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HE HISTORY of science is every-
where replete with controversies, per-
onal prejudices, and fierce animosities be-
ween camps holding conflicting theoretical
iews. In astrophysics, the iconoclastic ef-
orts of Copernicus, Galileo, Subrahman-
an Chandrasekhar, Fred Hoyle, and Hal-
on Arp immediately spring to mind.
Lesser known among the disputes in as-
rophysics is the half-century-long contro-
ersy between the advocates of Kristian
Yirkeland, who suggested that electron
treams following the Earth’s magnetic-
ield lines were responsible for auroras,
ind Sydney Chapman, who maintained
hat the Earth was surrounded by ‘‘vacu-
m.” It was hot until 1974, three-quarters
f a century after the theories were pro-
yosed, that space-probe measurements de-
sided the controversy in Birkeland’s favor.
Today, plasma physicists believe that
nany of the phenomena in the cosmos can
e explained in terms of a spaghetti of
‘Birkeland currents”” (electrical currents
lowing along magnetic lines of force; see
Table 1), and that ‘“pinched” Birkeland
:urrents may be the mechanism responsi-
sle for initiating the gravitational collapse
»f matter in the plasma state. However, it
s not generally known that Birkeland,
whom many regard as the founder of ex-
perimental astrophysics, had himself devel-
oped an extensive cosmological theory
based upon his experiments.

_ Kristian Olaf Bernhard Birkeland (1867-
1917) received his education in Bonn, Ge-
neva, and Leipzig, studying under such
notables as Henri Poincaré and Heinrich
Hertz, and was appointed a professor at
the University of Oslo in 1898, when he
was 31. His remarkable achievements in
technology and applied physics made him
rich and famous (see Table II) and fi-
nanced his auroral investigations.

The main point of his auroral theory was
that electrically charged particles ejected
from sunspots are captured by the Earth's
magnetic field and directed along the
field’s lines into the polar regions. Be-
cause the particles are electrically charged,
they can be deflected by the Earth’s mag-
netic field in such a way that they arrive
on the night side of the planet. As the in-
coming particles reach the upper atmos-
phere they are slowed down by the increas-
ing density of atoms and molecules, and in
the process the atmospheric constituents
become excited and ionized. Birkeland
performed extensive laboratory experi-
ments to illustrate his points.

It was amazing that he could actually
demonstrate the new theory. His basic
idea was to study the motions of electrons
in a magnetic dipole field where the air
density is low. The experiment, labeled a
“terrella,” was a model of the conditions
in Earth’s upper atmosphere. In many
ways it reminds us today of how a televi-

Birkeland, the founder of experimental astrophysics, is shown here with his assistant, K.
Devik, and his “terrella,” a magnetized metallic globe representing the Earth.

sion picture is produced by energetic elec-
trons striking a phosphor screen (S&T:
December, 1982, page 534). At the turn
of the century, Birkeland’s work was con-
sidered to be state-of-the-art physics.

The terrella model was really rather sim-
ple. He placed a sphere containing an
electromagnet inside a large vacuum cham-
ber, which represented the space around
the Earth and its magnetic field. He then
shot clouds of electrons toward this simu-
lated Earth to produce a light phenome-
non that looked like the aurora. (We now

. TABLE 1

Phenomeng in which Birkeland currents
are thought to play 4 role:

-In situ observations
Auroral rays, arcs, and draperies
Auroral -electrojet
Magnetospheric inverted -V -events
“Fhix ropes”’ in ionosphere of Venus

Observations not accessible to in situ meas-
urements N

Solar ' - prominences, -~ spicules,
streamers, and polar- plumes

Cometary tafls (n situ, 1985)

Interstellar medium (e.g., Veil nebula)

Interstellar clouds (e.g., Lagoon nebula,
‘Orion nebula)

Plasma within 'the galactic center

Lobes of double radio galaxies and galac-
tic “jets”

coronal

TABLE I

Birkeland's other contributions
to science and technology:

Derived . the - general ~expression for the
Poynting vector

Gave - the  first
Maxwell’s -equations ,

Pioncered - the field - of - charged:particle
beams.

Utilized the concept of “longitudinal-

Constructed the first foil diodes

Pioneered the field of visible-light photog-
raphy of electrical discharges

Advocated charged-particle propulsion en-
gines for-space. travel :

Created Norsk: Hydro's: nitrogen-fertilizer
industry - (the :Birkeland-Eyde method _for
production of potassium nitrate)

Invented - an - electromagnetic rail gun
capable of fiting a 10-kg projectile )

Established Birkeland's Firearms

Anticipated - cosmic rays (discovered in
1911) with his calculations involving energies
of several billion electron volts

Held patents on the electromagnetic: can-
non, electric blankets, solid margarine, and
hearing aids

general - solution to



know that the solar wind also consists of
positive ions, as well as negative electrons.)

Birkeland could see that bunches of
electrons curved down toward and around
the Earth’s poles. While the actual proc-
ess is somewhat more complicated than he
envisioned (see illustration on page 391),
his results were surprisingly good. The
electrons passing through space were cap-
tured by the Earth’s magnetic field and
followed spiral tracks about the lines of
force; they were then guided onto the
Earth’s night side and, in the process of
colliding with the gases in the neutral at-
mosphere, created the aurora.

Birkeland believed that by varying his
experimental parameters, his terreila could
be made to represent the Earth, Saturn,
the Sun, or a galaxy or nebula. In the
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The forces between two adjacent Birkeland
currents, that is, electric currents aligned
along magnetic field lines. (By historic con-
vention, the current flow is taken to be oppo-
site that of electrons, shown here in helical or-
bits about the field lines.) The parallel com-
ponents of current (dark gray lines) are long-
range attractive, while the counter-parallel
azimuthal currents (light gray rings) are
short-range repulsive. A third force, long-
range electrostatic repulsion, is found if the
electrons and ions are not present in equal
numbers. These forces cause the currents to
form sheets, filaments, or “magnetic ropes,”
and they can be found far from the source re-
gion. A projection of the current-induced
magnetic fields is shown above the graph.

preface to an account of his 1902-03 auro-
ra expedition work, Birkeland wrote:

.. . I have carried out a long series of experi-
mental investigations with a magnetic globe in a
large vacuum-box intended for -electric dis-
charges. I have hereby been enabled to obtain
a representation of the way in which cathode-
rays move singly, -and group themselves in
crowds about a magnetic globe such as this. . . .
I will . . . refer to formulae by Oliver Heaviside,
that the electrostatic repulsion between rays
maintains the balance with the electro-dynamic
attraction.

The magnetic globe was then made the cath-
ode in the vacuum-box and experiments were
carried out under these conditions for many
years. It was in this way that there gradually
appeared experimental analogies to various cos-
mic phenomena, such as zodiacal light, Saturn’s
rings, sun spots and spiral nebulae.

The consequence was that attempts were
made to knit together all these new discoveries
and hypotheses into one cosmogonic theory, in
which solar systems and the formation of galac-
tic systems are discussed perhaps more from
electromagnetic points of view than from the
theory of gravitation.

One of the most peculiar features of this cos-
mogony is that space beyond the heavenly bod-
ies is assumed to be filled with electrons and
flying electric ions of all kinds in such density
that the aggregate mass of the heavenly bodies
within a limited, very large space would be only
a very small fraction of the aggregate mass of
the flying atoms and corpuscles there.

Birkeland had been trained as a mathe-

matician and was aple 10 CaSt UIe prysics
of his experiment into a set of differential
equations. This work inspired one of his
colleagues, Carl Stormer (who later gained
fame as an auroral investigator in his own
right), to carry out a tedious, step-by-step
numerical integration of the equations in
order to follow the path of each electron.

Birkeland relied not only on his terreila
experiments but organized three expedi-
tions to polar regions (1897, 1899-1900,
and 1902-03) to study auroral currents and
a later expedition to Egypt to study zodia-
cal light. He also established a worldwide
network of “‘observatories” whose purpose.
was to measure the deflection of a compass
needle when auroras occurred. From these
data he was able to calculate and plot the
vectors of electrical currents that flow in
the ionosphere.

While his results were largely neglected
until space probes were able to make in
situ measurements of the ionosphere and
magnetospliere, the advent of supercom-
puters has provided another affirmation of
the Birkeland currents. They have now
been studied on the most powerful com-
puter ever assembled. This is at the Los
Alamos National Laboratory in the form of
four Cray-1's and two Cray-XMP's. Not
unlike Galileo’s telescope, this computa-
tional resource is unprecedented for pro-
viding insights and solutions to astrophysi-

NGC 3187 .

Time evolution (top, left to right) of two plasma clouds carrying Birkeland currents. As
the axial current increases, the magnetic lines between currents produce an axial “beta-
tron,” an induction particle accelerator invented by Donald Kerst at the University of Illi-
nois in the 1930’s. The top left figure shows the magnetic-field energy contours produced
by two interacting Birkeland currents (outer “hot spots™) and, in between the currents,
contours of the axial electric induction field produced by the magnetic fields as they
change with time. These energies are responsible for synchrotron radiation observed in
the simulations (S&T: July, 1983, page 19). Cross sections of the clouds several billion
years later are shown in the figures at the top center and right. Note the similarities in
the appearances of these simulations to those of the extragalactic objects illustrated at the
bottom: a radio source at the left and the barred spiral galaxies at the center and right.



al phenomena, including the aurora. The
lectron trajectory calculation that took
tormer and his students 18,000 hours to
omplete requires but 6 seconds on a sin-
le Cray-1. A Birkeland auroral-current
heet was recently simulated on a super-
omputer; the resulting vortical-ray struc-
ire was in nearly perfect agreement with
1-sky photographs of an overhead auroral
urtain (S&T: August, 1984, page 118).

Although the scientific attitude toward
lirkeland’s theory has changed to nearly
otal acceptance, his cosmological views
iave been little discussed. He almost cer-
ainly must have obsetved some of the phe-
iomena recently “discovered” in 3-D com-
uter simulations. As Birkeland filaments
see illustrations on the previous page) —
t Birkeland current-carrying plasma
louds — interact, the resulting sequence
f events causes the clouds to produce ef-
ects generally associated with well-known
osmic phenomena.

While gravity played little role in his ex-
seriments, and he could not have known
ibout double radio galaxies nor measured
wnchrotron radiation, the radiation pat-
erns formed in the simulations do match
hose of radio galaxies. When gravity is
ncluded, close agreements between simu-
ated spiral galaxies and real ones are ob-
:ained (see illustration at right on the pre-
rious page). If correct, Birkeland’s work
ndicates that electromagnetic forces and
sncounters between galaxies are more im-
portant than previously thought.

Birkeland died in 1917 at age 49. Ironi-

cally, at the time of his death a working
committee was in the process of nominat-
ing him for the Nobel Prize in physics. It
is perhaps because of this unfortunate tim-
ing that his findings were so long neglect-
ed. Possibly the authoritative Chapman,
dictating the course of electromagnetic re-
search in the years that followed, found
the concept of electric currents in “‘empty”
space too fantastic an idea.

Carved in Norwegian on Birkeland’s me-
morial is the inscription:

He combined atmospheric nitrogen

in his electromagnetic furnace

He investigated the nature of northern light,
the Sun’s radiation

and the Earth's magnetic field.
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A voltage is generated close to the Earth’s equatorial plane whenever a highly conducting

plasma cloud from the Sun {orange) moves across the Earth’s field lines (red in this com-

puter simulation). The charged-particle flow (Birkeland currents), represented in green, is

along the field lines toward the poles, then parallel to the ground, and finally back to the
“generator” at a different latitude, along the blue-green lines.
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