear energy-I learned a great deal from his book
"Cosmical Electrodynamics” and his general approach to problems
that proved to be useful later.

Emnst Opik became somewhat of a role model for me. He taught
me how important it was to work things out in great numerical
detail. I invited him to the University of Maryland in 1956, sight
unseen, based on our common interests in the origin of meteorites. I
am proud to say that I may be the only one with whom he has ever
co-authored scientific articles. We started with the dynamics of
meteorite production in collisions and my technique of "cosmic-ray
ages" of meteorites, we continued with the theory of the exosphere
and ionospheric electric fields, and investigated the exosphere and
electrosphere of the Moon, leading to the transport of lunar dust. It
was Opik who got me interested in planetary physics and in the
origin of Phobos and Deimos, the Martian satellites.

Among my contemporaries, I certainly learned a great deal from the
papers and publications of the many scientists mentioned in this
review. But in addition, I was much stimulated by the writings and
ideas of Tommy Gold and Bob Helliwell.

Bob Wentworth is the only one of my research students who
continued with magnetosphere problems, specializing first on micro-
pulsations and later on important topological questions of the
geomagnetic tail. He joined the Lockheed Research Labs in Palo
Alto to work with Alex Dessler, Francis Johnson, Bill Hanson, and
Martin Walt—certainly the most outstanding group in this field; I
have learned much from their writings.
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Appendix- A Student’s Story

Robert C. Wentworth, Ph.D.

8072 Broadway Terrace, Oakland, CA 94611

1. PERSONAL BACKGROUND- A GEOLOGIST'S
MICROSCOPE

It was the gift of my father's professional microscope that led
to my career in Space Science. My parents were divorced,
and I was raised by my mother in Baltimore, Maryland. 1
attended a small, private high school, and my high school
years were noted principally for Honors in mathematics, and
for my winning the Maryland State junior badminton
championships. However, my father (in Hawaii, C. K
Wentworth was a very well-known geologist) was
unimpressed with the latter accomplishment, and sent me one
of his professional microscopes as an alternate enticement. I
went on to Swarthmore College in Pennsylvania. In my
senior year I took a part-time job at the Bartol Institute (under
W. F. G. Swann and Martin Pomerantz) reading high-
altitude-balloon cosmic-ray exposed film packets under strong
microscopes (inspired by my prior experience with my father's
microscope). Following graduation from Swarthmore, I
Jjoined the physics department at the University of Maryland
in the Fall of 1953.

2. COSMIC RAYS AT MARYLAND

One of my first courses at Maryland was a seminar in
cosmic rays given by S. Fred Singer, one of the first faculty
members recruited by the new department head, John Toll. I
took the course because of my prior experience scanning
cosmic-ray exposed film plates at the Bartol Institute.

In addition to his regular lectures, Singer suggested topics of
current importance to students interested in working with
him, and at some point I had a go at one of his ‘problems.' It
was the analysis of Morrison's magnetic cloud explanation of
Forbush decreascs. We were able to show, by invoking
Liouville's Theorem, that a dynamic, expanding cloud was
required-that a stationary cloud would not do the job. I
subsequently joined his group.

I recall three early problems that he had suggested. The first
resulted in my first publication. It was entitled, ‘A method for
the determination of the vertical ozone distribution from a
sateltite' (by Singer and Wentworth) in June 1957 (this was
prior to the 'invention' of satellites in October 1957 with the
launching of the Russian Sputnik). The second was to
develop calculational techmques to determine impact points

for high- altitude rockets (I do not think we had a computer
yet). Three publications resulted, 'A method for calculating
impact points of ballistic rockets' (by Singer and Wentworth)
in 1957, 'A method for calculating impact points of ballistic
rockets: Convenient representations’ (by Singer and
Wentworth) in 1958, and, 'Scientific instrumentation for
interplanetary vehicles' (by Elton, Singer, Tripp, and
Wentworth) in 1958. The third problem was to study the
intensity of cosmic radiation as a function of distance in space
from the dipole center. This was a pure Stermer problem,
and resulted in the publication, 'Cosmic-ray measurements in
the vicinity of planets and some applications: Part I, Primary
cosmic radiation' (by Singer and Wentworth) in 1959. It
should be pointed out that this straight-forward calculation
had the potential for revealing the existence of the radiation
belts if it had been applied to early deep-space probes such as
Sputnik II, and the unsuccessful Project FARSIDE.

3. BEGINNINGS OF SPACE SCIENCE

Three bodies of theoretical work were available during the
first few years at Maryland. First was the Chapman/Ferraro
plasma cloud theory for the Sudden Commencement/Initial
Phase of geomagnetic storms, which was summed up in the
book, "Geomagnetism" by Chapman and Bartels in 1940.
Second was the orbit perturbation and magnetohydrodynamic
wotk of Hannes Alfven, which was published in book form
as, "Cosmical Electrodynamics.” Third was the great body of
cosmic ray orbit calculations in the earth's dipole magnetic
field by Carl Stermer, which was summarized in "The Polar
Aurora."

3.1 Singer's Prediction of the Radiation Belts.

It seems worth repeating the introduction to my Ph. D.
thesis:

'The existence of trapped particles in the earth's dipole
magnetic field seems to have been considered first about three
years ago. Even though a single particle could not enter into
the trapping region from infinity (as shown by Stermer's
theory), Singer (1956) reasoned that if a large number of
particles were to arrive from the sun, their collective action
could perturb the strict dipole field sufficiently to allow entry
into the trapping regions.. It must be understood that the
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assumption of particles in the forbidden (actually, 'allowed,’
but 'inaccessible") regions was purely a hypothesis and was
developed mainly to explain magnetic storms and aurora.
Subsequently, Singer (1957) developed a more detailed theory
for the main phase of magnetic storms which makes use of
the drift of these trapped particles to explain the formulation
of a ring current. He further suggested that some of these
trapped particles are accelerated to auroral energies (Singer,
1958). Although the initial assumption of particles in the
Stermer forbidden (allowed, but inaccessible) regions was
purely a hypothesis, the existence of such particles has been
demonstrated lately by the Pioneer rockets of Van Allen and
Frank (1959) and by Vernov et al (1959)."

Singer asked me to work on the problem of the magnetic
effects to be expected from such a cloud of trapped particles
(probably in 1956). He suggested assuming a plasma having
an energy density equal to 50% of the energy density of the
earth's dipole field in the equatorial plane. The plasma would
be isotropic except for the so-called loss cone. The plasma
would be injected from 4 to 10 earth radii. We had a
computer by then, and were able to calculate particle
densities, magnetic moments, and drift currents in three
dimensions, starting with conditions at the equator.

Singer published his theory, "A New Model of Magnetic
Storm and Aurorae" in Transactions of the Geophysical
Umion in June, 1957. Subsequently, this work was expanded,
and published as, 'Aspects of the magnetic storm belt' (by Sin-
ger and Wentworth) in July, 1959, and as, 'Effects of trapped
particles on the geomagnetic field' (by Apel, Singer and
Wentworth) in 1962 (cf. Fig. 2).

A serious question was asked about this material: what
would prevent the ring current from spiraling into the earth?
We had several answers. First, each of the individual
particles was in a stable orbit, as viewed as an Alfven pertur-
bation, or as a Stermer 'low-energy cosmic ray.' In addition,
each of the spiraling particles was the equivalent of a small
dipole magnet, parallel to the earth's dipole center. As such,
the repulsion of the paralle]l magnets would provide the force
to counter the tendency to spiral in toward the earth.

3.2 Rockets.

I am only peripherally cognizant of Singer's involvement
with rocket hardware. He was associated with Project
FARSIDE, a scheme to launch a 4-stage cluster of rockets
suspended below Skyhook balloons. I did some work on a
Geiger counter in the payload, and if everything had worked
perfectly, the radiation belts might now be called the "Singer
Belts." Singer was also involved in the development of an
intermediate altitude rocket, called the "Terrapin" (the
mickname of the U. of Maryland's football team). At a later

date (probably in 1959) Singer was entertaining a delegation
of Russian scientists. His graduate student, Dick Beftinger,
had written a computer program to calculate the position of a
rocket following launch. As the Russians crowded around,
Bettinger pushed the button. Out typed the computer:

Altitude
0 feet
-16 feet
-64 fect

Time
0 sec
1 sec
2 sec

After a moment of shocked silence the Russians roared with
langhter, and one congratulated Singer on his excellent
simulation of an American rocket launch (Bettinger had not
fueled the rocket, and it had fallen off the launch pad)!

3.3 Lifetimes of geomagnetically trapped particles.

Following Van Allen's discovery of the radiation belts,
Singer had his group move full speed to develop a theoretical
understanding of the physics of the region. Singer, himself,
was particularly involved with his neutron albedo theory for
the high-energy, inner proton belt, and I started working with
Bill MacDonald on an application of the Fokker-Planck
equation on the magnetic mirror geometry of the radiation
belts; my Ph.D. thesis was published in Sept. 1959 as,
"Lifetimes of geomagnetically trapped particles determined by
Coulomb scattering' (by Wentworth, MacDonald, and
Singer). Somewhat later, I published, Pitch angle diffusion
in a magnetic mirror geometry' in 1963.

4. PC-1 MICROPULSATION PEARLS

Following receipt of my Ph.D. I joined the Lockheed Palo
Alto Research Lab in Califorma in December of 1960. There,
I completed my Ph.D. topic paper, and following the exodus
of Francis Johnson, Alex Dessler, and Bill Hanson to Texas
in 1962, 1 began working with Lee Tepley on PC-1
micropulsation 'pearls’ (so named by the Russian physicist V.
M. Troitskaya). This work resulted in many joint
publications with Tepley, covering the years from 1962
through 1966. In 1968, I wrote a review article which was
published in a UCal, Berkeley, conference proceeding edited
by Stan Ward. To quote from the abstract,

Tt is now known that PC1 pearls propagate as wave packets
of finite duration along high-latitude geomagnetic field lines,
bouncing between hemispheres in a manner exactly
analogous to VLF whistlers'.

This was shown by Tepley's use of the sonogram (cf. Figure
4) to analyze signals from high-latitude stations (run by
Heacock), mid-latitude, northern hemisphere stations (Palo
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note that I had shown earlier that PC-1 pearl events tended to
occur predominantly during the week following
sudden-commencement magnetic storms).

5. GEOMAGNETIC TAIL

The initial view of the magnetosphere was formulated in the
interval from about 1957 through about 1965, that the
Chapman/Ferraro plasma cloud (or the continuous Parker
'solar wind') would compress and limit the earth's geomag-
netic field within what was called a ‘tear-drop' cavity (as
suggested by Francis Johnson in 1960). The direct pressure
would create a magnetosphere boundary on the sunward side
at some 10 Rg, while the thermal pressure would create an
antisolar boundary at some tens of Rg downstream on the
back side.

In 1962, I had a conversation with Alex Dessler and Bill
Hanson. They asked me what would happen to particles
trapped in the distant anti-solar portion of the Johnson
‘tear-drop' magnetosphere.  There, contours of constant
magnetic field strength at the equatorial plane would not
continue on around to the sub-solar region, but would instead
intersect with the boundary. I pointed out that particles
drifting on such contours would reach the boundary and then
pass on out of the magnetosphere. Did this mean that there
would be no trapped particles on such contours? Yes, but
there would be a large amount of external plasma crossing the
boundary, drifting across the distant tail, and then escaping
again on the other side. And this would not be just an oc-
casional particle. By Liouville's theorem it would be the

EQUATORIAL
CONTOUR OF
CONSTANT B

MAGNETOSPHERE
TAIL

QUASI-TRAPPED
SOLAR WIND
PROTON

CONNECTED
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whole weight of the external plasma, and it would make the
distant closed tail untenable. It would blow the tail away!
None of us followed up on this point! At that time I was still
working on my follow-up Ph.D. research paper.

Two years later IMP-1 discovered the geomagnetic tail
(Norman Ness, 1965, although apparently Ed Smith had seen
it earlier in 1962), and I published my first paper on this
subject, ‘Diamagnetic Ring Current Theory of the Neutral
Sheet and its Effects on the Topology of the Antisolar
Magnetosphere' in 1965 (cf. Figure 5). This suggestion was
not received with great favor at Lockheed. I remember an
announcement to the Lockheed assembly by Roli Meyerott
that,

'Wentworth will be giving a talk on his theory of the
geomagnetic tail at NASA, Ames. I talked to Martin Walt,
and he said that Wentworth's ideas are so full of holes that
they cannot be shot down!'

This process was simultancously, and independently
suggested by Jules Fejer in 1965, and came to be known as
the 'gradient-drift' effect.

Subsequently, I won a Guggenheim Fellowship to study this
problem, and ended up publishing, 'The Geometry of the
Magnetosphere' in 1967. In effect, I suggested that the
extended tail was a second, unexpected solution to an 'ex-
tended,’ field-free, finite-temperature Chapman-Ferraro
boundary-value problem. In my introduction, I state,

Previous suggestions have been based on the implicit
assumption that the unperturbed finite-temperature solar wind
would compress the geomagnetic field into a closed cavity in
the form of a tear-drop. They have postulated the existence of
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Figure 5. Equatorial plane of the magnetosphere. The injected solar-wind proton is shown following a contour of constant
magnetic field strength across the tail (beyond 10 Rg- Wentworth, 1968).
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An Education in Space Physics

D.J. Southwood

Blackett Laboratory, Imperial College, London SW7 2BZ, United Kingdom

The author was a student at Imperial College in the mid-sixties, a time when much of
the initial exploration of the magnetosphere had been done and many ideas that were later
to be seen to be correct were around but often not appreciated. The paper reviews the
author’s experiences and the ideas he picked up then.

BACKGROUND

I make it into this volume by the skin of my teeth. In
1957, I remember, as a schoolboy, greeting the arrival on
the scene of Sputnik with amazement and no sense that
within a decade I would be involved in space science. It all
seemed remote from the west country of England where 1
was growing up.

By 1966 things had changed. I had come to London
where possibilities seemed greater. What set me off on my
space science career was what in retrospect was the most
enormous piece of luck, although I did not recognise it at
the time. I was about to graduate (in Mathematics) from
Queen Mary College, London and I was set on doing a
doctorate with Vincente Ferraro who had been my
undergraduate tutor. Fate intervened. Ferraro had a
coronary and was ordered to cut back on his work load. He
sent me across town to Imperial College where Jim Dungey
had recently arrived. Jim was appointed first as a Reader
then rapidly given a chair (Professorship) of which more
below.

One says of teachers that they ‘taught me all I know’. Of
course, everyone says this about influential teachers. Jim
did that, but also, by his remarkable prescience or intuition
of the magnetosphere, he gave me an enormous headstart in
space physics. Happily, as I shall reveal below, in this case
I have documentary proof. The effect was that by 1970, 1
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had a way of understanding the magnetosphere that worked
but was not generally accepted for another decade or so.

I remember an interview with a tired-looking Ferraro
when he explained that he was not going to take me on but
that he had recommended me to Dungey. He was a very
nice man and I think that he felt badly about sending me
off. As if to apologise, he gestured with a sweep of his
hand to a shelf of yellow-spined JGR’s on his bookshelves
and said something like “I cannot keep up with the rate of
new material. One of these comes every month!”. I shudder
to think what he would make of what now appears monthly
in just JGR-Space Physics. In those days, JGR covered all
geophysics and maybe half a dozen papers on any space-
related topic.

I went across town to meet Jim Dungey in either January
or February 1966. I immediately liked him and, what was
more important, he accepted me. He decided to take me on
after an interview where I remember him doing most of the
talking. As far as I can recall, he outlined two potential
research problems. One was about the generation of
magnetohydrodynamic waves on the boundary between
solar wind and magnetosphere and the other was the
acceleration of charged particles at neutral points. What
else we discussed, I do not know. However, I was sold on
the subject.

The former topic became central to my PhD thesis and 1
have worked on magnetospheric magnetohydrodynamic
wave problems throughout my career. Here was an area
where there was a lot of work to do and another paper is
required to do justice to the way the field has developed
since then. However in terms of what I remember of that
magic time when I was a PhD student the subject of my
thesis is an almost incidental fact.
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IMPERIAL COLLEGE

The research group I joined at Imperial in 1966 was
small. As I remember, there were three other students, one
post-doc, two faculty other than Jim and two US visitors,
Bill Ross (from Penn State) and Ted Speiser who had been
one of JIim’s students at Penn State. Later another student,
more or less a twin with me, Maha Abdalla, joined the
group.  Subsequently, in the summer of 1967, an
undergraduate student, Stan Cowley, came to work for the
post-doc, Roger Etherington (an endearing but fierce
anarchist who sadly was to die from Hodgkin’s disease
within a few years).

The group was small but well connected. Americans at
the time seemed to travel more freely than others and there
was a regular stream of visitors to the group who came
through, no doubt to talk to Jim but also because London
was an exciting place to be at that time. David Beard came
so often that we named a room after him (also known as the
‘magnetospheric cavity’). Norman Ness who had just
discovered the magnetic tail of the Earth (of which more
below) was a regular visitor. I remember Fred Scarf whose
enthusiasm for measuring waves from spacecraft seemed
unusual at the time and yet fundamentally so sensible.
Non-US wvisitors included Roger Gendrin and Valeria
Troitskaya. Devrie Intriligator, who was later to convince
me Los Angeles was a good place to live, spent a summer
with a desk in the office I used. In my years as doctoral
student I shared the office with, at different times, Ira
Bernstein (the plasma physicist), Carl Mcllwain, Alfredo
Bafios, Chuck Sonett and the South African, Desmond
Clarence. All this provided a wonderful education.

In fact Jim’s group was a subgroup of a cosmic ray
group which at some time changed its name to ‘Cosmic
Rays and Space Physics’ and was headed by Harry Elliot.
The other part of the group was firmly experimental.
People went off to fly balloons in Africa and the like but
the new activity was building space instrumentation. There
was a large involvement in the British Ariel programme and
the new ESRO (European Space Research Organisation)
programme - the joke was that the initials HEOS for the
ESRO spacecraft launched in 1972 stood for ‘Harry Elliot’s
Own Satellite’! Through this group I met people like André
Balogh, Bob Hynds, and Peter Hedgecock who were going
to become close colleagues later as well as George Haskell
(with whom I worked and who later got me strongly
involved in space politics). The division in the group also
marked elements in the origin of the field of work. I
remember crudely classifying people in the field by their
origins - either as radio (tonospheric) physicists or ‘sawn-
off” cosmic ray men. I guess temperamentally the Dungey
group was more the former, Elliot’s clearly the latter.

SPACE PHYSICS IN 1966

The education I received in research working with Jim
went much further than working on my particular thesis
topic. The smallness of the group meant that one knew
what everyone was working on. In fact, the first thing I
remember intensely thinking about was not associated with
my thesis at all. 1966 had seen the publication of a paper
by Kennel and Petschek [1966] which purported to provide
a quantitative means of understanding the trapping of
radiation belt particles. This paper, combining as it did
microscale processes and global effects, was very
influential in my own coming to terms with what space
plasma physics was about. It needs to be understood that
the notion of how collision-free media behaved was still
controversial. A critical element of the Kennel-Petschek
story was the non-linear (pitch angle) diffusion of particles
which was self-sustaining because particles released energy
as they diffused. The notion of diffusion being a saturation
process was central in the recently derived theory for the
saturation of electrostatic plasma oscillations derived both
in the USSR [Vedenov et al.,, 1962] and in the USA
[Drummond and Pines, 1962] at around the same time. I
believe the junior faculty member, Jeff Klozenberg, who
had come to Jim from Culham Laboratory, had been to a
summer school in France in 1966 and paid the price of his
ticket by lecturing to us on quasilinear theory through the
autumn of that year.

Jim Dungey dominated activity in the group. Once I
started working with Jim, I realised that his mode of
thinking was regarded by many as eccentric. This could put
people off attending to what he was saying. His
presentation was the thing that was really different. He
speaks and writes ‘telegraphically’, 1.e. in short sentences,
which express only the essence of an argument. [ found his
brevity immensely appealing (perhaps because I have never
developed the knack myself). Jim’s response to ideas was
always interesting. Assuming you had already grasped the
obvious, he would leap to a further implication that you had
not yet reached. Once one had the hang of it, one learnt a
lot.

It 1s hard to get back into the mind of the time. So much
of what seemed radical and off the wall at that time is now
commonplace. In preparing this article T sat and tried to
think what I learnt then and what I learnt later. Shockingly,
I concluded that just about every useful idea I have
exploited in a career in solar terrestrial physics spanning
thirty years had its seed in ideas picked up whilst a student
at Imperial College. However it did not seem like that at the
time. What has happened in the intervening years is that the
old orthodoxies have been swept away and the old barriers
to understanding have gone with them. In order to patch



together the feelings of the time, I would like to explore this
a little.

Jim Dungey’s greatest contribution to magnetospheric
physics must be his open magnetosphere model. It was
launched on the world in a tamous Phys. Rev. Lett. in 1961
[Dungey, 1961], but in 1966 it was clear that Jim’s ideas in
this sphere were still regarded by many people working in
solar terrestrial physics as from the radical fringe. A direct
benefit to me was that accepting the basic ideas of the open
model in the sixties, gave me a ten year head start in my
career. It all seems so straightforward now that magnetic
reconnection couples the solar wind and magnetosphere
differently when the interplanetary field is northward or
southward. It is hard to see why people had trouble coming
to terms with the idea.

A couple of examples of the barriers to understanding
ideas that then existed might illustrate the dark ages we
lived in. T was sent to Jim by Ferraro. Ferraro always took a
personal interest in my progress. I felt he wanted to be
reassured that he had not disadvantaged me by sending me
away. Ferraro’s original claim to fame was his work while a
student at Imperial College with Sydney Chapman in the
early thirties. Chapman and Ferraro had first suggested that
the Earth’s magnetic ficld might be contained within a
cavity by the passage through space of corpuscular material
emitted from the Sun during solar disturbances. The cavity
would be bounded by a thin boundary later to be called the
magnetopause (which to this day is still said to carry the
‘Chapman-Ferraro’ current). The formation of such a
boundary was still an interest of Ferraro’s in the late sixties.
A competing idea of magnetic storms was advanced by
Alfvén in the 1940’s who postulated the penetration of an
electric field from interplanetary space into the Earth’s field
during storm-time. Alfvén’s model completely ignores the
formation of the Chapman-Ferraro boundary, which of
course, to a first approximation excludes the magnetosphere
from direct experience of the solar wind electric field. As a
model of magnetic storms, both ideas were wrong.
However because the Sun continually sends out a stream of
charged particles into space, the solar wind, Chapman and
Ferraro’s idea certainly explained the existence of a
terrestrial magnetosphere whilst Alfvén’s idea of an electric
field, although he had the direction precisely wrong, is
arguably at the root of our current understanding of
geomagnetic disturbances. For Ferraro the penetration of
the interplanetary field remained a major puzzle. At one of
the early national MIST (Magnetosphere, Ionosphere and
Solar Terrestrial Physics) meetings I can remember him
asking after a talk by Stan Cowley about the magnetic
neutral sheet, “But where does the electric field come
from?”. In similar spirit, I recall talking in La Jolla with
Hannes Alfvén about his admiration for Jim Dungey.
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Alfvén, a man not given to acknowledging lapses, admired
Jim, he said, because he not only recognised that a
magnetopause would form but also that the electric field
would penetrate it. Alfvén’s real admiration was for the fact
that Jim had seen that a magnetopause would form. When I
gently suggested that Chapman and Ferraro had got there
first, he would have nothing of it “No, their idea was
wrong. They did not include the solar magnetic field.”.

A second issue which might illustrate the dark ages,
concerns the Earth’s tail. This was a relatively recent
discovery (by IMP I in 1964) when [ was a student. The
presence of an extended magnetotail behind the Earth
proved conclusively that the magnetosphere was not
raindrop-shaped but that the magnetic field splits into
northern and southern lobes containing respectively field
pointing towards and away trom the Earth. Its length was
not clear and debate started in the pages of JGR [Dessler,
1964; Dungey, 1965]. In fact, the existence of magnetotail
at all is extremely good evidence of the need for the
Dungey open model magnetosphere. The field lines have
in some way to be dragged out to obtain the observed
configuration. One does not even need to believe in the
tenets of magnetohydrodynamics to see that the body forces
exerted by the field in the near tail are towards the Earth
and extreme and there must be an effective mechanism for
tugging in the opposite direction. Oddly the discovery of
the tail did not seem to be greeted at the time by any large
body of people as a triumph for the open magnetosphere
model propounded by Dungey. Part of the reason for this
must have been the topological nature of the sketches
showing the field configuration which bear little
resemblance to the actual geometry [cf. Figure 1, which I
discuss later.]. However, even today an audience can seem
to have trouble making the connection, but against a
background of the apparently competing ideas of Chapman
and Alfvén and others, it was much harder.

There were a lot of contradictory and confused ideas
around in 1966. It is important to understand that fact or
one cannot understand why it took so long to make the
ultimate progress we did make.

ENLIGHTENMENT

On the issue of how the magnetosphere worked I made
my own private resolution. In those days students had a lot
more time to read around their work (and there was a lot
less to read). Jim did not spoon-feed one and one was left
very much to do one’s own background reading. As a
result, T can remember coming to an independent conviction
that Dungey had to be right after a bout of browsing in JGR
and the limited number of conference proceedings then
available. Epiphany was seeing Don Fairfield’s work
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[Fairfield and Cahill, 1966] which correlated the
geomagnetic disturbance DS current system with southward
interplanetary field occurrence. Don had been a graduate
student of Jim’s at Penn State and I think that the work had
been part of his thesis. Since then innumerable connections
have been established between the sense of the
interplanetary field and geomagnetic response. Such
effects, whatever they may be, cannot be explained by
magnetohydrodynamics alone. MHD effects are insensitive
to the sense of the magnetic field. The reconnection process
which Dungey postulated to occur at the magnetopause did
depend on the sense of the external field. Once you had
accepted that reconnection occurred, many related
phenomena or epiphenomena were open to explanation. In
particular, one was no longer puzzled by why there was a
magnetopause and/or by why there was an externally driven
magnetospheric electric field.

In fact, Jim Dungey was supremely right about the open
magnetosphere but in fact he was right about lots of things,
indeed rarely wrong. In 1966, he had thought about many
of the basic problems of the magnetosphere in his own way.
Only slowly did the rest of the world come round to that
way of thinking. My luck was to meet him and pick up the
rules at just the right time.

INAUGURATION

‘History belongs to the winners.” In planning this article,
I was haunted by the fact that so much of what Dungey’s
group thought was true in 1966 was proven correct that the
story would all seem a little unlikely to an audience who
did not remember the time in question.

Happily in pursuing evidence of what we did and did not
know I came across excellent documentary proof of Jim’s
overall prescience in matters solar terrestrial. Whilst I was
looking for material for this article, my secretary proposed 1
look at Jim’s inaugural lecture. This was a great idea. The
inaugural text encapsulates well the knowledge one came to
take for granted at Imperial College in the late sixties. It
stands well the test of time.

At Imperial College, on being appointed to a chair (the
term for making the rank of professor in England) the new
professor is expected to give an inaugural lecture. Jim gave
his lecture on May 3rd 1966. At that time all inaugural
lectures were published, a tradition that has lapsed
somewhere in the intervening years, (No doubt because
now we are all so busy filling the pages of journals like
JGR with our outpourings instead.) Publication took the
form of an annual collected volume of inaugural lectures.
In addition bound off-prints were made of each lecture
(published at a price of two shillings and sixpence by
Imperial College).

Jim’s  lecture title is rather prosaic:  “The
Magnetosphere’. After a crack about taking Patrick
Blackett’s old chair, Jim mentions the long interest he has
had in the origin of the aurora. He refers to Chapman and
Ferraro (who are clearly both present in the lecture theatre)
and their theory that that the Sun might throw out streams
of ionized material and that these would then be held off
from the Earth by the formation of a magnetic cavity. There
is no doubt in Jim’s mind about the origin of the idea of the
magnetopause here. He then goes on to outline Ludwig
Biermann’s and Eugene Parker’s post-war contributions to
the recognition that there could be a continuous solar wind
culminating in the Mariner II spacecraft’s actual
measurement of a supersonic solar wind as Parker had
predicted.

Jim then goes into a concise description of the basic
unifying concept of MHD, the notion that the magnetic
field is frozen into the plasma and field lines move with the
plasma. He then introduces another central tenet of MHD,
magnetic field tension ‘appreciated by Faraday but then
somewhat forgotten for a time’. Oddly he does not mention
the allied concept of field pressure which is central to the
formation of the magnetopause and the Chapman-Ferraro
cavity. Tension, however, is the central element in the open
magnetosphere, the model he is to describe later.

Next he describes the solar wind and the interplanetary
field. The source of heat in the corona which causes the
solar wind to flow was a mystery then as it still is now but
once given the high temperature of the corona, the outflow
1s a consequence. The recently discovered interplanetary
field sector structure is described as a simple consequence
of frozen-in flow. The solar wind established, he goes on to
discuss the current (i.e. 1966) state of the Chapman-Ferraro
problem of defining the magnetopause shape assuming an
unmagnetised solar wind incident on the Earth’s dipole
field. David Beard (no doubt present) comes in for praise.
There is mention of hypersonic gas dynamic flow models
for the solar wind flow about the magnetosphere being
developed. Almost certainly Jim had in mind the work by
John Spreiter and colleagues whose first publications on the
solar wind magnetospheric interaction were appearing.
These workers included an upstream shock but retained the
unmagnetised assumption for the solar wind for dealing
with the dynamics of the interaction. Even today, thirty
years on, theory has not completely included the magnetic
field in our understanding of magnetosheath dynamics and
$0, as my colleague Margaret Kivelson and I know, one can
still get involved in controversy on the topic.

Finally the text gets to what 1s Dungey’s magnum opus,
the open magnetosphere. It is not introduced in any way
that would lead one to suspect that 30 years on it would be
regarded as the most important thing the speaker had done.



Neither is there any indication of the passions that the
model could arouse even then and the controversies and
arguments that would rage for the next decade and a half
until it achieved general acceptance. Rather Dungey writes
in the spare economical style mentioned earlier which
repays attention to each word.

Figure | is reproduced from the lecture. Jim explains
that it was his PhD supervisor, Fred Hoyle, who suggested
that the interplanetary magnetic field could be important in
the magnetospheric interaction (I wished I had known this
reference when I talked to Alfvén.). One starts (as Alfvén’s
comments implied) by ignoring the Chapman-Ferraro effect
and simply adds an interplanetary field to the Earth’s
dipole. The field lines then interconnect from Earth to
interplanetary space. If the interplanetary medium is
moving, the existence of an electric field both in space and
in the Earth’s environment is natural. Even without
allowance for the Chapman-Ferraro effect, current sheets
form between the solar and terrestrial plasma where the
field reverses and the plasmas move together. At the current
sheet the frozen-in approximation breaks down and field
lines break and change partners, the process being called
‘reconnection’.

The field topology of Figure 1 implies that the polar cap
field lines of Earth extend into the solar wind. Although the
sketch is topologically sound it does not show the extended
field configuration that naturally results as field lines
connecting to earth at one end and to the solar wind at the
other are drawn out by the solar wind flow behind the Earth
to form the tail. In this sense the tail is a natural result of the
open model.

Dungey then goes on to discuss two other consequences
of the open model. The first is the ionospheric circulation
system predicted by the model. This is the effect that Jim
himself credits with inspiring him that the open model
would work. The electric field imposed on the polar cap
field lines by the solar wind flow must extend down into the
ionospheric levels and there it must drive horizontal ohmic
currents. The most naive view of the ionosphere is to think
of the ions as bound by collisions to the neutrals. In
contrast the electrons can still move with the field. The
horizontal current induced by the field line flow is thus
opposite to the projection of the field line flow on to the
ionosphere. The global pattern of current that one derives is
that of the DS system. It was this very current system
whose strength  Fairfield had used as a measure of
geomagnetic disturbance and had shown was correlated
with the occurrence of southward interplanetary field just
as is required for reconnection. Oddly, Jim makes no
reference to Fairfield here.

The next part of the lecture is a delight for what is
missing. Dungey describes some of the implications of
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Figure 1. Taken from J.W. Dungey’s published inaugural

lecture, the original caption of this figure reads “Outline model of
the magnetosphere”. The diagram’s purpose is to show the
topology but its simplicity (and the absence of a magnetopause)
certainly confused the more literal-minded in the community.

unsteady behaviour in his model. He refers to magnetic
bays and to ‘pt’ pulsations and auroral storms and the
auroral oval about the pole. He describes the characteristic
sudden brightening and the subsequent explosive-like
behaviour of the aurorae and associated phenomenology
which occurs in conjunction with a magnetic bay. He also
says that at the time of magnetic bays the tail field is seen to
suddenly decrease with bay onset and that the aurorae move
poleward after breakup. Here is where Jim relates the bay
to the DS system and mentions the correlation with
southward interplanetary field found by Fairfield and
Cahill. He fits all the phenomena into the framework of his
reconnection model of the magnetosphere by postulating a
sudden onset of magnetic reconnection in the magnetotail
current sheet as the seat of activity.

The words that are missing are, of course,
‘magnetospheric substorm’. The terms ‘bay’ and ‘pt’ have
now disappeared. The bay is the trace on the ground
magnetogram which looks rather like a bay on a coastal
map. The ‘pt’ described as having ‘a pizzicato waveform
like that of a plucked string with a period of a few minutes’
is now known by the name ‘pi2’. Dungey’s description of
what we know as the magnetospheric substorm would be
well-recognised today.

Less well recognised now but more familiar in 1966
were the Van Allen radiation belts. He credits Alfvén with
the introduction of the notion of adiabatic invariants to
explain their trapped orbits. Dungey was involved in one of
the critical studies that showed the external source of the
belts [Nakada et al., 1965]. This important and perhaps
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Figure 2. The distribution function of energetic protons plotted
against distance from the Earth for fixed values of the two
adiabatic invariants, [, I. The outward gradient is evident and the
external source thus is pinpointed. Once again, the figure is taken
from Jim Dungey’s inaugural lecture. This (informative) version
of the figure is interesting to compare to that used in the actual
Nakada et al. [1965] publication.

under-recognised paper resolved the external nature of the
source by looking at the particle distribution as a function
of adiabatic invariants. Figure 2 (also reproduced as 1s
from Dungey’s inaugural lecture) shows that distribution
function (or phase space density) deduced for different

values of adiabatic invariants ([, magnetic moment, J
longitudinal invariant) increases toward higher L values.
The inaugural mentions the external source and suggests
that the particles enter from the tail. Jim then notes that the
system pumps the particles up to their final energies by a
form of stochastic acceleration. We take this for granted
now. These were new and even radical ideas in 1966.

The next section is specialist also. He describes waves.
All the waves mentioned are electromagnetic. Kelvin-
Helmholtz instability on the magnetopause is mentioned as
are whistlers, one of the earliest evidences for the existence
of the magnetosphere. The latter waves are very interesting
from a plasma physics point of view because of the clearly

structured nature of their geophysical emissions. Jim
continues with some insights into the non-linear interaction
of waves with particles in a collision-free plasma and the
phase space ‘stirring’ that is behind phenomena like VLF-
stimulated emissions.

What 1s missing 1s any discussion of electrostatic waves
or indeed of any of the waves that do not produce a direct
electromagnetic response on the ground. This was an area
of expenimentation which was neglected in the early days.
Not until Fred Scarf had flown his electric antenna on OGO
5 in the immediate years to come were these waves detected
or their significance appreciated and only in the next
decade was the Earth’s aurora seen as a source of radio
waves. Subsequently, the sophistication of wave
instrumentation improved substantially and later spacecraft
like GEOS and ISEE had very fine plasma wave
measurements. Some of the finest magnetospheric plasma
physics has come out of such wave instruments and the
belief expressed by Dungey that the magnetosphere could
be a laboratory for plasma physics has been well borne out.

CLOSING REMARKS

In respect of using the magnetosphere as a laboratory for
cosmic plasma physics, the recent loss of Cluster is
particularly tragic and in this respect the closing section of
Dungey’s inaugural written almost exactly thirty years
before the loss of Anane 501 is extremely ironic. Whole
sections of Jim’s prescient writing merit quoting.
Remember these segments were written thirty years ago.

“Looking to the future I believe that progress requires
bunches of satellites, though these are as yet in no
published program.................. ?

“When one comes to study waves, bunches of satellites
are also needed from several points of view. First one
wants to know the geometry of waves and second their
direction of propagation. For any magnetic disturbance it
would be extremely useful to obtain the curl of the
magnetic field because this tells one the current.”

“Steady currents are of direct interest and in the case of
waves the more reliable part of hydromagnetic theory then
enables one to calculate the electric field and the flow of
energy which is a very important guide to the location and
strength of the source of the waves. Unfortunately, few
people yet appreciate the need for satellite bunches and,
since satellites are being launched singly, the scientific
returns are less than they could be.”

In the event, ‘Cluster’ was a much nicer name than
‘Bunch’. It was to be a wonderful mission, one I had waited
for throughout my career. I trust that the idea for what
would have been the ultimate space physics mission will
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Efforts of the authors and their associates at NASA Ames Research
Center and Stanford University to model the interaction of the solar wind
and the magnetosphere are described. Primary emphasis is on the discovery
period of the sixties, but the environment and prior acrodynamic research
at Ames that facilitated this work are also discussed. At the beginning of
the discovery period, attention focused on predicting the location of the
magnetopause using the corpuscular stream model developed by Chapman
and Ferraro over the preceding three decades, but still unsolved. The earli-
est direct observations of the magnetopause indicated that it was located
about where the new solutions indicated. The data also revealed other fea-
tures that could not be explained by the C-F model. Recognition that cer-
tain of these werc similar to those associated with a bow shock upstream of
a blunt-nosed body in a supersonic stream led to alternative models based
on continuum fluid concepts. The earliest of these emploved gasdynamic
theory, but it was soon replaced by its magnetohydrodynamic MHD coun-
terpart to account for features associated with the magnetic field. The
nonlinear partial differential equations of MHD were too difficult to solve
with the computers and numerical methods available at that time, however,
and 1t was necessary to introduce simplifications to obtain approximate
solutions of uscful accuracy. Their nature and limitations are discussed, and
an account is provided of how they were gradually refined or removed over
the years. This account illustrates how steadv progress in modeling was fa-
cilitated by the availability of dircct observations in space to guide the the-
ory and validate the results, major advances in the capability of computers,
numerical algorithms, and MHD theory, and seemingly unrelated advances
in supcrsonic aerodvnamics.

PREPARATION IN THE PRE-NASA YEARS

Although this article has two authors, much of it is writ-
ten in the first person by JRS and is about his activities
during the discovery period from the late fiftics 1o the carly

Discovery of the Magnetosphere seventies, and of the preparation that facilitated his rapid
History of Geophysics Volume 7 transition to magnetospheric studies from prior research in
Copyright 1997 by the American Geophysical Union acrodynamics. Association with SSS began in 1964 when
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he enrolled, as a graduate student in the Acronautics De-
partment at Stanford University, in a course in Space Phys-
ics taught by JRS, who was then Chief of thc Theorctical
Studies Branch in the Spacc Science Division at NASA
Ames Research Center and a Lecturcr at Stanford. Active
collaboration began in carly 1969, immediately after SSS
eamncd his Ph.D. at Stanford. and shortly after JRS Ieft
Ames to be a Professor at Stanford. JRS had also bccome a
consultant to Nielsen Engineering and Research Inc¢. in
Mountain View, CA almost immediately after joining
Stanford to assist Jack Nielsen, a distinguished acrody-
namicist formerly employed for many years at Ames, in de-
veloping a research program in transonic aerodynamics.
Soon thereafter, SSS was employed by NEAR, and JRS
was retained to direct the work. Joint work in aerodynamics
continued for several years, but magnetospheric modeling
began before long and has continued to the present day. In
1984, SSS left NEAR to form his own research company,
RMA Aerospace, Inc., and collaboration has continued un-
der its auspices. In 1992, JRS retired from Stanford. So
many experiences have been shared in this long collabora-
tion that it seems appropriate to present these recollections
under joint authorship.

Of the contributors to this monograph, JRS has the dis-
tinction of being the only one who was emploved by the
NACA (National Advisory Committee for Aeronautics) on
October 1, 1958 when it was transformed into the NASA
(National Aeronautics and Space Administration). Em-
ployment as an Aeronautical Rescarch Engineer at Ames
Acronautical Laboratory at Moffett Field, California bcgan
on July 1, 1943, immediatcly after a B. Acro. Eng. degree
was granted by the University of Minnesota and onlv three
years after Ames was established.

As for the years at the University of Minncsota, there is
one notable circumstance, bevond getting an exccllent engi-
neering education, that relates to later work on the magne-
tosphere. From 1940 to 1943 I was cmployed as a general
handyman in the laboratory and machinc shop of the Acro-
nautical Engineering Department. There 1 sometimes made
simple instruments and other apparatus for Prof. Jean Pic-
card, the pioneer stratosphere balloonist, and occasionally
prepared inked charts for his wife, also a balloonist, for her
research in the social sciences. Although they were quite ec-
centric and not inclined to casual talk with students, 1 ac-
quired an early awareness of conditions in the atmosphere,
cosmic rays, and related matters of later concern in magne-
tospheric physics. As described by John Winckler in this
monograph, the scientific use of unmanned high-altitude
balloons he and his colleagues at the University of Minne-
sota began in the early fifties was a direct outgrowth of Pic-
card’s work in the preccding decades.

My formative years before entering the university wcre in
Staples, Minnesota, a town of about 2500 people about 140
miles to the northwest of Minncapolis, a little bevond the
location of the better known, but fictitious . town of Lake

Woebcgone. 1t was a smoky railroad town on the main line
of the Northern Pacific Railroad from St. Paul to Scattle
with extensive shops to repair steam locomotives and
freight cars. All trains stopped at Staples for crews to be
changed and locomotives to be scrviced or changed. 1 be-
came well acquainted with the functioning and innards of
locomotives, because it was customary, and tolcrated by the
railroad, for many living in my neighborhood to take a
short cut to school and the stores of town by walking
through the repair shops. Several times a day for many
vears I walked, or literally squeczed. past incn wielding
heavy hammers, crowbars, and wrenches on disassembled
locomotives, often still hot and hissing from escaping
steam. Others wcre working at big machines, lathcs, grind-
ing wheels, punch presses, metal planers, etc. mostly
driven from a single electric motor by an array of whirring
belts and pulleys. Many of thc workers were the fathers of
nw fricnds, and they often stopped their work 1o show me
what they were doing. It was natural in this cnvironment
that the local school provided extensive vocational training
for the boys in drafting and shop skills in addition to the
traditional academic courses. and I took them all. My fa-
ther, who was a barber, also had a modcst metal working
shop that filled two rooms in our home where I acquired
additional skills that contributed to my latcr employability
at the university.

Mostly though, T liked to make flving model airplanes
during the cold and dark wintcr. and to fly them in the
warmer months. I was fascinated with anvthing that flcw.
There were no model airplancs kits then, so there was con-
siderable experimentation. I learncd much about airplane
aerodynamics watching how they {lcw, sometimes well and
sometimes not, when their design was modified in various
ways. The thirties was a pcriod of great enthusiasm about
airplanes in Minnesota. Lindbergh, from the next town of
Little Falls, had flown the Atlantic, was discovcring Mayan
ruins in tropical Mexico, and pionecring air routes from the
USA to the Orient. (In 1939, he also chaired the NACA
Spccial Survey Committee whose recommendation to es-
tablish a new aeronautical laboratory at Moffeut Field. Cali-
fomia led to the breaking of ground for Ames within the
vcar.) Byrd had also flown the Atlantic and over the poles.
and with Minnesotan, Lloyd Berkner, was reporting on the
radio from their newly established bascs in Antarctic. Oth-
crs were making record-breaking long distance flights, and
flying over previously inaccessiblc regions of the earth, all
of which I read about avidly. An indication that others
shared this enthusiasm is that there were 625 undergradu-
ates majoring in aeronautical enginecring at the University
of Minnesota during my vyears there, i.c.. 1939-43. This
figure is cven more remarkable considering there was no air-
craft factory in Minnesota and perhaps only onc or two jobs
per year in the statc for a newly graduated aero engineer.

Although I was the [OfP student in my high school class
and had scored in the 99" percentile on the college aptitude



test, a problem arose when I applied for admission to study
engineering at the state university. I had told evervonc for
years that I wanted to be an acronautical engincer. but no
one ever told me that engineers used higher mathematics!
The only engineers I had ever met werc locomotive engi-
neers, and they certainly didn’t usc much mathematics. In-
stead of taking math in my last two vcars of high school, 1
was advised to take shorthand and tvping to facilitatc notc
taking and report writing, and I did for threc vears. As a re-
sult, T was admitted to studv engincering on probation.
Fortunately for me, there were manv others, particularly
from small towns, who werc similarly deficient and the
university offered non-credit courses enabling us (o catch
up. It is a tribute to this policy and to an intensive six-day
per week university schedule that T was able (o apply more
advanced acrodynamic theory and mathematics (o my carly
research at Ames than most of my contemporaries.

For my first three vears at Ames. I was assigned as an
Aeronautical Research Engincer to the Flight Research
Branch. I was told that I had been assigned to this branch,
rather than one of the more numerous positions in the wind
tunncls, because of my summer job the vear before in the
Analytical Branch of the Naval Aircraft Factory in Philadel-
phia. I was immediately the branch “expert™ in airplane de-
sign and stress analysis and assigned most of those tasks
when aircraft changes, such as a novel horizontal tail or the
first triangular dorsal fin of the type now in widespread use,
were required for a test. Following design, my responsibili-
ties continued through construction in the Ames shops. in-
stallation on the airplane, and finally the flight tests. The
pilots were my office mates. Most of tlie changes were for
single-seater fighter planes, but 1 frequently went along (o
operate the recorders if the airplane was a multi-seater. All
this proceeded without the benefit of plans or design and
stress analysis information from the manufacturers, and my
analysis was never checked in detail by anvone. Naturally, I
checked my calculations and assumptions as thoroughly as
I could, but I was well aware that my knowledge was lim-
ited in many ways. It is an understatement to say that I
worried a lot until some of the flights landed safely.

The Flight Research Branch was headed by Larry Clous-
ing, a soft-spoken and fearless cngineer test pilot with ad-
vanced degreces in both aero engincering and physics.
Fighter planes were going out of control and breaking up in
high-speed dives starting at very high altitudes. Clousing
was determined that he and his group would leam why, and
be able to recommend changes that would reduce or elimi-
nate the hazard. On two occasions, he landed with his air-
plane so bent and fractured that it never flew again, even
though one was a Bell P-39 specially reinforced by the
manufacturers. The recorders on the P-39 showed he was
pulling on the control stick with a force of 240 pounds to
kecp the airplane from turning upside down while at maxi-
mum specd in a vertical dive from about 42,000 fect. and
then reversed this pull to a push of 180 pounds within a
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fraction of a second lo restrain the plane in an abrupt pitch-
up as it slowed naturally in response to the increasing drag
caused by the greater air density at lower altitudes. Even so,
the accelerometer went off-scale at 13.5 g. All this was donc
before there were g suits, pressurized cabins, or ejection
scats for escape! In 1947, the Institute of Acronautical Sci-
ences awarded Clousing the Octave Chanute Award as the
nation’s outstanding test pilot, and in 1954 the University
of Minnesota, his alma mater, bestowed upon him (heir
Outstanding Achievement Award. It is a marvel he sur-
vived. When I asked him at a NACA reunion in 1988 why
he was so intent on risking his life in these flights, and not
even telling his wife what he was doing, he responded in
his usual understated manner, “What risk? I just wanted to
be the first to fly faster than the speed of sound.”. As every-
one knows, he was not in spite of all his efforts.

About this same time, another of our engineer test pilots,
Jim Nissen, made two extraordinary high-speed dives from
about 28,000 feet in a North American P-51B fighter planc
with the propeller removed. On the third flight, he crash
landed in a quarry after the cable attachment on the (ow
plane, a two-engine Northrop P-61A night fighter, brokc
shortly after takeoff. The P-51B was thoroughly ruined.
Nissen escaped serious injury, almost certainly because he
had decided before the flights to replace his customary soft
leather helmet with one of the new hard plastic football
helmets, and it was cut through across the forehcad. He was
rushed immediately to a nearby hospital for X-rays, but
they could not be made because of an electric power outage.
These flights were made from a dry lake bed about 12 miles
across in the California desert. There were two hazards, a
quarry near the center and an electric power line traversing
the lake bed. Nissan cut the power linc to the hospital on
his descent and came to rest in the quarry. 1 had watched
over the installation of iron ballast in the engine compart-
ment of the P-31B to compensatc for the weight of the
missing propeller, and was rclieved to learn that the part
that broke was on the P-61A and had been iustalled by the
manufacturer, and not me or my colleagues at Ames.

During this period, I got my an opportunity to leam a lit-
tle more about the atmosphere. The dives were being made
under visual flight rules because evervthing dispensable. in-
cluding the radio, was removed from the airplanes (0 make
room for the bulky instruments, and therc were no chase
planes. To plan the flights, it was nccessary to forecast the
time at which the frequent morning overcast would clear,
hopefully to the quarter hour. The Navy at Moffett Ficld
was already doing this quite successfully by simple analysis
using radio-sonde data from wcather balloons released each
morning. They needed the forecast both for their extensive
patrol operations using powered lighter-than-air craft called
blimps, and to plan the launching of numerous manncd he-
lium-filled free balloons being done as part of a training
program for future blimp flight crews. On the “strength™ of
having had a single undergraduate course in mclcorology
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and a very slight acquaintance with balloons, 1 was as-
signed the task of participating in this activity and deliver-
ing the forecast for each overcast day before starting my
normal aerodynamic work.

Although the propeller airplanes on which most of the re-
search was carried out never cxceeded a Mach number of
0.81 (about that of a cruising jet airliner) in an all-out dive
from altitudes as high as 42,000 feet, it was evident that a
new aerodynamic regime was being encountered in which
the compressibility of the air was causing unanticipated
changes in the forces on the airplane. We set out to learn
about what was called “compressible flow”, but had to do
much of it ourselves because there were no books and only
a handful of articles for guidance. We were not alone. how-
ever, because others at Ames were already conducting tcsts
in a new and large (16 foot diamcter) high subsonic speed
wind tunnel when I arrived. It was, in fact, to answer a nag-
ging question regarding how well the tests of a scale model
in this wind tunnel could be used to determine the acrody-
namic forces on an actual airplane in high-speed {light that
Nissen proposed the dive tests of the propellerless P-51B.
Uncertainties arose from two sources. One was the effects of
the wind tunnels walls in the transonic speed range for
which there was virtually no firm knowledge. The other
was that electric motors of sufficient power to simulate the
P-51B engine and small enough to fit inside the model
were not available. Nissen’s solution was to remove the
propeller from a P-51B and compare the aerodynamic re-
sults from a high-speed dive with those measured in the
wind tunnel. Nissen’s two successful flights contributed
greatly to establishing the validity of the wind tunnel tests.

Even more important, there was also a small elite group
that constituted the Theoretical Acrodynamics Branch
headed by H. Julian (Harvey) Allen, an imaginative and
exuberant aeronautical recsearch engineer raised in California
and educated at Stanford who later became the Dircctor of
Ames in 1965. Much of their work was applied to the de-
velopment of compressible flow theory, and its application
to the aerodvnamics of high-speed flight and the design of
wind tunnels, both subsonic and supersonic. Cooperative
interaction between those engaged in theoretical, flight, and
wind-tunnel research was strong, we were young and tire-
less. and many of us worked far longer than requircd by our
normal 48 hour work-week. Great progress was madc in
many directions. It is evident, in retrospect, that Ames had
assembled and nurtured an outstanding acrodvnamic re-
scarch staff in its early vears

To maintain this voung and almost entirely male stafl in
the face of growing demands of the military draft in late
1943, arrangements werc made in Washington that many of
us would be inducted into the Navy, returned to the Naval
Air Station at Moffett Ficld to constitute the Amcs De-
tachment, and assigned as Apprentice Seamen to our civil-
ian positions. In addition to carrying on our NACA work,
we were given several hours per day of military training for

six weeks, and then promoted. Those who had passed the
physical exam perfectly became Ensigns, and later Lieuten-
ants, j.g.,. Being near sighted. I became a Chief Petty OIf-
cers, a level normally attained by sailors only afier many
vears of service. This arrangement resulted in some bizare
circumstances. For a while, the commanding officer of the
Ames Detachment was a Navy Commander assigned to
work as a junior engineer in a new Supersonic Wind Tun-
nel branch headed by Walter Vincenti, who was an Appren-
tice Seaman at first and then a Chicf Petty Officer. If' Vin-
centi wanted to leave Moffett Ficld for the night or Sunday,
he nceded permission from the commanding officer. If the
commanding officer wanted the day off. he needed permis-
sion from his civilian supervisor, Vincenti. In spite of dis-
tractions such as Shore Patrol duty every few nights and
working our full schedule during the dav, the two-vear pe-
riod in the Ames Detachment was one of particularly intcn-
sive technical work for most of us. Lifc in the barracks was
not particularly comfortable or stimulating. Many of us vir-
tually lived day and night in our offices at Ames. taking
time out from work for little more than sleeping, eating,
and an occasional break for tennis or other recreation.

After being discharged from the Navy in 1946, 1 took
leave from Ames for a year, enrolled in Stanford, and ob-
tained a M.S. degree in Engineering Science in 1947. On
return to Ames, my goal of being assigned to the Theoreti-
cal Aerodynamics Branch was achieved. By then, Harvey
Allen had been promoted, and the branch was under the di-
rection of Max Heaslet. Educated as a purc mathematician
with a Stanford Ph.D., he had turned his attention to acro-
dynamic theory a few years before after a number of years on
the mathematics faculties at Stanford and San Jose State. He
was a very helpful person who by his own quiet cxample
set high standards for others. I continued taking classes at
Stanford, carefully using my leave by the hour, and was fi-
nally granted a Ph.D. degree in 1954. My research was on
transonic flow past airfoils and wings. Although mv real
scientific mentor was Heaslet, my academic supervisor at
Stanford was Irmgard Fliigge-Lotz, a distinguished acrody-
namicist and automatic control thcorist who had just ar-
rived from Germany. I was her first adviscc, and she took
great interest in my research and other activities. She and
her husband Wilhelm Fliigge, Professor of Applicd Me-
chanics at Stanford, were very sociable, and I learned much
from them, both scientific and otherwise. Several years after
her death in 1974, Wilhelm and 1 wrote a short biography
of her life [Spreiter and Fliigge, 1987] for the book IVomen
in Mathematics.

In 1951, I was appointed a Lecturer at Stanford and with
Heaslet and Harvard Lomax, my contcmporary at Ames and
later long-time and highly honored Chief of the Computa-
tional Fluid Dynamics Branch, began tcaching graduate
courses in high-speed aerodvnamics. Lomax, from Broken
Bow, Nebraska, was another Stanford product with under-
graduate and graduate degrees in engincering. Most of the



students were research enginecrs from Ames seeking ad-
vanced degrees. Preparation of the lectures provided motiva-
tion to learn about topics such as hypersonic and rareficd
gas acrodynamics that were outside the range of my per-
sonal research at the time. but werc later to prove uscful
when attention turned to modeling solar wind flow past the
magnetospherc. About a decade later, I introduced a new
coursc in space and atmospheric physics at Stanford and
continued to teach it. in ever enhanced form. until the end
of my tenure in 1992. Joe Reagan. an author in this momno-
graph, was a student in onc of the early spacc physics
classcs, and later obtained his Stanford Ph.D. degrec under
my supervision. Steve Stahara was another early student.

A number of developments at Ames during the NACA pe-
riod contributed directly to my ability to make the (ransi-
tion to magnetosphere modeling almost immediately afler
the beginning of the NASA era. First of all, there was the
acquisition in 1951 of an IBM digital Card Program Calcu-
lator, assignment of it to the Theoretical Aerodynamics
Branch, and the opportunity to be among the first (o use it.

Although it filled the space previously occupied by several
offices, required extensive air conditioning, and received
almost constant attention to replace constantly failing vac-
uum tubes, it’s computing power was so feeble that it
could barely keep up with one efficient human computcr,
Ruth Mossman, in calculating the rolling up of the trailing
vortex wake of a wing. Experience with this machine suf-
ficed, however, to begin a long tradition of excellence in
computational fluid dynamics at Ames that still continues.

Another development in late 1951 that was to find a new
use in our magnetosphere modeling a decade later was the
recognition by Harvey Allen that the pointed nose of con-
temporary rockets was unsuitable for atmospheric re<entry
after ballistic flight at speeds of 15,000 miles per hour or
more. Simple square-cube considerations showed that the
pointed tip would get too hot and melt or bumn off. Allen’s
solution was to make the nose blunt. He argued that this
would cause a larger fraction of the heat to be generated by a
detached bow shock and carried away with the flow, and
less to be produced at the surface by viscous skin friction.
Little was known about highly supersonic flow past a
blunt-nosed object, so he initiated a vigorous experimental
program at Ames to provide knowledge and quantitative
data needed for engineering design. Allen’s idcas were de-
scribed initially in a classified document, later in NACA
TN 4047, and ultimatelv published [A/len and Eggers,
1958] in the last annual report of the NACA to the U. S.
Congress. They were so completely accepted by 1938 that
it is hard for us today to comprchend the doubt and skepti-
cism with which they were greeted initially.

A couple of years later, my long-standing collcague. Mil-
ton Van Dyke, returned to the Theoretical Aerodynamics
Branch after eaming his Ph.D. degree at the California Insti-
tute of Technology and spending post-doctoral vears there
and at Cambridge University. (We met standing in line at
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the bank to cash our first pay checks from Ames in July
1943, worked in the same group at Ames and checked and
edited each others work for more than a decade, later became
professors at Stanford., and now sharc a university office in
retirement. He also supervised SSS’s Ph.D. research, which
was on a subject, matchcd asymptotic expansions for
boundary layer analysis, unrelated to the magnetosphere.
Incidentally, Van Dyke was also born in Minnesota and
took shorthand and typing instead of mathematics in his
last two years of high school in Portales. New Mexico. He
was admitted to Harvard where he cnrolled in calculus
without the preparation normally expected from high
school, or make-up courses provided by the university.)

Van Dyke was determined to solve the “most important
problem in aerodynamics”, and everyone told him it was
the blunt body problem. It was by no means obvious how
this was to be done. Such a flow involves not only a bow
shock detached from the nosc of the bodv but also a region
of subsonic flow embedded in the surrounding supersonic
flow that would have to be represented by nonlinear partial
differential equations of mixed elliptic-hyperbolic type in
three spatial dimensions. No methods existed for solving
such equations, and it was clear that solutions would have
to be obtained numerically. This was just becoming feasi-
ble using a new IBM 630 computer that had been acquired
for the Theoretical Aerodynamics Branch in 19355, Fan
Dvke [1958] solved this problem using novel mathematical
principles and an effective iteration procedure (0 produce so-
lutions of useful accuracy with an acceptable, but big,
computational effort. Inlate 1958, the fledgling NASA was
continuing the long-standing NACA practice of preparing a
nicely bound book of sclected research papers of the year as
their first official report to the U. S. Congress. and it was
decided that a companion paper [l'an Dyke and Gordon,
1958] was to be NASA Report number 1. It was almost de-
cided at an earlier stage in the deliberations that this paper
would be Report number 2, and my paper [Spreiter and
Alksne, 1958] on transonic acrodynamics would be number
1. On further discussion in my presence, the order was re-
versed because Van Dyke’s topic was perceived, correctly,
to be representative of the NASA future and mine to that of
the NACA past. Little did I anticipate that Van Dvke’s
topic was to play an important role in my futurc work mod-
eling solar wind flow past the magnetosphere. The next
year Van Dyke left Ames to be a Professor at Stanford. and
his attention turned to other applications. The work he
started was continued at Ames by Fuller, [1961] and /nouyve
and Lomax,[1962] who developed the first of several gencra-
tions of improved methods suitable for use with a succes-
sion of increasingly powerful computers at Ames. These
developments were very familiar to me because we all
worked closely together in the same branch and discussed
our progress and difficulties almost constantly. I also served
on the editorial committees that met with the authors and,
following NACA traditions, scrutinized their work to a de-
gree almost inconceivable today.
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As documented more fully by Hartman |1970], the transi-
tion from NACA to NASA resulted in little immcdiate
change at Ames. | recall asking the Director, Smith J. De-
France. and other administrators what thev thought wc
might do if we became part of the national space agency.
The response was always essentially, “The samc as we've
always done.”. I didn’t quite believe that and began reading
evervthing I could find relating to the earth, sun, solar sys-
tem. I joined the Amcrican Geophysical Union in 1958,
and read with enthusiasm the many fine articles appearing
in the Journal of Geophvsical Research and elsewhere. The
Intemmational Geophvsical Year (IGY) was in progress and
much was being writien about it. 1 was Chairman of the
Ames Library Committee. funds to buyv books and journals
were plentiful, and my office was just outside the cntrance
1o the library, so it was quite casy to acquire the literature
{0 pursue these interess.

For me, a decisive moment came very shortly after the
transition to NASA, and only a few days afier I rcturned
from a trip to Japan, my first trip abroad. where I had been
invited to present a paper on transonic aerodvnamics at the
Japanese Congress of Applicd Mechanics [Spreiter, 1959].
Two men from NASA Headquarters, John Clark. later Di-
rector of NASA Goddard Space Flight Center, and Gerhard
Schilling came to Ames and spoke to a small gathering of
perhaps 30 researchers to inform us what the new NASA
was all about. Schilling spoke first and began rather dra-
matically, “The two pnncipal questions confronting this
agency today are the origin of the universe and the origin of
life!”. T didn’t think I could add much to those subjects,
but asked myself “Why am I worrying so much about the
pressures on wings and bodies when 1 can be thinking
about all these other things?”. Heaslet, Allen, and others
were encouraging, and I began immediately (o scek topics
to which I might be able to make some contribution.

EARLY YEARS OF THE DISCOVERY PERIOD
AT NASA AMES: 1958-63

Aeronautical research continued at Ames after the change
to NASA, but attention was turning to higher specds for
application to spacecraft design, particularly for re-entry into
the atmosphere. At the same timc, some of us began to
consider the space environment itsclf. For example. Al Scilf
began studying the propertics of the upper atmosphere to
support the re-entry acrodvnamic studics that he later ex-
tended to apply to other plancts. Mike Bader devcloped a
probe based on mass spectrometer principles (o measurc
plasma flows in space. and was latcr placed in charge of a
new airborne observatory in a convertcd Convair 880 air-
liner. Responsibility for the plasma probes was assigned to
John Wolfe, who served as Principal Investigator for the
Ames plasma probes on numerous spacecrafl including
IMP-1, the first to explore the earth’s magnetosphere in dec-
tail, and several Pioneers that flew to most of the other

planets and bevond. Carr Neal designed an instrument us-
ing a stack of blackened razor bladcs as a blackbody sensor
to be used in engincering studies of the thermal effects of
different colored paint on a spacecraft that he soon developed
into a sensitive instrument that could measure the tempera-
turc of whatever it looked down upon. In addition to what
might be normally expected of such an instrument on a
spacecrafl, it was used (o track the meandering of occan cur-
rents such as the Gulf Stream in the Atlantic Ocean. and
even 1o provide guidance to fisherman regarding where to
find specific kinds of fish that tend to inhabit water in a nar-
row (emperature range. 1 turned my attention to theorctical
analysis of conditions anticipated in space.

My first topic was concerned with clectrostatic ficlds in a
model ionosphere in which the clectrical conductivity be-
comes increasingly anisotropic with incrcasing hcight. Ben
Briggs. another Theoretical Aerodynamics branch mcmber
interested in expanding lus horizons, joincd mc in this
work. Our analysis was a dircct outgrowth of work by Far-
lev [1939, 1960] that developed quantitatively the sugges-
tion by Adartyn [1955] that clectrostatic coupling between
the E and F; regions (about 100 and 300 km altitude) could
explain the strong tidal flows in the F; region. In our study,
[Spreiter and Briggs, 1961, 1962], the analysis was ex-
tended to greater heights. the upper boundary condition was

altered, and numerical solutions of improved accuracy were
obtained. The results showed that cffective coupling ex-
tended to even smaller scalcs than indicated previously. In
retrospect, the assumption that the electric current along the
field lines vanishes at great heights appears unduly restric-
tive because it does not allow for possible effects of
Birkeland currents. Along with many others at the time, we
were influenced unduly by Chapman’s cxtensive analvses of
possible, but not necessarily unique, spherical-shell current
systems in the jonosphere, see e.g.. [Chapman, 1936.
1951, Chapman and Bartels, 1940. and Mitra, 1952].
Perhaps the greatest consequence of this work was that it
enabled me to attend my first AGU meeting in Washington
and soon thercafier the 1960 General Assembly of the Inter-
national Union of Geophysics and Geodesy (IUGG) in Hel-
sinki, Finland, and still another space plasma meeling in
Copenhagen along the way. I presentcd our work at the
IUGG meeting, and met many people from around the
world whose names were becoming familiar through their
scientific publications. These included Chapman, Ferraro,
and Troitskaya, whose names appear prominently through-
out this monograph. All tlus was in marked contrast 10 our
experiences in the NACA years when the Ames travel
budget was very meager, travel to anv meeting was rare,
and foreign travel was virtually a once in a lifetime event. In
his history of Ames, Hartman, [1968] notes that only eight
Ames employees presented papers at meetings abroad dur-
ing the 18 years of the NACA era. and none did so twice.
Our work also led to my appointment to the NASA Radio
and Jonospheric Physics Subcommitiee. although my



knowledge of the subject was obviously minimal at the
start. I learned much during several vears of service on this
committee, both from the discussions at our meetings and
from informal conversations with the other members, par-
ticularly John Clark, Bob Helliwell. and Francis Johnson.

The next topic to which I turned was the shape of the
boundary, now called thc magnctopausc. of the carth’s
magnetic field in the solar wind. Since no spacecraft had vet
gone far enough from the carth to obscrve the magne-
topause, normally a minimum of about 10 earth radii. the
subject was rather speculative. A leading possibility pro-
posed long before by Chapman and Ferraro, 11931, 1932,
1933], (sce also, [Chapman and Bartels, 1939, and Chap-
man, 1963]) to explain certain featurcs of a geomagnetic
storm was that the earth’s dipole ficld is tcmporarily con-
fined in a limited region of space by a passing cloud or ro-
tating beam of collisionless charged particles, protons and
electrons, and electrically neutral in overall charge density
except in certain thin regions such as the magnetopause. To
describe what might occur, they carried out extensive theo-
retical studies that produced, among many other things, a
plot of the combined field of the geomagnetic dipole and the
electric currents induced in the planar surface laver of an ad-
vancing neutral ionized cloud. Although one of the most
reproduced plots in space plasma physics, il is incorrect!
They state the correct value of V2 for the ratio of the dis-
tance between the two neutral points where the magnetic
field vanishes on the planar front to the distance of the front
from the dipole, but in their plot that ratio is doubled. The
only place I know where this figure is drawn correctly is in
Dungey [1958], and even he seemed puzzied when I men-
tioned this difference in our historical session at the 1995
AGU meeting.

A significant question regarding the interaction at that
time was the nature of the solar wind itself. Chapman and
Ferraro had regarded the solar plasma flow as intermittent,
either isolated clouds passing through the othenwise vac-
uum of interplanetary space or beams rotating with the sun
that swept past the earth. That the flow is a continuous,
rather than intermittent, high-speed radial outflow of ionized
particles from the sun had been proposed by Biermann
[1951, 1953] to explain the behavior of comet tails. On the
other hand, Chapman [1957] had just presented an alterna-
tive view in which he assumed that interplanetary space is
filled with stationary plasma having high thermal conduc-
tivity and concluded “The carth is a cool speck in the hot
extended atmosphere of the sun.”. Parker [1958] quickly
pointed out that Chapman’s static model indicated impos-
sibly high pressures at great distances {from the sun. He pro-
ceeded to present his own theory based on equations for the
steady radial outflow of a continuum gas including the e
fects of solar gravity and extended heating through the use
of polytropic pressure-density relation of the form p/p",
where n has a value Icss than the adiabatic ratio y of specific
heats at constant pressure and volume, i.e., Y= c,/c,. Of the
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possible solutions, he chose the one indicating acceleration
of the solar plasma from low subsonic speeds ncar the sun
to supersonic speeds of several hundred kilometers per sec-
ond at greater distances, in keeping with Biermann’s pro-
posal. This choice was challenged vigorously by Chamber-
lain, [1961] who argued that other cntircly subsonic solu-
tions indicating flows of tens of kilometers per second past
the earth were the appropriate ones. He called this slow flow
the “solar breeze™ in contrast to Parker’s “solar wind”. To
confuse the matter further, the same cquations and solu-
tions, but with reversed sign for the velocity, had becn used
shortly before by Bondi [1953] and AcCrea [1956] (o de-
scribe inflow to a stationary star of interstellar gas at rest at
infinity. To the few of us at Ames who werce aware of it, the
acrimonious dispute between Parker and Chamberlain
secemed amusing because their solutions were similar to
those for flow of a compressible gas through a converging-
diverging pipe. often called a de Laval nozzle. that had been
used extensively in the design of both subsonic and super-
sonic wind tunnels, as was in fact pointed out by Clauser
[1960]. If the chronology appears somewhat outl of order
here, it reflects the usual time delay between when ideas
were spoken about at meetings and when they were pub-
lished in refereed archival jounals.

By 1960, Chapman and Ferraro’s concept that the pres-
sure of a flux of solar particles impinging on the magne-
topause is balanced by the magnetic pressure of the geo-
magnetic field confined therein was generally accepted. The
pressure is given at each point on the magnetopause by
Kpmvmzcos2y/, in which p.and v.. are the density and veloc-
ity of the undisturbed solar wind, y is the anglc between its
direction of flow and the local normal to magnetopause, and
K is a constant. The most appropriate value was unccrtain,
(compare statements in Spreiter and Briggs[1961, 1962a,
1962b), but K was usually equated to 1 or 2, although 1/2
was sometimes used. The balancing magnetic pressure is
given by B./8m, where B, is the intensity of the confined
geomagnetic field at the same point. It came as a surprise,
however, to learn that the numerous drawings of the shape
of the magnetopause appearing at the time were mcrely
sketches, and not accurate graphs of an actual solution. The
first actual solution for a model of this typc was that of
Zhigulev and Romishevskii, [1959, 1960], but it was for a
two-dimensional, rather than three-dimensional, dipole.

A decisive step was made by Beard |1960] who presented
an analysis in which the full three-dimensional character of
the magnetopause is retained, and simplification is achieved
by approximating one of the boundary conditions. This
consisted of supplementing the condition that the normal
component of B vanishes at the magnetopause with the
condition that B, is twice the tangential component of the
earth’s dipole field at that point, as it would be if the cur-
vature of the magnetopause could be disregarded at each
point. Chapman and Ferraro had previously used this ap-
proximation in a more limited way for the nose and along
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the equatonial trace of the magnetopause. but Beard applied
it to the entire magnetopause. This simplification enabled
him to obtain a partial differential equation for the radial co-
ordinate of the boundary in terms of spherical angular coor-
dinates 8 and ¢ in which the dipole singularity is at the
origin. He restricted attention to the case in which the di-
pole axis is at right anglcs to the oncoming flow and pre-
sented results for the location of the magnetopause in the
equatorial and noon-midnight planes.

Upon study, it became evident that the results for the
noon-midnight plane were incorrect because of a sign error
in the analysis. I was familiar with the type of simplifica-
tion Beard used, and knew that it provided a good ap-
proximation in other applications. 1 therefore set out to ob-
tain the correct solution of his equation for the noon-
meridian plane, and was again joined by Briggs. Figure 1
reproduces results from Spreiter and Briggs [1961a, 1962].
The most notable difference with Beard’s results concerns
the location of the neutral points where the magnetic ficld
vanishes in the Chapman-Ferraro model. Our solution indi-
cated they are sunward of the poles, whereas Beard’s results
indicated they are anti-sunward of the poles.

Our first submission of these results to the Jowrnal of
Geophysical Research was rejected because the referec in-
sisted, without citing any proof, that the neutral points
could not be sunward of the pole. The accepted version
cited above included additional results for the noon-
midnight trace of the magnetopause for various angles be-
tween the earth’s dipole axis and the incident stream. They
indicated that the magnetopause would rotate like a wind-
sock to follow the direction of the solar wind when pre-
sented in a coordinate system in which the dipole direction
is fixed. When the same results are presented in a coordi-
nate system aligned with the solar wind as was done in
later reviews [Spreiter, dlksne and Summers,1968; Spreiter
and Summers, 1969] and illustrated here in Figure 2, they
show that the magnetopause location is almost independent
of the dipole tilt. Evidence that the results obtained using
the Beard approximation would be of useful accuracy was
also provided by determining the corresponding approxi-
mate results for a two-dimensional dipole and comparing
them with the newly available exact solutions of Zhigulev
and Romvishevskii [1959, 1960]. The latter werc in turn
confirmed by comparison with the results of indecpendent
analyses of Hurlev [1961] and Dungey [1961], after correc-
tion of an crror in the calculation of the x coordinate of the
boundary in the latter.

Our next step was to complete the solution of Beard's
differential equation to provide the coordinates for the cntire
three-dimensional surface of the magnetopause for the casc
in which the dipole axis is perpendicular to the direction of
the incident solar wind [Briggs and Spreiter. 1963]. These
are illustrated in Figure 2. About the same time, Afidgley
and Davis, [1963] and Mead and Beard, [1964] presented
their results for the same orientation obtained without using
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Figure 1. Form of the magnetopause in the noon-midnight
plane when the dipole axis is perpendicular to the direction of
the solar wind, [Spreiter and Briggs (1961, 1962].

Beard’s approximation. They termed their results “higher
order”, although convergence of the harmonic expansion in
terms of singularities at the dipole center used to represent
cffects of the electrical currents in the magnctopause is ques-
tionable when applied to points at or ncar the magne-
topause. In any case, the differcnces between the three sets of
results are small, (sce e.g., Spreiter, Alksne, and Surmmer,
[1968] or Spreiter and Alksne. [1969]). and probably not
very significant considering all the approximations in the
underlying C-F model and the uncertainties in the values
sclected to represent conditions in the solar wind. More ac-
curate solutions of Olson, [1969] published ncar the end of
the discovery period and numerous others in the vears fol-
lowing have confirmed the same trend. Becausc of these and
other reasons including simplicity, wc have continued to
approximate the shape of the carth’s magnetopause in most
of our subsequent modcling with a body of revolution ob-
taincd by rotating the cquatorial trace of the magnetopausc
about an axis aligned with the direction of the incident solar
wind flow and passing through the dipole. In this, we have
used the coordinates for the equatorial trace given by Spre-
iter and Briggs, [1961], which differ only slightly from the
carlier but slightly less accurate results of Beard, [1960)].

By the end of 1961, our modeling efforts were progressing
well and interesting others in the Theoretical Aerodynamics
Branch at Ames. Most notable among these was Alberta
Alksne, with whom I had collaborated in theorctical studics
in supersonic and transonic acrodynamics sincc 1947,
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Figure 2. The magnetopause boundary of the geomagnetic field
and its diumal and season variations, as viewed I a coordi-
nate system aligned with the flow direction of the solar wind.

Raised in rural California ncar the town of Hollister and
ceducated in mathematics and physics at Stanford. she
started employment at Ames during the wartime period as a
computer, when they were persons. usually young women,
and not machines. She was an encrgetic and adventurous
person with widespread interests. Years of active participa-
tion in the local astronomy club in Palo Alto provided
useful background for our space research. She had spent
weekends flying around the dcserts of California prospecting
for uranium with her aeronautical engineer pilot husband,
until he was killed when his airplane crashed into a canyon
wall. After retiring from Ames a decade later, she joined the
Peace Corps and spent two years in Kenyva teaching mathe-
matics at a high school for girls. In 1961, however, we werc
ready to taper down our remaining work on transonic acro-
dvnamics, and focus attention on the magnetosphere and so-
lar wind. Jeanne Hyett, a younger member of the branch
who worked with us on transonic acrodynamics, also
elected to make a similar change about the samc time. as
did Bill Jones.

Our work progressed rapidly to incorporate featurcs not
included in the previous analysis, but that werc being dis-
cussed at meetings and in the rapidly growing litcraturc
about conditions in space. Some of thesc. such as a bow

SPREITER AND STAHARA 201

shock discussed at greater length in the next section, have
found a permanent place in magnetospheric physics. Others,
such as the analysis of the unsteady effects of the passage of
large-scale changes in the solar wind [Spreiter and Suin-
mers, 1965a] and the stability of the magnetopause
[Spreiter and Summers, 1963b], provided useful insights to
us, but did not seem to be noticed much by others. Still
others are little remembcred or missed. cven thongh the so-
lutions arc accuratc mathcmatically, because they were
bascd on assumptions not supported by thc ncw data. Ex-
amples include the effccts of an equatorial ring currcnt. un-
duly strong as was later recognized, on the shape of the
magnetopause [Spreiter and Alksne. 1962] and on VLF
whistlers [Spreiter and Briggs, 1962c]. We undertook thesc
analyses after hearing an enthusiastic presentation in which
a ring current having a dipole moment of magnitude compa-
rable with that of the main dipole ficld of the earth was pro-
posed to explain Explorer 6 and Pioncer 5 observations on
the night side at a geocentric distance of about 6 earth radii,
[Siith, et al., 1960]. Unfortunately, their interpretation was
incorrect because only two of the three components of the
magnetic field were measured and the true character of the
missing component was not realized. The low apparent
magnitude of the observed field was not the result of the
proposed ring current but was duc to the spacecralt being
near the earthward edge of the tail current sheet, whose exis-
tence at that time was, of course, was still to be recognized.

Another extension that expericnced a short lifetime, al-
though its main novel fcaturc was used later in other appli-
cations, was that of Spreiter and Hvett, [1963] and Spreiter
and Summers, [1963] in which the C-F relation for the
pressure of the solar wind on the magnetopausc was modi-
fied by adding a uniform static pressure p. so that the pres-
sure is given by p_+Kp.v.’cos y . This relation already had
a established place in hypersonic aerodynamics and was re-
ferred to as the Newtonian approximation, although it did
not actually originate with Newton. It is a sourcc of some
confusion that this relation is frcquently rcferred to in space
physics as the modified Newtonian pressure formula. and
the C-F formula without p.. is referred to as the Newtonian
pressure formula. Our application generalized an carlicr
analysis by Stutz, [1962] in which the shape of a magne-
topause under the influence of static pressure of a stationary
plasma was shown to resemblc an apple. Such an assump-
tion would be appropriate if Chapman’s static corona model
in which v..= 0 were correct, but that model never gained
ascendancy as described above. We developed our analysis
for two other reasons. One was to provide another check on
the usefulness of the Beard approximation for the strength of
the magnetic field at the magnetopause, and that was ac-
complished when our shape for the magnetopausc was found
to agree satisfactorily with that of Slutz. The other was to
show what the shape of the magnctopause would be if the
solar plasma flow were much slower than indicated by
Parker’s solar wind theory, as was being argued by Cham-
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berlain. Stutz and Winkelman [1964] arrived independently
at their results for the samc conditions, and comparisons
again confirmed thc usefulness of the Beard approximation.
In these analyses, it was assumed that the nightside geco-
magnetic field would be confined within a limited region of
space, and that this would be trailed by a long wake filled
with quiescent plasma exerting a constant pressure on the
boundary with the surrounding flowing solar plasma. We
had not anticipated the extended magnetic tail of the magne-
tosphere soon to be discovered from the data from IMP-1
(Explorer 18) for the first half of 1964 [Ness, 1965]. Not all
was wasted effort, however. We were later to make use of
the augmented pressure formula to show how the indenta-
tions in the magnetopause ncar the neutral points would
transform into cusps projecting into the magnctosphere
[Spreiter and Summers, 1967], and also in the analysis of
conditions along the extended gcomagnetic tail [Spreiter
and Alksne, 1969al.

Numerous checks on the accuracy of the calculations and
the internal consistency of the theory were made in this
way, but the final test of any model of the magnetopause
must be based on comparisons with observations actually
made in space. As discussed in greater detail by Heppner
and Cahill in this monograph. data from Explorers 10 and
12 confirmed that the geomagnetic field terminated abruptly
in accordance with the C-F theory, and at distances from the
earth compatible with the predictions. considering the un-
certainties still remaining because other conditions in the
solar wind were still unmeasured. By the end of 1962. data
were available from a number of spacecraft. computcrs and
methods for numerical analysis had improved dramatically
from only a few vears before, and progress in modeling
could proceed with increasing confidence that the results
would be in useful accordance with observations.

The biggest influence of these comparisons on our modecl-
ing came from the obscrvation that the magnctic field fluc-
tuates irrcgularly in magnitude and direction throughout a
region several carth radii thick beyond the magnctopause.
Only at even greater distances from the carth did the mag-
netic field becomce steadier and smaller. as it was anticipated
to be in the solar wind away from the earth’s influence. The
fluctuating region was callcd the transition region, but be-
fore long it came to be known as thc magnetoshcath.

These observations prompted a reformulation of thc modcl
for solar wind flow past the magnetospherc in terms of su-
personic flow of a continuum gas instead of thc C-F corpus-
cular flow model. As developed in increasing detail by .Ax-
Jord [1962], Kellogg[1962], and Spreiter and Jones,|1963],
the magnetopause would still exist in essentially the same
location as before, but the explanation for the pressure on it
would change from the C-F particle impact model to the
nearly identical Newtonian approximation of hypersonic
flow theory. The distant boundarv marking the end of the
region influenced by the earth was identified as a bow shock
standing upstream of the magnetopausc and terminating the
magnetosheath. We could now calculatc the location of the

bow shock and conditions in the magnctosheath using
methods developed at Ames for supersonic flow past a blunt
body by Van Dyke, Fuller, Inouyve, and Lomax. This was a
welcome change for me and my colleagues, all of whom had
formerly worked in acrodynamics. We thought wc were
leaving continuum gasdynamics when we began our space
studies. Now we were back in more familiar territory with
tested computational methods ready to apply.

The change was surprising to many at the time, however,
because a fundamental condition for using continuum con-
cepts is that the mean free path of the particles between col-
lisions is small compared with the dimensions of the obsta-
cle, a condition that the solar wind with a density of only a
few particles per cubic centimeter at the orbit of earth failed
grossly to satisfy. This condition is appropriate for a nor-
mal gas composed of neutral particlcs that interact only
through direct collisions. It does not neccssarily apply to
solar wind plasma, however, because it is completely ion-
ized and particles can interact at much longcr range through
the action of electric and magnetic forces. The precise condi-
tions required for continuum-like behavior of such a plasma
remain uncertain, but we now know that continuum gasdy-
namic models can be applied successfully to not only solar
wind flow past the earth’s magnetosphere, but even to the
approximately 1600 times less densc solar wind flow
around Neptune, [Spreiter and Stahara, 1994].

Figure 3 illustrates results from Spreiter and Jones,
[1963] for the calculated location of the bow shock for an
axisymmetric obstacle having the shape calculated for the
equatorial trace of the magnetopausc as described above.
There were two reasons why thc magnetopausc was ap-
proximated in this wayv. One was that our results [Briggs
and Spreiter, 1963] indicated that the full three-dimensional
shape of the magnetopause is, in fact, ncarly axisymmetric.
The other was that methods for calculating supersonic flow
past a blunt body had bcen developed only for axisymmet-
ric and two-dimensional flows, and that the computing re-
quirements to determine the solution for a more gencral
three-dimensional obstaclcs would greatly exceed the capa-
bilitics of the most powerful computer at Amcs. now an
IBM 7094. Thc location of the bow shock is shown on
Figure 3 for two different values fory = cy/c,. the ratio of
specific heats at constant pressurc and volume. In the refer-
ence cited above, results arc presented only fory = 2, a
value thought by many at the time to bc reprcsentative of
conditions in the collisionless plasma. The corresponding
results for another lecading possibility, vy = 3/3, were made
available in /G Bulletin 84, [1964] and arc included in Fig-
ure 3 because they were soon found to agree better with ex-
tensive plasma and magnetic ficld data from IMP-1, also
known as Explorer 18, launched on November 27, 1963.

The fluctuating character of the flow obscrved downstream
of the bow shock, not accounted for by the steady flow
downstream of an aerodynamic bow shock, was explained
by presenting results for one-dimensional collisionless
shock waves calculated by Auwer, Hurwitz and Kilh, [1961,



TRANSITION REGION My M, =871

MAGNETOSPHERE 20

BOUNDARY ™~

CONDITIONS IN
TRANSITION REGION

Mjy<2
PARALLEL 1BI =\ |— 4

ANTI-PARALLEL IB![_‘__‘"_ :%7
DISTANCE

[AUER, HURWITZ & KILB, 1961, 1962]

A, :

10

SHOCK WAVE
72
/7'5/3

0
r/0q

Figure 3.  Calculated shape of the bow shock and magne-
topause for representative conditions in the solar wind to-
gether with small inserts illustrating the nature of the magnetic
field in the magnetosheath indicated by collisionless shock so-
lutions of Auwer, Hurwitz, and Kilb, [1961, 1962]. The results
for the ratio of specific licats y = 2 are from Spreiter and Jones,
[1963]. Those for y = 5/3 were made available shortly thereafter
in IG Bulletin 84, [1964] because thev were found to be in bet-
ter agreenment with the plasma and magnetic licld data trom 1MP-
1, or Explorer 18, spacecraft launched on November 27, 1963,

1962]. As illustrated by the small plots on Figure 3. they
show that the magnetic field downstream of such a shock is
extremely variable. These results indicate the fluctuations
are greater when the magnctic ficld is anti-parallel rather
than parallel to that in the obstacle. Applied to the solar
wind flow past the magnetosphere, this corresponds to the
fluctuations being greater when the interplanctary magnetic
field is southward than when it is northward. This result is
now so well established by observations that it is virtually
a cornerstone in understanding the geomagnetic conse-
quences of the direction of the interplanctary magnetic ficld.

To increase understanding of collisionless shocks. Jones
and Vernon Rossow. another member of the Theorctical
Aerodynamics Branch, initiated further calculations. The re-
sults [Jones and Rossow, 1963 and |Rossow. 1963, 1967]
confirmed those of Awer, Hurvitz and Kilb. [1961, 1962].
and demonstrated that the gencral conclusions regarding
fluctuations applicd throughout a much wider range of con-
ditions than shown prcviously. Rossow. from rural lowa
near the town of Correctionville and cducated at Towa State.
Stanford, and Zurich. carried out a wide range of research
over five decades at Ames. Although his venture into space
science was fairly brief, experiments he conducted using
transparent plastic channels filled with liquid sodium with
imposed magnetic fields provided us with valuable visual
insights into the propertics of MHD flows and waves.

Two cvents occurred in 1962 that werc to have a major
impact on our subsequcnt work. Onc was the opportunity
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for me to attend a coursc cntitled Geophysique Exterieure at
the Les Houches Summer School of Theoretical Physics.
This was a great expericnce. For two months. wc lived.
rathcr uncomfortably. in unhcated converied fann buildings
high abovc the town of Les Houches ncar Chamonix in the
French Alps. From our single classroom in a converted
granary, we could look down upon glacicrs. There were
about 20 studcents from 9 countrics, usually (wo per country
including the USSR and Poland of the Eastern bloc. Nearly
all were already active in space rescarch. We had many in-
teresting discussions and learned much from cach other.
Formal instruction at an advanccd level was provided by
ten of thc world’s most distinguished cxperts. including
Chapman, Chamberlain. and Dungey whose names appear
frequently throughout this monograph. Another was Marccl
Nicolet, who had bcen General Sccretary of the recently
concluded International Geophysical Year, or IGY, of which
Chapman had been President. Written versions of all the
lectures were publishcd promptly in Dellitt, Hieblot, and
Lebeau, [1963]. Chapman invited mc to give two of his
lectures to describe our work on the magnctosphere. and to
wrilc them up for inclusion in the writicn version of his lec-
tures, [Chapman, 1963]. Attendance at this school intro-
duced me not only (o leading experts. but also 1o a number
of students who werc to gain prominence for their research
and leadership in space sciencc. I have enjoved watching
their development, and talking with them about many
things when our paths cross occasionally.

The other event was the establishment of a Space Scicnees
division at Ames under the direction of Charles Sonnett.
Raised in California and educated at UCLA. he was a pio-
neer in measuring magnetic fields in spacc. He came to
Ames from NASA Hcadquarters in Washington where he
oversaw many phases of the carly planctary and spacc pro-
gram. With no prior knowledge of this devclopment. I was
summoned to the Director’s officc within half an hour of re-
porting to work on my return from Europe to be informed
that my new assignment was to be Chief of the Theorctical
Studies Branch in this new division. That was the way
Ames worked. People were {rcquently assigned to a new
position without either being consulted or informed of the
possibility. Sometimes a person’s first knowledge of such a
change was from the gencral announcement that went out (o
the entire staff. T had mixed feclings about this change. 1
was very happy with conditions in the Theorctical Acrody-
namics Branch dirccted by Heaslet. Sonnctt had not arrived
from Washington vet. and 1 could only guess at what he
expected of me and the branch I was to create. On the other
hand, it was clear that thc ncw setting would provide a
more appropriate place for our magnetosphcric modcling,
and to expand into other topics of intercst in space science.

Therc was an immediate realignment of the positions of
my associates. Alksnc was rather obviously assigned to the
new branch, but Briggs, Joncs, Hyctt. and Rossow were o
remain in the Theoretical Aerodynamics Branch. Audrey
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Summers, a highly regarded computational specialist in one
of the wind tunnel groups. requested to join us. and that
was approved. She grew up on a nearby farm. studied
mathematics and physics at Stanford. and had been cm-
ploved at Ames for about 15 vcars at the time. As cvi-
denced by the citations referred 10 below, she quickly be-
came a effective member of our small team modcling the
magnetosphere. Another to be assigned almost immediately
to the new branch was Ray Reynolds, who had been hired
by Ames a few months before because of his previous theo-
retical research on the interiors of the giant outer planets and
in the management’s anticipation of the formation of the
new division and branch.

LATER YEARS OF THE DISCOVERY PERIOD
AT NASA AMES: 1963-1969

By the beginning of 1963, Ames had changed in many
ways from the closely knit and highly focused aecronautical
research laboratory that it had been under the NACA. Major
emphasis was still on aerodynamics, for which its array of
wind tunnels, computers, and other facilities remained
uniquely suited. Attention was increasingly turning. how-
ever, from airplanes to spacecraft and the problems encoun-
tered in their design and operation. Even bigger changes
were stemming from the cstablishment of the Space Sci-
ences Division, and the Life Sciences Dircctorate devoted to
research in fundamental life sciences extending all the way
to the origin of life itself. Amcs had become a much more
diverse and exciting place, and its activities were gaining
public attention much more than ever before.

Modeling solar wind flow around thc magnetosphere was
now in the mainstream of the work of the branch and divi-
sion in which I worked, but there werc many new duties.
First of all, there was the matter of cstablishing the role and
recruiting people for the branch. and assisting Sonnett in
creating the new division. Much time was spent defining a
broad research program in planctary, lunar, and spacc re-
search, recruiting prospective research leaders. and crcating
an atmosphere conducive to scientific research. 1 was as-
signed the task of organizing a weckly Space Sciences
Seminar that convened throughout most of the vear. and did
that for the remaining six vears 1 was at Ames. The oppor-
tunity to invite visitors to speak at thcse scminars cnabled
us to expand our knowledge greatly and also to becomce ac-
quainted with a much wider circle of active contributors to
space science than we would have othenwise.

The first addition to the Theoretical Studies Branch who
was not previously employed at Ames was Petcr Fricker. a
Swiss geologist who had held a postdoctoral position at
Stanford and was particularly interested in what was still
called “continental drifi”, a highly controversial subjcct at
the time. Before joining Ames, he had climbed without
oxvgen {o over 23,000 feet in the Andes. and survived for a
month with a small numbecr of scicntific colleagues afler

their airplane crashed on an island in the far north of Can-
ada. In our branch, he joined with Revnolds and Summers
to model the internal composition and thermal history of
the moon and planets. After several vears. he retumed to
Switzerland for family reasons, later became the General
Secretary of the Swiss National Science Foundation. and
now holds a similar position in the Europecan Science
Foundation. Joan Hirshberg, who now uses her maiden
name, Feynman, joined our branch about the same time to
study the connections between observations in spacc and on
the ground, and their implications, see c.g.. Hirshberg,
[1968] for a representative example of her work during this
period. We wanted her to accept a regular appointment, but
she wished to be committed to somewhat less than the re-
quired forty hour week because she had two preschool chil-
dren. This could only be reconciled by employing her as a
consultant. She remained in this capacity until 1969 when
arrangements were made for her to carry on her work as a re-
search associate with me at Stanford. She is now at the Jet
Propulsion Laboratory at Pasadena, after scveral ycars at the
NCAR in Boulder and the NSF in Washington. Shc was
raised on Long Island, New York, spent several years living
in villages in rural Guatemala assisting her anthropologist
husband, and had resumed scientific studics on geomagne-
tism at Columbia University’s Lamont a few years before
joining us. David Webster also joined us about this time.
officially as a consultant becausc he was several vears be-
vond the mandatory retirement age for government employv-
ecs. Like Hirshberg, he entered enthusiastically into all
phases of our work, and we all benefited much from his
presence. He had no prior expericnee in spacc physics, as
very few did at that time, but he had a distinguished carcer
as a classical physicist and educator, with particular
strength in electricity and magnetism. He came to Stanford
in 1921 to be Chairman of the Physics Department where,
among many accomplishments, he supervised the work of
the Varian brothers in developing the klystron. a high-
powered traveling wave tube used in long-range radar and
high-cnergy particle accelerators. Webster also constructed
and flew his own biplane glider in 1911, was a test pilot
flving French SPADs and other airplancs during World
War I, and according to an anticle in Physics Todav was
remembered by other physicists “for the precision of his
test flights and the wild rides he gave his passengers afler
the tests were completed™. I recall that he was very worried
when his grandson made a full-scalc replica of his early
glider and flew it on the hills behind Stanford. Scvere re-
strictions on hiring set in after about a ycar. but our branch
continued to grow slowly with the assistance of a postdoc-
toral research associate program administcred by the Na-
tional Research Council. Three. in addition to Fricker. who
came under this program and later became regular govern-
ment employces are still with NASA. They arc Lary
Caroff. Aaron Bamnes. and Pat Cassen. Caroff, from
Swarthmore and Cornell, was interested in infra-red astron-



omy and now managcs major programs in NASA Head-
quarters in Washington. Barnes and Cassen arc still at
Ames and both have served in my former position as branch
chief. Barnes, who studied the damping of Alfvén waves in
the solar wind in the phvsics department at Chicago. has
become renowned for his continuing studies of the solar
wind. For many yecars, he has been responsible for the
Amcs plasma probes on Pioncer spacceralt to Venus. the
outer plancts, and beyond. Cassen studied the gecomagnetic
tail in the acro department at Michigan. Cassen’s advisor
was the cminent acrodynamicist. Arnold Kuethe. but Svd-
ncy Chapman also ook an interest in his rescarch during
his annual month-long visits to Ann Arbor. When | in-
quired about Cassen, Kucthe recommended him highly, of
course, and then surprised me by saying that he knew about
my home town of Staples because his wife was from there.
Cassen’s attention has turned to the application of Muid
concepls to modeling the formation of stars and galaxics,
but a notable achievement along the way done jointly with
Revnolds and others was a soundly based prediction of ac-
live volcanoes on Jupiter's moon lo. Only a few davs afler
their prediction appeared in Science. Voyager spacecraflt
passed by Io and photographed a huge eruption in progress.
Their paper was sclected as the outstanding paper of the
year in Science. Figure 4 is a photograph showing cveryone
mentioned above at the time I left Ames in late 1968. Two
others in the photograph are Darlene Mocn, our secretary
who was from a farm ncar Grand Forks, North Dakota. She
later became Sonnett’s secretary, and then left Ames (o be
the person in charge of major traveling NASA cxhibits. The
rcmaining person, Mae Liu. had just been assigned to the
branch as a mathcmatician employed by an outside contrac-
tor. She assisted several of the people for a number of vears,
but none of us know what happencd to her after she left
Ames. Alksne, Moen, and Webster arc now deceased. and
Summers is very il

There were also a number of shorter-term visitors. Dungey
and his student, Fairfield. spent a couple of summers with
us. Scveral others came for one to three years under the
NRC rescarch associate program, as did Peter Fricker origi-
nally. Among the {irst were two I met at the Les Houches
Summer School. Thev were Barbara Abraham-Shrauncr
from Harvard and Michacl Rycroft from Cambridge. Abra-
ham-Shrauner joined in our solar wind magnetosphere in-
teraction modeling, and moved on to become a professor at
St. Louis University. More will be said of her work later.
Rycroft worked with John Thomas, the new Assistant Di-
vision Chief, and Larry Colin of the Electrodynamics
branch, who had come from Helliwell's group at Stanford at
about the same time, on the analysis and interpretation of
extensive data on the upper ionosphere from the very suc-
cessful Canadian top-side sounder, Allouette. After his stay
at Ames, Rycroft returned to England where he has plaved a
leadership role in university and government scicnce. {cach-
ing, and administration. He is now a profcssor at Stras-
bourg, France. Thomas. who had been one of Rveroft's tu-

SPREITER AND STAHARA 205

tors at Cambridge. rcturncd to Impcrial College in England
after several years at Amcs. Colin later became  the project
scientist for the long-lived Pioncer Venus Orbiter and re-
maincd at Ames until he retired. Others who investigated
space plasmas in our branch include Dick Hartle from Penn
State who continued his studics of the solar wind at God-
dard, Jim McKenzie from Cambridge who carricd on his
studics of spacc and astrophysical plasmas as a profcssor in
South Afnca and rescarcher at the Max Planck Institute in
Lindau, Karl Westphal from Germany who collaborated
with McKenzie, and Clive Marsh from Leeds University
where he studied what happens in the surrounding gas when
a slar “turns on”. At Ames. he joined us in the calculation
of MHD solutions for solar wind flow past the moon.
[Spreiter, AMarsh, and Sununers. 1970]. Still another who
participated in the work of the branch as a consultant was
Peter Sturrock, a plasma physicist and Stanford professor.
who collaborated primarily with Hartle in the devclopment
of a two-fluid model of the solar wind. [Sturrock and
Hartle, 1966] and with me [Sturrock and Spreiter, 1963]
on forward and reverse shocks observed in the solar wind
and their relation to gcomagnetic storms. From this begin-
ning, Sturrock developed a distinguished carcer in solar
physics and astrophvsics. Two others at Ames who con-
tributed significantly over a long period through analysis of
data and occasional modeling are David Colburn and John
Mihalov of the Electrodynamics branch. Colburn had a long
collaboration with Sonnett studying magnetic ficlds in
space. Mihalov analyzed plasma probe data from a succes-
sion of spacecraft in collaboration with John Wolfe at first
and Aaron Bames later. Mihalov still works at Amcs, but
Colburn has retired.

With respect to our modeling, the extensive magnetome-
ter and plasma data from IMP-1 bccoming available. sec
c.g., [Ness et al., 1964 and olfe et al., 1966]. were pro-
viding conclusive evidence confirming the pecrmancnt pres-
ence of a magnctopause and bow shock in locations com-
patible with the calculations. Precise comparisons were not
possible for two reasons, however. One was that the obser-
vations were by a single spacecraft, so that conditions in the
solar wind upstrcam of the bow shock could not be dcter-
mined simultaneously with the observations in thc magne-
tosheath or magnetospherc. Reasonable estimates could be
made, however, using non-simultancous IMP-1 data from
the part of its orbit bevond the bow shock. The sccond rea-
son is that solutions had been determined for only a fow
Mach numbers and values for y. Each solution required at
least a month to determine using a mixture of machinc and
hand calculations. They had been determined. moreover. to
ittustrate what the new fluid model would indicate rather
than to provide quantitative predictions for all possiblc
conditions in the solar wind. The situation was not too
bad. however, because simple scaling laws to account for
changes in the density and vclocity of the solar wind were
known, and the results were not highlv dependent on Mach
number or y in the range representative of the solar wind.






about wings and bodies, his was MHD. His lccturcs and
informal discussions with many Japanesc. particularly Isao
Imai who worked in both compressible flow thcory and
MHD. as we traveled around Japan for a couple of wecks
gave me further insights into MHD. T had no prcmonition
that knowledge of it would ever be usclul to me. however.

To be both convincing and instructive. we decided to pre-
sent the case for using MHD in an cxtended scmi-tutorial
paper, [Spreiter, Summers, and Alksne, 1966a]. that (a) re-
viewed relevant features of idcal stcady state MHD theory
including shocks and other discontinuitics. (b) showed how
the former results could be recovered from the MHD cqua-
tions through introduction of acceptable approximations. (c)
introduced simplifications in the MHD model (o produce a
computationally tractable approximation (d) presented ad-
ditional results for the flow and new results for the magnetic
ficld in the magnetosheath. In the MHD model. the magne-
topause is represcnted by a MHD tangential discontinuity
and the bow shock by a MHD fast shock. Simplification
was required because solution of the MHD cquations for the
full three-dimensional geometry of the magnetosphere flow
was not possible with the computers and numerical algo-
rithms then available. In the magnetosphere. the influence of
the plasma is disregarded as small, so that the magnetic
field is approximated by a vacuum ficld as in the C-F
model. In the solar wind plasma outside thc magnetopause.
the influence of the magnetic field on the flow is disrcgarded
as small, as evidenced by values typically in excess of 5 for
the Alfvén Mach number My = (41tpmvw2/Bw2)l'Q. This re-
duced the exterior flow problem to one of GD rather than
MHD. Finally, the magnetic field in the magnctosheath
could be determined by solving the remaining Faraday
magnetic induction equation of MHD using valucs for the
velocity and density provided by the GD solution. Further
simplification by disregarding the small effects of p.. and a
slight changc in the value for K in the Newtonian formula
for the pressure of the plasma on the magnetopause returncd
the specification of the magnctopause shape to the samc
form as in the C-F model. In this way. previous rcsults for
magnetopause location obtained using the C-F model were
recovered without change. Only the underlying rcasons for
using the cquations were differcnt. This simplification of the
basic MHD model has comc to be known as the gasdy-
namic convected field GDCF model. Figure 5 shows plots
of the streamlines, Mach lines, and magnetic field lines ob-
tained in this way. Their counterparts for the density, veloc-
ity. and magnetic field strength were also provided in the
original presentation.

We were confident that our calculations were accuratc and
that the iteration solution converged properly, but the ob-
servational data from space and the range of conditions for
which we had solutions were too linited (o establish the
validity of the results and the underlying MHD model by
extensive comparisons. Elements of the results could be
evaluated, however, and this was done in a number of wavs
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to enhance credibility. A nolable cxamplc was an cxpeni-
ment undertaken to answer the question whether the blunt-
body aerodynamic methods wc used could provide satisfac-
tory results for a monatomic gas with vy = 5/3. Thesc
mcthods had been developed and tested extensively for air.
a diatomic gas for which y = 7/3. but ncver for a gas with vy
= 5/3. To answer this question, a metal model of the for-
ward part of the magnetosphere was fired at a Mach number
of about 4.65 from a 50 caliber light-gas gun through the
elongated test section of an otherwisc normal supcrsonic
wind tunncl at Ames that was filled with argon. a mona-
tomic gas with y= 3/3. Argon was sclccted because it has
the desired valuc for . was availablc. and had a sufficiently
low speed of sound that the desircd Mach number could be
achieved by firing the projectile into stationary gas. Shad-
owgraphs of the model in flight show the bow shock to be
located exactly where the calculations indicate.

Although the paper |Spreiter, Summers, and Alksne,
1966a] in which these results. the MHD modcl. and its
GDCEF approximation were [irst presentcd has been cited ex-
tensively, it did not reccive immediate acceptance when
submitted for publication. It was rcjected quickly by the
Journal of Geophysical Research with little comment other
than that it was not suitablc for that journal. We then sent
it to an Associate Editor of Planetarv and Space Science,

but received no response for several months. The explana-
tion was that he had been selected to be an astronaut about
the time our paper was received, and had been too busy to
send it out for review. We then sent it to the Principal Edi-
tor, David Bates in Northern Ircland. and he accepted it.
We were grateful that he was also willing to accept rather
large plots of the results to facilitate their quantitative use.
The new MHD model and the GDCF approximation (o it
found immediate use in the intcrpretation of data pouring in
from magnetomcters and plasma probes in space. Cahill
and Patel, [1967] analyzed 70 distinct magnctopausc cross-
ings by Explorer 12 between August and December 1961
and found that the magnetopausc locations werc gencrally
consistent with the theoretical predictions. Theyv also con-
cluded that the data were generally consistent with the
closed magnetopause envisioned originally by Chapman
and Ferraro, although sometimes the boundary was open in
the manner suggested by Dungev. [1963]. Becausc apogee
of Explorer 12 was only about 13 earth radii. the bow shock
was crossed on only three orbits when the magnetosphere
was in a highly compressed state. Kavanaugh, [1967] ex-
amined these and concluded that the location of the bow
shock and the change in magnitude of the magnetic field
across it were consistent with the fluid model predictions.
While data from Explorer 12 together with more fragmen-
lary data from earlier spacecraft served to suggest the pres-
ence of a bow shock upstream of the magnetopause. defini-
tive cvidence establishing the permanent presence of these
surfaces in about the predicted locations and the validity of
the GDCF model generally was provided by more than six
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months data from the magnetometer [Ness et al., 1964,
1066b] and plasma probe [Holfe et al., 1966] on IMP-]
spacecraft launched into an orbit with initial apogee of 31
carth radii on November 27, 1963, The lefi-hand side of
Figure 6 from Spreiter et al.,,[1968] and Spreiter and Aik-
sne, [1969a] shows representative data from the plasma
probe on a single inbound pass through the magnetoshcath.
Data from only the four lowest vollage or encrgy steps of
the probe arc shown, since current was scldom observed in
the encrgy channels above 3749 volts (846 km/s for pro-
tons). The abscnce of plasma flux at geocentric distances
less than about 11.5 carth radii indicates that IMP-1 was
within the magnetosphere, and not exposed to the flowing
solar plasma. The presence of almost all of the current out-
put in one encrgy channcl at distances greater than about 16
carth radii indicates that IMP-1 was in the solar wind be-
vond the bow shock. where the random thermal velocitics
are sufficiently small compared with the directed bulk veloc-
ity of the flow that the velocity distribution or encrgy spec-
trum of the particles is too narrow to bridge the gap be-
tween the energy windows of the plasma probe. The broad
cnergy spectrum observed in the intervening part of the or-
bit is indicative of the hot plasma in the magnctosheath.
The right-hand sidc of Figure 6 is a summary plot in which
are drawn portions of the first 29 orbits in which /e et
al.,[1966] interpreted their data as indicating IMP-1 is in
the magnetosheath. The dashed portions of some of the

lines represent uncertainties in the determination of the bow
shock or magnetopause. Also included are the locations of
these surfaces calculated using the GDCF model and a sin-
gle representative set of conditions in the solar wind. The
value of 5/3 for y was selected because it provided a better
fit to the data than y = 2, and also becausc it was the nor-
mal value for a monatomic gas. Although the criterion used
to distinguish the various region is different, Ness, et al.,
[1964, 1966b] presented very similar summary plots based
on the magnetometer data from IMP-1. Soon thereafter,
Fairfield, [1967] examined simultancous magnetometer
data from IMP-1 and IMP-2 when they were on opposite
sides of the bow shock. He showed that the magnctic field
in the magnetosheath was consistent with the model predic-
tions, and parallel {0 the magnetopause in accordance with
the representation of it by a MHD tangential discontinuity.
These comparisons enhanced confidence in the usclulness
of the GDCF modcl. but they were marginally precise and
barely possible to make. Conditions in the solar wind si-
multaneously with the obscrvations in the magnetoshcath
needed for model input were unknown. and solutions were
available for only one Mach number, 8. and two values for
Y. 2 and 5/3. Moreover, the plasma probe resolution was
grossly inadequate for determining the densitv. velocity,
and temperature of the plasma in the magnetosheath. None
of these quantities were measured directly. They had to be
deduced by fitting a velocity distribution function. Maxwel-
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lian or otherwise, (0 the plasma probe data. Instcad of tens
of measurements in various directions nceded for cach en-
ergy level, the plasma probe measurcd only the maximum
flux of particles in threc uncqual segments of a complete
revolution for each cnergy level. The plasma probe could
not be changed, so an extension of the GDCF model was
developed to display the Maxwellian velocity distribution
equivalents of the GD values for velocity, density, and tem-
perature [Spreiter, Alksne, and Abraham-Shrauner. 1966b].
The results contributed to the interpretation of plasma probe
data, but tended to be too complex for detailed comparisons
with data and were soon made obsolete to some degree by
the introduction of higher resolution plasma probes and im-
proved data reduction algorithms.

The most detailed comparison of calculated and observed
conditions in the magnctosheath during the discovery pe-
riod was that of Spreiter and Alksne. [1968a] using data
from Pionecer 6. It was launched into an escape trajectory on
December 16, 1965 during a period of exceptionally low
geomagnetic activity. Data from the magnetometer [Ness ¢f
al., 1966a] and plasma probe [Holfe and AMcKibbin, 1968].
which had much higher resolution than plasma probes on
carlier spacecraft, were shown to be in good agreement with
GDCEF results calculated specifically for the solar wind con-

ditions measured by Pioncer 6 just aficr crossing the bow
shock. The calculated and observed locations of the bow
shock and magnetopause matched perfectly. and the plasma
and magnetic field propertics matched as well as could be
hoped for considering the uncertaintics in their determina-
tion from the quantitics actually mecasured by the plasma
probe. To provide further insight, comparisons of the veloc-
ity reported by Wolfe and AcKibbin, [1968] were made
with two different sets of calculated values. One was the ob-
vious set calculated directly using the GDCF model. The
other was the maximum particle velocity indicated by the
Maxwellian kinetic theory interpretation of the fluid veloc-
ity and temperature, [Spreiter, Alksne, and Abraham-
Shrauner, 1966b]. The was done because it more closely
represents what the data analysis procedure actually calcu-
lated for the quantity called “velocity”. Values reported for
the velocity were about midway between the two sets dof
values, which differed by about 35 to 40 km/s in the mag-
netosheath and only about 2 km/s in the solar wind.

With the change in paradigm from the particle approach of
Chapman and Ferraro to the fluidd model came the necessity
10 reexamine conditions near the ncutral points on the mag-
netopause to which attention is directed in Figure 1. In the
C-F model in which the pressure Kp.1..’cos’y on the mag-
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netopause is balanced by the magnetic pressurc B/8m. an
exact solution would indicate the magnetopause is parallel
to the solar wind flow direction at the neutral points be-

cause B = 0 there. If the static pressure is added to the C-F
pressure so that the pressure on the magnetopause is given
by p. + Kpave *cos’ y, as it is in the Newtonian approxima-
tion for hypersonic flow, an exact solution would indicate
the magnetopause has a sharp cusp directed toward the carth
at each neutral point as in the solutions of Spreiter and
Hyett, [1963], Spreiter and Suminers, 11963]. Shutz and
Winkelman, [1964], and Grad and Hu,[1966]. As pointed
out by Spreiter and Sunnners, [1967] and Spreiter et al.,
[1968], this is not an admissible solution in the fluid mod-
els. even though the pressure does not vanish, because the
supersonic flow cannot follow the cusped contour without
developing a shock which could not be balanced by a jump
in magnetic pressure on the magnetosphere side of the
boundary. The difficulties were resolved by noting that al-
though the boundary of the geomagnetic ficld could have
cusps pointing toward the earth, the magnctosheath flow
would separate from the boundary and reattach downstream
of the cusp without forming a shock wave, much like air
flowing over the open top of a convertible. The interior of
the cusp would be filled with relatively stationary hot
plasma that would Icak from the point of the cusp and flow
down toward the earth. 1t was noted that such injections of
plasma into the magnetosphere had been scen in laboratory
experiments designed to simulate the interaction of the solar
wind and the geomagnctic ficld. see e.g., [Oshorne et al.,
1964; Kawashima and Fukushima, 1964: Cladis et al.,
1964; and Waniek and Kasai. 1966]. and that gcomagnetic
disturbances in the polar rcgions obscrved during the 1GY
(July 1957 to December 19358) and the Second Polar Year
(August 1932 to August 1933) tended to have local
maxima where the ficld lines from the cusps reach the carth,
as would be anticipated on the basis of direct invasion of
charged particles or propagation of MHD waves into the po-
lar regions along the field lines from the ncutral points.
These regions are now called the polar cusps, and a great
variety of phenomecna arc associated with them.

The permanent existence of a long geomagnctic tail ex-
tending downwind from the magnetosphere in the solar
wind like a windsock was recognized by Ness. [1963] from
IMP-1 magnetometer data extending out to apogec at 31
earth radii. A similar tail-like structure was found to be pre-
sent and well defined at 80 carth radii in data from the mag-
netometer, [Ness ¢f al., 1967a and  Behannon [1968]. and
the plasma probe, [Mihalov et al.. 1968]. on Explorer 33.
Wolfe et al, [1967] and Ness et al._ [1967b] reported indica-
tions of the tail on a number of hour-long intervals when
Pioneer 7 was in the anticipated vicinity of the tail at 1000
earth radii. That ended a period of uncertainty in which a
variety of proposals were made for the shape of the tail and
the conditions in it. One of the most popular, called “tear-
drop”, confined the geomagnetic field in a finite tail that ta-

pered inward and closed like the small end of an elongated
egg. An alternative, developed into a quantitative modcl
that avoided difficulties in balancing the pressurcs on the
end of the magnetopause tail in the tear-drop configuration,
was based on the concept of a long nonmagnetic tail filled
with quiescent plasma that excrted a constant pressure on
the flanks of the tail and confined the geomagnectic ficld
within a relatively short region, [Spreiter and Hyett, 1963;
Spreiter and Summers, 1963, Slutz and Winkehnan, 1964].
Since both configurations were inconsistent with the obser-
vations, a new first order model was developed within the
spirit of the GDCF model that recognized the presence of
the extended magnetic tail and the effcets of the associated
cross-tail current, [Spreiter and Alksne. 1969]. It was as-
sumed, as in the treatment of the polar cusps, that the prcs-
sure of the magnetoshcalh plasma on the magnctopause is
given by p.. + Kp.v.'cos y; rather than Kp.i.'cos y, so as
to represent conditions better as cosy — 0 along the distant
taill. The magnetic field in the tail was assumed to be di-
rected essentially parallel to the tail, toward the carth in the
north half of the tail and oppositely in the south half. and to
have a strength inversely proportional to the cross-scction
so as to preserve the magnetic flux along the tail. The rc-
sulting shape for the tail flared out only slightly more than
indicated by the original GDCF model. but the logical
foundations for the solution were restored in the tail region.
Perhaps the main conscquence to us was that it indicated
that results obtained using continuum fluid concepts could
be expected to be in good agreement with observations for
at least many tens of carth radii downstrcam of the cartl.
Although all of the preceding discussion is about steady-
state phenomena, Chapman was lcd into his pioneering
studies over seventy vecars ago by his desirc to cxplain tran-
sient geomagnetic variations. He considered cffects of two
classes of disturbanccs, (a) large plasma clouds cjccted from
the sun by an explosive cvent and (b) long-lived rotating
beams of plasma emanating from an active region on the
sun. Early discussions regarded the clouds and beams as in-
trusions into the othenwvise effective vacuum of interplane-
tary space. The qualitative manncr in which the gcomag-
netic field would carve a cavity in a finite cloud of solar
plasma advancing through a vacuum toward the carth was
one of the first topics discussed by Chapman and Ferraro.
[1931], but it was many ycars before actual quantitative so-
lutions for their model were given by Spreiter and Sum-
mers, [1965a]. Since the permanent existence of the solar
wind was thoroughly established by that time, thesc solu-
tions were of significance primarily for their relative sim-
plicity, conceptual value, and historical interest. The con-
cept of clouds and rotating beams of solar plasma remained,
but now they were considered to move through the general
background of less dense and slower moving solar wind
plasma. To provide insight into a more rcalistic transient
situation, solutions were also presented showing how the
magnetopause changes in size from one steady state to an-



other as a discontinuity surface in the solar wind passcs by.
Results for representative conditions indicate that points on
the magnetopause may move from their initial to {inal posi-
tions in less than a minute after passage of a discontinuity.
By this time, considerable information was accumulating
regarding the nature of interplanctary shock waves and other
abrupt changes in the solar wind. To gain a better under-
standing of the implications for solar-terrestrial relations,
Joan Hirshberg undertook a statistical study at Ames of ob-
servations of geomagnetic sudden commencements and so-
lar flares. From her results |Hirshberg, 1968] and thosc of
Tavlor, [1969], who analyzed data from IMP-3 as cight
“possible shocks™ passed by. it was concluded that the
shock shape, speed, and transit time from the sun to the
earth depend primarily on the encrgy of the initial distur-
bance and the properties of the solar wind at the time, and
not upon such details as the initial angular extent or distri-
bution of energy within the initiating event on the sun.
Frequently the clearest sign of passing through the bow
shock into the magnetosheath is a big incrcasc in fluctua-
tions in the magnetic field and plasma properties. Spreiter
and Jones, [1963] associated this with fluctuations down-
stream of a collisionless shock as illustrated in Figure 3.
An alternative based on continuum gasdynamics described
by Spreiter et al. | 1968], and Spreiter and Alksne. |1969a)
is that small disturbances in the solar wind are strongly
amplified in passing through a shock. e.g.. the amplitude of
small pressure fluctuations in a gas with y= 3/3 and Mach
number M, upstream of a shock increases by a factor of
about 0.4 M,” when passing through a normal shock. For a
representative valuc of for M; of 8 at the nose of the bow
shock, this indicates an amplification of about 25. AfcKen-
zie and Westphal, [1968] cxtended the analysis to apply to
oblique shocks and showed that similarly large amplifica-
tions werc a general property of high Mach number shocks.
The stability of the magnetopause is another topic that
has not been touched upon in the preceding discussion. It
secmed to us that it must be stable in at least some gross
sense, since othernwise the gencrally good agrecment be-
tween observations and results of the stcady-statc models
could hardly be expected to occur. On the other hand, a
number of studies published during the carly vears of the

discovery period arrived at the opposite conclusion.
Dungey, [1958, 1963] considered that the flow of solar
plasma along the magnetopause would generate surface
waves in the same way that wind generates waves on watcr
through the action of a Kelvin-Helmholtz instability. He
and Parker, [1958] gave a theory of such waves, and con-
cluded that the magnetopause is unstable. The applicability
of the results to the magnetopause was not assured, how-
ever, because of the neglect of known features of the phe-
nomena such as the compressibility of the plasma, super-
sonic speeds of the flow along thc magnetopause at points
away from the nose, the curvature of the boundary, and the
effects of nonlinear terms in the govermning equations. A dif-
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ferent analysis based on the strict application of the C-F
theory was developed by Spreiter and Sunmers, [1965b].
They found, if the wavelength and amplitude are sufficiently
small that curvature and higher-order effects can be disre-
garded, all perturbations, except those having wave {ronts
aligned with the direction of the local magnetic field within
thc magnctosphere, damp exponentially with time as they
move along the magnetopause with the local velocity of the
adjacent flow. Aligned waves. which ncither damp nor am-
plify in this approximation. were examined further by inclu-
sion of curvature and higher-order effects. The analysis
showed that curvaturc introduces a destabilizing cflect in
small indented regions of the magnctopause, and that iso-
lated columns of solar wind plasma aligned with the mag-
netospheric magnetic ficld could penetrate the magnctopause
and be injected into the outer magnctosphere. It is well
within the range of possibility that these columns could be
identified with the flux ropes containing magnetosheath
plasma often observed just inside the magnetopause.

By 1969, our modeling of solar wind flow past the carth’s
magnctosphere had reached a definite plateau. The MHD
model and the GDCF approximation to it were gencrally
accepted and providing a firm foundation for the interpreta-
tion of observations. The MHD cquations were still (oo
difficult to solve, but solutions of the GDCF approximation
achieved using statc-of-thc-art mecthods of computational
fluid dynamics had been shown to be in general agrecment
with numerous observations. They were, in fact. virtually
the only quantitative theorctical results for the location of
the magnetopause, bow shock, and conditions in the mag-
nctosheath. They also provided a rationale for the continued
use of vacuum magnetic ficld models for the gecomagnetic
ficld in the magnetosphere and in thc magnctotail. A sig-
nificant improvement in the calculation of the magnetic field
in the magnetosheath was made at this time by the devel-
opment of a new decomposition procedurc by .A/ksne and
Webster, [1970]. Without further approximation. it simpli-
fied a complicated threc-dimensional calculation in the
GDCF model to a single two-dimensional calculation, plus
two additional components that could be calculated by ap-
plying very simple formulas to the gasdynamic results.

As confidence grew in the MHD and GDCF models. it
was natural to inquire how they should be modificd to ap-
ply to other planets and the moon. If the basic model is as-

sumed to remain valid, the differences must be the result of
changes in the boundary conditions representing the solar
wind and the planetary obstacle. For Venus and Mars, the
solar wind speed is about the same as at carth and the den-
sity differs by a factor of about two up or down in accor-
dance with its approximate proportionality to the inverse
square of the distance from the sun. Such a change in den-
sity is well within the range experienced by the carth, and
nothing significant would be expected in response except for
a slight shrinking of the size of the obstaclc as thc density
increases, and vice versa. The nature of the planetary obsta-
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cle may be quite different from that for earth, however, as il-
lustrated in Figure 7 from Spreiter and Alksne, [1970]
based on modeling results of Spreiter et al.. [1970a]. For
the earth, the strong geomagnetic field forms a large magne-
tospheric obstacle in the solar wind, and a bow wave forms
upstream of it because the flow is supcrsonic. For average
solar wind conditions, the nose of the magnetopause is at
about 10 earth radii, and the nose of the bow shock is at
about 13 earth radii. Neither Venus nor Mars has a signifi-
cant magnetic field, but the density and clectrical conductiv-
ity of the upper ionosphere of these planets are sufficicntly
great to deflect the solar wind around the ionosphere and to
form a bow shock upstream of it. Because the ionospheric
pressure falls off much more rapidly with height than the
magnetic pressure of the geomagnetic ficld. the ionopause
boundary between the solar wind and ionospheric plasmas
is wrapped closely around the planet. For both Venus and
Mars its nose is only a few hundred kilomelers above the
planetary surface and the bow shock is about a third of a
planetary radius upstream of it as illustrated. Although there
has been a continuing debate whether or not Mars has a
weak magnetic field, Venus and Mars remain the only plan-
ets known to have an ionosphere type inleraction with the
solar wind. With the possible exception of Pluto. vet to
visited by spacecraft, all of the other planets are now known
to act as magnetic obstacles in the solar wind.

The moon, having neither a magnetic field nor an or
ionosphere, presents yet another type of obstacle in the solar
wind, as illustrated in Figure 6 based on MHD modeling
[Spreiter et al., 1970b]. It was assumed as an idealization
of observations, that the solar wind plasma flows directly
onto the lunar surface, that the magnetic field is continuous
from the solar wind into the moon. that no significant elec-
trical currents flow in the moon in the stcady state, and that
there exists a void in the solar wind downstream from the
moon in which neither particles nor electrical currents are to
be found. Two alternatives exist for describing conditions at
the surface of this void, depending on whether or not an
electric current sheet forms. If one does form. the boundary
of the void must be represented by an MHD tangential dis-
continuity. If no current sheet forms. the magnetic ficld in
the moon and the trailing void must join continuously with
that in the surrounding flow. Both theorctical considera-
tions and data from Explorer 35 were cited to indicate that
either possibility may occur, depending particularly on the
orientation of the mterplanetary magnctic ficld. The upper
sketch illustrates results for the special case in which the so-
lar wind velocity and magnetic field veclors arc parallel.
This was our first solution of the full MHD equations. It
made use of an important simplification of /imai. [1960] and
Grad, [1960] that B = A p v and (v.V) A =0 in a nondissi-
pative MHD aligned flow. This enablcs the MHD equations
to be reduced to those of GD of a pseudo gas having a non-
physical equation of state by introducing a set of new vari-
ables for the pseudo velocity, density, and pressure. The

point of this was that a class of MHD solutions could be
obtained by using established and simpler methods of GD.
This possibility and the required (ransformations had been
given in detail in Spreiter et al, [1966a]. but tlus was the
first time they were used to obtain actual MHD solutions
for a space application. The lower sketch indicates results
for other cases in which the velocity and magnetic ficld vec-
tors are not aligned. They are based on a combination of
MHD concepts and GDCF modeling approximations.

To supplement the modeling described above, studies of
more complex plasma models and special features of MHD
were also investigated within our branch. Sturrock and
Hartle, [1966] developed a two-fluid model of the solar
wind in which the protons and electrons were treated sepa-
rately. Barbara Abraham-Shrauner conunenced her studies of
wave propagation in the Chew, Goldberger, Low. [19506]
model of an anisotropic plasma at Ames, and contimied
them at Washington University after leaving Ames. Com-
pared with the comparatively simple results of MHD the-
ory, commonly displayed using Fricdrich’s diagrams for
the phase and group velocitics, her results displaved a great
richness in possibilities when the plasma is anisotropic.
Other properties of plasmas, MHD and otherwise, wcre
studied by Morioka and Spreiter, [1968, 1969, 1970ab].

It was recognized during tlus period that the MHD con-
cepts we had been developing had an cven wider field of ap-
plication. Although no quantitative results were given, ap-
plications to comets in the solar wind and the interaction of
the solar wind and the interstellar medium were discusscd
in Spreiter et al., [1968a] and Spreiter and Alksne. [1970].

As a final note on this period. I would like to cite a virtu-
ally unknown example of a consequence ol our work that il-
lustrates how knowledge developed in one field can have a
significant impact on a seemingly unrelated field. One day
when Alberta Alksne’s neural surgeon son, John Alksne,
was visiting, he told her of his poor success rate in brain
surgery on severely injured patients. The problem stemmed
not so much from the injury itself or the primary action of
the surgery, he said, but from the sizc of the incision re-
quired to enable all the small blood vessels to be tied ofl.
Almost without thinking, she suggested using a focused
magnetic field to stop the flow of blood long cnough for it
{o clot and seal itsclf. He developed the idca and introduced
the techniques in lus operations with such great success that
it was featured in an article with many pages ol photographs
in Life magazine. It is likely (hat the cconomic and hu-
manitarian benefits of tlus advance greatly exceeds the total
cost of all of our magetosphere modeling.

THE POST-DISCOVERY PERIOD: 1969-1997

Many changes occurred at the beginning of this period. |
was appointed professor of applicd mechanics and aeronau-
tics and astronautics at Stanford in late 1968, succeeding
my former advisor, Ilrmgard Fligge-Lotz. It is only 10
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Figure 7. Types of interaction of the solar wind with the carth, moon, and plancts, [Spreiter and Alksne, 1970].

miles from Stanford to Ames, so it was easy to maintain
close relations with Ames for several years, and for my re-
search students to use the facilities of Ames with the sup-
port of NASA grants. However, Alksne retired in a couple
of years, joined the Peace Corps, and went to Kenya to
teach mathematics in a girls high school. Webster stopped
when Alksne left. Several who had come as postdoctoral re-
search associates finished their one to thrce year appoint-
ments. These included Abraham-Shrauner, Rycroft, Marsh,
Morioka, McKenzie, Westphal, and Hartle. Sturrock’s serv-
ices had already been discontinued when Ames management
needed to reduce the use of consultants. For the same rea-
son, arrangements were made for Hirshberg to join me at
Stanford as a senior research associate undcr a NASA grant.
Ray Reynolds was appointed to my former position as chief
of the Theoretical Studies branch and work turned toward
planetary interiors and atmospheres. Audrey Summers soon
joined in those studies with the same effectivencss she dis-
played several years before in our plasma studies. She was
appointed assistant chief of the branch a few vcars later. [t
was not long before Barncs was about the only permanent
member of the branch carrying on with the solar wind stud-
ies. All such work had not ccased at Ames. howevcer, be-
cause Sonnett, Colburn, Mihalov, Wolfe. and their associ-
ates continued extensive studies of magnctometer and
plasma probe data for many years.

At Stanford. my first Ph.D. advisce was Art Rizzi. who
has just been awarded his M.S. degree. Fliigge-Lotz had
been his advisor and, with his approval, passed him on to
me. We were both anxious to get started promptly, so ar-
rangements were made that he could use the computers at
Ames and join in our analysis of solar wind interaction
with nonmagnetic plancts. with application to Venus and
Mars, [Spreiter et al., 1970a; Spreiter and Rizzi, 1972,

1974a]. His main project, however. was to develop the first
MHD solution for flow past the earth’s magnetosphere. [t
was for the special case of atigned flow in which the veloc-
ity and magnetic field vectors are parallel evervwhere. As
descnbed above, the MHD cquations can be reduced to
those of GD for this casc through the introduction of new
variables, except that the equation of state for the gas is dif-
ferent and more complicated. This application was morc
difficult than the aligned MHD solution for thc moon, how-
ever, because of the presence of the bow shock and a region
of subsonic flow embedded in an otherwise supersonic flow:.
The results for a representative range of Mach numbers and
Alfvén Mach numbers [Spreiter and Rizzi, 1974b] arc simi-
lar to those of the simpler GD model for Alfvén Mach num-
bers greater than about 5, but differ significantly for lower
values. Since the Alfvén Mach number is usually greatcr
than 3, these results help explain the generally good agree-
ment between observations and the GDCF results. Since
values lowcer than 5 are observed at times, these results also
demonstrated the need for MHD solutions if the interesting
extreme events are to be modeled. When Rizzi finished his
Ph.D. studies, he joined the Computational Fluid Dynam-
ics Branch at Ames where he applied his knowledge to de-
velop perhaps the biggest computational fluid dynamics
code at the time for application to the aerothermodynamics
of the shuttle reentry into the atmosphere. After many years
at Ames, he moved to Sweden where he is now Professor of
Aecronautics at the Royal Institute of Technology.

After Rizzi, only a few of my advisee worked on space
plasmas for their Ph.D. research, and nonc did magncto-
sphere modeting in the sense discussed above. The closest
were Richard Desautel, Charles Lombard. Joe Rcagan, and
Carlton Ruthlin. Dcsautel analyzed the dyvnamical motion
of the distant geotail, Lombard modecled the effects of ion
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mass loading in the distant solar wind. Reagan analvzed
energetic particle data in the magnetosphere. and Ruthlin
studied MHD wave propagation in nonuniform magnetic
field. Other advisees studied a varicty of topics including
transonic acrodynamics, helicopter acrodynamics and noise,
natural and rocket induced motions in the atmosphere, cli-
mate dynamics and chaos theory, and even a viscous fluid
problem arising in the manufacture of scotch tape. They all
continued their carcers doing rescarch and/or teaching com-
putational fluid dynamics, acronautics, or mathematics.

Not counting the course in space physics that he took in
1964, my long professional association with Steve Stahara
began in earlv 1969, and has continued unbrokcn now for
28 vears. He was born and raised in Youngstown. Ohio
where he developed a lifelong interest in model airplancs.
He enrolled in Case Institute of Technology where, after a
year of high grades, he was one of a select few admitted to
their Engineering Science program. He graduated Summa
Cum Laude in 1964, and accepted a Hughes fellowship for
graduate studies in the Aeronautics and Astronautics de-
partment at Stanford. He obtained M.S. and Ph.D. degrees
in that department under the direction of Milton Van Dyke,
and graduated in January, 1969. During those vears, he
spent two summers at Hughes Aircraft in El Segundo,
California on the pre-flight (csting of thc Survevor spacc-
craft, the first soft-lander on the Moon. Upon graduation. he
accepted a staff scientist position at Nielscn Engineering &
Research, Inc., a small research and deveclopment firm in
nearby Mountain View. California. It was headed by Jack
Nielsen, a close colleague of both Van Dyke and me from
our carly days at Ames. The position was created (0 work
with me on transonic aecrodynamics. That came about as the
result of a chance meeting with Nielsen the first week of my
lenure at Stanford. He inviled me (0 be a consultant with
his firm, and to seek support from Ames (o incorporatc the
new and rapidly-evolving computational advances into the
transonic acrodynamic rescarch I had done in earlier vears at
Amcs. 1 was receptive to the idea, and mv department
chairman and dean were encouraging becausc it was com-
patible with the one condition they had imposed on me that
my Stanford research should not be in aerodynamics. This
may seem strange in view of my dual appointment in the
Acronautics and Astronautics department, but my primary
base was in a new Applied Mechanics department and they
did not want it to look likc a sccond acro department. |
asked Van Dyke if he knew of any good candidates, prefera-
bly a recent graduate with a Ph.D. He recommended his
student, Stahara. Nielsen and I liked him. and Stahara be-
gan working at Nielsen in February 1969. We set to work
on transonic acrodynamics with applications to wings, bod-
ies, and turbomachinery. Our last publications in that field
were in 1982. Steve was always fascinated by the solar
wind and magnetosphere studies and their connection with
acrodynamics, however, so it was quite natural that we
talked about such matters from the beginning of our associa-

tion. NASA support for theoretical studies of space plasmas
was on the decline at that time, however, so we saw little
opportunity to do sponsored research on the magnetosphcre
or solar wind at Nielsen. In any case, [ was carrying on my
space plasma modeling efforts at Stanford in the face of di-
minishing support for student research assistants.

An unexpected event occurred in 1975 that enabled me to
refocus on space research and be joined by Stahara. Norman
Ness called and informed me that I had been invited to join
him and four others, Hetb Bridge of MIT. Sig Bauer of
NASA Goddard, and Alex Dessler and Paul Cloutier or
Rice, to participate in a Bilateral US/USSR Scminar on
Mercury, Mars, and Venus at the Space Research Institute,
IKI, in Moscow. It was a very interesting expericnce. About
thirty prominent Soviet space scientists joined the six of us
in very intense and questioning discussions. The meetings
were extremely contentious. not so much between us and
the Soviets, but among the Soviets themselves. The big
question was whether Dolginov’s magnetometer had de-
tected a small Martian magnetic ficld as it orbited that
planet, or not. I was in an interesting position because my
models were being used 1o support both sides of the argu-
ment. Only now have I Icarned from Breus, [1997] that they
“expected the Americans . . . (0 behave as a kind of Su-
preme Court, judging our discussions and internal disa-
greements on the problem of the intrinsic magnetic field of
Mars”. At the end of the day and on the weekend. our
hosts, particularly Tamara Breus. Olcg Vaisberg. Igor
Podgorny, his wife and son, Konstantin Gringauz,  Alex
Galeev, Valerie Troitskaya, Roald Sagdeev, and Igor Belot-
serkovskii in various combinations, graciously and expertly
guided us around the sights, institutions, and cven some of
the subtleties of Moscow life. Altogether. it was an unfor-
gettable experience.

On returning homc. I inquired about the possibility of ob-
taining a NASA grant to do further modeling of solar wind
interactions with the carth and other plancts. The results we
possessed were accurate solutions. but thev were limited in
number and covered only a fraction of the paramcter range of
interest. More could not be generated readily because our
old programs could not be used on the new computers. and
the old computcrs no longer existed. Morcover. the algo-
rithms we used for the gasdvnamic flow had been super-
seded by new and vastly improved ones devcloped in the
Computational Fluid Dynamics Branch at Ames for appli-
cation to the space shuttle. NASA was quite rceeptive (o
supporting this modernization, but insisted that there be
“no new physics” and that the project be completed
promptly. That seecmcd more like a task to be undertaken
with Stahara at Nielsen Engincering than with a graduatc
student at Stanford, so it was arranged to be donc that way.
The task was fairly straightforward. It was a matter of ob-
taining the programs, adapting thcm to the planetary appli-
cations, adding a component to calculate the magnetic field,
evaluating them to determine which of the several alterna-



tives would be most effective for our applications, and then.
of course, to compile a sct of solutions for gencral use. In
addition, considcrable attention was paid to simplifving the
processes so that solutions could be obtained using readily
available work stations instead of a supcrcomputer. The rc-
sults. including a complete listing of the program. were re-
ported in Stahara et al.,[1978. 1980] and Spreiter and Sta-
hara, [1980a.b]. The new results coincided with those cal-
culated before. but additionatl rcsults could now be obtained
easily for other conditions. both by us and by others with
modest computing facilities. This was the first time others
could easily usc our models to calculate their own solu-
tions.

This development brought us into direct collaboration
with a larger circle of space scientists. Noteworthy amongst
those in the eighties arc Chris Russell, Janct Luhmann,
Nancy Crooker, George Siscoe, Bob Holzcr. Ray Walker,
Jim Slavin, and Kurt Moore of the Institute of Geophysics
and Planetary Physics at UCLA: Ed Smith of JPL: and
John Mihalov of Ames. Model results were being used in-
creasingly in the interpretation of data, and for comparative
studies of the various plancts. Meanwhile. we continued our
model development to include features revealed in the ob-
servations but not included in previous modets. These in-
clude effects of centrifugal flattening of thc magnetosphere
with application to Jupiter and Saturn, [Stahara et al..
1989]. effects of mass loading by intcraction with a comct
or planetary atmosphere as believed important at Venus and
Mars, and the transient effects of a passing interplanctary
shock wave, [Spreiter and Stahara. 1992]. and full treat-
ment of MHD effects, |Spreiter and Stahara, 1994]. Results
of thec GDCF mode! have been calculated for the solar wind
conditions observed ncar each of the planets except Pluto
which has yct to be visited by a spacecraft. The good accor-
dance with the observed locations of the bow shock. magne-
topause, and conditions in the magnctosheath have cstab-
lished the utility of the GDCF modcl over a wide range of
conditions. Of particular note are the comparisons with
Voyager 2 observations for Neptune, [Spreiter and Stahara,
1994]. The success of the model is remarkable in view of
the extremely low density, only 0.005 protons/cm™, of the
solar wind approaching Neptunc. We believe that is the
most rarcfied gas flow that has ever been modeled success-

fully using contimum fluid concepts. It will be a long
time, if ever, before insitu measurements are made in a
lower density flow past an obstacle. That includes the flow
of the local interstellar medium past the heliosphere. which
current estimates indicate to be considerably denser than the
solar wind at Neptunc. The scale of that application is far
larger than for planetary magnetospheres. of course. but the
same mcthods with appropriate changes in the boundary
conditions can be uscd (0 model the intcraction, as we
noted long ago, [Spreiter et al., 1968 Spreiter and Alksne,
1970]. In 1993, Romana Ratkiewicz of the Space Rescarch
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Center in Poland came to Amces for two and a quarter years
as a National Research Council Senior Rescarch Associatc
to work with Aaron Barnes and us to develop quantitative
models for the conditions, both stcady and unsteady, in the
solar wind in the outer heliosphere and its intcraction with
the local interstellar medium flow by. Many interesting re-
sults have been been calculated. and scveral papers describ-
ing them arc now in press.

The last remaining topic to mention is the space weather
forccasting program sponsorcd by NASA, NSF, and the Air
Force that Stahara and 1 have participated in since the carly
nincties. Its goal is to forccast. bascd on observations of the
sun and solar wind, the total global geospace cnvironment
of the earth. Its purpose is to provide at Icast a few tens of
minutes warning that a geomagnetic storm is about (0 occur
with all of its attendant conscquences on carth and in the
surrounding space. These include temporary to permancnt
disablement of spacecraft, particularly those in geosynchro-
nous orbit used for communications and weather forccast-
ing, disruptions of tclccommunications. and major clectric
powecr outages on earth caused by gecomagnetically induccd
currents. A dramatic example of the latter occurred on
March 13, 1989 when the cntire Hydro Quebec system serv-
ing more than 6 million customers was plunged into black-
out by such currents. Kappemman et al.. [1997] reports that
“its 1mpact was felt over the entire North American conti-
nent. Most of the neighboring svstems in the United States
came uncomfortably close to experiencing the same sort of
cascading outagc scenario.”. Qur role was (o provide a ro-
bust computer model to forecast the location of the magne-
topause, bow shock, and conditions in the magnetoshcath
from a knowledge of solar wind conditions mcasurcd by a
spacecraft monitor stationed ncar the Lagrangian L, point at
a distance of about 230 earth radii on a linc to the sun. Oth-
ers werc to develop forecasting models for thc magneto-
sphere, thermosphere, and ionosphere. The growing number
of problems brought a sense of urgency to the project. and a
validated model swas wanted in a relatively short time. This
meant that tested “off the shelf” models should be used as
much as possible, so we chose the most recent version of
our GDCF model The biggest challenge was to accelerate
the process dramatically so that the forecast could be made
in much less time than the approximately half hour it takes
for the disturbances observed in spacc (o reach (he magneto-
spherc. We achieved forecast times of a few sccond by pre-
calculating a large family of solutions and using a fast inter-

polating scheme to calculatc the forecast. We made more

“than 4,000 simulated forecasts of conditions observed by

ISEE 2 spacecraft based on solar wind conditions obscrved
by ISEE 3 to demonstrate that the model could indeed pro-
vide useful forecasts. It is now in use as part of the first gen-
eration of space weather forecasting programs. What started
out as spcculative calculations in 1960 have become a use-
ful tool in our technological society.
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CONCLUDING REMARKS

We have told the story of our efforts in modeling solar
wind flow past the magnetosphere, and of the preparation
and events that enabled us to quickly move from acrody-
namics to space physics. For both of us the preparation was
a solid education in fluid mechanics and mathematics.
many years of experience developing acrodynamic theory
and testing it by comparisons with data from wind tunncls
and actual flight. In addition, there 1s the matter of being in
the right place at the right time. and being able to take ad-
vantage of the opportunity when it comes. Modeling space
plasmas has come a very long way during the period dis-
cussed here. It has a long way to go before it can describe
all matters of interest. Much of what is donc on the rescarch
frontier is barely possible. but capabilitics of computers and
computational algorithms are still increasing at a rapid pacc
and great advances may be anticipated if the cffort is sus-
tained. Applications such as space wcather forecasting hold
the potential for vast economic benefits. but the problems (o
be faced are daunting and considerable effort will have (o be
applied to achieve an effective forecasting capability.

Finally, we would like to pass on a few thoughts relating
to modeling fluid motions that are worth pondering. First,
is the optimistic, perhaps arrogant, remark of Lagrange,
{1788] following Euler’s development of the equations of
fluid dynamics of an inviscid fluid. He wrote “if the (Euler)
equations involved were intcgrablc. onc could detcrmine
completely, in all cases. the motion of a fluild moved by
any force”. Although solutions of these cquations had found
many important uses including the design of jet airplanes
by his time, the Harvard mathematician. Birkhoff. [1960]
expressed a strong contrary view. "Euler’s equations have
been integrated in many cases. and the results found to
disagrce grossly with observation, flagrantly contradicting
the opinion of Lagrange.” He also wrotc in the same book
“The possibility of paradoxes cannot be admitted as a uni-
versal principle in fluid mcchanics because the results of
many experiments can be predicted with practical cer-
tainty.”. With the aid of computers. many more examples
of the latter exist today. but there are still many situations
where prediction and reality dilfer significantly. Turbulence
m fluid motions is ubiquitous. Somectimes its cffects arc
benign. other times they are dominant and unpredictable.
Our ability to deal with it in a rcliable way is so limited
that turbulence is sometimes said o be one of the great un-
solved problems of physics. For these reasons. fluid dynam-
ics remains both a science and an art. Theoretical models
must be validated by comparison with observations. Any-
one doubting this should visit Amcs and sce the gigantic
wind tunnels and know, from the deafening noisc of the air
driven around inside them by motors of several hundred
thousand horsepower, that they are being used. They stand
as monuments to our continuing inability 1o reliably model
the forces on a body in an airstream under all conditions,
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Early Ground Based Approach to
Hydromagnetic Diagnostics of Outer Space

"Facts which at first seem improbable will, even on scant explanation, drop the
cloak which has hidden them and stand forth in naked and simple beauty."

Galileo Galilex

Dialogues Concerning Two New Sciences {1638).

V.A.Troitskaya

NASA, Goddard Space Flight Center, Greenbelt. Maryland, 20771,
(On leave from La Trobe University, Bundoora, Victoria, Australia, 3083.)

INTRODUCTION.

Looking back 40 years, I still wonder at how fortunate it
was, that the birth of the internationally organized and
coordinated studies of electromagnetic pulsations coincided
with the International Geophysical Year (IGY). These studies
revealed a wealth of information about the state of outer
space, which could be checked on a global network of
ground-based stations, most of which were organized by the
beginning of the IGY. Moreover with the advent of the
sputnik-satellite era, these results could be verified by
measurements “in situ.” Of course pulsations of the mag-
netic field were recorded and analyzed well before the IGY,
but the comparison of results, and the communications
among the scientists involved, were rare, partly because the
dates of these excellent publications differed by tens of years
[Stewart, 1861; Angenheister, 1912; Terada, 1917; de
Moidrey, 1917, Sucksdorf, 1932; Harang, 1936] and partly
because of the absence of a generally accepted classification
of pulsations.

From the beginning of the fifties, interest in pulsations of
the natural electromagnetic field grew significantly in the
former USSR, mainly due to a number of relevant problems,
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that required information about their frequency range, their
distribution in time, and the regularities of their occurrence
in different regions of the Earth (E.g., magneto-telluric
sounding of the Earth's crust, the search for precursors of
earthquakes, the distinguishing in the context of classified
problems, of some small and short-lasting signals on a
background, which consisted of the geomagnetic and Earth's
current pulsations). In the first half of the fifties also,
appeared pioneer papers on the existence of plasma sur-
rounding the Earth [Storey, 1953], and soon after that, theory
of oscillations in plasma magnetized in a dipole field like the
Earth's [Dungey, 1954]. In the latter paper, for the first time,
magnetic pulsations observed at the Earth's surface, were
interpreted as oscillations of entire flux tubes. As a result of
this, a significantly broader scientific community became
interested in these tiny oscillations of the magnetic field,
hardly seen on standard records of observatories. Beginning
from the second half of the fifties, the number of publications
on magnetic pulsations rose dramatically, and at the end of
the fifties, this direction of research was established in the
ambit of the International Association of Geomagnetism and
Aeronomy (IAGA).

Being asked by the editors, to give some information about
my own schooling before exposing my personal view of my
work and the work of my colleagues, "roughly in the period
1957-1967", I would like to say the following: I was a pupil
in one of the best schools of Leningrad - "Peterschule” which
required being fluent in the German language before admis-
sion. All subjects in this school were given in German and it
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turned out that knowledge of this language happened to be
extremely useful during the Second World War. After
graduating I passed the entrance examinations of the Physical
Faculty of one of the oldest Universities of Russia -Lenin-
grad (Petersburg) University. Many prominent scientists
lectured us in Mathematics (e.g., Prof. V. Smirnov.), Physics
(Prof. Fock, Prof. L. Artzimovitch, Prof. I. Tamm) and I was
carried away by physics and decided to continue my educa-
tion after graduating with honors from University. I got an
offer to do a PhD in Geophysics and started my studies,
which however, soon were interrupted for a long time, first
by the World War-2, blockade of Leningrad, and then by
family problems. During this time I worked as a teacher of
German language in the highest military academy and then
participated in the work of a naval institute. The Laboratory
in which I worked dealt with problems of clearing the
Finnish Strait and Baltic Sea of German mines. This required
working on a submarine during last year of the war and was
far from safe. Only in 1950, could I return to science, and
passed once more, the examination for a position of PhD at
the Geophysical Institute in Moscow with Academician A.
N. Tichonov as my mentor. There I presented my PhD thesis
and then the state DSc degree - both of them dedicated to
geomagnetic pulsations.

I have to admit that since the beginning of my studies,
which were concerned mainly with relevant problems, I was
constantly amazed by the great variety and real beauty of
oscillations which appeared on our highly sensitive records.
Quite naturally the curiosity of myself and of my colleagues
led us from relevant problems to the problems of the origin
of these oscillations and consequently to the physics of the
magnetosphere. Organizationally, this transition of the
direction of studies was not easy, because the interest and
usefulness of this research during the first half of the fifties,
was still questionable, especially within the charter of the

Institute of the Physics of the Earth (Moscow), where we
were working. Moreover these studies required significant
financial support. The Institute, however, was interested
mainly in solid Earth geophysics, and I doubt whether we
would have been able to develop so widely the investigations
of pulsations of the magnetic field of the Earth, if not for the
unprecedented development and funding of geophysics,
which took place during preparations for, and carrying out of,
the program of IGY. It became clear that the development of
studies of magnetic pulsations, in which my colleagues and
I were soon engaged, required the establishment of a wide
network of stations. In order to register all period ranges
occupied by pulsations (from fractions to thousand of
seconds) the records at these stations had to be approximately
by two- three orders of magnitude more sensitive, than the
standard records of magnetic field. As a result of great
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efforts, at the beginning of IGY, registration of pulsations
was established at 17 stations. Five of these stations were
located in the Arctic and the other 10 distributed in different
longitudes and latitudes over the vast territory of the USSR.
In addition, observations of pulsations were implemented at
two stations in Antarctica which later were complemented by
the organization of pulsations observations at the geomag-
netic pole (Vostok). For development of this network of
stations it was necessary to obtain huge financial support, to
build equipment and stations, to get substantial amount of
staff, and train it. Till now I am wondering how we suc-
ceeded to fulfill it in such short time (around one and a half
years). It required the selfless, dedicated work of many of my
colleagues. The central figure in this activity was L. N.
Baranskyi. Drs. K. Zybin*, N. Maltzeva* and R. Schepetnov
were responsible for the work of newly built observatories
Borok, Lovozero (Kola region) and Petropavlovsk Kamchat-
sky. The records of vertical component of magnetic field by
means of big loops on the Earth surface were supervised by
Dr. G. N. Petrova and Prof. A. G. Kalashnikov*. Low
latitude pulsations studies were established in cooperation
with India and Cuba. In the first decade of IGY, with the
cooperation of French scientists there were organized
observations in the conjugate points Sogra (Archangelsk
region)-and Kerguelen (French island in the Indian ocean).
These stations were located in subauroral regions of the
Northern and Southern hemispheres, respectively. In cooper-
ation with American geophysicists, joint studies of pulsations
were conducted in the Arctic and the Antarctic, including
studies at the geomagnetic poles Thule and Vostok. Tempo-
rary simultaneous observations were carried out between
antipodal points Dallas (USA) and Garm (Tadjikistan). The
main central observatory for pulsation studies, Borok, was
built in the Jaroslavskaya region, some 300 km North-East
from Moscow. To Borok, records from many stations were
sent, and there an archive of quick run records of magnetic
and Earth currents was established. At the beginning of IGY
the pulsations were recorded mainly in Earth currents, which
later were replaced by measurements of the magnetic field
using induction fluxmeters of great sensitivity (of order
~10°nT). The processing of data was really back-breaking
work. At that time we had no magnetophones, no special
analyzers, in order to extract information about pulsations in
different frequency and amplitude ranges. Therefore we
introduced at each station registrations on photopaper (with
appropriate sensitivity) on three time scales: (1) usual -20
mm/hour, (2) quick run -90 mm/hour, for studying mainly
Pc3-4 - and Pi-2, and (3) ultra quick -30 mm/min, for

*deceased



studying the shortest part of the pulsation spectrum -less then
15 sec period. The amount of information we obtained by
comparison of these records, not only with each other, but
also between different stations was in significant part new
and immense. And so was the amount of time and efforts
spent on these studies.

The first results of these investigations, especially for
different types of pulsations with periods in the range from
fractions of a second to approximately 15 sec., were met with
great skepticism. We were even accused of measuring
artifacts and not natural phenomena and that we could not
distinguish one from the other. When for instance I showed
the beautiful examples of series of pulsations with periods
around 2 sec. and amplitudes of several tens of milligammas
(called "pearls”, because their series reminded of a necklace
of pearls) in central institute for geomagnetism (IZMIRAN,
Moscow) - the very existence of them, even there, was met
with mistrust. In some way, detection of the effects of USA
high altitude nuclear explosions (1958, code-named
"ARGUS"), which produced oscillations in the same fre-
quency range as short period pulsations, helped in the
acknowledgment of the scientific and practical value of their
studies. Unfortunately these results could be published only
in 1960 [Troitskaya, 1960] after they were declassified,
which also required significant efforts. The analysis of
morphology of magnetic pulsations, their correlations with
other geophysical phenomena, first obtained by comparison
with results of other ground based measurements, and then
with data obtained by satellites determined the fascination of
my colleagues and myself with magnetospheric physics. In
this paper, after a short description of pulsations and their
classification, I shall present some of the discoveries,
concerning the magnetosphere and the solar wind, which
were obtained using ground based observations of pulsations
during approximately the first decade after the beginning of
IGY. These results and their successful development led to
the formulation of a new direction of research -
"Hydromagnetic diagnostics of the magnetosphere and solar
wind."

CLASSIFICATION OF MAGNETIC PULSATIONS.

It may seem strange, that in this paper I mention such a
specialized topic, but historically, the adoption of a classifi-
cation scheme played a crucial role, being a specific new
"language", which facilitated communication between
scientists engaged in different aspects of pulsation studies.
Moreover, with the development of solar terrestrial physics,
this classification began to be used for oscillations occurring
in the ionosphere, the magnetosphere and the solar wind. The
concept of two main types of oscillatory regimes (Pc and P1)
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was introduced by Troitskaya [1953 a,b] This concept was
used as a base for classification accepted 10 years later by
JIAGA. In this classification pulsations were divided into
regular continuous, usually stable, oscillations (Pc), and short
lasting, usually unstable, irregular oscillations (P1). Table 1
gives the subdivision of these two types of pulsations by
periods.

The most difficult task in compiling this classification was
to establish the limits for each of the subdivisions. However,
it was solved, drawing upon the intuition acquired by
specialists, who in the course of their studies looked through
huge amounts of records, and the possibility of exchanging
opinions at special meetings, organized before the IGY by
Committee 10 of IAGA, and chaired by Father A. Romana.
This led to the establishment of the period ranges for each
type of pulsations which, in essence, survived even into the
nineties. This classification was officially adopted by IAGA
in 1963 on the recommendations of a small group of people,
and published in 1964 [Jacobs et al., 1964]. Of course this
classification should be reconsidered in the light of achieve-
ments acquired since its establishment, especially in the
range of longer periods, up to 1000 sec. Also different
principles could be used, as a base for classification, generic
or correlative, taking into account the information which has
been obtained on the origin of different pulsations, or their
correlations with other geophysical phenomena. Another
variant of classification, based on frequency-time depend-
ence of pulsations (hydromagnetic emissions) was suggested
by Japanese scientists, but it is applicable only to the short-
period part of the pulsation spectrum, and is not widely used
[Nagata 1980 et al ]

Finally I have to mention, that in the course of the time
since IGY, the terminology, indicating these short period
variations of electromagnetic field, changed from micropulsat
ions to pulsations of the magnetic field, and relatively
recently to ultra low frequency waves (ULF-waves).

TABLE 1.
Type Range of periods (seconds)
Continuous pulsations
Pc 1 02- 5
Pc2 5-10
Pc 3 10 - 45
Pc4 45 -150
Pc S 150 - 500
Irregular pulsations
Pi2 40 - 50
Pi-1 1 - 40
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CONNECTION OF CONTINUOUS PULSATIONS
PROPERTIES WITH THE PARAMETERS OF THE
MAGNETOSPHERE AND THE SOLAR WIND.

1. Pc2-4 and the direction of the interplanetary magnetic
field (IMF)

Observations on a wide network of stations revealed that
in addition to a distinct diurnal variation in local time, the
simultaneous global modulation of continuous pulsations
undoubtedly takes place. It can be expressed in the "sudden
ending" of pulsations on a global scale, or in simultaneous
change of their periods at stations separated by large dis-
tances or in simultaneous rises and diminishing of their
amplitudes. In Fig.(1) are shown the records of Earth
currents, from stations located in middle latitudes of the
northern hemisphere encompassing 142° in longitude, one
station in the Arctic and one in the Antarctic. On all of them
pulsations disappeared practically simultaneously. Fig.(2)
shows the simultaneous change of periods of pulsations at
three middle latitude stations distributed around the globe.

2 Jan. 1959

11

Fig(3) shows similar simultaneous change of regime of
pulsations on the morning and evening side of the Earth at
Dallas (USA) and Borok (Russia). Such cases were enig-
matic, and attempts to interpret them using correlations with
traditional indices characterizing the state of magnetic field,
or other available geophysical data, did not produce any
satisfactory result. Besides the puzzle of global modulation,
there were "mystical days", when continuous pulsations were
absent all around the world. Such days occurred relatively
seldom (1-2% of all observed cases), but this fact did not fit
the prevailing theories of that time. These theories presumed
that Pc pulsation excitation is primarily produced by the
continuous flow of solar wind at the magnetospheric bound-
ary, with subsequent generation of resonance oscillations.
Therefore one would expect, that they should occur every
day, because it was hard to imagine the sudden stopping of
solar wind flow. That led to the thought that some changes in
the parameters of a distant source of continuous pulsations
take place on such "empty" days, which should be crucial for
their excitation. Discovery of this parameter was made in the
course of comparison of one of the first available detailed
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Figure 1. Example of global modulations of continuous pulsations at stations with longitude difference ~105 “and at latitudes extending
from 71.3 °N to 77°S. Shown are records of East-West components of Earth currents at four middle latitude and two polar stations. On
the left side of the figure is given the sensitivity of records of Earth currents at each station, on the right side the names of the stations

and their coordinates, f and 1.
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Figure 2. Simultaneous change of periods of continuous pulsations around 8 hours UT from 60 sec. to 30 sec. at three-middle latitude
stations, encompassing in longitude the whole globe-Borok (300 km. North- East from Moscow), Petropavlovsk on Kamchatka, and Soroa

(Cuba).

data sets ot the IMF (for the fall of 1963, kindly provided by
N.Ness) with pulsation records. In this set of data, averaged
for every 5,46 min, there were days when the predominant
direction of the IMF was perpendicular to the Sun-Earth line.
To our amazement and delight, the ground based records of
continuous pulsations obediently followed the changes in the
directions of the IMF. As soon as direction of the IMF turned
close to 90 degrees to the Sun-Earth line, the pulsations
disappeared. In Fig.(4 a) are shown copies of records of
Earth currents for October 12, 1963 and for 14 December
1963 at the station Petropavlovsk Kamchatsky, together with
the orientation of the IMF, shown by arrows. The local hours
for these cases were around noon, that is, they corresponded
to hours of maximum of Pc occurrence. Nevertheless,
suddenly the pulsations disappeared, following the change in
the direction of IMF. Disappearance of pulsations occurred

also on other stations of the network. Such, and many other
examples, were the first striking evidence of connections of
Pc3-4 occurrence with orientation of the IMF. Fig.(4 b)
shows the distribution of all directions of IMF for the
available set of data (around 1500 cases) averaged for each
consecutive 5.46 min separately for simultaneously observed
(1) Pc3, (2) Pc3-4, and (3) absence of Pc3. This picture, in
addition to direct comparisons, gave overwhelming statistical
evidence of the dependence of continuous pulsation excita-
tion on the direction of the IMF first described in the paper
of Bolshakova and Troitskaya (1968). The maximal growth
rate of Pc3-4 waves upstream of the bow shock which were
assumed to penetrate to the ground was estimated by Kovner
et al. (1976) and was found to occur for the angle which was
close to the value obtained from comparison of ground based
data to the orientation of the IMF. This result was met with

Dailas (U.S.A.) 2 May 1965
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Borok (U.S.S.R.) 2 May 1965
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Figure 3. Simultaneous records of continuous pulsations in Dallas (USA, local moming) and in Borok (Russia, local evening) on 2 May
1965. The change of regime of continuous pulsations at both stations is clearly seen.
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OCTOBER 12, 1963
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Figure 4 (a). Records of pulsations at the stations Petropavlovsk-
Kamchatsky (upper part of the figure), and orientation of IMF in
plane of ecliptic shown by arrows. Direction to the sun is upward.
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great skepticism in the West and in the East (Japan). When
I remember these times, I think that the polite mistrust and
doubts with which it was accepted, and which lasted many
years, was probably a part of the general situation, when the
results of ground based space research were in general
considered as second class. However when the waves
upstream of the bow shock were measured it was soon
discovered, that they follow the same law of modulation of
their amplitudes as continuous pulsations on the ground
(mainly Pc3) Greenstadt 1973, Greenstadt and Olson, 1977,
Greenstadt et al., 1979. In Fig(5) are presented results which
were obtained significantly later but which further illustrate
the validity of originally discovered dependence. They show
1) data obtained in 1979 on the spacecraft ISEE-1 of the
amplitude of oscillations of upstream waves and the direction
of the IMF at the distance 20 R_; 2) the corresponding
behavior of Pc3 amplitudes at stations, widely separated in
latitude and longitude [Troitskaya and Bolshakova, 1988].
The data from ISEE-1 were kindly provided by C. T. Russell.
The velocity of solar wind was constant in this example. This
fact is important, because, as it was shown by Saito [1964]

Pc 3

N=752 N=454

Figure 4 (b). Distribution of directions of IMF for analyzed period
organized by three plots: The first (752 cases) corresponds to
occurrence of Pc3, the second (494 cases) corresponds mainly to
Pc 3-4 regimes, and the third (273 cases) shows the situation when
Pc3 are absent. Each case corresponds to the average value of IMF
over consecutive 5.46 minutes.

and Vinogradov and Parkhomov, [1970] the amplitude of
continuous pulsations depends also on solar wind velocity.

Fig.(5) clearly shows that the modulation of amplitudes of
waves upstream of the bowshock, and of continuous pulsa-
tions at the three stations on the ground follow the same
pattern.

The external source for dayside Pc 2-4 [mainly upper part
of Pc2, range of periods, Pc3, and lower part of Pc4 period
range] is now generally accepted, but the concepts about the
linkage between waves internal and external to the magneto-
sphere, that is, the mechanism of coupling of waves gener-
ated in the interplanetary space to those observed on the
ground, are still under discussion.

Pc3-4 periods, the density and the value of IMF
Interesting results, stressing the difference of the depend-

ence of Pc2-3 and Pc4 on parameters of the solar wind were
shown in the paper of Gringauz et al.,[1971]. In this paper

ISEE-1

cos ¥ =B,/ B
P, Vgw = const.

nT) A 22
01 03 05 07 UT
Oct. 3, 1979

Figure 5. Example of global modulation of amplitudes of Pc3
regime at widely separated ground based stations (lower part of the
picture) corresponding (with appropriate time delay) to the
amplitude modulation of upstream waves and changes of directions
of IF measured at distance ~ 20 R, and at local time ~ 11 LT. by
SEE-1 (upper part of the picture). B, is the component of B towards
the Sun, BT is the amplitude of B. On the vertical axis (below) is
given the scale for amplitudes of continuous pulsation's on the
ground. On the horizontal axis is time in UT.
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Figure 6 (a). Dependence of Pc 2-4 periods observed on 3 ground
based stations (Borok, Petropavlovsk on Kamchatka and Cuba)
encompassing the Earth on solar wind flux -nV (part cm-? 5™
obtained using data from Veneras 2-4, 5-6.

the periods of Pc2-3-4 were compared with the density of
solar wind fluxes, measured on Venus-2 (1965), Venus-4
(1967), Venus 5 and 6 and on IMP-1 (December 1963 to
March 1964). Pulsation periods were determined for three
observatories: Petropavlovsk-Kamchatsky, Soroa (Cuba), and
Borok, (i.e., practically around the world in longitude, for
middle and low latitudes). The results of comparison are
shown in Fig.(6 a), where pulsations periods are plotted as a
function of ion flux (nV cm? sec™') of the solar wind. The
dependence of Pc-2-3 on nV is opposite to that observed for
Pc-4. This result was unexpected and presented another hint
of the different nature of Pc3 and Pc4. At the same time it
gave support to the empirically postulated boundary dividing
the classes of Pc-3 and Pc4 at ~40-45sec. In order to check
the results shown in Fig.(6 a), the same comparison was done
using data of IMP-1. The results are given in Fig.(6 b). Two
different dependencies of Pc periods on #V were confirmed,
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Figure 6 (b). The same dependence of periods of Pc2-4 using data
of IMP-1 from December 1963 to March 1964.

Figure 6 (¢c). Dependence of Pc2-4 periods on solar wind velocity
for fixed value of density 7.

Figure 6 (d). The same dependence on n for fixed value of V. The
symbol () in the figures corresponds to the station Borok, (0} to
Soroa (Cuba) and (+) to Petropavlovsk.
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one for T < 40-45 sec (T diminishing with the growth of nV)
and the other for T > 40-45 sec (T rising with the growth of
nV). Fig.(6 ¢) shows the dependence of Pc period on chang-
ing solar wind speed (V), for fixed value of n, and Fig.(6 d)
gives the dependence of Pc periods on changing value of
density of the solar wind n, for fixed value of the solar wind
speed. It is seen that the change in Pc periods is influenced
mainly by changes of density n. The dependencies obtained
indicated the possibility of simultaneous generation of two
superposed Pc regimes, which inversely depended on the
density of the solar wind. Such cases of superposed regimes
are often observed on ground based records, and present a
serious difficulty in selecting the periods of oscillations, for
instance, in the studies of connection of Pc periods with the
parameters of IMF.

The dependence of Pc3-4 periods on the magnitude of the
IMF

This dependence was discovered in 1971 [Troitskaya et
al., 1971]. It was experimentally and theoretically developed
in papers [Gul'elmi. et al. 1973, Gul'elmi A.V. and V.A.
Troitskaya, 1973, Gul'elmi, 1974; Plyasova-Bakunina, 1972.
In the paper of Gul'elmi et al., [1973] is presented one of the
experimentally obtained dependencies of Pc 2-4 periods on
the value of the IMF, see Fig.(7). The scatter of points is
given by the solid lines. The investigations of this depend-
ence and the first results, were based on data of IMF ob-
tained by IMP-3 for September-November 1966, and by
IMP-4 for August-November 1966. For ground based data,
observations from Borok observatory were used . The results
of these investigations showed an inverse dependence of
Pc2-4 periods on the magnitude of the IMF. First an empiri-
cal relation between these quantities was established in the
form [Troitskaya et al, 1971]

160

T = B (n]) (1)
nT -
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Period (sec.)
Figure 7. Dependence of periods of Pc 2-4 on the value of IMF.
On vertical axis is given the magnitude of IMF in nT, on the
horizontal, the periods of continuous pulsations.
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The first conclusion from this relation was the confirma-
tion of previously suspected difference between Pc 3 and Pc
4 pulsations. It became clear that not all range of periods of
Pc 4 can obey this empirical formula. Indeed oscillations
with periods greater than 60-80 seconds should correspond
due to ( 1) to the value of IMF less than ~ 3 -2 nT, which
occur rather seldom. The second obvious conclusion from
this relation was the supposition that one should find some
process in front of the bow shock, which could be responsi-
ble for generation of waves with periods falling in the range
of continuous pulsations. In several papers [Troitskaya et al.,
1971; Gul'elmi and Troitskaya, 1973; Gul'elmi 1974] the
idea of the possibility of excitation of continuous pulsations
by the cyclotron instability of protons reflected from the bow
shock was developed. Such particles were already observed
on satellite Vela [Asbridge et al., 1967] and on Explorer-34
there were discovered hydromagnetic waves generated by
these particles [Fairfield, 1969].

In the course of time the relation (1) was usually presented
as

S (MHz) = cB(nT) 2

Here "c¢" is the constant which, for the first time, was
determined using data of the station -Borok and spacecrafts -
IMP 3 and 4. The value of "c" obtained as the result of this
investigation was ~ 6.15 mHz/nT. Determinations of the
value of "c" were later carried out in many studies and the
results obtained in 15 different investigations using ground
based data are summarized in table |1 of the paper [Troitskaya
and Bolshakova, 1988]. The mean value of ""¢" deduced from
these 15 values was 5.9 + 0.4 mHz/nT. This was in remark-
able agreement with the first determination of "c." This
relation was used in studies conducted on satellites in more
conventional units of Hz and nT, in which it can be written,
for ground based determined value of "c¢", as ~

f(Hz) =0.006(nT) (3)

Direct measurements of wave frequencies and values of IMF
in the upstream region of the interplanetary medium around
the Earth [Russell and Hoppe, 1981; Russell and Hoppe
1983, Russell, 1994] gave the following relation between
these quantities

f(Hz) =0.0058B,,,4nT) )

It was really far beyond our expectations, working with the
data of Borok station, that these two expressions-one from
the ground and the other, from interplanetary space upstream
of the bow shock, would practically coincide! But even more
remarkable, was the discovery that for upstream waves in

front of the bow shocks of all planets visited by spacecraft up
to date, the same relation holds between B and f as that
obtained from ground based data in 1971 [Troitskaya V. A.
et al] is valid (Fig.8) [Russell, 1994].

DISCOVERY OF INTERVALS OF PULSATIONS
WITH DIMINISHING PERIODS (IPDP).

In the beginning of the IGY a morphologically and
physically interesting phenomenon (IPDP) was discovered in
the range of pulsation periods from approximately 10
seconds down to fractions of a second. All great storms,
observed during the IGY (1957-1958) contained one or
several (up to four) IPDP. They occur around the main phase
of the storm, with greatest intensity in local evening or night
hours, and can be traced practically simultaneously and
distinctly at stations located as far away as 70°-80° of
longitude. Their beginning corresponds to intense Pi-1
pulsations which turn over to the sequence of Pc-1 ("Pearl
pulsations”) with diminishing periods. This important
phenomenon plays a crucial role in the decay of the ring
current and consequently influences the duration of the
magnetic storm ( and the corresponding Dst variation) The
IPDP intervals could not be revealed before systematic
studies of pulsations were started, because the average
amplitudes of oscillations in IPDP especially for its shortest
periods part, is of the order ~ 10107 nT, that is, they are

1 T T T
< [Mercury]
’n 0 1.+ x® -
== =" Venus
e | &
§ i f (Hz}) = 0.0058 B (nT) .=;. . |
8. Earth
£ o001} -
®
( ]
S Jupiter
(7))
Qa
© .00 s
0.0001 -
A N N T S N
0.01 0.1 1.0 10 100

Magnetic Field Strength (nT)

Figure 8. Dependence of the frequency of upstream waves (in Hz)
on the value of IMF (in nT) for the planets-Uranus. Jupiter. Earth,
Venus and Mercury.
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Figure 9. Stylized scheme of complete development of IPDP. Such full development encompassing the change of frequencies from ~0,1

to several Hertz is usually observed in the greatest magnetic storms.

much smaller than the sensitivity of standard magnetometers
(around 1-several nT). For pulsations in the range of periods
of IPDP a 24 hours registration with appropriate sensitivity
and time scale (30 mm/min) was established. The occurrence
of IPDP, coincides with periods of maximal intensity of
disturbances in the magnetosphere and ionosphere during the
storm, and can be considered as a culmination of the mag-
netic storm development. Fig(9) shows a stylized scheme of
IPDP development in the form amplitude versus time on
which wave packages of different periods follow each other.
However the duration of each group of pulsations having
different periods as well as the beginning and last periods of
IPDP can change from case to case. The original IPDP
record, an "antique" picture (in amplitude-time presentation
on which it was discovered) could hardly be reproduced here
due to photographic difficulties. The first publication on
IPDP was presented in the paper of Troitskaya and Melniko-

" 1500

va [1959], in which it was noted that the occurrence of IPDP
coincided i time with the appearance of low latitude red
aurora and the beginning of big disturbances in the state of
the ionosphere. In Fig.10 i1s shown the behavior of the critical
frequencies f_F, (vertical axis-frequencies in MHz) for two
magnetic storms which occurred in the first months of IGY
The abscissa represent the local time at longitude 30° E
(Moscow). Both storms had two intervals of IPDP-each one
indicated by an arrow. It is seen that IPDP began to develop
simultaneously with a sharp fall of critical frequencies of the
F-2 layer, followed by diffuse ionospheric reflections and
blackout, However both magnetic storms began several
hours before severe disturbances in ionosphere and appear-
ence of red aurora at low latitude station Alma-Ata [Gul'elmi,
A.V. and V. A. Troitskaya., 1973.] Investigations which were
conducted later, confirmed these first results. A variety of
correlations of IPDP with phenomena in the upper, and even

Figure 10. Presentation of IPDP in the form frequency-time at two conjugate subauroral stations Sogra (a) and Kerguelen (b). On
horizontal axis is given time in UT, on vertical one - the frequency of observed pulsations. The beginning of the rise of the frequency
of pulsations (corresponding to definition of IPDP) is simultaneous at both stations.
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the lower atmosphere was established, such as riometric
absorption, X-ray bursts in the stratosphere, and even
pressure increases on microbarographs [Troitskaya, 1961,
1964, 1967 and references therein; Chrzanowski et al.,
1961]. IPDP were intensively investigated in subauroral
conjugate stations, Sogra-Kerguelen, in the framework of
French-Soviet cooperation. [Gendrin & Troitskaya, 1965,
1967, Gendrin et al., 1966;]. The appearance of IPDP at
these stations, shown in frequency-time presentation, is
illustrated in Fig.11 It is seen that contrary to Pc-1 (“pearls™)
pulsations which appear intermittently in conjugate points,
IPDP are observed simultaneously at both of them. Investiga-
tions of the connection of IPDP with processes in the
magnetosphere showed their coincidence with large intensity
changes occurring simultaneously in the radiation belts.
During the flight of the second Sputnik, it was already
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Figure 11. Processes in the ionosphere during occurrence of IPDP.
In the figure are presented the plots of critical frequency, fo F-2 (in
MHz), at local time of meridian 30° (Moscow) for magnetic storms
which occurred at the beginning of IGY in August and September
of 1957. By arrows are indicated the starts of [PDP.

T T T T T .[.'rv.

7 Electron 3 -
~ 6_ MN\'\ 7

5 -

41— —
"81000 = E, > 100 keV
»
S 500 _:\JM\ - -

i Elr\
100 [ ] lh- .O. PG B ST ST S ST | ST
15 20 25 5
July August 1964

Figure 12. Intensity changes of electron fluxes (E, > 100keV)
(lower part of the figure) and changes of the position of the
boundary of the outer radiation belt in L values (upper part of the
figure) measured on satellite Elektron-1 in 1964. Black stripes
indicate the occurrence of IPDP and T,,, gives the value of shortest
period of Pcl observed in its development.

noticed that on November 7, 1957, sharp fluctuations, (more
then 50%,) in the intensity of the outer radiation belt electron
fluxes occurred [Vernov et al., 1958] during the development
of IPDP at a number of stations. This result was confirmed
by comparing IPDP appearance with the occurrence of large
intensity changes of electron fluxes in the outer radiation belt
during the flight of satellite Electron 1 in 1964 (Fig.12). In
this figure are shown the changes of position of the boundary
of the outer radiation belt and changes in the intensity of
electron fluxes in it during occurrence of IPDP shown by
dark stripes. The number at the side of the stripes indicates
the shortest period of oscillations observed in IPDP. The
conclusion from these and many other cases of IPDP, was
the establishment of a close connection between the position
of the boundary of the outer radiation belt and the intensity
of the ring current based on the degree of development of
IPDP. The smaller was the last period observed in IPDP, the
greater was the shifting of the boundary of the outer radiation
belt, and the loss of particles from the ring current. [ Troitska-
ya et al., 1966., Gendrin et al. 1967, Troitskaya and Gul'el-
mi, 1967]. At the same time, it was discovered that intense
(several tens of nT) long period fluctuations of magnetic
field, at the distance of about 5 Earth radii measured on
Explorer 26 [Cahill, 1966], coincided with IPDP. In figure
13, the occurrence of IPDP is indicated by a horizontal bar
under the record of the magnetic field on Explorer 26. The
second bar shows the sequence of Pc-1 with changing
periods resembling the final stage of IPDP [Cahill,1966,
Troitskaya, 1967]. Comparison of records of magnetic field
obtained on satellite GEOS-2 and of many cases of IPDP
observed on the ground confirmed the coincidence of
occurrence of IPDP with the large scale magnetic fluctua-
tions in the ring current [Troitskaya, 1979]. The theory of
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Figure 13. Intense long period variation of the magnetic field measured in the magnetosphere (L~5) by Explorer 26. Horizontal bars under
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observed at its end.

IPDP was developed in various papers [Knafflich and
Kennel, 1967; Gendrin et al., 1967, Troitskaya and Gul'elmi,
1967, Gul'elmi and Troitskaya, 1973; and references
therein]. IPDP were explained as a result of the ion cyclotron
instability of energetic protons (10-100 kev) which develops
when in the course of their westward drift they encounter the
dusk side of the plasmapause. During the following years
this phenomenon attracted the attention of many investigators
and its morphology and theory were further developed. The
results of investigations of pulsations on satellites with
periods smaller than ten seconds during occurrence of IPDP
were not considered here, because the main aim was to show
that IPDP is a unique ground based indicator of dramatic
happenings encompassing the magnetosphere, ionosphere
and upper atmosphere.

The results of the pulsations studies which were obtained
mainly in the first decade after the beginning of 1GY, and
which I chose to present, are far from a complete picture of
what was achieved in this period. The subject of resonance
oscillations in magnetosphere for instance was not covered
here, in spite of the fact that their periods partly fall in the
range of Pc 3-4. But their morphological properties, distribu-
tions in space, connections with parameters of the solar wind
differ significantly from those of Pc 3-4 described in this
paper. I did not mention also the results of investigations of
numerous and most informative morphological properties of

pulsations in middle and low latitudes, polar regions, in
conjugate points, and their meridional and latitudinal pro-
files. All of them revealed important correlative connections
of pulsations with geophysical phenomena in the upper
atmosphere, ionosphere and magnetosphere. These results
formed the basis for determination not only of some parame-
ters of the magnetosphere and the solar wind, but also gave
the possibility to recognize and follow the development of
different processes in these unstable media. They were
summed up in the monograph "Geomagnetic pulsations and
diagnostic of magnetosphere" [Troitskaya and Gul'elmi,
1973], and in Space Science Reviews in the paper of Gul'elmi
"Diagnostic of magnetosphere and interplanetary medium by
means of pulsations." [1974].

CONCLUSION.

1. Two results of investigations concerned with the
parameters of solar wind and its coupling with the magneto-
sphere were presented in this paper. Both were produced
using ground based records of continuous pulsations.

The first result stated the dependence of global modulation
of continuous pulsations amplitudes on the direction of IMF,
upstream of the bow shock. Correspondingly there could be
explained their global disappearance, even for very short
intervals, by the situation when the IMF direction turned
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Energetic Particles in the Earth’s External Magnetic Field

James A. Van Allen

Department of Physics and Astronomy, University of Towa, Towa City

In the early sections of this chapter the author recalls his introduction
to geophysics as an undergraduate student, his graduate work in nuclear
physics, his World War II work in helping develop radio-proximity fuzes for
naval projectiles and in overseeing their use in the Pacific fleet (1942-45),
and his post-War scientific investigations with high-altitude rockets (1946—
57). In the context of this background he then describes the development of
radiation detectors by his students and himself at the University of lowa and
the successful flights of these instruments in early U.S. satellites Explorers I,
IIT and IV (1958) and lunar probes Pioneers I, II, III and IV (1958-59).
The combination of the observational data from these flights yielded the
discovery and preliminary survey of the two major natural radiation belts
of the Earth and of a succession of artificial radiation belts produced by high-
altitude nuclear bomb bursts. In the concluding section the subsequent Iowa
program in space physics research by the author’s colleagues and himself is
suggested by a listing of later satellite and planetary missions on which they
have served as principal investigators. A brief bibliography is appended.

PREFACE

During 1981, I spent eight months at the National
Air and Space Museum in Washington D.C. comb-
ing through a voluminous collection of personal note-
books and journals, and other material (unpublished
and published); and writing a book-length manuscript
on the early history of the magnetosphere. This oppor-
tunity was arranged by Noel Hinners, founding editor
of the American Geophysical Union's Geophysical Re-
search Letters, and then director of NASM. After some
further work back at the University of Iowa, I com-
pleted the manuscript and it was published in 1983 by
the Smithsonian Institution Press under the title Ori-
gins of Magnetospheric Physics. The book has been
out-of-print for several years and all rights to its content
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have been returned to me. Therefore, in preparing the
present article, I have been free to paraphrase, abridge,
and/or reproduce substantial portions of that previous,
well-researched account.

1. A PERSONAL INTRODUCTION

The editors of this volume invited me to describe my
role in the discovery of the magnetosphere. In the inter-
est of brevity, I might leap into this subject by starting
with the launch of the first successful American satel-
lite, Explorer I, in early 1958. But without the prior
professional context that enabled me to have a central
role in Explorer I's scientific achievements, I consider
such a starting point to be woefully inadequate in the
expository sense. The purpose of this section is to sup-
ply some background on how I came to be at the right
place at the right time. Readers who are in a hurry may
skip immediately to section 4.

My introduction to geophysics occurred in the sum-
mer of 1932 following my freshman year as a physics
major at lowa Wesleyan College in Mt. Pleasant, Iowa.
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Thomas C. Poulter, the professor of physics there, had
been chosen by Admiral Richard E. Byrd to plan and
conduct geophysical investigations on the Antarctic con-
tinent during the prospective Second Byrd Antarctic
Expedition (1933-35), an extension of the Second In-
ternational Polar Year (1932-33). Poulter, one of the
most inspiring and creative experimentalists that I have
ever known before or since that time, employed me as
a summer assistant—at 35 cents an hour, payable occa-
stonally. He taught me machine shop practice including
use of a metal turning lathe and a milling machme,
glass blowing, vacuum techniques, and, more impor-
tantly, the elements of original experimental research. I
helped build and test a tilt-meter for recording the shift-
ing of glacial surfaces. This was a stmple and amazingly
sensitive horizontal pendulum suspended so that it was
in nearly neutral equilibrium. Our tests consisted of
walking around the aged laboratory and recording how
the pendulum responded to the shifting weight distri-
bution on the floor.

During August 1932, I served as an observer of the
Perseid meteor shower in order to determine the heights
of appearance and disappearance of individual meteor
trails in the upper atmosphere. The basic instrument
was a circular reticle of Poulter’s design. This device
comprised several concentric circles, about a meter in
overall diameter, and radial rods corresponding to hour
markers on a clock. The reticle was connected to a small
circular eyepiece by three rods to form a conical view-
ing device, thus providing a coordinate system of 50°
angular diameter on the sky. Stereoscopic viewing was
provided by one instrument in Mt. Pleasant and another
in Iowa City, with a north-south baseline of 48 miles.
The axes of the two conical fields of view were oriented
so as to intersect at a height of about 120 km. I manned
one in Mt. Pleasant and Raymond E. Crilley manned
the other in Iowa City. During the night of 9 August we
succeeded in observing the beginning and ending points
of five time-coincident meteor trails within our overlap-
ping fields-of-view. The observational data were ana-
lyzed and published by Charles C. Wylie, professor of
astronomy at the University of lowa [ Wylie, 1932]. The
calculated beginning points ranged from 114 to 148 km
height and ending points from 84 to 105 km. The ob-
serving system was used extensively by Poulter and his
colleagues during the subsequent Antarctic expedition.

Among other equipment, Poulter obtained the loan of
a field magnetometer of the Department of Terrestrial
Magnetism (DTM) of the Carnegie Institution of Wash-
ington. He entrusted this beautiful instrument to me to
test by measuring the Earth’s magnetic field at sites on
the college campus and elsewhere within Henry County,
and, using the theodolite on the mstrument, true north

and the latitude and longitude at each site. All of this
I did with great care after detailed study of “Directions
for Magnetic Measurements” [Hazard, 1930]. My re-
sults were transmitted to DTM as part of an ongoing
magnetic survey of the United States.

Poulter invited me to be a member of the expedition
but my parents vetoed this idea. After Poulter’s depar-
ture, I continued my academic work at Wesleyan. But I
followed the progress of the expedition vicariously and
was an avid listener to the short-wave radio reports from
Little America, conducted by means of the then remark-
able equipment developed by Arthur Collins, founder of
the Collins Radio Company in Cedar Rapids, Iowa (now
Rockwell-Collins) and later a valued friend. One of the
highlights of the expedition was Poulter’s heroic rescue
of Admiral Byrd from his lonely vigil at the South Pole
Station [Byrd, 1935].

In June 1935, I graduated summa cum laude from
Wesleyan, in a class of 38. At Poulter’s invitation
Byrd was the commencement speaker. The ceremonies
were preceded by a gala parade in Mt. Pleasant, hon-
oring these two recently returned explorers. [It was not
until twenty-two years later that I myself got to the
Antarctic in an expedition on the U.S.S. Glacier, fir-
ing balloon-launched rockets for high-altitude measure-
ments of auroral particles and cosmic rays; and with
Laurence Cahill the Earth’s magnetic field in the lower
ionosphere.]

I was admitted to graduate study in physics at the
University of Iowa (our “family” university) in Septem-
ber 1935 and immersed myself in the world of electro-
dynamics, analytical mechanics, optics, quantum me-
chanics, differential equations, statistical analysis and
other fundamental subjects, seemingly remote from the
more tangible phenomena of geophysics. My 1936 M.S.
thesis was in solid state physics with E.P.T. Tyndall.
Later that year I switched to the then new field of
nuclear physics and helped build a Cockroft-Walton
200 kilovolt generator, an accelerator tube, and vari-
ous particle detectors. My 1939 Ph.D. dissertation was
“Absolute Cross-Section for the Nuclear Disintegration
H?4+H? — H'4+ H3 and its Dependence on Bombarding
Energy” under the guidance of Alexander Ellett, a re-
sourceful and skilled experimentalist [Van Allen et al.,
1939].

On Ellett’s recommendation, I received a postdoc-
toral appointment as a Carnegie Research Fellow in
Merle A. Tuve’s nuclear physics laboratory at the De-
partment of Terrestrial Magnetism in Washington D.C.
For about a year and a half, 1939-1941, I continued re-
search in nuclear physics using the DTM’s pioneering
1 MeV van de Graff accelerator [Van Allen and Ram-
sey, 1940; Van Allen and Smith, 1941ab]. Also my



interests in cosmic rays, atmospheric physics, and geo-
magnetism were revived by association with the more
traditional members of the DTM staff, especially Scott
E. Forbush, E. H. Vestine, and John A. Fleming, then
director of DTM, and by the extended visits of Sydney
Chapman and Julius Bartels who were then completing
their great two volume work Geomagnetism [Chapman
and Bartels, 1940).

But all such matters were placed on the back burner
by DTM'’s conversion to “war-work,” specifically on the
development of radio-proximity fuzes for naval antiair-
craft projectiles. I joined full heartedly in this work
and continued it when the project was transferred in
March 1942 to the newly created Applied Physics Lab-
oratory (APL) of Johns Hopkins University, located in
nearby Silver Spring, Maryland. My principal contribu-
tion was to the development of vacuum tubes capable
of surviving the some 20,000 g acceleration which they
experience during firing from a naval gun [Porter ef al.,
1963]. My consequent experience in building rugged
electronics and in internal and external ballistics gave
me the confidence to undertake scientific work using
high-performance rockets and spacecraft in later years.

On 6 November 1942, two of my colleagues at APL
and I were given spot commissions as lieutenants (junior
grade) in the U.S. Naval Reserve to take the first load
of proximity fuzed projectiles to the Pacific Fleet, issue
them to combatant ships and instruct gunnery officers
in their virtues (and shortcomings). Our military train-
ing consisted of reading a pamphlet on the duties and
responsibilities of officers of the U.S. Navy. Thirteen
days later we sailed on a transport ship from San Fran-
cisco nonstop to Nouméa, New Caledonia, headquarters
of the South Pacific Fleet. During the subsequent three
and a half years, I served as a gunnery and ordnance
specialist on destroyers, at advanced bases, and on the
battleship U.S.S. Washington for two eight-month tours
of duty as APL’s man in the South Pacific.

In March 1946, now a lieutenant commander, I was
released from active military duty and returned as a
civilian to the Applied Physics Laboratory to develop
a program of using high-altitude rockets for scientific
work. Our group conducted such work with captured
and refurbished German V-2 rockets and oversaw the
development and corresponding use of the American
Aerobee rocket. Our principal achievements were ob-
servation of cosmic rays above the appreciable atmo-
sphere and the inference of the primary cosmic ray
spectrum using the Earth’s magnetic field as a huge
magnetic spectrometer in accordance with the theory of
Carl Stormer [Stérmer, 1955]; determination of the in-
teractions of primary cosmic rays with the atmosphere
and with localized material; obtaining high-resolution
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spectograms of the Sun’s ultraviolet down to 2285 A;
measurement of the distribution of ozone in the up-
per atmosphere; and near infrared photography of the
Earth’s surface and cloud cover from altitudes up to
160 km. Most of these investigations in geophysics had
their roots in my early work with Poulter and my in-
cidental associations at DTM. On the technical side, I
felt qualified to oversee the development of equipment
for rocket flights based on my wartime experience.

In 1950, I was offered a position as professor of physics
and head of the department of physics at my Ph.D. alma
mater, the University of Towa, and I was delighted to
return there in January 1951.

2. WORK WITH BALLOON-LAUNCHED
ROCKETS

At Towa, I was joined by Melvin Gottlieb, whose Ph.D.
was from the University of Chicago, in the conduct
of cosmic ray investigations by balloon techniques and
soon thereafter by Frank B. McDonald and Kinsey A.
Anderson, both University of Minnesota Ph.D.’s; and
by a succession of very able graduate students.

My own principal aspiration was to extend our ear-
lier (APL) observations of primary cosmic rays above
the atmosphere to polar regions. For this purpose, we
adopted the inexpensive technique of launching small,
military-surplus rockets from balloons at altitudes of
the order of 20 km in order to carry small scientific
instruments to altitudes of about 100 km. The U.S. Of-
fice of Naval Research approved my proposal for such a
program and supplied the modest but essential financial
and operational support for such an undertaking. My
colleagues and I conducted a large number of successful
(and unsuccessful) flights from shipboard in the Arc-
tic and sub-Arctic in the summers of 1952, 1953, 1954,
and 1955. We then obtained additional support from
the National Science Foundation as part of the Inter-
national Geophysical Year (IGY) (1957-58) for Arctic,
equatorial and Antarctic expeditions in 1957.

In its relevance to magnetospheric physics, the most
significant result of our rockoon (balloon-launched
rocket) work was our observations of the “auroral soft
radiation” as we called it. During our 1953 Arctic ex-
pedition, the intensity of radiation above about 50 km
(as measured by single, lightly shielded Geiger tubes)
was found to be much greater at geomagnetic latitudes
A = 64° N and 74° N than at either lower (56° N) or
higher (89° N) latitudes. It appeared that the effect
was confined to the auroral zone. Our initial work-
ing hypothesis was that we were detecting electrons
in the high-energy tail of the primary auroral spec-
trum [Meredith et al., 1955]. If correct, the absolute
intensity of electrons E, > 2 MeV was of the order of



238 TRAPPED ENERGETIC PARTICLES

tens (cm? s)~1. Follow-on investigations in 1954 and
1955 used combinations of Geiger tubes with and with-
out additional shields of lead and aluminum and very
thinly shielded Nal (T!) scintillation crystals, cemented
on photomultplier tubes and surrounded by current-
carrying coils for deflecting electrons. The auroral zone
identification of the effect was confirmed but our ini-
tial hypothesis as to the nature of the causative radi-
ation was found to be false. It was conclusively sup-
planted by the finding that the originally observed effect
was caused by bremsstrahlung (X rays) of the order of
10 kev energy generated in the atmosphere above about
90 km and in the nose cone of the rockets by the ab-
sorption of primary auroral electrons. In a summary
paper Van Allen [1957] estimated that the intensities of
electrons in the primary auroral beam were in the range
10° to 108 (cm? s)~! for electrons in the energy range
10—-100 kev and that the corresponding energy flux was
0.01 to 1.0 erg (cm? s)~1.

Further confirmatory observations were made during
our 1957 Arctic, equatorial, and Antarctic expeditions
[Van Allen, 1995].

3. PLANNING FOR OBSERVATIONS WITH
SATELLITE-BORNE INSTRUMENTS

In early 1946, a group of individuals was assembled to
plan and coordinate the use of V-2 rockets for scientific
purposes. This group, mitially called the V-2 Upper
Atmosphere Panel, had no official governmental status
and, in principle, was only advisory to the U.S. Army
Ordnance Department. But in practice, it came to be
the central entity for assigning payload space, exchang-
ing plans and experience and timely reporting of results
and interpretations of our findings. E. H. Krause was
the first chairman of the panel. I was elected to suc-
ceed him in 1947 and continued as chairman until the
creation of NASA in late 1958. The original name of
the panel was changed to the Upper Atmosphere Rocket
Research Panel (UARRP) after we began using the Aer-
obee and other American sounding rockets and, later, to
the Rocket and Satellite Research Panel (RSRP). Mem-
bership in the Panel varied over its history but typically
comprised about 12 representatives of military or quasi-
military laboratories engaged in high-altitude research.

During the early 1950’s, rapid advances in the de-
velopment of inter-continental ballistic missiles in both
the United States and the USSR gave realism to the
long hoped-for possibility of delivering payloads of sci-
entific instruments into durable orbits about the Earth
and beyond. Members of the UARRP led the U.S. ef-
fort to define prospective uses of artificial satellites as a
natural extension of their work with high-altitude rock-
ets. In parallel with these activities, formal plans for

including satellites in the program for the International
Geophysical Year (1957-58) were being made by both
the U.S. and the Soviet Union. Other members of the
UARRP and I served on the rocket and satellite panels
of the U.S. National Committee for the IGY and tes-
tified on behalf of the IGY program before numerous
congressional committees.

Anticipating the desirability of specific suggestions,
I wrote a detailed “Proposal for Cosmic Ray Obser-
vations in Earth Satellites” and submitted it on 25
September 1955 to Joseph Kaplan, chairman of the U.S.
National Committee.

The 43rd meeting of the UARRP in Ann Arbor,
Michigan was an invitational but unclassified sympo-
sium on prospective uses of satellites for scientific pur-
poses and on related technical considerations. I pre-
sented two papers and edited the thirty-three papers of
the symposium into book form [Van Allen, 1956, 1958].

My two papers were the basis for follow-on pro-
posals for the IGY program. The first was entitled
“Cosmic-Ray Observations in Earth Satellites, Part A.
Geographical Dependence and Temporal Variations of
Cosmic-Ray Intensity in the Vicinity of the Earth.
Part B. Relative Abundance of Heavy Nuclei in the
Primary Cosmic Radiation.” The second was entitled
“Study of the Arrival of Auroral Radiations.”

In the spring of 1956 graduate student George Lud-
wig and I began work on specific detector systems and
supporting circuitry for an instrument for flight on a
satellite. By this time we were beginning to understand
the probable mass, power, size, and telemetry restraints
of early U.S. satellites. Also, it appeared likely that the
propulsive capability of any practical combination of
U.S. rockets would restrict early launchings to a nearly
due east direction from Cape Canaveral so that orbits
would be limited to the approximate latitude range of
33° N to 33° S. For this reason we temporarily aban-
doned plans for auroral studies with satellite equipment.
In May 1956, we received formal IGY approval of our
proposed instrument and funding from the National Sci-
ence Foundation (originally $106,375, later increased to
$109,225).

We were acutely aware of the necessity for building
satellite instruments to rigorous standards of reliabil-
ity, 1.e., Insensitivity to temperature over a wide range,
immunity to corona discharge in partial vacuum, gener-
ous tolerances on all operating elements, and mechan-
ical ruggedness to resist the vibrations and linear and
angular accelerations of launch. Other specific require-
ments for satellite-borne instruments were minimizing
the electrical power and the mass and volume of the
equipment. All of these considerations led us in the di-
rection of simplicity and meticulous attention to each



element of the instrumentation. I settled on a single
Geiger tube as the basic radiation detector and obtained
and tested samples of the halogen-quenched tubes de-
veloped by Nicholas Anton in his laboratory in New
York. These tubes were mechanically rugged, had “in-
finite” lifetime, gave large signals, and operated sta-
bly over a wide range of temperature—characteristics
critically important for reliable operation on a satellite.
Ludwig developed all of the circuits, including high-
voltage and low-voltage power supplies, pulse ampli-
fiers, scaling circuits, mixers, and modulators, all using
transistors. We also realized that real-time telemetry
reception would be rather meager early in the program,
whereas the purposes of our investigation demanded the
fullest possible latitude, longitude, altitude and tempo-
ral coverage and hence the addition of some form of
data storage and playback, plus a command receiver.
For this purpose Ludwig and our lead instrument maker
Edmund Freund designed and built a miniature mag-
netic tape recorder. But we also included real-time data
transmission as a back-up and supplemental mode.

Meanwhile there was an intense competition between
the Army Ballistic Missile Agency (ABMA) and the
Office of Naval Research/Naval Research Laboratory
(NRL) for supplying the launching vehicle. The NRL
proposed a new three-stage vehicle called the Vanguard.
But on 20 September 1956, the ABM A demonstrated its
existing capability of placing a small satellite in orbit us-
ing a four-stage combination of military rockets, called
Jupiter C. However, for political reasons they were for-
bidden to carry a live fourth stage. This cold-war sen-
sitivity to using military rockets for peaceful purposes
in the IGY was also influential in the governmental de-
cision to adopt the not-yet-developed Vanguard. The
Iowa instrument was one of several slated for an early
flight on a Vanguard but I decided that it would be pru-
dent to design it so that it would fit in the payload of
either a Vanguard or a Jupiter C.

4. DISCOVERY OF THE NATURAL RADIATION
BELTS OF THE EARTH, EXPLORERS I
AND III

By September 1957 Ludwig had completed construc-
tion and testing of our full package, nominally for the
Vanguard but readily adaptable to the Jupiter C. The
only unsolved aspect of the latter adaptation was the
question of proper operability of the tape recorder in
the rapidly spinning fourth stage of the Jupiter C.

During July-November 1957 I was principally en-
gaged in our Arctic and equatorial-Antarctic rockoon
expeditions, the latter aboard the large icebreaker the
U.S.S. Glacier, as another part of our IGY program
[Van Allen, 1995], sponsored by the Office of Naval Re-
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search and the National Science Foundation. Develop-
ment of the Vanguard was proceeding but it did not
appear likely that we would be able to fly our instru-
ment during 1957.

As a result of the national trauma that followed the
Soviet’s successful launching of Sputnik I on 4 October
1957, Wernher von Braun, William Pickering and their
associates at ABMA and the Jet Propulsion Laboratory
(JPL) had been extremely active in developing a U.S.
“response,” as I learned later. In the course of these
discussions Pickering pointed out that the lowa cosmic-
ray instrument was the only prime IGY instrument
that had been configured for the Jupiter C payload,
as an alternative to Vanguard. Von Braun, who had
endorsed and fostered my decision, replied with mock
innocence, “Isn’t that interesting?” Following arrange-
ments by Eberhardt Rechtin of JPL, Henry Richter and
two others from JPL visited the University of Iowa on
23 October and reviewed the details of our instrument
with Ludwig. Rechtin met with Secretary of the Army
Wilber M. Brucker and with Mr. Holaday (DOD missile
coordinator) on 28 October and received their approval
of Jupiter C as a back-up satellite launcher. On or
about 30 October Richard W. Porter, chairman of the
IGY’s Technical Panel for the Earth Satellite Program
(TPESP) recommended the Iowa cosmic ray detectors
as the first priority payload for Jupiter C and Picker-
ing contacted me by radiogram on the Glacier. After
an exchange of clarifying messages during the following
two weeks, I agreed.

Ludwig packed all of his technical equipment and pay-
load components (and his family), canceled his univer-
sity registration, and moved between 18 and 20 Novem-
ber to Pasadena “for the duration.” There he worked
with the JPL staff in the detailed adaptation of our
instrument to the Jupiter C payload. A wire-grid for
the detection of micrometeoroids was supplied by the
Air Force Cambridge Research Laboratory; all other el-
ements of the payload were developed and supplied by
JPL/ABMA. The entire arrangement was called “Deal
[.” Because of the high rate of spin of the Jupiter C
final stage, as compared with that of Vanguard, Lud-
wig omitted his magnetic tape data storage unit from
Deal I; as a result we were to be exclusively dependent
on real-time telemetry on the first flight. But he im-
mediately undertook modifications of the tape recorder
to reduce its susceptibility to centrifugal force and ar-
ranged for its on-axis positioning in the payload. Our
plan for the tape recorder was that we could store the
data from our detector over a complete orbit, then play
it back on command within six seconds over a chosen re-
ceiving station. This configuration was called “Deal I1.”
As of early December 1957 the planned launch readiness
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dates were 1 February 1958 for Deal I and 1 March 1958
for Deal II. The date for Deal I was compatible with
von Braun’s 8 November promise to President Dwight
Eisenhower that the first Jupiter C with scientific pay-
load would be ready to launch within ninety days. As
mentioned above the reasonable nature of this promise
had been demonstrated in September 1956 by the flight
of Jupiter C (with inert fourth stage) to a range of
5,300 km. The completed payload for the first Jupiter C
launch was delivered to Cape Canaveral in mid-January
1958. Ludwig accompanied the JPL group to the Cape
for preflight checkout work and for the launch.

The Deal 1 (Ezplorer I) payload was lifted off the
launch pad at Cape Canaveral 10:48 P.M. EST on
31 January 1958 (03:48 GMT of 1 February). The
Jupiter C vehicle consisted of four propulsive stages.
The first stage was an upgraded ABMA Redstone liquid-
fueled rocket. The second stage consisted of a cluster of
eleven Sergeant motors of JPL development; the third,
a cluster of three such motors; and the fourth and final
stage, a single such motor to which the payload (in-
strumentation 4.82 kg, total orbital body 13.97 kg) was
permanently attached. The burning of all four stages
was monitored by down-range stations and judged to be
nominal. The final burnout velocity of the fourth stage
was somewhat higher than intended, and there was a
significant uncertainty in the final direction of motion.

Hence, the achievement of an orbit could not be es-
tablished with confidence from the available data. The
telemetry transmitter was operating properly, and the
counting rate data from our radiation instrument dur-
ing the first five minutes of flight corresponded to ex-
pectations, thus establishing its survival of the launch-
ing sequence. It was not until almost two hours later
that the reception of telemetry signals by stations in
Southern California proved that a durable orbit had
been achieved.

Announcement of this fact was made at a large press
conference in the early hours of 1 February in the Great
Hall of the National Academy of Sciences. The suc-
cessful launch of Ezplorer I was an event of major na-
tional and international interest, coming as it did after
a launch failure of Vanguard in December 1957.

It was not until many weeks later that we were able
to assemble a sufficiently comprehensive body of data
to achieve a clear understanding of the scientific results
from Ezplorer I. Meanwhile, we all went back to work
preparing for the scheduled launches of two Deal II pay-
loads. Ludwig returned to Pasadena, and I returned to
Iowa City, where Ernest Ray and I started organizing
the initially rather meager flow of data from our cosmic
ray instrument. Also, I resumed my normal university
duties. In a brief memorandum to the IGY staff and

committees on 28 February we made a preliminary
report of generally favorable operations.

Carl Mcllwain, an advanced graduate student, was
principally engaged at this time in preparing auroral
particle detection instruments for rocket flight from Fort
Churchill, but he also joined in the examination of Ez-
plorer [ data. During February Mcllwain conducted
two Nike-Cajun rocket flights into visible aurorae and
established that the “major fraction of the auroral light
was produced by electrons with energies of less than
10 keV,” thus confirming and greatly improving the in-
ferences that we had made from our soft auroral radi-
ation observations during the preceding several years
[Mcllwain, 1960].

Ezplorer II with our fullup payload (Deal II) in-
cluding the magnetic tape recorder was launched on
5 March, but an orbit was not achieved because the
fourth-stage ignition failed.

On 11 and 12 March Ludwig and I met in Pasadena
with Pickering, Jack Froelich, and Henry Richter of JPL
and Wolfgang Panofsky of Stanford to review the radi-
ation intensity data from Ezplorer I. We also discussed
techniques for building miniature detectors that were
suitable for small satellites but capable of particle iden-
tification and the measurement of energy spectra and
angular distributions—characteristics not possessed by
the single Geiger tube that I had adopted for the early
measurements. There were vague allusions at this meet-
ing to the possibility of radiation experiments at high
altitudes by the Atomic Energy Commission (AEC). It
was some four weeks later before I learned that a series
of high-altitude bursts of small nuclear bombs was being
planned as a test of an idea that Nicholas Christofilos
of the Livermore Radiation Laboratory had proposed.
He had visualized that energetic, electrically charged
particles could be artificially injected into the earth’s
magnetic field and that they would then be trapped
therein as in a laboratory magnetic mirror machine. In
fact, he was engaged in developing a dipolar magnetic
field machine, called the Astron, for demonstrating con-
finement of hot plasma in the laboratory. There were
also military implications of the possible production of
high-intensity radiation regions around the earth and of
the transient ionospheric effects of the bursts. Panofsky
had been asked by the AEC to help assess the physical
effects to be expected. Pickering had suggested that
the Towa group would be a suttable one for observing
the effects. The proposed tests were classified as secret
at that time. Pickering and Panofsky had developed
the plan that an unclassified program of satellite ob-
servations with an improved version of our Ezplorer I
instrument might be placed within an IGY context as a
logical follow-on to Ezplorer I but that such an instru-
ment would also serve the classified purpose.



I was very eager to join in this enterprise purely as an
extension of our observations with Fzplorer I, but I was
also intrigued by my then vague perception of the other
possibilities. Ludwig and I started to plan an improved
system of detectors. We were soon joined by Mcllwain,
who contributed his valuable experience in developing
instrumentation for auroral rocket flights.

Ezplorer 111, carrying our full Deal II instrument, was
successfully orbited by a Jupiter C on 26 March 1958.
The tape recorder, the first such device ever flown in a
satellite, functioned beautifully in response to ground
command and fulfilled our plan of providing complete
orbital coverage of radiation intensity data.

The assembly of data from Ezplorer [ was proceeding
rather slowly. The long slender body equipped with four
whip antennas had passed from its original axial spin
mode into the minimum kinetic energy state of a flat
spin about a transverse axis as deduced from the mod-
ulation of the received signal—an impressive and humil-
iating lesson in the elementary mechanics of a somewhat
nonrigid body. This modulation produced periodic and
substantial fade-outs of the signal. In addition, the r.f.
signals (at 108 MHz) from the 60 milliwatt and the
10 milliwatt transmitters were quite weak, at the best,
and there were many other technical problems in getting
reliable, noise-free recordings at the receiving stations.
The entire telemetry system was, of course, undergo-
ing its first shakedown under fully realistic conditions.
The overall result was that during the first few weeks of
FEzplorer I’s orbital flight, we had only a sparse set of
data consisting of segments of the order of one minute’s
duration from many different and somewhat uncertain
positions in latitude, longitude, and altitude. The Naval
Research Laboratory tracking team under Joseph Siry’s
supervision was making a heroic effort to calculate a re-
liable orbit but was also having shakedown problems,
partly because of the larger-than-expected eccentricity
of the orbit.

During some segments of the data the counting rate
of our single Geiger tube was of the order of 12 to 80
counts per second, generally within the range that we
had expected for cosmic radiation, and the instrument
appeared to be operating reliably. In other segments of
data there were no counts observed for as long as two
minutes. On one noteworthy pass the apparent rate
underwent a transition from zero to a reasonable value
within about twenty seconds. There was no conceivable
way in which the cosmic-ray intensity could drop to zero
at high altitudes. On the other hand we had a high level
of confidence in the Geiger tube and the associated elec-
tronic circuitry because of its conservative design and
the rigorous thermal and mechanical testing to which it
had been subjected before flight. The puzzle hung over
our heads as we tried to see if there was any systematic
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dependence of the apparent failure on passing through
earth shadow, on payload temperature, on altitude, lat-
itude or longitude. Noise-free data accumulated slowly.
Also, the higher power transmitter failed after eleven
days of flight. This premature failure spawned the hy-
pothesis that a vital component had been disabled by a
micrometeorold hit, a possibility of neurotic concern at
that time. In defiance of the hypothesis the transmitter
resumed operation a few days later, but its operation
thereafter was desultory. Throughout this early period
we were heavily occupied, as indicated above, in prepar-
ing for the Fzplorer II and IIT launchings, in working
out data reduction and analysis techniques (to which
we had given relatively little attention before flight),
in formulating plans for subsequent flights, and in cop-
ing with a steady flow of urgent phone calls on practi-
cal arrangements and on inquiries on our progress. In-
deed, our original plan to accumulate a comprehensive
body of data on the distribution of cosmic-ray intensity
around the earth did not dictate urgency in analysis
of data. We had high hopes for eventually getting a
worldwide survey of the auroral soft radiation, but the
decision to launch Ezplorer I nearly due east from Cape
Canaveral in order to obtain the maximum advantage
of the rotation of the earth yielded an orbital inclina-
tion of only 33.3° to the equator. Hence, the maximum
geomagnetic latitude was only about 45°, far below the
auroral zone.

Following the 26 March launching of Ezplorer III,
I flew to Washington to confer with Siry, John Men-
gel, and others at the Naval Research Laboratory and
to pick up preliminary data from FEzplorer III. Con-
trary to some popular accounts the Vanguard group
fully supported the Explorer program in many vital
ways. The first successful launch of Vanguard had oc-
curred on 17 March, and the NRL team was operating
on an around-the-clock basis, coping now with track-
ing and data acquisition for three satellites. From NRL
I returned to the Vanguard data reduction center on
Pennsylvania Avenue and picked up a complete orbital
record of a successful playback from our Ezplorer IIT
tape recorder. The playback had been received at the
San Diego minitrack station on 28 March. I put the
record in my briefcase and returned to my hotel room,
where, with the aid of graph paper, a ruler, and my
slide rule, I worked out the counting rate of our Geiger
tube as a function of time for a full 102-minute period
and plotted the data.

The data provided a beautiful explication of the still
fragmentary information from Ezplorer I. The counting
rate at low altitudes was in the expected range of 15 to
20 counts per second. There was then a very rapid in-
crease to a rate exceeding 128 counts per second (the
maximum recordable rate of our on-board storage sys-
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tem). A few minutes later, the rate decreased rapidly to
zero. Then after about fifteen minutes, it rose rapidly
from zero to greater than 128 counts per second and
remained high for forty-five minutes, then again de-
creased rapidly to 18 counts per second as the orbit
around the earth was nearly completed. At 3:00 A.M.
I packed my work sheets and graph and turned in for
the night with the conviction that our instruments on
both FEzplorers I and III were working properly, but
that we were encountering a mysterious physical ef-
fect of a real nature. Early the following day, I flew
back to lowa City and proudly displayed my graph to
Ernest Ray, Carl Mcllwain and Joseph E. Kasper. Dur-
ing the previous day Mcllwain had made tests with our
prototype Geiger tube and circuit using a small x-ray
machine and demonstrated that a true rate exceeding
about 25,000 counts per second would indeed result in
an apparent rate of zero. The conclusion was then
immediate—at higher altitudes the intensity was actu-
ally at least a thousand times as great as the intensity
due to cosmic radiation. Ray’s famous (though con-
sctously inaccurate) remark summarized the situation,
“My God, space is radioactive!” Our realization that
there was actually a very high intensity of radiation at
high altitudes rationalized our entire body of data.

George Ludwig returned from JPL to the University
of Towa on 11 April, and the four of us worked fever-
ishly in analyzing the data from Ezplorers I and III (by
primitive hand reduction of pen-and-ink chart record-
ings) and organizing them on an altitude, latitude, and
longitude basis. A crucial aspect of the data was the
repetitive, systematic dependence of the Geiger tube’s
counting rate on these parameters. I promptly informed
Porter, Odishaw, Newell, and Pickering of our results.
The latter informed Panofsky, whose reaction was that
the Soviets had beaten us to the punch in conducting
a Christofilos-type test. Odishaw admonished me to
make no public announcement of our findings, pending
a formal IGY report, which he would schedule as soon
as we had our results i order. We agreed on a 1 May
date for the public report.

During mid-April we prepared graphs and a short
written statement of our raw findings [Van Allen et al.,
1958], and I mulled over the meaning of the results. I
entertained two quite different lines of thought: () that
we might be detecting high-energy x rays or v rays, pos-
sibly from the sun, or (b) that the high intensity radi-
ation might be akin to the auroral soft radiation that
we had studied during the preceding several years with
rockoon flights at high latitudes and most recently with
Mcllwain’s rocket flights from Fort Churchill and that
we had identified as being electrons having energies of
the order of 10s of keV [Mcllwain, 1960]. T quickly re-
jected hypothesis () on the conclusive grounds that

“the effect” was present during both daylight and dark
conditions, that it exhibited a strong latitude effect, and
that the extremely sharp increase in intensity with in-
creasing altitude was impossible for any plausible type
of electromagnetic or corpuscular radiation arriving di-
rectly from a remote source. Specifically, the rapid in-
crease occurred within an altitude range of less than
100 kilometers at an altitude of the order of 1000 km;
the decrease in atmospheric thickness within that incre-
ment of altitude was totally negligible compared to the
some 1.5 g cm~?2 of material in the nose cone and wall
of the counter. I concluded that the effect had to be at-
tributed to electrically charged particles, mechanically
constrained by the earth’s external magnetic field from
reaching lower altitudes. By virtue of my familiarity
with an early paper of Stérmer [1907] and with mag-
netic field confinement of charged particles in the labo-
ratory during my 1953-54 work building and operating
an early version of a stellarator at Princeton, I further
concluded that the causative particles were present in
trapped orbits in the geomagnetic field, moving in spiral
paths back and forth between the northern and south-
ern hemispheres and drifting slowly around the earth.
The intensity of such trapped particles would be di-
minished at low altitudes by the cumulative effect of
atmospheric absorption and scattering.

The foregoing account of observations and interpreta-
tion 1s essentially the one I gave in a joint session of the
American Physical Society and the National Academy
of Sciences in the latter’s auditortum on 1 May 1958.
Fortunately, a tape recording was made of my lecture
and of the ensuing question-and-answer period, though
I did not learn that until a year or more later. A written
transcription of this tape provides a documented, pub-
lished record of this lecture, complete with grammatical
errors and colloquial language [Van Allen, 1961].

I had adopted at that time the working hypothesis
that the trapped radiation consisted of “electrons and
likely protons, energies of the order of 100 keV and
down, mean energies probably about 30 keV.” In this
vein of thought the response of our Geiger tube would be
attributed to bremsstrahlung produced as the electrons
bombarded the nose cone of the instrument. If this
bremsstrahlung interpretation were correct, I estimated
an omnidirectional intensity of 10% to 10° (cm? sec)~!
of 40 keV electrons would be required to account for the
observed counting rate at altitudes of ~ 1500 km over
the equator. However, in my 1 May lecture as well as in
response to a question at the end, I emphasized that we
had no definitive identification of particle species and
that the particles might be penetrating protons or pen-
etrating electrons. I did, however, regard protons and
electrons of energies necessary to penetrate the Geiger

tube directly, namely E, > 35 MeV and E. > 3 MeV,



as unlikely in view of our auroral zone measurements
with rocket-borne equipment. A few months later, we
showed that this opinion was mistaken.

Of the some 1,500 real-time recordings [Ludwig, 1959]
of Ezplorer I telemetry signals in the pertod 1 Febru-
ary to 9 May 1958, 850 contamed readable cosmic-ray
data. The tape-recorded data from Fzplorer III had an
upper rate limit of 128 counts per second, a value that
we had judged to be adequate for the originally planned
cosmic-ray investigation. However, the real time trans-
missions from both Ezplorers I and IIl had a much
greater dynamic range.

Data reduction continued during 1958 and 1959. Vir-
tually all of the Fzplorer I data were reduced and ana-
lyzed [Yoshida et al., 1960; Loftus, 1969)].

Following our 1 May report and news conference we
received many inquiries for further details. One that
lingers in my memory 1s the following telephone con-
versation.

“This is John Lear, science editor of the Saturday
Review of Literature, calling from New York.” Heavy
emphasis on “calling from New York,” then a long pause
waiting for me to recover from the thrill of hearing from
such an important person, in New York, no less. Actu-
ally I did know who he was and had often characterized
him as the anti-science editor of the Saturday Review.
He continued: “I read of your recent report of the dis-
covery of radiation belts of the Earth and thought that
I would do a piece on this subject. What I found re-
markable was that such important work had been done
at a midwestern state university.” Heavy emphasis on
“midwestern state university.” Well, I don’t think that
I responded with any profanity but I did manage to con-
vey a suggestion as to what he could do with his piece
and hung up. The next day, the president of my uni-
versity, Virgil M. Hancher, called me to report that Mr.
Lear had called him to complain about my discourtesy.
I then gave a brief explanation of my reaction, at the
end of which Hancher replied “I promised Lear that I
would call you and you may now consider that I have
done so. And, by the way, Van, my congratulations!” 1
never heard from the matter again. It’s great to have a
boss like that.

In our early reports, I used the term “geomagnetically
trapped corpuscular radiation.” At the press confer-
ence following the 1 May 1958 lectures at the National
Academy of Sciences, I described the distribution of the
radiation as encircling the earth. A reporter asked “Do
you mean like a belt?” Ireplied: “Yes, like a belt.” This
was the origin of the term radiation belt. At a meeting
sponsored by the International Atomic Energy Agency
in Europe in the summer of 1958, Robert Jastrow first
used the term Van Allen radiation belt.

The more inclusive term magnetosphere was sug-
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gested by Thomas Gold [1959]: “It has now become
possible to investigate the region above the ionosphere
in which the magnetic field of the earth has a dominant
control over the motions of gas and fast charged parti-
cles. This region 1s known to extend out to a distance
of the order of 10 earth radn; it may appropriately be
called the magnetosphere.” This term 1s now used al-
most universally 1n referring to a large body of geophys-
1cal phenomena as well as to corresponding phenomena
at other planets and other celestial objects (e.g., pul-
sars).

5. ARTIFICIAL RADIATION BELTS,
EXPLORER IV

As T have noted in the preceding chapter, another
development of major importance to us was moving
along in parallel with our work on the data from Ezplor-
ers I and III. In December 1957 Nicholas Christofilos,
a Greek engineer-scientist at the Livermore Radiation
Laboratory, had proposed exploding one or more small
nuclear fisston bombs at a high altitude (~ 200 km) to
test two effects that he envisioned: (a) the prompt en-
hancement of tonospheric ionization and the consequent
disruption of radio communications at VHF frequencies
and (b) the injection of large numbers of energetic elec-
trons (£. ~ 2 MeV) into durably trapped orbits in the
earth’s magnetic field. The electrons (and positrons)
from the decay of radioactive fission products would be
the principal source of both effects; an additional source
of 1onospheric influence would be the prompt ultravio-
let, x- and y-radiations from the burst itself.

In mid-April 1958 I informed Pickering and Panofsky
of my by-then reasonably firm interpretation of the ob-
servations by FEzplorers I and IIl—namely that there
was a huge population of electrically charged particles
already present in trapped, Stormerian orbits in the
earth’s external magnetic field. In the context of our
earlier studies of the primary auroral radiation, I con-
stdered 1t likely that these particles had a natural on-
gin. At this time, I was introduced to the secret plans
for the conduct of the high-altitude bomb tests, later
called Argus. I also learned that, despite the absence of
definitive information, some officials of the Atomic En-
ergy Commission believed that the Soviet Union might
have already conducted such tests. Panofsky suggested
that, if this were in fact true, the radiation discovered
by Ezplorers I and III might be of such artificial origin.
A complementary line of thought was that, in either
case, the Argus tests would provide the United States
with the necessary competence to detect high-altitude
nuclear bomb tests by the Soviet Union or by other
countries.

Using unclassified information on the fission yield of
nuclear (atomic) bombs and electron spectra of the ra-
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dioactive decay products and estimates of injection ef-
fictency and the geometry of geomagnetic trapping, I
estimated the resulting intensities and spatial distribu-
tion of trapped electrons.

My principal interest was to have an opportunity to
follow up on our earlier work by flying detectors of the
proper dynamic range and of more discriminatory ca-
pability than that of the Geiger tubes on the original
Ezplorers. At the same time I was eager to participate
in the Argus tests because of their apparent national
importance and more particularly because of the pos-
sibility of distinguishing between a natural and an ar-
tificial population of geomagnetically trapped particles
and of making direct observations of the residence times
and diffusion rates of a known spectrum of electrons, in-
jected at a known place at a known time. Ludwig, Mcll-
wain, Ray, and I set to work designing, building, and
testing a system of detectors and associated electron-
ics for further satellite missions. Qur principal work-
ing relationship in developing a practical payload for
a Jupiter C vehicle was with Ernst Stuhlinger, Joseph
Boehn, and Charles Lundquist of the Army Ballistic
Missile Agency in Huntsville, Alabama, and with JPL.

Porter and Kaplan were instrumental in arranging
for IGY sponsorship and U.S. Department of the Army
support for our work as an extended part of the IGY
satellite program. Such sponsorship put our work on
an unclassified level, as was altogether proper, but it
also shrouded the classified aspect. In short, IGY spon-
sorship was the truth, but not the whole truth. On
1 May 1958, we received an informal go-ahead with as-
surance of financial support. The proposed tests were
being planned for August and September, a consider-
able challenge to say the least.

JPL had upgraded the performance of the high-speed
stages of the Jupiter C so that a significant increase
in the mass of the payload was possible, but we con-
tinued to labor under very severe constraints of mass,
power, and telemetry capacity. Our optimized design
provided battery power for about two months of flight.
Two satellite flights were planned, as were some nine-
teen rocket flights by the Kirtland Air Force Base and a
variety of ground- and ship-based observing programs.
Three rocket flights of nuclear bombs were planned in
the Argus program. From a geomagnetic point of view
the best site for the injection of electrons into durable
orbits was over the South Atlantic (the South Atlantic
anomaly). Because of the eccentricity of the earth’s
magnetic field, a site at that longitude would minimize
the altitude of injection in order to produce durably
trapped orbits. Launching from a ship in an isolated
site was desirable because it allowed the secrecy of the
operation to be safeguarded. Two satellite launches
and three bomb injections were judged to be the mini-

mum effort to give reasonable assurance of success. The
Navy’s guided missile ship, the U.S.S. Norton Sound,
which we had “Initiated” with Aerobee rocket launch-
ings in 1949, was selected to launch the rockets. Need-
less to say, intensive coordination of the efforts of hun-
dreds of people was required to assure operational suc-
cess. Herbert York, director of the Advanced Research
Project Agency of the DOD, was the central person
in this coordination. In addition to the three Argus
bursts of small (~ 1 kiloton) bombs, the AEC planned
tests of two large (~ 10 megaton) bombs at altitudes of
40—70 km over Johnston Atoll in the central Pacific.

Visitors to the University of Iowa during the spring
and summer of 1958 were astonished to find that a cru-
cial part of this massive undertaking had been entrusted
to two graduate students and two part-time professors,
working in a small, crowded basement laboratory of the
1909 Physics Building. But we knew our business and
were in no way Intimidated by representatives of huge
federal agencies. We settled on an array of four basic ra-
diation detectors: a thin plastic scintillator on the face
of an end window photomultiplier, a thin slice of cesium
1odide crystal on the face of another photomultiplier,
and two miniature Geiger tubes, one lightly shielded
and the other heavily shielded. Every effort was made
to provide the necessary dynamic range to cope with
the intensity of the natural radiation and with the es-
timated intensity of the additional radiation that was
to be artificially injected. Upgraded high-speed stages
of the Jupiter C made it possible to plan an increase
in inclination of the satellite orbit from the 33° of the
orbits of Ezplorers I and III to 51° in order to provide
improved coverage in latitude. On 1 July 1958, Ludwig,
Mcllwain, and our new electronics engineer, Donald En-
emark, took our completed No. 1 and No. 2 payloads
to Huntsville for final environmental testing there and
then to Patrick Air Force Base in Cocoa Beach, Florida,
for spin balancing.

Ezrplorer IV was launched successfully up the east
coast of the United States on 26 July 1958. It carried
Iowa payload No. 2, the best of four units that we had
built. In my journal I wrote on 29 July: Apparatus
seems to be working quite well! Confirms existence of
‘soft radiation'—except it doesn’t seem to be so soft (7).
And on 30 July:

President Eisenhower yesterday signed the National
Aeronautics and Space Act.

Mcllwain brought our payload No. 3 (with a bad PM
tube) back to Jowa City while Ludwig remained at Cape
Canaveral checking out No. 4. The No. 1 payload had
been fully checked out and was also available for flight
on Ezplorer V. The entire system of orbit determination
and data acquisition (all real time, no storage) had been
improved markedly during the preceding six months,



and by 31 July we had examined the data from sev-
eral recorded passes by various stations. My journal
summary was as follows:

General situation on data: Explorer IV (satellite 1958¢)

e (1) All detectors working splendidly.

(2) 1.4 g cm™? of Pb around the shielded counter
reduces the counting rate only mildly at the higher
altitudes, i.e., ~ factor of 2!

e (3) Detector A (pulse scintillation channel) giving
fluxes ~ 10* (cm? sec sr)~! at ~ 1500 km altitude,
latitude ~ 12°N (E > 600 keV if electrons).

s (4) Detelctor B (Csl detector) gives ~ 1 erg (cm?

sec sr)” .
e (5) Rapid altitude dependence between 600 —
1500 km observed as in Explorers I and 111

e (6) GM tube rates, shielded 184 sec™*, unshielded
308 sec™! at 1500 km, 12°S.

Based on data so far received and read (~ 6 to 8 passes
here and there):

e 1. Previous results [from satellites 1958 o and 7]
well confirmed.

e II. Evidence for a high energy tail or perhaps an-
other phenomenon than aurora. However, Kinsey
Anderson has previously had evidence for high en-
ergy ~ 500 keV electrons. Due for publication in
Phys. Rev. on 15 August.

On August 4 my wife and I packed our then four chil-
dren into our station wagon and drove to Long Island,
New York, for a long planned, but brief, vacation. In
my journal for 9 August:

I recorded a list of phoned suggestions to Mcllwain

for changes in the Explorer V detectors in light of Ex-
plorer IV data. Among other reasons I cited the follow-
ing (verbatim transcript) from my journal:
(c) The high intensity radiation may very well be domi-
nantly protons. Injection mechanism may be—decay of
albedo (upward moving from top of atmosphere) neu-
trons at high altitudes into protons and electrons. Since
“lifetime” of trapped particles in the earth’s magnetic
field is probably limited dominantly by scattering out
of trapped orbits which are mirrored at high altitudes
to ones less inclined to the magnetic lines—which are
therefore mirrored at lower altitudes and hence result in
more rapid loss of energy by ionization—protons prob-
ably a very much greater lifetime than electrons of com-
parable energy. The factor may well be of the order of
mass ratio—at least 2000 to one.

VAN ALLEN 245

The modified payload No. 4 was launched as Ezplorer
Von 24 August 1958, but the final stage of the Jupiter C
failed to ignite and an orbit was not achieved. Our ap-
paratus functioned properly during its brief ten-minute
flight before falling into the sea.

On the basis of the first few weeks of data from Fz-
plorer IV, we had advised ARPA of our discovery of
a minimum in the previously present radiation when
intensity at constant altitude was plotted against lati-
tude. This finding was utilized in helping select the lat-
itude for the Argus bursts so that the planned artificial
radiation belts would enjoy the optimum prospect for
detection. This choice of latitude turned out to be the
best possible one within the latitude range of Ezplorer
IV, i.e., in the “slot” between the previously observed
“mnner” radiation belt and the newly discovered “outer”
radiation belt.

The AEC/DOD task group successfully produced two
bursts of 10-megaton yield bombs, called Teak and Or-
ange, on 1 August and 12 August at approximate al-
titudes of 75 and 45 km, respectively, above Johnston
Atoll in the Central Pacific. The three Argus bursts
(about 1.4 kiloton yield) were produced successfully on
27 August, 30 August, and 6 September at altitudes of
about 200, 250, and over 480 km at locations 38° S,
12° W; 50° S, 8° W; and 50° S, 10° W, respectively.

We observed with Ezplorer IV the effects of all five
of the bursts in populating the geomagnetic field with
energetic electrons. Despite the large yields of Teak and
Orange, the incremental effects on the existing popula-
tion of trapped particles were small and of only a few
days lifetime because of the atmospheric absorption cor-
responding to the low altitudes of injection.

The three higher-altitude Argus bursts produced clear
and well-observed effects and gave a great impetus to
understanding geomagnetic trapping. About 3% of the
available electrons were injected into durably trapped
orbits. The apparent mean lifetime of the first two of
these artificial radiation belts was about three weeks
and of the third, about a month. In each of the three
cases a well-defined Stormerian shell of artificially in-
jected electrons was produced. Worldwide study of
these shells provided a result of basic importance—a
full geometrical description of the locus of trapping of
“labeled” particles. Also, we found that the physical
nature of the Argus radiation, as characterized by our
four Ezplorer IV detectors, was quite different than that
of the pre-Argus radiation, thus dispelling the suspicion
that the radiation observed by Ezplorers I and I1I had
originated from Soviet nuclear bomb bursts.

A comprehensive ten-day workshop on interpretation
of the Argus observations was conducted at Livermore
in February 1959. The physical principles of geomag-
netic trapping were greatly clarified at this workshop.
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To us, one of the principal puzzles had been the durable
integrity of a thin radial shell of electrons despite the
irregular nature of the real geomagnetic field and the
existence. of both radial and longitudinal drift forces re-
sulting from gradients in the magnetic field intensity.
Previously, we were familiar with Liouville’s theorem:;
we understood the role of the first adiabatic invariant
of Alfvén in governing trapping along a given magnetic
line of force; and we understood the effects of the ra-
dial component of the gradient of the magnetic field
intensity B in causing longitudinal drift in an axially
symmetric field. But the longitudinal component of the
gradient of B in the real geomagnetic field seemed to
imply irregular drift in radial distance and hence in ra-
dial spreading, contrary to observation. The puzzle was
immediately solved by Theodore Northrop in a tuto-
rial lecture at the workshop [Northrop and Teller, 1960;
Northrop , 1963; see also Kellogg, 1959ab]. He invoked
the second and third adiabatic invariants of cyclic mo-
tion to account for the observations. These invariants
had been proven previously by Rosenbluth and Long-
mire [1957] and applied to plasma confined by a lab-
oratory magnetic field. A specific application of these
principles was Mcllwain’s [1961] concept of the L-shell
parameter for the reduction of three-dimensional par-
ticle distributions to two-dimensional ones—a concept
that greatly aided interpretation and has permeated the
entire subsequent literature of magnetospheric physics.
The adiabatic conservation and nonadiabatic violation
of the three invariants have proved to be central to un-
derstanding trapped particle motion and to play a basic
rolein all of magnetospheric physics. In effect, they sup-
plant the rigorous integral of motion found by Stormer
for an axially symmetric magnetic field and make it
possible to understand trapped particle motion and the
diffusion of particles when the conditions for conserva-
tion of the three invariants are violated by time-varying
magnetic and electric fields. The three invariants cor-
respond to the three forms of cyclic motion, with quite
different periods, into which the Stormerian motion of a
charged particle in an approximately dipolar magnetic
field can be analyzed. The first is the gyro motion of
the particle around a field line; the second is the latitu-
dinal oscillation of the guiding center (the center of the
cylinder on which the helical motion of the particle oc-
curs) of the particle’s gyro motion; and the third is the
time-averaged cyclic drift of the guiding center through
360° of longitude.

The entire Argus operation was conducted in secret
as were the reduction and interpretation of the obser-
vations, all under the general supervision of the Ad-
vanced Research Projects Agency of the Department of
Defense. But in mid-March 1959 after much internal
discussion, the Department of Defense and the Atomic

Energy Commission decided to declassify the major fea-
tures of the Argus tests.

The National Academy of Sciences agreed to sponsor
an open symposium emphasizing the scientific aspects
of the tests and the relevance of the results to under-
standing the dynamics of geomagnetic trapping and re-
lated matters. This “Symposium on Scientific Effects
of Artificially Introduced Radiations at High Altitudes”
was held on 29 April 1959. Seven papers were presented
at that time, and were later published in both the Pro-
ceedings of the National Academy of Sciences [1959] and
the Journal of Geophysical Research [1959].

The combination of all this initial work and of many
subsequently published papers and still-classified re-
ports clarified many aspects of magnetospheric physics
and gave a great impetus to the subject. We also
showed conclusively that the trapped radiation observed
by Ezplorers I, III, and I'V before the tests was different
in character than was the radiation produced by nuclear
bursts and was therefore of natural origin.

6. EARLY CONFIRMATIONS OF THE INNER
RADIATION BELT AND DISCOVERY OF
THE OUTER RADIATION BELT—
EXPLORER IV AND PIONEERS I,

I, III, AND IV

As described in the previous sections, Ezplorer IV
was the first satellite to carry a set of radiation detec-
tors that had been designed with knowledge of the geo-
magnetically trapped radiation and of its intensity. For
example, the Geiger tubes (Anton Type 302) that we
selected for Ezplorer IV had an effective cross-sectional
area one hundred times smaller than those on Ezplor-
ers [ and III. The two scintillation detectors had corre-
spondingly small geometric factors and were directional
in order to study the angular distribution of the radi-
ation [Mcllwain, 1960]. All detectors had the greatest
feasible dynamic ranges. Also, the orbit of Ezplorer IV
was inclined to the geographic equator by 51°, thus pro-
viding latitude coverage that was much broader than
that provided by the 33° inclination orbits of Ezplor-
ers I and III. A worldwide network of twenty-two reg-
ular telemetry stations received data in real time.

Ezplorer IV yielded a massive body of data on the
natural trapped radiation as well as on that injected by
the five nuclear bomb bursts—Teak, Orange, and Argus
L, II, and ITI—during the period from launch on 26 July
to 19 September 1958. All detectors operated properly
and remained within their dynamic ranges. Data were
obtained for five days before the Teak test on 1 August
and for thirty-one days before the first Argus test on
27 August. The effects of all five of the bursts were
clearly recognized in the data and were easily segregated
from the effects of the natural radiation.



In early December 1958 the Iowa group completed a
paper on Ezplorer IV observations of the natural radi-
ation, omitting those of the artificially introduced radi-
ation. This paper, which was published in the March
1959 Journal of Geophysical Research [Van Allen et al.,
1959], gave the first comprehensive body of observa-
tions on the subject and provided massive confirmation
of the results of Ezplorers I and III. The initial range
of altitude was from 262 to 2,210 km. The diverse de-
tectors on Ezplorer IV yielded both particle intensities
and energy fluxes as well as angular distributions and
crude intensity-range data for the radiation, all as a
function of position along the orbit. Among other find-
ings were the facts that at constant altitude there was
a relative minimum value of intensity (the “slot”) at
about 45° geomagnetic latitude, both north and south,
and an apparent high-latitude boundary of the trapped
radiation at about 65° latitude. The radiation at low
latitudes was markedly more penetrating than that at
high latitudes. These two findings presaged our later
Pioneer IIT findings of two major radiation belts having
particle populations of distinctively different character.
The possibility of two distinct radiation belts was con-
sidered at the time that we prepared the Ezplorer IV
paper but was omitted in the final draft in favor of a sin-
gle belt with a low-altitude slot at 45°. This mistake in
our conjectural extension of isointensity contours was
made clear by Pioneer III data obtained only a few
days after submission of the Ezplorer IV paper. The
mistake was not corrected in proof in order to preserve
the integrity of the original Ezplorer IV paper.

Despite the variety of information obtained with the
four different detectors on Ezplorer IV including tem-
poral variations [Rothwell and Mcllwain, 1960], it was
frustratingly difficult to reach firm conclusions on the
identity and energy spectra of the particles responsible
for the responses of the detectors. Also, we fully realized
that much of the trapped radiation might lie at energies
too low to be registered by our detectors. Because of
the universal presence of electrons in ionized matter and
because of the dominant abundance of hydrogen in as-
trophysical matter, we made the plausible assumption
that the trapped radiation consisted of an admixture
of electrons and protons having unknown energy spec-
tra which might very well be different from each other
and that were clearly a function of position in space.
We made many different trial assumptions but were un-
able at that time to demonstrate any clear conclusions
on these matters. We did state sample absolute in-
tensities based on three alternative interpretations: (a)
penetrating protons, (b) penetrating electrons, and (c)
nonpenetrating electrons (via bremsstrahlung); and we
suggested that the radiation might well be a mixture of
all three, with the mix a function of position.
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In a2 memorandum of 23 May 1958, entitled “Radia-
tion Measurements with Lunar Probes,” I outlined the
desirability of observing the full radial structure and
outer boundary of the radiation belt by means of an
approximately radial scan that would be provided by
a trajectory leading to the moon. This proposal was
viewed favorably by the U.S. National Committee for
the International Geophysical Year, and we again joined
with the Jet Propulsion Laboratory and the Army Bal-
listic Missile Agency in preparing suitable payloads for
the planned flights on Juno II launch vehicles (upgraded
versions of Jupiter C).

We were also invited to help prepare radiation de-
tectors for two Air Force moon flights, using Thor-
Able launch vehicles. Mcllwain equipped a small Anton
type 706 ionization chamber with a d.c. logarithmic am-
plifier for the scientific payload of each of the two space-
craft Pioneers ] and II. In order to provide against any
possibility of saturation, he designed the system for a
dynamic range of 1 to 10° roentgen per hour. Pio-
neer I was launched on 11 October 1958 and reached
a maximum geocentric distance of about 19 earth radii
before falling back to the earth, thus making the first
passage through the radiation belt region to altitudes
above 2,200 km. Despite some instrumental difficulties,
Rosen et al. [1959b] reported results generally confir-
matory of those with Ezplorer IV.

The third stage of the vehicle for Pioneer IT failed
to ignite following an otherwise successful launch on
7 November 1958 from Cape Canaveral. Nonetheless,
the payload including its radiation detecting ioniza-
tion chamber was propelled to a maximum altitude of
1,550 km and operated properly. In approximate agree-
ment with Ezplorer IV’s data, the radiation intensity
at a nearly constant altitude of 1,525 km increased by
a factor of 13 as the spacecraft moved southward from
31° to 24° N. More importantly, the combination of
absolute particle intensity data from the Geiger tubes
on Ezplorer IV and data from the ionization chamber
on Pioneer II yielded a rough determination that the
average specific ionization was about five times its min-
imum value for a charged particle. In consideration of
this finding and the necessary range of the radiation,
1t was concluded that the responsible radiation must
be dominantly protons of energy ~ 120 MeV [Rosen et
al., 1959a). A similar conclusion on somewhat differ-
ent grounds was reached by John Simpson, who had a
wide-angle triple-coincidence array of semiproportional
counters shielded by 5 g cm™2 of lead on Pioneer II.

Another Iowa student, Louis A. Frank, and I prepared
a pair of miniature Geiger tubes and associated power
supplies and electronic circuitry with large dynamic
range for flight on the first two ABMA moon flights.
One of the tubes was the primary radiation detector and
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the other, smaller one was arranged as an “ambiguity-
resolver” in case the radiation was sufficiently intense
to drive the first tube over the top of its characteristic
curve of apparent counting rate versus true counting
rate. The telemetry transmitter (960.05 MHz) and an-
tenna, battery pack, and payload structure and shell
were built by the JPL, which also conducted the nec-
essary environmental tests (acceleration, vibration, and
thermal vacuum) and established two special teleme-
try receiving stations—one near Mayaguez, Puerto Rico
(10-ft. dish antenna), and the other at Goldstone Lake,
California (86-ft. dish). Pioneer III was launched from
Cape Canaveral on 6 December 1958. Earth escape ve-
locity was not achieved. The payload reached a maxi-
mum geocentric distance of 107,400 km (17 earth radii)
and fell back to the earth on the following day. Ex-
cellent data were obtained on both the outbound and
inbound legs of the trajectory. From our point of view
the flight was much more valuable than 1t would have
been if it had flown to the moon because of the two
quite different paths through the radiation belt that oc-
curred. This flight established the large-scale features
of the distribution of geomagnetically trapped particles
including its outer boundary, and, in conjunction with
the lower altitude data from similar detectors on FEz-
plorer iV, clearly defined two major, distinct radiation
belts, both of toroidal form encircling the earth with
their planes of symmetry at the geomagnetic equatorial
plane [Van Allen and Frank, 1959a; Van Allen, 1959].
The inner belt exhibited maximum intensity (as mea-
sured with a Geiger tube shielded by 1 g cm™2 of ma-
terial) at a radial distance of 1.4 earth radii, and the
outer, more intense and much larger belt exhibited a
maximum intensity at about 3.5 earth radii. A “slot”
or local minimum intensity was observed between the
two major belts. A meridian cross-section of isointen-
sity contours was prepared using Pioneer III and Fz-
plorer IV data. This diagram has continued to have
essential validity throughout all subsequent work.

A payload of similar equipment was launched as Pi-
oneer IV on 3 March 1959. Earth escape velocity was
achieved, but the payload missed the moon by a radial
distance of 62,000 km and continued into a heliocen-
tric orbit. Data were received by the Cape Canaveral,
Mayaguez, and Goldstone stations. A valuable addi-
tion to telemetry reception for this flight was provided
by the 250-ft. Jodrell Bank dish, which obtained data
of good quality to a geocentric distance of 658,300 km
(103 earth radii), far beyond the moon’s orbit. The P:-
oneer I'V radiation data confirmed the inner zone/outer
zone structure of the geomagnetic trapping region and
showed a much greater intensity in the outer zone than
that in early December 1958 [Van Allen and Frank,
1959b; Snyder, 1959]. This enhanced intensity was at-

tributed to unusually strong solar activity during the
few days preceding the flight of Pioneer IV, whereas
there was an especially quiet period before and during
Pioneer III'’s flight. Also, the interplanetary value of
the cosmic-ray intensity was well determined at points
remote from the earth for the first time. No effect of
the moon was detected.

7. CONCLUDING REMARKS

During 1958 the Iowa satellite research group con-
sisted principally of three talented and assiduous grad-
uate students (Ludwig, Mcllwain, and Kasper), an able,
tough-minded young undergraduate student (Frank),
a recent Ph.D. assistant professor (Ray), and myself.
Both Ray and I were simultaneously teaching courses,
while I was also serving as head of the Department of
Physics and as a member of various national planning
committees and panels. We had the services of three
skilled instrument makers, J. George Sentinella, Ed-
mund Freund, and Robert Markee. Within a fourteen-
month period we provided the principal scientific 1n-
strumentation for Ezplorers I, II, III, IV, and V and
for Pioneers III and IV; and a central portion of the
instrumentation for Pioneers I and II. Of these nine
missions, seven yielded valuable radiation data; only
Fxplorers II and V failed to do so—both because of
failure of launch vehicles. The work of preparing the de-
tector systems for Ezplorers I, I, and III began in 1956
and was carried forward principally by Ludwig, who de-
vised many novel circuits using the then new technology
of transistor electronics and designed and nurtured the
development of the miniature magnetic tape recorder
[Ludwig, 1959]. He temporarily transferred to the Jet
Propulsion Laboratory from November 1957 to April
1958 to adapt the Iowa apparatus to the payloads of
FEzxplorers I, I, and III (Deal I, Deal II A, and Deal II
B). Apparatus for the other satellites and moon shots
was conceived, designed, built, tested, and calibrated
by Ludwig, Mcllwain, Frank, and me after late April
1958. Ray and Kasper provided a wealth of theoretical
help and assistance with data reduction, orbital calcu-
lations, and the like. Our early work was supported in
part by the state of Iowa and in part by the Army Ord-
nance Department, the Office of Naval Research, the
Jet Propulsion Laboratory, and the National Science
Foundation. But despite the multiplicity of sources of
support, we had a minimal burden of paper work and
enjoyed extraordinarily free and entrepreneurial work-
ing circumstances.

With continuing support by the Office of Naval Re-
search and soon thereafter and on a larger scale by the
National Aeronautics and Space Administration, the
scope and depth of our terrestrial magnetospheric re-
search has expanded greatly and has been extended to
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e 1978: ISEE 3, 12 August;
e 1981: DE 1 (Dynamics Explorer 1), 3 August;

e 1982: PDP (Plasma Diagnostics Package)—flown
on Space Shuttle Columbia, 22 March;

e 1984: AMPTE-IRM, 16 August;

e 1985: PDP (Upgraded Version)—flown on Space
Shuttle Challenger, 29 July;

e 1989: GALILEO, 18 October;
CRRES, 25 July;

GEQOTAIL, 24 July;

e 1990:
e 1992:

e 1996: POLAR, 17 February.

Hundreds of our published papers have reported the
findings of these missions and as of 1996, seventy-five
graduate students have earned Ph.D. degrees in space
physics at Iowa.

Acknowledgments. 1 am grateful to Alice Shank for help
in preparing this material.
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From Nuclear Physics to Space Physics by Way of High Altitude

Nuclear Tests
Martin Walt

Starlab, Stanford University, Stanford, California

At the time satellites became available I was working in nuclear research at

the Lockheed Missiles Systems Division.

This work naturally led to

participating in the high altitude nuclear weapons effects tests and the creation
of artificial radiation belts. Efforts to unravel the phenomena occurring in
these experiments have uncovered several features of trapped radiation source
and loss mechanisms and have led to a better understanding of the

magnetosphere.
1. INTRODUCTION

Like many of my colleagues 1 was swept into Space
Physics by events of the late 1950°s. 1 was trained as an
experimental nuclear physicist, receiving a B.S. from
Caltech in 1950 and a PhD in 1953 from the University of
Wisconsin under the guidance of Professor H. H. Barschall.
After graduate school I spent three years (1953-1956) at the
Los Alamos Scientific Laboratory (LASL) doing neutron
scattering experiments. It was a very productive period for
me thanks to the excellent facilities of Los Alamos.
However, the living conditions in an isolated community
had drawbacks, and in 1956 I left LASL and joined the
newly-formed Missiles System Division of Lockheed
Aircraft Company. (My closest colleague at Los Alamos,
J. R. Beyster, with whom I published a number of papers,
also left LASL at that time and later founded Science
Applications International Corporation, which is now a $2
Billion/year enterprise.) My initial tasks at Lockheed were
to get a new Van de Graaff accelerator operating and to do
the criticality calculations for a reactor designed to provide
electrical power for satellites. The missile and satellite
programs were very new, and I imagined there were lots of
problems requiring nuclear expertise. =~ Among these
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problems were the effects of high altitude nuclear
detonations on incoming missiles, radar, and radio
communications. Neutron irradiation of crews of high
flying aircraft was also of concern as well as the more
distant possibility of nuclear propulsion of aircraft and
rockets. There was no suspicion whatever that space
contained a particle radiation hazard whose measurement and
interpretation would consume much of my professional
life.

Shortly after I joined Lockheed, the Nuclear Physics
Group obtained a study contract from the Air Force Special
Weapons Center (AFSWC, now the Air Force Philips
Laboratory, Albuquerque). The contract called for the
investigation of a number of effects from high altitude
nuclear detonations. The radio blackout from the ionization
of air and the thermal effects from optical radiation were to
be evaluated. We were also to do conceptual studies of
instrumentation to measure these effects in future high
altitude nuclear tests. My own contribution to this work
was in designing detectors to measure neutron and gamma-
ray fluxes.

2. THE ARGUS EXPERIMENTS

Early in 1958 our Air Force contract monitors at
Albuquerque informed us of the proposal by Nicholas
Christophilos of the Lawrence Radiation Laboratory at
Livermore to inject relativistic electrons into the earth’s
magnetic field by a high altitude nuclear detonation. (A
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collection of papers describing the project was published in
the Journal of Geophysical Research 64, No. 8, 1959). By
analogy with magnetic confinement mirror machines it was
believed that the electrons would be trapped. The military
uses of this concept were not well defined although it was
asserted that synchrotron radiation from the electrons might
be large enough to interfere with ground-based radar.
Hazards to satellites and to man-in-space from the electron
fluxes were also recognized. Many technical questions were
raised about the Christophilos proposal, and a panel of
experts evaluated the overall concept. A fundamental
question was whether the electrons emitted by fission
fragments would be trapped for a long time. Another
question was the trapping efficiency, namely what fraction
of the total number of beta particles released by the fission
fragments would be trapped. Because the dynamics of a
nuclear fireball at high altitude were poorly known, field
experiments would be needed to answer these questions.
The responsibility for these tests, designated as the
ARGUS experiments, was assigned to ARPA (Advanced
Research Projects Agency, now the Defense Advanced
Research Projects Agency, or DARPA).

ARPA decided to investigate the Christofilos concept by
detonating three low-yield nuclear devices at high altitude
over the South Atlantic Ocean in the region of the
magnetic anomaly. Since the available booster rockets had
limited altitude capability, it was necessary to launch them
where the surface geomagnetic field was weak to insure that
some of the trapped electrons would mirror above the
atmosphere and be in long-term orbits. Another benefit of
a South Atlantic detonation site was its remoteness as the
tests were highly classified.

In the midst of all this planning, Van Allen announced
the discovery of the radiation belts based on observations
with Explorer 1 and Explorer 3. The existence of a high
flux of energetic particles proved that long-term trapping
could occur. However, the injection efficiency possible
with a nuclear device still needed confirmation by full scale
space experiments using an actual nuclear detonation. To
measure the trapped electrons injected in the experiments
Van Allen was asked to provide instruments for two new
satellites; the one that was launched successfully was
designated Explorer 4.

Satellite launching was a chancy business in 1958 (as it
is now) and some backup to these satellites was deemed
desirable. In 1958 test flights of Atlas missiles took place
regularly from Cape Canaveral (now Cape Kennedy). Our
Air Force contract monitors at AFSWC conceived the idea
of attaching a pod, which carried radiation detectors, to each
Atlas and ejecting the pod after propellant burn-out. The
pod would then follow a trajectory through the region

where electrons from the bombs would be trapped. A series
of four pods were to be launched on four successive Atlas
vehicles with the hope that a measurement would be made
within a few days after the nuclear detonation. This pod
program had severe limitations since the schedule was
governed by the ballistic missile test program rather than
the need to measure artificial radiation belts. Furthermore,
the artificial radiation belts might well form outside the
Atlas trajectory. To overcome these objections AFSWC
also proposed a sounding-rocket program in which about 20
sounding rockets would be launched from three stations
distributed along the East Coast of the U. S. The
trajectories of these rockets (with apogees of about 800 km)
would cover an extensive latitude range, and, of course, the
launch schedule could be set by the explosions in the South
Atlantic.

The nuclear weapons effects department at AFSWC in
1958 was an unusually capable group of young Air Force
officers.  They were intelligent, well educated, and
somewhat aggressive, but their centrifugal forces were
channeled by the very charismatic Major Lew Allen, who
later became AF Chief of Staff and after that Director of the
Jet Propulsion Laboratory at Caltech.

There was a time period of about four months between
the decision to go ahead and the actual nuclear detonations.
The sounding rocket instrumentation program had to move
fast and be completed quickly by people who really didn’t
know much about the work. Since Lockheed had a contract
and a funding channel in place with AFSWC and had an
experimental nuclear physics group with expertise in
nuclear particle detectors, we were asked to design and build
the instruments for the Atlas pods and the sounding
rockets, The five-stage solid propellant rockets were
assembled and launched by the Airolab Development
Company in Pasadena. We hastened to build and
instrument the pods and the sounding rocket payloads in a
period of about 3 months. Because of the short time
available the instrumentation was very crude. For the
sounding rockets the detectors were eight Geiger-Muller
counters of assorted sizes to give a large dynamic range.
Energy sensitivity was obtained by surrounding the
detectors with different amounts of shielding. The detector
outputs were connected via a commutator to an amplifier
and radio transmitter. The commutator sampled each
detector in turn (.013 s on each detector) and sent the output
pulses directly to the transmitter. Figure 1 is a schematic
of the rocket instruments as seen looking down the vertical
axis. In operation we could obtain “quick-look” data by
sending the signal to a scope which triggered on the start of
the commutation cycle. The scope then showed a series of
pedestals, one for each commutator point, and the counter



pulses would be superimposed on these pedestals. Afier
some experience it was possible to estimate the number of
counts on each pedestal and thus obtain the counting rate.
Final data analysis would have to be done by playing tapes
onto strip charts and manually counting the number of
pulses on each pedestal.

We had no experience in space instrumentation but
approached the problems with freshman physics techniques.
We were told by the rocket people that the sounding rocket
payloads would receive about 180 g’s acceleration. We
tested subsystems by letting them fall a measured distance
onto a cushion of wax. From the length of the drop and
the compression of the wax we could compute the
acceleration experienced by the subsystem.

By this time Van Allen was world famous and his views
on space instrumentation were considered infallible. For
this reason the Air Force insisted that we get his
endorsement of our rocket plans. Itraveled to Iowa City in
the spring of 1958 and spent several hours with him
reviewing geometric factors and detector specifications. He
was generous with his time, considering that he was Iowa
City’s most notable citizen and had many distractions and
high level visitors. He approved the design and
immediately called our sponsors and told them to proceed.
My most vivid memory of that visit was of a phone call he
received from some important General while I was in his
office. As I recall, his exact words were “Yes, General, 1
would be happy to come to Washington to testify for your
project next week. However, one of my students is taking
his oral exams then and I have to be here to help him.”
From then on I looked on Van Allen as a voice of reason in
a world gone mad.

The launch sites for the sounding rockets were located at
Wallops Island, Cape Canaveral, and Ramey Air Force Base
in Puerto Rico. The horizontal range of the five-stage
rockets launched from these bases appeared adequate to
cover the possible latitude location of the trapped electrons.
By late summer all the instruments were delivered to the
launch sites. For practice and to measure the pre-nuclear
explosion background, we launched one rocket from each of
the three sites. Two of these test rockets broke up after
launch, giving us an uncomfortable feeling about the
reliability of the missile configuration. As a precaution we
added an additional ring of rivets to the flange joining the
payload to the last rocket stage. This field modification
was done with hand drills and rivet guns borrowed from one
of the contractors at Cape Canaveral.

Meanwhile plans for launching the nuclear devices were
progressing. The launcher was the Lockheed X-17, which
was a three-stage solid propellant rocket used extensively to
test re-entry nose cones for the Polaris missile. The launch
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Figure 1. Instrument package containing Geiger-Muller
counters used on the sounding rockets to measure Argus
electrons. The eight GM tubes were mounted parallel to the
rocket axis and surround the 1 KV high voltage battery.
Counters 1 and 5 were collimated to view 90 degrees from each
other to identify the signature of trapped electrons.
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platform was the experimental missile launching ship,
U.S.S. Norton Sound. I knew very little about this part of
the operation at the time, but learned some of the details at
meetings held to assess the results.

By late August we were ready for the real thing. On
August 27 we received word that the first detonation had
occurred. We then launched instrumented rockets from each
of the three sites, the first rocket being launched from Cape
Canaveral about | hour after the burst. During this stage
of the experiment I was stationed at the telemetry center in
Cape Canaveral looking at a scope which was connected to
the telemetry receiver. The telemetry system had sufficient
range to track the rockets launched at Wallops Island and
Puerto Rico as well as the local launches at Cape
Canaveral. On the scope were the familiar pedestals
showing each position of the commutator, and as the
rockets rose, pulses appeared on the pedestals to indicate
counts from the Geiger counters. I watched intently during
the =10-minute flights, focusing mostly on channel three
which was an omnidirectional detector with a threshold near
1 Mev. Every 100 seconds I wrote down an estimate of the
number of pulses on each pedestal, and at the end of the
flight I plotted these numbers against time to see if a
narrow band of trapped electrons had been crossed. After
successful flights from Puerto Rico and Cape Canaveral the
results were disappointing as only the normal background
had registered. At that point we ceased launching and
reported that no significant effects had been seen.

The second Argus test took place on August 30 and was
more successful from our point of view. For this event 12
vehicles were launched from the three bases with 10
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Figure 2. Page from a notebook used to record sounding rocket
flight results. Note that channel 3 is saturated at 700 seconds,
indicating that the detector had passed through a band of
increased counting rate.

successes.  Several of the rockets launched generally
southeast from Wallops Island experienced short periods of
increased counting rate near the ends of their trajectories.
Figure 2 is a copy of the notebook page I used to record the
"quick-look” data. Note that at about 700 sec, the number
3 pedestal was saturated. This band of electrons was
sampled over a period of 18 hours by five rockets, and its
decay could be seen. We all felt elated at that point. We
learned later that Explorer 4 was making global
measurements during this period and that the satellite data
were much more comprehensive than the limited rocket
results.  However, the rocket instrumentation was more
elaborate and gave the best determination of the energy
spectrum of the electrons. Descriptions of the rocket
experiment were published in the Journal of Geophysical
Research (Allen et al., 1959, Cladis and Walt, 1962). The
first paper was a report of the overall rocket project, and the
latter paper contained a more detailed analysis of the
electron measurements during the second detonation,
including post-flight calibration of a spare set of detectors.
The Argus tests did have important scientific fall-out.
The narrow bands of radiation detected world wide allowed
an experimental verification of Mcllwain’s L parameter

(Mcllwain, 1961) for organizing trapped radiation data in
the earth’s distorted field. The rapid decay of the Argus
electron fluxes with negligible spread in latitude remained a
stumbling block for radiation belt theory for years as it
implied that the natural belt electrons had short lifetimes (a
few weeks) and did not migrate in latitude. Many years
later the Saint Louis University group (Manson et al.,
1968) took a closer look at the Explorer 4 data and detected
a spreading of the electron bands in L as time progressed.
These data are still the best evidence for radial diffusion of
electrons in the region just above L=2.

The Atlas pod program, which had been intended to
sample the Argus belts, was unsuccessful in that respect.
Although several pods were carried in missile launches, the
release mechanism failed to function and the pods were not
deployed. Later the release mechanism was re-engineered
by AFSWC and a successful flight through the inner belt
was achieved. This pod carried a magnetic spectrometer
which unambiguously detected trapped electrons, thus
showing that the inner belt contained electrons as well as
protons (Holly and Johnson, 1960).

Following the Argus tests the AFSWC wished to
improve their capability for future experiments of this type.
They arranged for a series of Javelin sounding rockets and
contracted Lockheed to develop the instrumentation. The
Lockheed group, which included Bill Imhof, John Cladis,
Dick Johnson, Lloyd Chase and myself, built a series of
magnetic and scintillation spectrometers. When launched
on a Javelin in 1959, one of these magnetic spectrometers
made the best measurement to that date of the trapped
electron spectrum and angular distribution in the natural
radiation belt. The results were reported at the COSPAR
meeting in Nice, France (Walt, et al., 1961) and in the
Journal of Geophysical Research (Cladis et al., 1961).
This precise electron spectrum allowed us to exclude
neutron decay as a source of the trapped electrons, although
many scientists continued to believe in the neutron decay
explanation as late as 1965. Figure 3 is a graph of the
electron spectrum derived from the Javelin rocket
measurements.

About 1960 some friction developed between Lockheed
and AFSWC regarding scientific publication of the results
of this work. The Air Force took the position that since
they had organized and sponsored the research, they were
entitled to the publication rights. The Lockheed scientists
felt that their efforts had a creative, scientific component
and that the publications should also reflect their
contributions. Partially due to this impasse, the
experimental space work at Lockheed was brought into the
Air Force Center at Albuquerque and eventually transferred
to AFCRL (Air Force Cambridge Research Laboratory,



now the Air Force Philips Laboratory). After 1961 space
research at Lockheed was sponsored primarily by the Office
of Naval Research (ONR) and the Defense Atomic Support
Agency (DASA), organizations which did not have
competing research activities.

After the Argus tests were completed, various meetings
were held to assess the results. One such meeting took
place at ARPA shortly after the events but before we had
done more than a cursory analysis of the rocket data. Major
Lew Allen and Captain Roddy Walton of AFSWC and 1
represented the sounding rocket program. Because the data
processing with the crude telemetry format was so time
consuming we were only able to give an overall impression
of the available data. It was clear at the meeting that Van
Allen’s satellite data were far superior in spatial and
temporal coverage, although the larger number of detectors
and varied shielding thicknesses gave us a better shot at the
energy spectrum of the electrons. Discussions of the
inventory of trapped electrons were lively although the data
were very fragmentary. My recollection was that
Christofilos argued forcefully for a high trapping efficiency
in spite of the limitations of the data.

In the months that followed I puzzled over the rapid
decay rate of the electrons. The initial results seemed to
show a decay which went as t'2, which is close to the
approximate decay law for the emission of electrons by
gross fission fragments. John Cladis and I toyed with the
idea that the fission fragments were lodged somewhere
along the field line and continuously emitted electrons
which were quickly lost. If this were the case, the observed
flux would decay at the t'* rate. However, further analysis
convinced us that there were not enough fission fragments
to produce the observed belts in this way.

Christofilos had made estimates of the trapping lifetime
assuming the removal mechanism was collisions with
atmospheric atoms. He reasoned that since the atmospheric
density was greatest at the mirroring points of the
electrons, most collisions took place there. Since a
mirroring particle moves at 90° to the magnetic field, a
pitch angle change in any direction will cause it to mirror
at a lower altitude. Cumulative small angle scattering will
therefore systematically lower the mirroring point and cause
the particle to be lost. This approximation was further
developed by Jack Welch and Bill Whitaker at AFSWC
who did extensive computer calculations of loss rates and
the evolution of the Argus belts. They found rather good
agreement between the experimental results and their
calculations. This theory was also used extensively by
Wilmot Hess of NASA and various co-authors for many
years.

Meanwhile Fred Singer, Bill MacDonald, and Bob
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Figure 3. Trapped electron energy spectrum obtained with a
magnetic spectrometer flown on a Javelin rocket in 1959. The
shaded area indicates the uncertainty due to scattering of low
energy electrons into the higher energy channels.

Wentworth at the University of Maryland had considered a
diffusion approach to the atmospheric scattering problem
using the Fokker-Planck formalism (Wentworth et al.,
1959). MacDonald was an expert on Fokker-Planck theory
having just completed a classic paper on the subject with
Marshall Rosenbluth and Dave Judd while he was at the
University of California at Berkeley. The Fokker-Planck
approach showed that scattering collisions would raise or
lower the mirroring points with nearly equal probability.
However, the Wentworth, MacDonald, and Singer approach
did not include a realistic magnetic field nor did it include
energy loss in the collisions.

In the summer of 1960 Bill MacDonald was a consultant
at the Lockheed Missiles and Space Company working on
various topics in nuclear physics. We met by chance and
quickly found a kindred interest in the trapped electron
lifetime problem. By the end of the summer we had
formulated the general case of magnetically trapped,
relativistic electrons in a scattering atmosphere and
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submitted a paper to Annals of Physics (MacDonald and
Walt, 1961). The diffusion formulation of the trapped
electron phenomena led to a solution by separation of
variables in which the pitch angle distribution could be
represented as a superposition of normal modes. This
solution was an approximation because the energy loss and
scattering terms did not have the same dependence on pitch
angle and could not be separated completely. Nevertheless,
the approximate treatment was easy to use and was a major
improvement on methods which neglected either scattering
or energy loss. With these tools we quickly calculated the
equilibrium spectrum of trapped electrons from decaying
neutrons (a popular source mechanism in those days) and
found it to be incompatible with our Javelin rocket
measurements. (Walt and MacDonald, 1961) Paul Kellogg
had earlier calculated the electron spectrum without
including energy loss and had come to similar conclusions
(Kellogg, 1960). We also showed that both energy loss
and scattering for electrons occurred at comparable rates and
that the monotonic lowering of mirroring points was
incorrect (Walt and MacDonald, 1962)

In late 1961 I began to assemble data on atmospheric
densities and to consider how to program the diffusion
formalism for numerical integration of the equations as an
initial value problem. By inserting the bomb source we
could then calculate the evolution of the electron flux at
any location as a function of time. Our intention was to
apply this technique to the Argus experiments. At this
point I enlisted the help of Bill Francis, a mathematician
and computer programmer, who set up the partial
differential equation in finite difference form. While this
technique is standard now, in 1960 no such program was
available, and constructing one was a formidable task.
However, by 1962 we were prepared to calculate the
evolution of a distribution of geomagnetically trapped
electrons in the presence of atmospheric collisions. At this
point the Starfish high altitude nuclear detonation occurred
which changed the application of the work and made it an
urgent project.

3. STARFISH

In 1962 the USSR conducted a series of high altitude
nuclear weapons tests. In response to the need for
information on the effects of nuclear weapon bursts at high
altitude, the U.S. quickly planned its own series consisting
of several explosions at various altitudes and yields. One
of the experiments, called Starfish, was a megaton-range
detonation at 400 km altitude over Johnston Island in the
Pacific. Starfish was designed to ionize a large area of the
upper atmosphere and to measure the degradation of radar

sensitivity and the possible outage of communications
systems. There was no interest or concern about trapped
radiation except to plan the test so that there would be little
or no long-term trapping. The field line passing through
the detonation point of Starfish was L= 1.12, and it was
believed that electrons injected on this field line would not
survive a complete drift around the earth.

There was much uncertainty about the way the bomb
debris, including the fission fragments would behave. It
was thought the ionized atoms would expand against the
magnetic field, forming a magnetic cavity. After a second
or so this cavity would collapse and the fragments would
move parallel to the field lines. Whether instabilities
would accelerate the collapse or whether debris would
escape the bubble was not known. At that time the
magnetic confinement fusion program was plagued with
various instabilities which shortened confinement times,
and it was thought that similar conditions might affect
nuclear detonations.  To measure the motion of fission
fragments after the detonation Frank Vaughn and I proposed
a “gamma-ray scanner’ as part of the Starfish program.
This device was a highly collimated gamma-ray sensor
which would be carried on a rocket launched several hundred
kilometers from the Starfish detonation point. The sensor
would scan the detonation region and by recording gamma
rays would map the location of fission fragments during the
bubble expansion and subsequent motion. However, we did
not market this proposal aggressively enough, and the task
was assigned to an inferior concept which gave no useful
information.

Starfish was detonated July 9, 1962. As everyone now
knows, large numbers of electrons were injected into the
magnetosphere causing the premature death of several
satellites. The extent of the belt and its expected lifetime
were now crucial questions affecting the military and
civilian space programs of all nations. To assess the
situation NASA and DOD hurriedly convened a meeting at
Goddard Space Flight Center on September 10-11, 1962.
A multitude of people were there even though a “secret”
security clearance was required. At that time Lockheed had
several nuclear weapons effects contracts and was invited to
send a representative. I was on vacation in the High Sierras
when the meeting was announced and cut short my first
vacation in years to attend. Other attendees had also
truncated their vacations. The very large crowd heard
reports by a number of people who had made measurements
of the Starfish electron fluxes as well as the optical and
radio phenomena accompanying the detonation. By far the
most informative talks were Van Allen’s presentation of
data from INJUN | and Walt Brown’s report of particle
measurements with Telstar. Unfortunately, INJUN 1 had a
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Figure 4. Time dependence of Starfish electron flux near
L=1.185 at various values of magnetic field B. Symbols
denote the counting rate of a detector on Injun 1, and the solid
curves are theoretical values calculated from the initial
distribution subject to atmospheric collisions.

low apogee and did not sample the entire extent of the
belts, while Telstar was launched after the Starfish
explosion and therefore had not measured the natural pre-
Starfish radiation. Furthermore, both satellites carried
detectors designed to measure the natural radiation rather
than the high fluxes of relativistic electrons emitted by
fission fragments.

Before leaving Palo Alto for the meeting I had time to do
a computer run with our trapped radiation code for the low
L shells of the Starfish test although I had to guess at the
initial electron distribution. At the meeting I compared
these results with Van Allen’s observed decay rates and we
were pleased at the agreement. We both immediately
recognized the implications. If the losses of trapped
electrons could be attributed to atmospheric collisions, then
we could calculate the loss rates of the natural electron
belts. Then knowing the flux in the natural belts we could
calculate the characteristics of the electron source. In 1962
the only quantitative source which had been suggested for
the natural belt was the decay of neutrons from cosmic ray
albedo. As mentioned earlier this source of electrons had
been discarded (by most of us) because of energy spectrum
considerations. A quantitative knowledge of the source
intensity would be important in testing future theories of
the source mechanism.

With the DOD’s keen interest in the lifetime of the
Starfish belt, funding for my calculations followed
immediately. With Les Newkirk and Bill Francis we
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assembled the best atmospheric density data available and
with a multipole expansion of the earth’s field we
calculated the average atmosphere encountered by trapped
electrons at L shells appropriate for Starfish. We even
corrected for the variation of longitudinal drift velocity due
to the distorted geomagnetic field, following a suggestion
by Carl Mcllwain. The upshot of all this number
crunching was that we were able to show that the observed
electron decay below L=1.3 agreed with atmospheric
scattering calculations, while above L=1.3 the observed
lifetimes were much too short (Walt, 1964). This work
ended the controversy over whether a diffusion equation was
needed or whether all collisions scattered electrons into
lower mirroring altitudes. It also eliminated atmospheric
collisions as the cause for decay of the Argus radiation
belts. Thus, the search for other loss mechanisms above
L=1.3 began and still continues.

Figure 4 depicts as a function of time the counting rate
of one of the INJUN detectors at about L=1.185 and at
several values of magnetic field B. The solid lines are the
expected counting rates based on the observed initial
distribution of electrons and collisions with the
atmosphere. Figure 5 (from Van Allen, 1964) illustrates
electron lifetimes as a function of L as derived from
Starfish and other nuclear experiments.

To explain the short lifetimes Jim Dungey (Dungey,
1963) suggested that the electrons were scattered by a
gyroresonant interaction with circularly polarized whistler
waves. This process was investigated by Roberts (1966)
for field-aligned waves and found to be unsatisfactory.
Some years later extensions of the theory to include
obliquely propagating waves and plasmaspheric hiss were
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done with more promising results (Lyons et al., 1972), but
better information on the earth’s plasma wave environment
is needed to be confident that the “other loss mechanisms”
have indeed been found.

Meanwhile in the weeks after Starfish new calculations
were done on injection efficiencies of nuclear weapons to
make sure that additional belts would not be formed by the
later detonations of the 1962 test series. In retrospect one
is impressed by the speed with which these estimates were
done as well as by the crudeness of the calculations.
Actually the physics is very complex, and to this day the
mechanisms by which Starfish injected electrons is
controversial. Nevertheless, the other events of the 1962
test series, such as Bluegill, were at a sufficiently low
altitude and reduced yield (compared to Starfish) that
injection seemed unlikely and the test series was continued.

On the experimental side it was recognized that more and
better experimental data on the Starfish belt were badly
needed. The two principal satellites then in orbit were
INJUN 1 and Telstar. As mentioned earlier INJUN 1 had a
limited lifetime and an apogee of only 1010 km, well
beneath much of the artificial belt. Telstar, which was in a
better orbit for this purpose, had detectors intended to
measure low energy electrons and an uncertain background.
Both NASA and DOD independently pushed for additional
measurements. The DOD reconnaissance satellites, which
were being launched on a regular basis, were equipped on
short notice with radiation detectors from Lockheed and
Aerospace, although the low- altitude orbits were not very
useful. More substantial contributions came from two new
satellites, the DOD Starad (also known by the name
19623y) and NASA’s Explorer 15, which were launched
on 26 October, 1962 and 28 October, 1962, respectively.

Both of these satellites contained detectors with good
energy discrimination above 1 Mev and could distinguish
the fission electrons from the natural belt populations.
They also had good angular resolution and could measure
pitch angle distributions. Their high apogees carried them
through the extended Starfish belts. Unfortunately, by the
time they were launched, much of the Starfish belt above
L=1.5 had decayed, so the early time evolution of the belt
is still poorly known.

Instrumentation for these satellites was solicited from
anyone who had on-the-shelf components available. Until
that time the very limited space on prime scientific
satellites was available only to a few veteran experimenters,
most of whom had been involved in previous balloon and
rocket experiments. Proposals from the rest of the
community, even if they contained next-generation
instrumentation, stood little chance of surviving the “old
boy” reviewing network which heavily weighted previous

space flight experience. The Starfish emergency opened up
the field for many newcomers as instruments were accepted
from LRL (Lawrence Radiation Laboratory, now Lawrence
Livermore National Laboratory) Aerospace Corporation,
Lockheed, and others. In addition to injecting electrons
into the magnetosphere Starfish injected many highly
qualified scientists into the space program. Some of the
individuals who come to mind are Harry West of LLNL,
Forest Mozer, who transited from Lockheed to Aerospace
Corporation during this period, Charlie Roberts and Walt
Brown of Bell Labs, Richard Kaufmann of AFSWC who is
now at the University of New Hampshire, and Billy
McCormac of DASA, who later organized a legendary
series of international space physics symposia. Of the
Lockheed Van de Graaff group almost half including
myself, Dick Johnson, Dick Sharp, Ed Shelley and Bill
Imhof eventually turned to full-time space research.

The Starfish event led to the best electron lifetime
determinations for electrons trapped below about L=1.7
(Van Allen, 1964; Mcllwain, 1963). Measurements of
Starfish electrons at very low L-shells also led to values of
the radial diffusion coefficient (Farley, 1969). One aspect
of Starfish has not yet been adequately explained; namely
the redistribution of inner belt protons of 55 MeV energy.
This population had been monitored by Bob Filz and
colleagues at AFCRL (Filz and Holeman, 1965) using
nuclear emulsions carried on low altitude reconnaissance
satellites and recovered along with the surveillance
payloads. Immediately after Starfish the proton flux at low
altitude in the South Atlantic anomaly was observed to be
increased by a factor of about 10. Most of us attributed
this result to a redistribution of mirroring points of inner
belt protons by the electromagnetic fields of the nuclear
detonation, but no quantitative proof has been forthcoming.
In 1991 a shock wave from interplanetary space passed
through the magnetosphere causing a major disruption to
the energetic trapped protons as well as to untrapped solar
flare protons (Hudson et al., 1995). With this recent
example in mind it would be interesting to calculate
whether the shock wave produced by a high altitude nuclear
explosion could also scatter 55 MeV protons in the inner
belt and cause the observed changes in the trapped
distribution.

4. HIGH ALTITUDE DETONATIONS BY THE USSR

On October 22, 28, and November 1, 1962 the USSR
conducted a series of high altitude nuclear weapons tests
which injected large numbers of fission electrons into
trapped orbits. As luck would have it, STARAD was
launched on October 26, and Explorer 15 was launched on



October 28, about 5 hours before the Soviet detonation of
that day. Consequently the USSR detonation of October
28 1s probably the best documented case of all the artificial
radiation belts produced by nuclear explosions. The
detonations of October 22 and 28 injected electrons over a
wide region above the nominal L-value of the detonation
points, L=1.8. The explosion on November 1 created a
narrow band near L=1.76, presumably because the
explosion was at a lower altitude and the debris did not
expand perpendicular to the geomagnetic field lines.  This
narrow band was ideal for studying radial diffusion. Walt
Brown had instruments on Explorer 15 and was able to
measure the steady increase with time in the width of this
band (Brown, 1966). These data convinced me that radial
diffusion was an important process even in quiet
geomagnetic conditions.

Reports of these belts, their decay rates, energy spectra
and pitch angle distributions were prominent at space
science meetings for a decade. (See for example papers by
Van Allen, Mcllwain, Brown, and West in  McCormac,
1966). My contracts with DASA were quickly modified to
include study of the data from the USSR tests. Of
considerable interest to the DOD were the altitudes and the
yields in these detonations as well as the phenomena
associated with the fireball expansion and electron
transport. Newkirk and I spent some tedious hours
integrating flux distributions to find the total number of
electrons injected by the explosions. Lower limits to these
fission yields could be obtained directly from the initial
electron inventory in the belts. With some additional
assumptions about the detonation altitudes, yields, and the
uncertain  hydrodynamic  processes occurring  after
detonation, one could estimate the injection efficiency and
thereby derive a value of the fission yield of the weapon.
The electron injection process was (and still is) quite
uncertain, although estimates were made and refined over
the next decade.

With the sophisticated magnetic spectrometer of
STARAD several anomalous features were found in the
trapped electron distributions of the Russian detonation of
October 28. Harry West (1966) of LRL noted that the
electron spectrum at higher latitudes had more low-energy
electrons than expected from a fission spectrum. A similar
surplus of low energy electrons at high L had been
suspected for Starfish, but experimental confirmation in
that case was weak. With West’s results in hand theorists
immediately suggested causes for the low energy
enhancement. These postulated mechanisms included (1)
betatron deceleration in the expanding magnetic bubble, (2)
energy loss as electrons reflected from the sides of the
expanding bubble, and (3) a flute instability which caused
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the magnetic tube containing the fission electrons to move
to higher L shells while conserving the first two adiabatic
invariants. It is not known if any of these speculations is
the correct explanation.

There was an obvious military need to be able to predict
the consequences of a high altitude detonation at any
location and yield. Several mechanisms were postulated to
explain the large number of electrons found at higher
latitudes than the detonation points. These processes
include, flute instabilities resulting in outward convection
of flux tubes, charge exchange of fission debris with the
neutral atmosphere thereby allowing the fission fragments
to cross field lines, and jetting of the debris across field
lines as the cloud moved through the weak magnetic field at
the equator. In the decades after the tests these processes
have been tested by particle simulation codes.
Unfortunately, the adjustable, unknown factors in these
processes allow the codes to fit observations in several
ways, leaving our understanding of this phenomena in an
unsatisfactory state.

Analysis of the Starfish and USSR tests of 1962
continued for over a decade. The work eventually
culminated in a computer program to predict the radiation
belts formed by a nuclear detonation at any location and
yield. The code was based on first order physics of the
debris expansion, but treated the trapped particle motion in
detail. Itincluded the drift of the electrons around the earth
in a realistic geomagnetic field and the subsequent diffusion
and loss of the electrons. The ephemeris of existing
satellites could be included so that the radiation striking any
satellite could be calculated as a function of time after
detonation and the damage to the satellite estimated.

Although this weapon prediction work was strictly
applicable to nuclear weapons detonations, the physical
processes included in the calculation were well-recognized
geophysical effects present in the natural belts. These
processes include pitch angle scattering (strong diffusion in
the case of very high radiation belt fluxes), L-shell
diffusion, flute instabilities in the initial magnetic tube
containing the debris, atmospheric scattering losses, and
many other factors. Thus, the work in understanding and
predicting weapon phenomena led to a more quantitative
understanding of the source and loss mechanisms of the
natural radiation belts.

EPILOGUE

In the decade from 1958 to 1968, the scientists with
whom I was associated at Lockheed contributed in several
ways to the understanding of trapped radiation in the earth’s
magnetosphere. It is of interest to note that all of this
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A Brief History of Research at Minnesota Related to the
Magnetosphere - 1957-1970

John R. Winckler

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota

Research in cosmic ray physics leading up to the International Geophysical
Year (IGY) is described. Discoveries during the IGY created interest in magnetic
storms, aurora and Solar activity, and led to studies of the energetic particle
population of the Magnetosphere using space vehicles. Of particular interest was
the injection of radiation belt particles during substorms, most effectively
observed at the geostationary orbit. The instrumentation and the roles played by

various investigators are described.

1. INTRODUCTION

Our account begins in the early 1950’s, when the
research interests in what might be called "cosmic physics”
at the University of Minnesota were concentrated in studies
of the primary cosmic radiation. This continued the earlier
work of Freier, Lofgren, Ney and Oppenheimer [Freier et
al., 1948], who had participated in the discovery of heavy
nuclei in the primaries. The essential experimental tool was
the fixed volume, high altitude, constant level type plastic
"Skyhook" balloon which could reach altitudes of 30 km
(< 10 gm cm residual stopping power of the atmosphere
above the balloon). Work on these balloons was begun at
Minnesota earlier by Jean Piccard, Otto Winzen and others
and they were fabricated initially by General Mills
Corporation Instrument Division under Office of Naval
Research (ONR) sponsorship. In the period 1952-55 an
important technical program in the Physics Department of
the University of Minnesota, sponsored by the joint
military services, was directed at understanding and
improving these high altitude plastic vehicles. The program
was directed by Charles Critchfield, Edward Ney and John
Winckler. Two important improvements in balloon
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technology produced by this program were the "natural
shape” ballon configuration, in which the internal pressure
of the balloon lifting gas was sustained entirely by the
network of load-bearing meridional tapes, and the
circumferential stresses were very low or zero, and the
"duct" appendix, which permitted the balloon to valve its
excess lifting gas upon reaching full volume at ceiling
altitude, without the premature admixture of air, which
frequently occurred in balloons using an open bottom
appendix, and which often decreased the floating altitude.

2. RESEARCH AT MINNESOTA BEFORE THE
INTERNATIONAL GEOPHYSICAL YEAR

The improvement in high altitude plastic balloons played
an important role in continuing cosmic physics research,
and investigations of the cosmic ray primaries using
nuclear emulsions, cloud chambers, electronic detectors
such as Cerenkov and scintillation counters, Geiger
counters and other devices continued in parallel with the
balloon development. Physics graduate students associated
with this early effort included Frank MacDonald, John
Naugle and Kinsey Anderson.

An interesting highlight of this period was the annual
meetings of the "Midwest Cosmic Ray Colloquium" which
met at some "Big Ten" universities such as Wisconsin,
Michigan, Nebraska, Minnesota, and the University of
Chicago, as well as Canadian participation from the
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Figure 1. IGY flight train. After about 24 hours of flight, the
load was released by firing the squibb electrically from the
recorder package. The entire load train then dropped to the
ground by parachute for recovery.

NUCLEAR EMULSIONS

Canadian NRC. The meetings featured lectures by Enrico
Fermi and others on cosmic ray origin theories and on high
energy interactions, and by John Simpson, Hugh
Carmichael, James Van Allen and many others on the
subject of primary cosmic rays, Solar flares and Solar
cosmic ray events, the modulation of primaries by Solar
cycle effects and "Forbush decreases”, and later the
Earth’s radiation belts. This period marked a transition
when high energy particle interaction physics was rapidly
being taken over by large accelerators, but the astro- and
geo-physical aspects of cosmic rays continued to be a
major part of these colloquia.

3. THE INTERNATIONAL GEOPHYSICAL YEAR
DISCOVERY OF AURORAL X-RAYS

The advent of the International Geophysical Year (IGY)
on July 1, 1957 brought a new emphasis to high-altitude
research at Minnesota. Previously, the background of
experience of the group was in high-energy particle
physics, although the geomagnetic effects on cosmic rays
was a familiar topic, and the "Stormer" theory of the entry
of primary cosmic ray particles into the Earths magnetic
field was well understood, including the latitude and "east-
west" effects on the momentum spectrum of the incident
primaries [Winckler et al., 1950]. Ney and Winckler
proposed a high-altitude program to "monitor" the primary
cosmic rays during the period of sunspot maximum of the
IGY (Solar Cycle No. 19). This program was supported by
the ONR and is described in an IGY monograph [Ney and
Winckler, 1958]. The program ultimately consisted of 85
high altitude balloon flights carrying a standardized payload
train. (Figure 1) This train comprised a Neher-Millikan
type integrating ionization chamber and a small Geiger
counter to record individual particle counts. These data as
well as the pressure altitude were telemetered to ground,
and were also recorded on the film of a small 35 mm
aerial camera which photographed the ground during
daylight hours. The flight train also included a small
vertically-oriented stack of nuclear emulsions encapsulated
in a sealed can, for recording the tracks of primary cosmic
rays. These emulsions were processed and examined by
Phyllis Freier and Edward Ney (see 5. Solar Cosmic Rays,
below). The aerial camera films were analyzed by Homer
Mantis [Mantis, 1958] and yielded many examples of wind
fields and turbulence structure at 30 km altitude. Graduate
students involved in this program included Lawrence
Peterson, Roger Amoldy and Robert Hoffman (Figure 2).

Most of the IGY balloon flights were launched from an
abandoned airfield near Minneapolis where the telemetry
receiving station was located. The flights were terminated
by a timer which separated the balloon from the flight
train, which then descended on a parachute. Many of the
flight trains were recovered and could be reused. Some
even crossed the Atlantic in the high winter jet stream. In
summer the flights drifted slowly westward over the
Dakotas.

The first full-scale flight was launched on the first day of
the IGY, 1 July 1957 Universal Time (the evening of June
30 in Minneapolis). Shortly after the flight reached floating
altitude at about 30 km (8 gm cm? atmospheric depth)
excited voices could be heard from inside the telemetry
building where the flight records were viewed in real time.
Substantial, irregular increases were observed in the ion









increases, and provided insight into Magnetosphere
processes during magnetic storms.

Energetic x-ray bursts directly from the Sun in
coincidence with Solar flares were also discovered and
frequently detected by the IGY balloons [Peterson and
Winckler, 1959]. These bursts created 1onospheric effects,
but had little direct interaction with the Magnetosphere.
Large numbers of these bursts were later monitored in
space on the OGO satellite series (see 7. The Sun and the
Radiation Belts, below).

Under a continuation of the balloon program sponsored
by the National Science Foundation (NSF) in 1959, a new
light-weight radiation monitoring system using smaller
balloons was devised, capable of being launched in an
unrestricted way under Federal Aeronautics Administration
(FAA) rules, even in overcast cloud conditions. With this
"continuous monitoring” system more than 500 balloon
flights were made in the post-IGY period during 1958-59,
yielding data on auroral x-rays, Solar x-rays and Solar
Protons, geomagnetic storm effects, and even radioactive
layers in the atmosphere from Soviet nuclear tests [Mantis
and Winckler, 1960].

6. EARLY SPACE EXPERIMENTS

The space age began with the electrifying news that the
Soviet Union had launched the first "Sputmk" orbiting
payload on October 4, 1957. The next day at Minnesota a
group gathered around a radio receiver set up in one of the
cosmic ray research labs in the Physics Department and
heard the clear beeping signal from Sputnik 1 for about 10
minutes during a pass over the area. The ultimate
launching of the US Explorer 1 on February 1, 1958,
further alerted the group to the new possibilities ahead. But
the announcement by James Van Allen at the 1958 joint
spring meeting of the American Physical Society and
National Academy of Sciences of the detection of intense
belts of trapped protons in the inner Magnetosphere using
Explorer 1 was the real start of the era of the
Magnetosphere. Eventually the Minnesota group was
offered the opportunity to provide a radiation detector for
the NASA Pioneer 5 and then the Explorer 6 payloads.
The instruments were miniaturized versions of the IGY
balloon 1on chambers. Although the devices operated as
planned, the interpretation turned out to be difficult as the
ion chambers were buried inside the payload. Particularly
for Explorer 6 whose orbit passed repeatedly through the
radiation belts an attempt was made to interpret the
readings as X-rays produced by radiation belt electrons
bombarding the outer skin of the instrument package. The
electron fluxes thus obtained were extremely high, and
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were therefore suspect. In a conversation between
Winckler and the Russian A. E. Chudakoff, it was
revealed that the Soviet Sputnik 3 mission had detected
very energetic trapped electrons, in the MeV energy range.
This provided the explanation for the high electron fluxes
using the x-ray interpretation. These high energy eletrons
penetrated directly into the ion chamber and gave a high
direct count rate, although their fluxes were low at the high
energy tail of the electron spectrum. The ion chamber,
however, continued to be useful for the detection of Solar
x-rays which reached the Earth with the speed of light
following a Solar flare. On the NASA OGO 1 and 3
missions, described in the next section, a Xenon-filled ion
chamber was mounted on a boom outside the payload skin,
and successfully recorded thousands of Solar x-ray bursts
when the satellite was “outside” the radiation belts.
[Arnoldy et al., 1968]. Their detection now survives in the
GOES "space weather” monitoring satellites at
geostationary orbit.

7. THE SUN AND THE RADIATION BELTS

Following the early space experiments, it was decided
that what was needed was a good electron spectrometer
that could correctly measure the electron spectra
throughout the radiation belts. Karl Pfitzer was assigned
this project for his PhD thesis, and provided the instrument
for the NASA OGO 1 and 3 missions (OGO=0Orbiting
Geophysical Observatory), whose orbits spent some time
in interplanetary space, but cut through the "outer" and the
“inner” belts of trapped electrons [Pfitzer et al., 1966].
This spectrometer covered the energy range from 50 keV
to 4 meV, and was well shielded to decrease the
background counts in the detector due to high-energy x-
rays from energetic electrons bombarding the exterior.
Energy selection was by a magnetic deflection system. One
major finding was that following a large Solar flare and
great magnetic storm there was a large increase in the
electron fluxes in the "outer" region. These electrons
diffused inward over a period of several months, and at the
same time increased their energy until finally the "inner"
zone lying just above the atmosphere in equatorial regions
also increased. Thus the origin of both the outer and inner
regions could be linked to solar-terrestrial magnetic
activity. The region between the belts, known as the
"slot", was observed to fill during the inward diffusion, but
afterwards to empty to a low level. This process was later
linked to "whistler” wave activity in this region of space,
which was claimed to be capable of scattering slot region
electrons into the loss cone in the quasi-stable period
between magnetic storms. The importance of these findings
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Figure 5. Long-term time history of the inner radiation belt for
electrons of energy between 290 to 690 keV, for various
Mcllwain L-parameter values, and for particles moving with
equatorial pitch angle of 90°, From the OGO 1 and OGO 3
missions. Note the major injections in March and September,
following large Solar flare events. The September injection
penetrated to the lowest "L" values. Note also the steady decay
of the background flux of "Starfish" electrons shown by the solid
lines at each "L" value.

was that prior to this work the inner zone regions were
attributed to the decay of neutrons of cosmic ray origin,
actually a source far too weak to account for the inner zone
intensities. The injection of electrons associated with large
Solar flares and magnetic storms is shown in Figure 5,
from [Pfitzer and Winckler, 1968]. A theory concerning
the acceleration of radiation belt particles by a violation of
the "third invariant” of motion was described by [Kellogg,
1959].

It was a matter of great interest that during the history of
the OGO 1 and OGO 3 missions an artificial belt of
trapped electrons in the inner zone known to have been
created by the "Starfish” high-altitude fusion bomb
explosion was observed by the Pfitzer spectrometer to
decay slowly. The natural lifetime of the inner zone
electrons was thus determined to be 300-400 days. Note
the baseline decay of the "Starfish" electrons in Figure 5.

8. GEOSTATIONARY ORBIT OBSERVATIONS

A further important step in the analysis of the radiation
belts was provided by the ATS 1 (Applications Technology
Satellite 1) mission, with the satellite injected into the
geostationary orbit at 6.6 RE (Earth Radii) from Earth
center on December 6, 1966. The ATS 1 mission was
successful, and was happily located at 165° west longitude,
at the intersection of the geographic and magnetic equators.
The Minnesota group provided a small but effective
electron spectrometer instrumented by Thomas Lezniak as
his PhD thesis (summarized in [Lezniak et al., 1968]). The
great advantage of the ATS 1 orbit configuration was its
fixed position above a point on the Earth’s surface, so that
with the 24 hour rotation of the Earth it moved slowly
through the outer Magnetosphere. Something approaching
the true time variation of the electron spectra and the
magnetic environment could thus be sampled from point to
point, and the disadvantage of the usual satellite which
moved at high speed through the belts removed. The first
major discovery was to show that the injection and
acceleration of electrons into the outer zone occurred
during an event called a "Magnetospheric Substorm.” An
example of this process during a substorm is shown in
Figure 6, from [Parks and Winckler, 1968]. The
"substorm" concept, originated by Sidney Chapman and
Syun-Ichi Akasofu, Kinsey Anderson, and others [Akasofu,
1968], was brought to Minnesota by George Parks in an
extended post-doctoral visit during 1965-68. These
substorms typically involved a sudden brightening of the
aurora on the night side of the Earth, a negative excursion
of the nighttime horizontal component of the Earth’s
magnetic field accomapanying an intensification of the
auroral electojet, a sudden collapse of the extended
nighttime Magnetosphere tail-like magnetic field
configuration to a more dipole-like shape, and other
features. A number of these substorms accompanied the
"main phase” of a magnetic storm when the equatorial ring
current referred to earlier had developed. In fact, it was
recognized that each sub-storm made a contribution to the
main-phase ring by the injection of energetic protons which
drifted westward around the Earth (see diagram page 6 of
[Akasofu, 1968]). At the same time energetic electrons
were injected which drifted eastward. In one study
involving both the OGO and ATS1 satellites these bunches
of drifting electrons were timed and identified at two
positions in the Magnetosphere [Pfitzer and Winckler,
1969]. The ATS1 mission was also very useful in
following the long-term variations in the outer zone. For
example in 1965-66, during a Solar minimum period when
geomagnetic storms were weak and infrequent, the outer
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Figure 6. The time dependence of 50-1000 keV trapped electrons
at 6.6 R(e) in the magnetic equatorial plane for a complete 24 -
hour orbit of the ATS-1 (or ATS-B) satellite during an active
magnetic period, The most crucial feature shown is the 10-100-
fold increase in electron fluxX in the 50-150 keV energy interval
which occurred at the time of the magnetic "bay" onset at 09 UT
(i-e., a substorm onset) showing the acceleration ond injection of
new trapped electrons into the outer radiation belt region. Further
increases corresponded to continuing substorm activity. Note also
the recovery of the magnetic field H-component at 6.6 R(e), as
the night sector Magtnetospheric magnetic field changed from
more "tail-like” to more "dipole-like," also at substorm onset.

zone steadily decayed to a very low level, showing the
Solar control over this feature of the Magnetosphere (J. R.
Winckler, private communication).

One key observation gave direct evidence about the
auroral x-rays discovered during the IGY. Data from the
ATS 1 elecron spectrometer was time correlated with
auroral x-rays measured by George Parks in a balloon
flight near the ground intercept of magnetic field lines
connecting the geostationary orbit with the ionosphere.
During an auroral substorm the balloon x-ray fluxes and
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the electron intensity at geostationary orbit both increased
together, with very similar time profiles, as shown in
Figure 7 [Parks and Winckler, 1968]. Now it was clear
that the electrons responsible for auroral x-rays were
accelerated and injected during auroral sub-storms. Finally,
the mystery of the origin of the auroral x-rays was largely
understood.

The ATS 1 mission, because of its unique rotaional scan
over spatial directions, was able to show a layered
structure of the Magnetopause (in terms of 50-150 keV
electrons). Disjoint regions, separate from the closed
boundary, were clearly evident during "Magnetopause
Crossings” when, due to a transient very high velocity and
energy density of the Solar wind, the Magnetopause moved
from its normal position near 10 Earth radii to inside the
6.6 Earth radii distance of the Geostationary orbit. [Lezniak
and Winckler, 1968].

9. OTHER MAGNETOSPHERIC CONCEPTS

The decade 1957-1967 saw a rapid growth in theoretical
and experimental knowledge of the Magnetosphere. As an
extension of the Chapman-Ferraro concept of the
Magnetopause boundary, and since the Solar wind stream
is supersonic (in the sense that the flow velocity exceeds
the Alfven wave speed in the medium) one would expect
that a shock wave would form analagous to the shock wave
before a supersonic projectile in air. Paul Kellogg at
Minnesota was one of the first to describe this in the
literature [Kellogg, 1962]. This standing "bow shock” was
identified experimentally on many space missions, but the

5
6 Re EQUATORAL ELECTRONS {s 5
{80180 Kev)
-~ ook AIUST 17,1967 R
E ﬁw I §~
J]Lkrﬂkru P
$ ool N 5
E .
— ~i
» o q
E BROSSTRALIAG X-furs il
00} (he>20 Kev)

I!ur'\L"L

600 WI0 1620 1630 K40 B30 (P00 MO iT20 730 (140 750 800 610
UNIVERSAL TIME

Figure 7. Showing the close correlation of the 50-150 keV
trapped electron increase at 6.6 R(e) with the X-ray flux, due to
precipitating electrons on the same lines of force in the auroral
zone, during a sub-storm. This explains the origin of the Auroral
X-rays discovered during the IGY.
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Present Knowledge of the Magnetosphere
and Outstanding Remaining Problems

D. N. Baker

Laboratory for Atmospheric and Space Physics, University of Colorado

The Earth's environs remain the most readily accessible prototype for under-
standing remote planetary and astrophysical magnetospheric systems. The near-
Earth region has proven to be a plasma physics laboratory rich in phenomena of
cosmic significance: magnetic reconnection, particle acceleration, wave-particle
interactions, and electrical currents of huge spatial scale are all seen to occur.
Even after four decades, we continue to learn new things about the physical proc-
esses occurring within the magnetospheric system. This paper summarizes briefly
the structure and dynamics of the magnetosphere as it is presently understood. It
also discusses some of the key outstanding problems that remain to be solved.

1. INTRODUCTION

The Earth's magnetosphere has provided fertile ground
for exploration since its discovery nearly 40 years ago.
Following the first pioneering of the terrestrial plasma
physical domain, today more general perspectives have
come to apply. A general definition is that a magneto-
sphere is a relatively self-contained region in space whose
global topology is.-organized by the magnetic field associ-
ated with the parent (compact) object. A number of the
planets (Mercury, Earth, Jupiter, Saturn, Uranus, and
Neptune) are known to have intrinsic magnetic fields and
have magnetospheric regions around them. These differ
from one another in very significant, and interesting, ways.
Indeed, the Sun itself may be viewed as having a magneto-
sphere (the “heliosphere”) within which all of the planetary
magnetospheres are embedded. It is the continual outflow
of hot coronal gas from the Sun which gives rise to the he-
liosphere and this supersonic gas flow is called the solar
wind. The solar wind compresses, distorts, and confines
the planetary magnetospheres and imparts to them much (if
not most) of the energy that is dissipated and/or radiated
away.

In addition to planetary and solar-system scale magneto-
spheres, there also appear to be magnetospheres of galactic
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proportions. In each case — and on all scales — there are
analogous features as well as distinctly different charac-
teristics. By far the most thoroughly explored magneto-
sphere is that of the Earth and it is this physical system
which forms the basis for our best understanding.

The intrinsic magnetic field of the Earth arises from a
complex dynamo action in the molten outer core of the
Earth and may be well-represented for many purposes by
an Earth-centered dipole. This field extends far into space
and serves to deflect the on-rushing solar wind plasma.
The stand-off distance at the subsolar point is highly vari-
able (depending on solar wind pressure), but is commonly
about 10 Rg (1 Rg = 1 Earth radius = 6375 km). The flow-
ing solar wind applies stresses to the outer reaches of the
Earth's intrinsic field and sets up a system of currents in
the boundary regions. The forces due to these currents act
to distort the magnetic field and field lines are dragged
downstream to form a very elongated magnetotail.

The solar wind flows continually over, around, and into
the Earth's magnetosphere and in so doing it continually
imparts mass, momentum, and energy to the system. This
transfer, however, occurs with great variability. When the
change in energy is high, the magnetosphere moves far out
of its equilibrium “ground state”. The energy change then
implies dissipation, either continuously or sporadically. It
has been found, in fact, that the dissipation of solar wind
energy imparted to the magnetosphere occurs in a quite
sporadic way and the sudden occurrence of this magneto-
spheric dissipation is a major feature of the collection of
physical processes that are called “geomagnetic activity”.
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In this paper, we will discuss a few selected topics in
magnetospheric structure and dynamics. The general ap-
proach will be to take cognizance of the earliest view of a
particular magnetospheric feature at the time of its discov-
ery. This will be followed by a presentation of the
“modern” (present-day) view of this magnetospheric topic.
In most cases we will also try to assess where a particular
research area is heading in the future. Given, of course, the
vast complexity of the magnetosphere, only a limited num-
ber of topics can be treated: We restrict ourselves here to
the general themes addressed earlier in this monograph by
the pioneers of magnetospheric research.

2. RADIATION BELT STRUCTURE

Within the magnetospheric cavity there exists a limited
region where the motion of energetic particles is confined
by the Earth's magnetic field. This region comprises the
Earth's radiation belts. The radiation belts contain elec-
trons, protons, helium, carbon, oxygen, and other ions with
energies from less than 1 keV to hundreds of MeV. Parti-
cles with energies below about 200 keV provide the prin-
cipal energy density and form the extraterrestrial ring cur-
rent. Confinement (or trapping) of these particles results
from the dipolar-like topology of the geomagnetic field
which is characterized by magnetic field lines that con-
verge at high latitudes toward the poles resulting in a rela-
tive minimum magnetic field strength region in the vicinity
of the geomagnetic equator.

The discovery of the Earth's radiation belts by Van Allen
and co-workers was the first major discovery of the space
age. Figure 1a shows a diagram of the radiation belts taken
from the work of Van Allen et al. [1959]. In this earliest
work, it was deduced that a band or torus of energetic
charged radiation was present, but the exact composition
and spectral distribution was rather unclear. It would await
more sophisticated and extensive observations to flesh out
the view of radiation belt structure.

A more modern characterization of the radiation belts is
presented in Figure 1b. It shows that the belts consist
dominantly of electrons (outer zone) and protons (inner
zone) with energies of hundreds to thousands of keV. In
the past few years, new measurements from EXOS-C, the
Solar, Anomalous, and Magnetospheric Particle Explorer
(SAMPEX), and the Combined Release and Radiation Ef-
fects Satellite (CRRES) mission have provided substantial
new insights into the radiation belt structure [see Baker,
1995, and refs. therein]. As an example, EXOS experi-
menters have presented long-term average particle fluxes
as a function of geographic latitude, geographic longitude,
and altitude. These maps, along with other analyses based

on the same data set, show that there are significant
changes compared with earlier models of the inner zone.
The CRRES mission was dedicated in substantial part to
mapping the structure and dynamics of the radiation belts
using modern detection instruments. The mission showed
the basic structure of the outer zone electron belt, but also
revealed the highly dynamic nature of this population.

In the realm of high-energy ion measurements,
SAMPEX has recently located a new radiation belt sur-
rounding the Earth. This belt traps material from the
nearby interstellar medium. The newly discovered belt,
which dips closest to Earth over the Southern Atlantic, is
embedded in the lower of the two previously-known Van
Allen belts (see black bands in Figure 1b). SAMPEX pin-
pointed the new belt, the existence of which was first pre-
dicted nearly two decades ago, and is now measuring its
composition and monitoring its intensity variation.

The new belt consists of trapped heavy ions, including
nitrogen, oxygen, and neon which are part of the
“anomalous” cosmic ray component. Components of the
interstellar gas that are electrically neutral can penetrate
the heliosphere. Some of these neutral interstellar atoms
are singly ionized by solar UV radiation, and are then ac-
celerated to cosmic ray energies at the solar wind
“termination shock” at the fringes of our solar system.
Such singly-charged cosmic rays striking the Earth's at-
mosphere may lose the remaining electrons and become
trapped in the Earth's magnetic field. Once inside the new
belt, these ions may be trapped for weeks before leaking
out into space or into the atmosphere. As a result, the
amount of matter inside the new belt increases and de-
creases dramatically [see Baker, 1995 and references
therein].

3. RADIATION BELT DYNAMICS

It is of great interest and importance in magnetospheric
physics to understand basic particle acceleration and loss
mechanisms and to determine the variation time scales for
high-energy particles throughout the Earth's radiation belts.
It has been noted by several authors that the relativistic
electrons may provide a significant coupling mechanism
between the magnetosphere and the Earth's middle atmos-
phere [Baker et al., 1987; Callis et al. 1991]. Relativistic
electrons in the Earth's magnetosphere are also of consid-
erable practical importance because of their deleterious ef-
fect on spacecraft subsystems.

An early view by some researchers (fostered by dia-
grams such as Figure 1a and 1b), was that the radiation
belts were rather fixed and steady in their characteristics.
On the other hand, even in the early days, many scientists









the wave-particle interaction related to these relativistic
electrons [Imhof et al., 1991].

The precipitation of energetic electrons (energies of a
few hundred keV and above) was one of the first areas of
exploration in the Earth's magnetosphere [Forbush et al.,
1962]. Studies continued, governed as always by flight op-
portunities, until the present day [Blake et al., 1996]. This
research has shown energetic electron precipitation to be
continuous at some level, highly complex and dynamic,
and the major sink for magnetospheric electrons.

The great temporal variability in the observed electron
fluxes, caused both by actual flux changes and by the rapid
motion of a low-altitude satellite through differing mag-
netospheric regions, has been one of the major difficulties
in gaining an understanding of the underlying physics. One
useful approach in dealing with this problem is to increase
the sampling rate of the spacecraft instrumentation. How-
ever, this leads to statistical problems unless there is a cor-
responding increase in the geometric factor of the sensor.
The SAMPEX mission contains instrumentation that com-
bines high-rate sampling of the data with a very large
geometric factor, giving a new opportunity to study the
precipitation of energetic electrons. The HILT (Heavy Ion
Large Telescope) is providing exciting new data on the
magnetospheric locations and temporal fluctuations of the
electron precipitation. Local time and magnetic activity
dependencies have also been found.

Enhanced electron fluctuations can be identified mainly
at the high latitude portion of the outer radiation belt.
During such crossings, bands of precipitation with a time
scale of 10~30s are prominent near the high latitude edge
of the precipitation region. The flux level of these
“precipitation bands” often exceeds that of the main part of
the radiation belt.

Another precipitation type prominent in the SAMPEX
data is the shorter time scale bursts down to a few hundred
milliseconds. These microbursts are usually distributed in
the high latitude portion of the outer radiation belt. Unlike
the precipitation bands, microbursts die out during the in-
terval between orbits. Microbursts in both hemispheres are
frequently observed. Many microburst sequences show a
sharp increase in flux followed by fluctuations with a more
slowly decaying overall amplitude.

Thus, broad areas of strong precipitation, extending ~2-
3° in latitude, frequently are observed near the high-
latitude boundary of the outer zone. These features can
persist for hours and are seen in conjugate locations. The
transient form of strong precipitation, microbursts, often
are seen lasting for less than a second, indicating that mi-
crobursts sometimes occur in a very localized region; the
narrow temporal structure is a consequence of the space-
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Figure 3. A schematic diagram showing energetic particle mo-
tion in the dipolar region of Earth’s magnetosphere.

craft orbital velocity. In other cases, where the spatial size
is greater, the temporal evolution of the microburst can be
followed. These observations clearly indicate that outer-
zone electron precipitation frequently results from a strong
scattering process, and not by weak diffusion of stably
trapped electrons into the drift loss cone.

The modern era has ushered in remarkable new detection
capabilities for studying wave-particle interactions and
their manifestations near the atmospheric loss core. As
noted above, the large area and high time resolution capa-
bility of SAMPEX has provided several new insights. An
even more recent innovation is the Source/loss-cone Ener-
getic Particle Spectrometer (SEPS) aboard the POLAR
spacecraft. The SEPS consists of two separate telescopes
that measure electrons and ions in the vicinity of the mag-
netic field direction. Given the front/back viewing aper-
tures, the SEPS sensors can monitor both the atmospheric
loss cone portion of the particle distribution function as
well as the oppositely directed “source” cone region [Blake
et al., 1995]. Figure 4 shows an example from the SEPS
investigation for Day 103 (April 12) of 1996. The deep
loss-cone structure along the magnetic field line (in this
case shown for alpha particles) is quite striking. SEPS sets
the stage — along with measurements as from SAMPEX —
for a new era of sensitivity, angular, and temporal resolu-
tion in studying wave-particle effects and pitch-angle
scattering.

5. SOLAR WIND COUPLING AND MAGNETO-
SPHERIC CONVECTION

It had been recognized for many decades prior to the
dawn of the Space Age that substantial energy must be
supplied in some way to account for the dissipation which
occurs in the auroral oval and in the formation and decay
of the ring current. Other authors [Akasofu, this volume,
Dungey, this volume] have recounted various aspects of
this problem. It was recognized rather early that the solar
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h(s) is often called the lag-time and it expresses the re-
sponse of the output at time ¢ to the summed effects of the
input at all times prior to ¢. Generally, Bargatze et al.
found a peak in the filters at lag-time ~20 min showing that
there is frequently a response in electrojet activity to solar
wind activity some 20 min earlier; Bargatze et al. attrib-
uted this peak to the directly-driven magnetospheric re-
sponse. There was a second peak at lag-time ~1 hr that was
most evident for the moderate activity filters; this peak was
attributed to the unloading magnetospheric response.

The Bargatze et al. [1985] LPFs showed that it is pri-
marily the loading-unloading cycle in the magnetosphere
that has a nonlinear response to the solar wind. Hones
[1979] had earlier drawn an analogy between “plasmoid”
formation and the dripping of a faucet. This analogy is il-
lustrated here in Figure 6a. The basic idea is that a piece of
the plasma sheet is pinched off during geomagnetic activ-
ity to form a plasma structure, i.e., the plasmoid. Baker et
al. [1990] adapted a dripping faucet analogue model de-
vised by Shaw [1984] and began a study of the nonlinear
magnetospheric response using the methods of modern
nonlinear dynamics. Shaw's model is illustrated in Figure
6b; it consists of a variable mass hanging on a spring. The
displacement downward from the unstressed spring posi-
tion is measured by the variable D. To model drop forma-
tion the mass M is increased with time at a constant rate
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Figure 6. (a) A dripping faucet analogy with plasmoid formation
in Earth’s magnetotail [from Hones, 1979]. (b) The mechanical
analogue of plasmoid formation [Shaw, 1984; Baker et al., 1990].
(¢) The Faraday Loop analogue model of substorm dynamics
[Klimas et al., 1992].
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M, until D reaches a critical displacement D, . Then a
piece of the mass AM is dropped so that M decreases dis-
continuously.

Baker et al. [1990] modified the dripping faucet ana-
logue by adding friction and by changing the mode of mass
loss. The friction was added to model dissipative processes
in the magnetosphere and the mass loss was made continu-
ous rather than instantaneous in order to model magnetotail
field line merging during plasmoid formation.

It was demonstrated that this simple. analogue model re-
produces many of the dynamical features of a carefully
controlled dripping faucet. The dripping faucet, or course,
involves a water drop containing, effectively, an infinite
number of degrees of freedom. Shaw [1984] showed that
essentially only 3 of those degrees of freedom are involved
in the dripping process. The water drop is a high-
dimensional physical system whose dynamics is organized
or low-dimensional.

Following the very simple analogue model of Baker et
al. [1990], the Faraday loop model or FLM, [Klimas et al.
1992] is a time-dependent representation of magnetotail
convection with a superposed loading-unloading cycle.
The net flux content of a tail lobe is monitored in terms of
flux accretion through the magnetopause and flux loss
through Earthward convection in the plasma sheet and/or
plasmoid release (see Figure 6c¢). It is assumed, as a basic
part of the model, that if the loading rate through the mag-
netopause is sufficiently high, then Earthward convection
loss cannot balance energy gain and the growth phase of a
substorm results as the net flux content of the lobe grows.
It is further assumed that if this imbalance persists, then at
some point a critical point in the tail is reached when the
flux content becomes too large and an unloading event oc-
curs. The existence of this critical point and the consequent
‘unloading is imposed on the model in a manner similar to
the release of a portion of the mass in the dripping faucet
model [Baker et al., 1990].

A Faraday loop which encircles one of the tail lobes
(Figure 6c¢) is used to relate changes in the magnetic flux in
the lobe to electric potentials around the loop, which are
then expressed in terms of solar wind parameters and
cross-tail currents. The dynamic variables of the model are
the cross-tail electric field measured in the current sheet,
the flux content of a lobe, and a quantity that depends on
the flaring angle and the diameter of the tail. The plasma
sheet convection evolves within a magnetotail shape that
varies in response to the dynamical evolution of the con-
vection. To relate the FLM output to measured electrojet
index data, an elementary mapping of the cross-tail electric
field to the westward electrojet strength has been added to
the model. From the first simple beginnings of the Dungey

[1961] model, the modern analogue models are able to
replicate geomagnetic time series remarkably well [Klimas
et al., 1996].

6. STORMS AND SUBSTORMS

A magnetospheric substorm, in an idealized sense, re-
sults when the interplanetary magnetic field (IMF) turns
southward and thereby enhances dayside magnetic recon-
nection. This increases the transfer of energy from the so-
lar wind to the magnetosphere. Part of the increased energy
imparted to the magnetosphere is lost quickly in the form
of current flow and Joule dissipation in the polar iono-
sphere. Most of the energy imparted to the magnetosphere,
however, is added to the magnetotail where the magnetic
flux may often increase by 230% during a substorm
growth phase. The substorm expansion onset represents the
explosive release of accumulated tail energy much like a
solar flare represents sudden release of magnetic energy on
the sun’s surface. After 30-60 minutes of explosive auroral
activity, the system begins recovery back to relative quies-
cence.

Akasofu [1964] was the first to develop the idea of the
auroral substorm. His phenomenological sequence — a
classic synthesis of extremely complex observational data
— is shown here as Figure 7. When the expansion and re-
covery phases that Akasofu discussed are combined with
the growth phase first described by McPherron [1970], the
substorm sequence is complete. Akasofu [this volume] de-
scribes the historical aspects of substorm research.

In a broader sense, since the pioneering initial work on
substorms, exploration of the Earth’s space environment
has revealed a dynamic and complex system of interacting
plasmas, magnetic fields, and electrical currents. This do-
main formed by solar wind plasma impacting the magnet-
ized Earth is called “geospace”. The near-Earth space envi-
ronment has, over the years, been explored and studied as a
system of independent component parts — the interplane-
tary region, the magnetosphere, the ionosphere, and the
upper atmosphere. From early explorations, it was known
that geospace is a complex system composed of highly in-
teractive parts. While previous programs advanced the un-
derstanding of these geospace components individually, an
understanding of geospace as a whole has clearly required
a planned program of simultaneous space and groundbased
observations and theoretical studies keyed to a global as-
sessment of the production, transfer, storage, and dissipa-
tion of energy throughout the solar-terrestrial system. Prior
understanding of the various geospace components plus the
availability of advanced instrumentation are now poised to
allow, for the first time, the definition and planning of a
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Figure 7. The sequence of auroral development during a magnetospheric substorm [Akasofu, 1964].

comprehensive, quantitative study of the solar-terrestrial
energy chain.

Thus, the Global Geospace Science (GGS) component
within the International Solar Terrestrial Physics (ISTP)
program is reaching full stride. As shown, for example, in
Figure 8, there are new global auroral imagers on the
POLAR spacecraft that have the potential to revolutionize
our understanding of magnetospheric substorms through
frequent, high-resolution pictures of the aurora. ISTP rep-
resents a major advance in space plasma physics. It utilizes
a large team of experimenters and modelers who should
dramatically push back the frontiers of substorm and storm
studies.

7. GLOBAL MODELING

As discussed previously in this volume [see Spreiter,
this volume], the first use of large-scale numerical model-
ing codes provided a breakthrough in the understanding of
magnetospheric propertics. With such codes, it was possi-
ble to get something approaching a self-consistent treat-
ment of the magnetosphere's shape and size as well as the
collisionless shock wave standing upstream in the solar
wind flow. Figure 9 is an illustration from Spreiter et al.
[1966] showing an MHD simulation of plasma flow
around the magnetosphere.

The power and speed of computers have increased dra-
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Figure 8. A modern global auroral image taken with the Visible
Imaging System (VIS) onboard the POLAR spacecraft. The im-
age, taken in UV wavelengths, shows an auroral intensification
indicative of substorm onset at 0713 UT on 15 May 1996
[courtesy of L. A. Frank].

matically since the 1960s. Today it is possible to simulate
the 3-dimensional magnetosphere-solar wind interaction
with considerable faithfulness. Global and large-scale fluid
simulations of magnetospheric dynamics and of the solar
wind-magnetosphere interactions consistently show that
the response of the magnetotail to external energy input
(southward IMF) is the formation and tailward ejection of
an isolated plasma structure, a plasmoid [e.g., Walker et
al., 1993]. This has been true for a wide variety of simula-
tion codes and external parameters used in the simulation
runs. This is very consistent with modern observational re-
sults.

Enhanced energy input is seen in the MHD simulations
as an increase in the near-Earth cross-tail current, in
agreement with direct observations. The details of the nu-
merical models affect the stability of the tail, but eventu-

F. T=1-2HR

E. T=30MIN-IHR

Figure 9. An early gas-dynamic simulation model of solar wind-
magnetosphere interaction [Spreiter et al., 1966].

ally in all simulations the tail is driven to an unstable state,
and global reconfiguration of the magnetic field pattern
follows. For example, in the simulation by Walker et al.
[1993], even during a period that would be characterized as
the late growth phase, a quasi-stable magnetic neutral line
forms in the near-Earth tail (Figure 10). During this period,
slow reconnection begins on closed field lines, but this
does not cause a large-scale field reconfiguration. When
reconnection proceeds to open field lines, a plasmoid is
severed and begins to move away from the Earth. As dis-
cussed in prior sections, formation of a neutral line during
the late growth phase had been earlier suggested by several
observers based on observational results obtained in the
near-Earth magnetotail.
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