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The Society of Physics Students (SPS) spon-
sored a Physics Haiku contest for its members
through the Nucleus Web site at: 
www.compadre.org/student/ 

CONTEST RULES

SPS members were invited to write
physics-related Haiku—multiple entries were
allowed and encouraged—and submit them
through the Nucleus Web site.

1) All submissions were to follow the 
5−7−5 form of classic Japanese Haiku.

2) All submissions were to be related to 
physics.

3) Judging was based on the physics 
content and adherence to more subtle 
aspects of the Haiku form as explained 
below.

WHAT IS HAIKU?
Haiku is one of the most important forms

of traditional Japanese poetry. Today, Haiku is
a 17−syllable verse form consisting of three
metrical units of five, seven, and five syllables
with the inclusion of a theme. 

WHAT TO WRITE ABOUT?
Haiku can describe almost anything.

Some of the most thrilling Haiku describe
daily situations in a way that gives the reader
a brand new experience of a well-known situ-
ation.

THE METRICAL PATTERN OF HAIKU

Haiku consists of respectively five,
seven, and five syllables in three units. In
Japanese, this convention is a must, but in
English, which has variation in the length of
syllables, this can sometimes be difficult.

THE TECHNIQUE OF CUTTING

The cutting divides the Haiku into two
parts, with a certain imaginative distance
between the two sections, but the two sections
must remain, to a degree, independent of each
other. Both sections must enrich the under-
standing of the other.

To make this cutting in English,
either the first or the second line
ends normally with a colon, long
dash, or ellipsis.

OTHER INTERESTING HAIKU:

CATEGORY: HONORABLE MENTION

Author: Paul Tandy

$110 for a Book!!
pricey physics text
cannot afford to buy it
too big to xerox

Author: Paul Tandy
Science Dollars
S-S-C did die...
now, CERN costs us even more!
how embarrassing

Not a Love Connection
she spoke C++
but I only speak FORTRAN
wasn’t meant to be

Astigmatism
particles are small
galaxies are very large
hard to see them both

Maxwell Neumonic
del dot E is rho
del dot B equals zero
ahhh!..no source for confusion

Author: Suzi Topalian
My Precious
you are here or there
and everywhere all at once
precious electron

Author: Brandon Swift
Dynamic Duo
no longer simple
electron spin adds to L
gives us fine structure

nuclear spin too
lends to even more splitting
we call hyperfine

Scattering
understanding makes
more beautiful red sunsets
and a bright blue sky

Fourier Series
lots of unknown stuff
this dark energy maybe
just epicycles

GRE
it looms over us
graduate Record Exam
you should go study

Woah.
physics is the same
here as on some other star
universal laws

Guinness for Strength!
it all is so clear
when you explain it with a
guinness bottlecap

Author: Ivan Arnold
Oops
if air were water
I would swim faster than light
making optic booms

if I’d seen it fall
I’d have eaten the apple
and never asked why

universe expands
and when the beast’s lungs are full
universe contracts

Author: George Schuhmann, SPS
Secretary at the University of Louisville
Newton saw the fall
of apple from tree to earth
and Einstein caught it

how small it can go
we shan’t know, until we have
the Stringy Thingy

Author: Josef Norgan, SPS member from
Florida
To All the Girls...
talking to a girl
face cringes when major told
Goodbye girl, goodbye!

Chicago Pile 1
Enrico Fermi
on snowy field, Reaction!
nineteen forty-two

And this last one is a contribution from our
esteemed Society of Physics Students
Director:

Singular Functions
Dirac’s Deltas are
impulsive; integrate, they’re
on the Heaviside

u

MORE PHYSICS HAIKU (continued from page 1)

Japanese Woodcut.
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MARSH W. WHITE AWARD

ST. MARY’S UNIVERSITY
Traveling Physics Shows
Advisor: Dr. Olga Lobban

UNIVERSITY OF FLORIDA
Physics on Fire
Advisor: Yoonseok Lee 

BALL STATE UNIVERSITY
Fisiks is Phun: Taking Physics to the Middle
Schools
Advisor: Dr. David Grosnick 

CARTHAGE COLLEGE
“Great America” Physics: Roller Coaster
Rally
Advisor: Jean M. Quashnock 

UNIVERSITY OF NEVADA− RENO
Taking Physics on the Road
Advisor: Dr. Katherine McCall

UNIVERSITY OF WISCONSIN−
STEVENS POINT
Rocket Launch
Advisor: Greg Taft 

INDIANA UNIVERSITY

OF PENNSYLVANIA
Laser Maze and Sling
Shot Upgrade for IUP
Physics Olympics
Advisor: Dr.
Muhammad Numan 

METROPOLITAN

STATE COLLEGE OF

DENVER
SPS Community Physics
Education Program
Advisor: Richard
Krantz 

CHICAGO STATE

UNIVERSITY
Physics for Your Future
Advisor: Dr. Justin
Akujieze 

UNIVERSITY OF UTAH
SPS Physics Outreach
Advisor: Dr. John DeFord 

ANGELO STATE UNIVERSITY
The SPS Peer Pressure Team: Enhancing
Attitudes About Science with Bernoulli and
Pascal
Advisor: Dr. Toni D.
Sauncy 

SOUTH DAKOTA STATE

UNIVERSITY
Phundamentally Physics:
Elementary
Educational Outreach
Program
Advisor: Dr. Oren Quist 

SIGMA PI SIGMA

UNDERGRADUATE

RESEARCH AWARD

CYPRESS COLLEGE
Constructing a Cosmic Ray
Detector and Investigating
the Nature of Secondary

Cosmic Rays
Advisor: Dr. Ron Armale 

PITTSBURG STATE UNIVERSITY
Analysis of Acceleration Sensitivity on
Crystal Oscillators by Measurement of
Frequency Shift Effects
SPS Advisor: Dr. R.S. Wijesinghe
Project Advisor: Dr. Jim Lookadoo 

DRAKE UNIVERSITY
Assembly and Initial Operation of a
Transmission Electron Microscope
Advisor: Dr. Athanasios Petridis 

ROWAN UNIVERSITY
Construction of an Apparatus to Study Fast
Atomic Recombination in Ultracold Plasmas
Advisor: Dr. Sam Lofland 

FLORIDA INSTITUTE OF TECHNOLOGY
Electrochemical Deposition Experiment
(EDEP)
Advisor: Dr. Rong-Sheng Jin 

OLD DOMINION UNIVERSITY
Laser Cooling and Trapping Apparatus
for Undergraduate Study
Advisor: Dr. Charles Hyde-Wright 

u
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ANNOUNCING THE 2003− 04 MARSH WHITE AND SIGMA PI SIGMA

UNDERGRADUATE RESEARCH AWARD WINNERS

The Florida Institute of Technology SPS Chapter, from to left
to right: Ian Foizen, Christina Pelzer (lower), Kristin White,
Chris Malone, Albert Einstein (former advisor), Allie
Manion, Katie Habermas, Doug Nickerson, and Robert
Wilkos. Not pictured: Andrew Johnson, Brian Wright, Linnel
Martinez, Rob Damadeo, and Stephanie Rafferty. 

The Ball State University SPS Chapter, from left to right (back
row): Bob Hill, Dr. David Grosnick (advisor), Luke Kanuchok,
Alicia Kalafut, Fred Hill, and Craig Hendrickson (treasurer).
Middle row: Chris Banser, James Klep, Lucas Snyder, and Ryan
Castor. Front row: Gabriel Anduwan, Melissa Hendrichsen
(president), and Courtney Rowe-Bultinck (vice-president).
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About 750 years ago, the Dominican
Saint Thomas Aquinas (“from near Aquino”
Italy) attempted to reconcile and merge
Catholic church doctrine with the
Aristotelian philosophy that Europe was just
then rediscovering. This worked rather better
than you might have expected, with God as
the prime mover of the celestial spheres and
so forth, and provided the background
against which the next four or five centuries
of science arose and, often, struggled. Indeed
it is possible to describe many of the most
important astronomical discoveries from
about 1500 right down to the present in terms
of and how they violated Thomistic princi-
ples. Probably one could describe them all
that way, but not in 3500 words or fewer.

Most discussions of the century or mil-
lennium in science seem to pick a top 10. I
have selected seven here, a magic number
more in keeping with the spirit we will be
violating (Sect. 6). They are arranged
chronologically, in the order in which we
now (with 20-20 hindsight) perceive the con-
tradiction of observational data with doctrine
to have become inescapable.

1. THE IMMUTABILITY OF THE

HEAVENS
The word “secular” with its dual mean-

ings of “changing monotonically with time”
and “not religious” preserves the core of this
principle of immutability. Only cyclic, peri-
odic changes were expected in the heavenly
realms beyond the lunar sphere. Accordingly,
lightning, auroras, meteors, and comets were
all regarded as atmospheric phenomena, and
rightly so in three of the four cases. Three
things came together to push change out
beyond the orbit of the moon. These were the
nova stella (“new star”) of 1572, the comet of
1577, and the extraordinarily careful and pre-
cise measurements of planetary positions in
the sky by Tycho Brahe. He looked for appar-
ent shifts of position of the nova and comet

when the rotation of the earth carried him a
few thousand miles through space. That shift
had already been measured for the moon. It
was undetectable for the nova (now known to
have been supernova) and comets. They were
truly mutable heavenly bodies.

Since then, it has gradually become evi-
dent that all astronomical objects change on
every time scale permitted by the laws of
physics, including some very rapid cases
where you have to think hard about exactly
what special and general relativity mean.
Many of those changes are well understood.
The classic example is the evolution (mean-
ing changes of individuals, not populations)
of stars, so that we can predict what our sun
will be doing 1, 5, or 10 billion years in the
future, including, sadly, frying the earth
about 5 billion years down stream.

Other changes are not at all well under-
stood. The most important is the process by
which an extremely homogeneous and
isotropic universe, whose smoothness we can
still trace with the cosmic microwave back-
ground radiation, gave way to the extremely
lumpy structures called galaxies, clusters of
galaxies, stars, planets, and people. How the
matter clumped to make these without muck-
ing up the radiation is arguably the single
largest unresolved problem in modern astro-
physics. Hints of its solution are beginning to
come to us from modern particle physics; and
one vital step to be taken, perhaps quite soon,
will be figuring out of what (or what all) the
notorious dark matter (Sect. 7) is made.

2. THE PERFECTION OF CELESTIAL

BODIES
The key word here is “immaculate” or

unspotted, and perfection often also implied
perfectly circular or spherical for the paths
and shapes of the sun and planets. The moon,
being on the edge between the divine and
celestial regimes, quite naturally had light
and dark areas on its surface. Sunspots had

been seen in both ancient and medieval
times, but always attributed to relatively dark
bodies, including Mercury and Venus, pass-
ing across the line of sight. Recognition of
stains, spots, and asphericity came with the
advent of the telescope. Galileo was (at least)
among the first to report shadows cast by

ASTROPHYSICS FACES THE MILLENIUM
— by Virginia Trimble, Department of Physics and Astronomy, University of California, Irvine, CA; and Department of Astronomy, University of Maryland, College
Park, MD. Reprinted from Johns Hopkins APL Technical Digest by permission (c) (2001) The Johns Hopkins University Applied Physics Laboratory.
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(continued on next page)

Dominican Saint Thomas Aquinas
attempted to reconcile and merge
Catholic church doctrine with
Aristotelian philosophy. 

Image courtesy of www.aquinasonline.com/
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mountains on the moon and to follow
sunspots carefully enough to recognize that
they belonged to the sun itself and demon-
strated its rotation.  In the same decade of the
1610s came Kepler’s elliptical orbits for the
planets, though Kepler initially used only
pre-telescope data from Tycho, whose suc-
cessor he had been at Prague.

Many issues in current astronomy are
closely associated with these imperfections.
After many decades of squabble, we recog-
nize that mountains on the moon result from
impacts of comets and asteroids (and rightly
worry about similar things happening on
earth), while what produced the topographies
we see on Venus and Mars are still under dis-
cussion. Various surface irregularities have
been attributed to flowing water, impacts,
volcanism, and perhaps to processes rather
different from terrestrial ones.

Sunspots and associated flares are the
sources of streams of fast-moving particles
that hit our upper atmosphere, causing auro-
ras but also short wave radio and radar fade-
outs, interruption of satellite communica-
tions, crashes of electrical power grids, and
much else. Better ways of forecasting these
events are urgently needed and being sought
during [periods] of maximum solar activity.

And, if you wish to descend to the pro-
found, sunspots, flares, and all the rest exist
because the sun has a magnetic field. It is
normally attributed to a dynamo (meaning “I
could do it in the lab, if I had a big enough
lab.”), but the large-scale magnetism of
galaxies and intergalactic space are more dif-
ficult to explain. Perhaps giant dynamos, or
lots of little ones merging, or, perhaps, what
are called “primordial fields,” meaning “I
don’t know where it came from, but it’s been
there a long time.” Another area where “more
work is needed.”

3. GEOCENTRISM AND UNIQUENESS
Various Greek philosophers had plays

with sun-centered, infinite homogeneous,
and other universes now more to our taste.
But Aristotle and Aquinas settled on earth-
centered, with heaven above and hell below,
and nothing else like the earth anywhere. The
most thorough, early-modern working out of
the sun-centered hypothesis, and how the
motions of the sun, moon, and planets in the
sky might thereby be predicted, was that of

Nicholas Copernicus, who sensibly arranged
for his De Revolutionibus Orbium
Coelestium to be published just as he was
dying, in 1543. Most of his contemporaries
and immediate successors embraced his
emphasis on uniform circular motion but
ignored his heliocentrism, the teaching of
which was part of what brought Giordano
Bruno to the stake in 1600.

Indeed observations did not then yet rule
out a geocentric system. The big step came,
again, from Galileo. First were the moons of
Jupiter. Anybody could see they went around
Jupiter, not the earth. The universe was not,
anyhow, single-centered. Second, and tricki-

er to interpret, were the phases of Venus,
which, in Galileo’s own cryptogram, imitate
those of the moon, from crescent to full and
back again. Only a Cytherean orbit around
the sun makes this possible. The more direct
evidence that we go around the sun is paral-
lax, the apparent shift in stellar positions as
we move around a circle of nearly
200,000,000 miles diameter each year. By
the time parallaxes were first measured in

1838 (essentially simultaneously by three
widely separated people), no one capable of
understanding the issue was still in doubt.

Well, not geocentric then. But most
astronomers concluded that the solar system
must be quite close to the center of the sys-
tem of stars called the Milky Way or Galaxy.
Much of the problem was that they had not
allowed for star light being scattered and
absorbed by dust in interstellar space (where
would you think the edges of the earth were
if you had never seen anything but a smoggy
Los Angeles or Foggy Bottom day?!). And it
was not until 1918−1920 that Harlow
Shapley of Mt. Wilson Observatory showed
that the galactic center was something like
20,000 times as far from us as the nearest
stars. The recognition that space teems with
galaxies and that the Milky Way is pretty
average, followed soon in work by Edwin
Hubble, also of Mt. Wilson (and best known
for the 1929 discovery that we live in an
expanding universe, another tie with Sect. 1).

Other planetary systems also exist.
Observations of motions of stars along their
directions toward and away from us started
revealing little wiggles (due to mutual orbit-
ing with planetary companions) in the 1990s
as technology advanced to being able to mea-
sure them. First was the companion of 51 Peg
in 1995. There are now a few dozen, includ-
ing at least one case of three planets belong-
ing to a single star, Upsilon Andromeda. All
are “hot Jupiters”—with masses like the
giants of the solar system, but small distances
from their stars. Indeed no others yet could
have been seen.

The outstanding questions are perhaps
too obvious to mention. Does the existence of
these hot Jupiters around 5 percent of nearby
stars make the existence of earth-like planets
around the others more or less likely?  What
sorts of atmospheres and hydrospheres will
they have?  And does anybody live there?
We know how to make progress on all three
issues, though interferometers in space will
almost certainly be required.

4. THE FINITE SPEED OF LIGHT
Curious that anyone should care about

this, but Aristotle’s theory of vision and
indeed Descartes’, required that we perceive
things instantaneously as they are. Galileo
(yet again) was the first to record an attempt
to show whether light took time to travel. He
and a co-investigator, each carrying a lantern,
stood on adjacent mountain tops. Galileo

ASTROPHYSICS FACES THE MILLENIUM
(continued from page 4)

(continued on next page)

Galileo Galilei was among the
first to report shadows cast by
mountains on the moon and to 
follow sunspots carefully enough
to recognize that they belonged to
the sun itself and demonstrated its
rotation.  Image courtesy of AIP.
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uncovered his lantern; the co-I uncovered his
as soon as he saw the flash; and Galileo
timed the interval until he saw the return
flash. It was essentially human reaction time,
and he concluded that light was, anyhow,
very fast.

The first number for c came in the 1670s
from Ole Romer of Paris and Copenhagen
(the inventor of the Fahrenheit thermometer
and much else). He timed eclipses of the
Galilean moons of Jupiter and found them
coming early or late relative to the average,
depending on whether our distance from
Jupiter was larger or smaller than average.
Looking back at the numbers he reported,
you discover that his c would have been good
to about 15 percent if his generation had
known the size of the solar system well
enough. Cartesians were not impressed.

The final word on the issue came from
James Bradley, who, looking for parallax
(but not yet finding it), in 1729 did find the
so-called aberration of star light. This is the
equivalent of tipping your umbrella forward
as you walk into the rain. The earth goes
around the sun at about 30 km/s, and Bradley
had to tip his telescope forward about 20 arc-
seconds to catch the rain of photons from
stars, meaning that the speed of light is larg-
er than the speed of the earth by a factor of
10,000. Because the aberration effect is the
same for distant quasars as for nearby stars,
we can say that the speed of light cannot vary
significantly over the volume or age of the
observable universe.

Today, we use our telescopes as time
machines, using the finite speed of light to
look back nearly 90 percent of that age, to
watch the tail end of the processes by which
small galaxies merge to make large ones,
form quasars at their cores, and gradually
turn their gas and dust into successive gener-
ations of stars. Decoding what we see to fig-
ure out the actual time history of star forma-
tion is another area of active research, using
data gathered at every wavelength, from
radio and submillimeter to X-rays and
gamma rays.

5. FIRST CAUSES AND THE

UNIFORMITY OF NATURE
The discoveries that if you stop pulling

your sledge it stops moving and that if you let
go of your banana it falls were probably

made by a Zinjanthropan named Og. The
celestial spheres, in contrast, had already
been turning for a long time and no planets
had fallen lately when Aristotle and Aquinas
wrote. It was, therefore, necessary to postu-
late heavenly natural principles different
from terrestrial ones and/or angelic hosts,
whose job was to keep the spheres in place
and moving. Doubts about just how different
[the] celestial was from [the] terrestrial clear-
ly trace back to Galileo and before, but the
undoubted culture hero of this area is Isaac
Newton, whose 1687 work Principia
Mathematica contained, among much else of
importance, a demonstration that the orbit of
the moon can be described by the same equa-
tions that govern the motion of projectiles
(and apples) on earth.

Within the 20th century this concept of
“same physics everywhere” has been obser-
vationally extended to the force of electro-
magnetism and nuclear interactions as well
as beyond Newtonian gravity to general rela-
tivity. For instance, the strength of the elec-
tromagnetic force cannot have changed by as
much as a part in 10 trillion per year since the
quasars were young, 10 billion years ago.
Nuclear reactions when the universe was hot
and young had the same reaction rates and
products as in our laboratories. And orbits of
binary pulsars are better described by
Einstein’s equations than by anything else
anybody has been able to think of.

Recently we have moved beyond look-
ing at the four (and only four!) forces one by
one to attempt to unify them in somewhat the
same way J.C. Maxwell unified the phenom-
ena of electricity and magnetism into his the-
ory of electromagnetic forces and fields. The
evidence probably lurks in processes that can
occur only at very high energies, perhaps on
the edge of what can be achieved in laborato-
ry accelerators, perhaps beyond it. Thus the
universe is once again our particle physics
laboratory, being searched for the new kinds
of particles and fluctuations in the
microwave background that should be the
signatures of grand and super-unification, as
it was in the 1930s, when the positron and
other new particles were discovered in cos-
mic rays.

6. IS THERE ANYTHING NEW

UNDER THE SUN? 
Seven was obviously exactly right for

the number of “planets” (wanderers) in the
Greek and medieval skies. They were, of
course, the sun, moon, Mercury, Venus,
Mars, Jupiter, and Saturn, corresponding to
the seven days of the week, the seven
archangels, the seven deadly sins, and so
forth. Even Bruno, when he pinned the sun
down at the middle felt a need to keep seven
planets, and so counted the moon along with
the Earth and the traditional five.

The 1781 accidental discovery of
Uranus by William Herschel was thus a
major surprise, as much to its discoverer as
anyone else. The first two asteroids turned up
in 1801 and fitted into a gap in Bode’s Law
(not a law and not due to Bode) by the time
analysis of irregularities in the motion of
Uranus led to the discovery of Neptune by
Galle in Berlin in 1844; and no, I am not pre-
pared either to adjudicate between J.C.
Adams and U.M.M. Le Verrier about who
did the arithmetic of the prediction first or to
pontificate on whether Pluto is “really” a
planet.

From that day to this, every time we
have opened up a new window, we have seen
not just new astronomical objects but new
kinds of objects. Radio astronomy brought us

ASTROPHYSICS FACES THE MILLENIUM
(continued from page 5)

Sir Isaac Newton, from a portrait by
Kneller in 1689.
Photo credit: www-gap.dcs.st-

and.ac.uk/~history/PictDisplay/ Newton.html

(continued on next page)
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— by Phillip F. Schewe and Ben Stein

SEDNA, A PLANET-LIKE OBJECT, IS THE
MOST DISTANT BODY in our solar planet dis-
covered so far and is probably the largest thing
found in the solar system since the discovery of
Pluto in 1930.  First spotted using a modest 48-
inch telescope by Caltech astronomers, and then
scrutinized by much larger scopes, Sedna is
believed to have a 10,500-year orbit around the
sun, and is presently about 13 billion km away but
should swing as far away as 130 billion km in its
elongated trajectory before returning toward the
sun.  At that extremity, Sedna would be at a dis-
tance of about 900 astronomical units (1 AU = the
distance between earth and sun).  Astronomers
who have studied the object believe it is smaller
than Pluto and might represent the first object
from the Oort Cloud to be glimpsed.  Long held to
be the outermost preserve of matter in the solar
system, the Oort Cloud (or at least its inner edge)
might be a bit nearer than previously thought, if
Sedna is indeed an Oort object.  (NASA press
conference, 15 March.)

UNAMBIGUOUS IDENTIFICATION OF
COPPER ISOMERS has been achieved in a
radioactive-beam experiment at CERN, helping
scientists better understand what goes on inside
nuclei and learn more about the personality of the
nuclides.  Isomers are the excited states of a spe-
cific nucleus (they differ slightly in their masses)
and should not be confused with isotopes, which
are nuclear species with the same number of pro-
tons but a different number of neutrons. Excited
atoms return to their resting (ground state) levels
by emitting photons.  Excited nuclei, by contrast,
relax by emitting alpha particles (nuclear frag-
ments consisting of two protons and two neu-
trons), beta particles (the antiquated name for
electrons and positrons from a time before the
nature of this radiation was known), and gamma
rays (the highest energy photon type).  The excit-
ed states of atoms can be populated by inputting
laser energy (in electron-volt lumps or less).
Populating nuclear isomers isn’t quite that easy
since the difference in energy states is measured
in millions of eV. Almost half of all known
nuclides have isomers. Their half-lives range from
nanoseconds to beyond the age of the universe.
Here’s how isomers are excited and studied.  At
the ISOLDE (the On-Line Isotope Mass
Separator) facility an exotic radioactive species
can be created by proton bombardment, preselect-
ed by conventional mass spectrometry, and then
captured and contained in a Penning trap, an
enclosure using both electric and magnetic fields
that makes the ions whiz in looping trajectories.
The mass of the ion can be deduced from its
orbital period (the cyclotron frequency) to better

than one part in 10 million (for an earlier paper
establishing the masses of several argon isotopes
to unprecedented precision, see Blaum et al.,
Physical Review Letters, 31 Dec 2003). In the pre-
sent experiment, the isotope in question is copper-
70. Having caught the specimens in their trap, the
physicists were able to distinguish two excited
states and the ground state (all of which relax via
beta decay) by measuring with the Penning trap
mass spectrometer ISOLTRAP the cyclotron fre-
quency of each isomer, and thus their mass (excit-
ed states are a bit heavier than the groundstate).
The new observations have cleared up some mys-
teries as to specific assignments of spin and mass
in the isomers of Cu-70. Furthermore, since Cu-70
has 41 neutrons, the results provide an important
step in understanding the complex structure of
nuclides with one neutron less (N = 40) which
correspond to a closed sub-shell. Moreover it
demonstrates the power of the techniques used for
future nuclear structure studies. (Van Roosbroeck
et al., Physical Review Letters, upcoming article;
contact Klaus Blaum, klaus.blaum@cern.ch, lab
Website at http://isoltrap.web.cern.ch/isoltrap/.) 

ULTRA-LOW FRICTION, WITHOUT
LUBRICANTS, has been observed in an experi-
ment at the University of Basel in Switzerland,
with interesting implications for possible nan-
otech applications. The dragging of a force micro-
scope tip across the surface atoms of a sample
(size regime of one-billionth meter) is not unlike
the motion of underground tectonic blocks (size
scale of tens of thousands of meters): in both cases
the sideways motion of one object past another
gets stuck for a while until sufficient lateral force
builds up when motion is resumed, sometimes
with a jerk and a dissipation of energy.  This
“stick-slip” syndrome—the main scenario for
friction at the atomic level—can be smoothed
somewhat by lubricants, but the new experiment
at Basel shows that if the load (the object on top)
is made light enough it can slide along a surface
without any friction (and with no lubricants pre-
sent), at least not at a sensitivity level of 1011

newtons.  According to Enrico Gnecco, the glid-
ing of a force microscope tip across a sample was
observed to undergo a transition from stick-slip to
continuous sliding and that this is very useful in
the realm of nanoelectromechanical (NEM)
devices, where nanosleds and nanocontainers
might be moved around with negligible dissipa-
tion. (Socoliuc et al., Physical Review Letters,
upcoming article; Web site at monet.physik.uni-
bas.ch/gue/uhvafm.)

MICROFLUIDIC MACHINES, self-assembled
and yet reconfigurable, have been created by a
collaboration of Northwestern, ProChimia
Poland, and Harvard scientists. The machines

consist largely of patterns of rotors that perform a
variety of tasks in a liquid environment—manipu-
lation or sorting of floating particles and microre-
actors in which mixing of reagents and microcrys-
tallization can be performed. The rotors are made
in tiny molds and then loosed onto a liquid-air
interface, where they are guided into place and set
spinning by electromagnets positioned beneath
the interface. By changing the magnet activity, the
overlying rotors can be put into new arrangements
for carrying out a new job. The rotors are at the
millimeter scale but can be made much smaller.
Unlike conventional machines the rotor arrays
have no fixed axles and are virtually friction free.
(Grzybowski et al., Applied Physics Letters, 8
March 2004, contact Bartosz Grzybowski or
George Whitesides.)

MULTILEVEL MOLECULAR MEMORY. In
conventional memory cells a bit of information is
either a zero or one. (In hypothetical quantum
computers, a bit could be both a zero and a one at
the same time but that kind of nimble balancing is
years away from exploitation and so bits continue
to be bilevel.)  In the meantime one way of cram-
ming more data into a fixed lateral region on a
data storage device, other than shrinking the cell’s
size, is to store more than one bit in each memory
cell. This is one goal of molecular electronics (or
“moletronics”) where, for instance, one would
like to store information in the form of parcels of
charge placed at several active sites around a sin-
gle molecule. A USC/NASA-Ames collaboration
has taken a step in the direction of such a chemi-
cal memory by producing a memory cell with

PHYSICS NEWS UPDATE
The American Institute of Physics Bulletin of Physics News

(continued on next page)

An overhead picture of 12 rotors self-assem-
bled above an array of 12 (hidden) electro-
magnets, and powering three non-magnetic
disks. 

Reported by: Grzybowski et al., Applied
Physics Letters, 8 March 2004

http://www.aip.org/mgr/png/2004/212.htm
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three different controllable bit states, with a total
of 8 (2 raised to the 3rd power) distinct levels.
This multilevel molecular memory unit works by
charging or discharging “molecular wires” con-
sisting of molecules (attached to an underlying
nanowire) into different chemically reduced or
oxidized (redox) states. The information stored in
the unit can be read back out by sampling the
resistance of the nanowire; the attached redox
molecules act, in effect, as chemical gates for con-
trolling the number of electrons in the nanowire.
In tests so far the data written this way has sur-
vived for as long as 600 hours, compared to reten-
tion times of a few hours for one-bit-per-cell mol-
ecular memories. The researchers (contact
Chongwu Zhou, USC) are attempting to make
more extended memory chips using the new prin-
ciple. Data density rates as high as 40 Gbits/cm2

are expected. (Li et al., Applied Physics Letters,
cover story in the 15 March 2004 issue.)

HIGH-SPEED COLOR TELEGRAPH.
Companies in the competitive telecommunica-
tions industry have always sought to produce
components that deliver an optimal combination
of speed, cost, power consumption, size, and
bandwidth (the range of wavelengths over which

signals can be transmitted). A
new trend in the telecom busi-
ness over the past few years
has been for component ven-
dors to move up the “food
chain,” as it were, into the
business of system design and
integration of such devices as
transponders and transceivers.
This is especially true of
recently developed optical
transmitters on a chip. What
the telegraph was to digitized
information sent down a wire
in the 19th century, the optical
transmitter is to the 21st.
These transmitters integrate a
versatile laser (the analog of
the telegraph signal) with a
modulator (the analog of the
telegraph key operator), which
chops the laser output into the
desired signal pattern before it
is sent down an optic fiber. At
the Optical Fiber
Communications (OFC) meet-
ing in Los Angeles last month,
Yuliya A. Akulova of Agility
Communications, Inc., Santa
Barbara, CA,  reported on a
new single-chip optical trans-
mitter, which operates at a rate
(10 Gb/sec) four times faster
than previous widely tunable
(100 different channels, or

“colors,” are possible) models. The new Agility
transmitter integrates on a single 4-mm chip a
sampled grating distributed Bragg reflector laser
(in which laser light builds up by repeated reflec-
tions from a series of fine gratings) with a Mach-
Zehnder modulator (where the laser pulse is split
into two beams, which travel through two differ-
ing paths before being brought back together
again in either constructive or destructive interfer-
ence, corresponding to the two binary states—
“on” or “off”). 

THE ACCELERATING EXPANSION of the
universe, the notion that the big bang enlargement
of spacetime is not slowing down but actually
gathering speed, has received new experimental
support in the form of supernova observations
made by the Hubble Space Telescope (HST).
Previous evidence for such a cosmic acceleration
consisted of studies of the dimness of remote
supernovas and represented a major revision for
some scientists who had long thought that the
mutual gravity among galaxies would slow or
even reverse the cosmological expansion. The
new HST observations consist of reexaminations
of 170 previously studied supernovas and the
announcement of 16 new objects, including 6 of

the 7 most distant Type Ia supernovas yet record-
ed. The new data are in line with the accelerating-
expansion hypothesis employing the mysterious
mechanism usually referred to as “dark energy.”
The energy of the universe would be divided up as
follows: 29 percent in the form of matter (dark
plus luminous) and 71 percent as dark energy.
(NASA press conference, 20 February 2004;
Riess et al., preprint astro-ph/0402512.)

SUB-WAVELENGTH LENSING in flat panels
of left-hand materials (LHM) has been seen in two
new experiments. What this means is that a planar
sheet—and not something that has to be machined
into a traditional lens shape—can be used to focus
light into a tight spot. The size of this spot, fur-
thermore, is less than half the wavelength of the
light being used. Getting around the venerable
“diffraction limit” (whereby an object smaller
than the wavelength is difficult to image) would
be a boon to optics (in the microwave range, for
example, wireless communications would benefit
at the level of cell phones and base stations) and is
normally achieved only by parking the object very
close to the source of the illumination. Left-hand
materials (so called because the “right-hand rule”
used by physicists to picture the relation between
a light pulse’s electric and magnetic fields and its
line of propagation is here reversed) possess a
negative index of refraction. This fact, in turn,
means that a light ray approaching from air into
the LHM material will be deflected not toward but
back and away from a line drawn perpendicular to
the surface of the material. It is this bizarre deflec-
tion that leads to novel optical effects. When the
idea of the LHM phenomenon was first pro-
pounded, many felt that such materials could not
exist. Even after the first experiments were report-
ed, skepticism lingered. Later, more evidence
arrived showing preliminary lensing effects with
flat panels, the hallmark of LHM optical abilities.
Now, two groups have more direct evidence for
flat-panel lensing and for better-than-wavelength
focusing. George Eleftheriades and his colleagues
at the University of Toronto, using a material
devised from printed metallic strips mounted on a
plane and sandwiched between two patterned
sheets, show that a source of microwaves can be
lensed better than the diffraction-limit would
allow but not into a “perfect focus” called for in
some LHM theories. On the positive side, the
energy losses in the material that some commen-
tators had predicted would hamper prospective
LHM lenses (and their potential use in medical
imaging or radar sets, say) were actually quite
minimal. Meanwhile, Vladimir Kissel and his
associates at the Institute for Theoretical and
Applied Electromagnetics in Moscow have also
observed “superresolution” in their lensing of
microwaves with a flat panel, achieving a spatial
resolution as good as one-tenth the wavelength.
(Toronto group, Grbic and Eleftheriades, Physical
Review Letters, upcoming article; Moscow group,
Lagarkov and Kissel, Physical Review Letters, 20
February 2004.) u
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Reported by: Li et al., Applied Physics Letters, upcoming 
article.

http://www.aip.org/mgr/png/2004/213.htm

Schematic diagram compares a conventional silicon flash memory (a) and the proposed
molecular memory (b) for multilevel nonvolatile data storage. (c) Schematic of the
nanowire with self-assembled molecular wires such as the Fe2+-terpyridine (d) com-
pound used in this study. Our memory takes advantage of self-assembling and promises
higher integration density due to the simple device structure employed.
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the quasars and (with the addition of precise
time resolution) the pulsars, and X-ray
astronomy—the first clear-cut examples of
real black holes. Gamma rays carry direct
evidence for the production of heavy ele-
ments from light ones in supernovae and
(again with time resolution of milliseconds
or better) the gamma ray bursters, which are
perhaps signatures for the formation of black
holes from very massive stars or from pairs
of neutron stars.

“Windows” that need opening include
not just new wavelength bands and better
timing but also sharper images (think of all
that Hubble Space Telescope publicity), bet-

ter wavelength resolution (meaning better
velocity measurements and composition
analysis), and more sensitive detectors. Work
is in hand in all these areas. The least-
explored wavelength bands include very long
radio waves (you need a really big antenna
outside the earth’s magnetosphere), the
longer infrared wavelengths (for which our
atmosphere is both an absorber and a noise
source), and the hardest X-rays (for which
we still have no all-sky survey).
Interferometry and adaptive optics are buzz
words that have to do with attempts, now
beginning to succeed, to fool mother nature
into allowing us sharper images than the lim-

its set by atmospheric blurring. And devices
pioneered by our colleagues in condensed
matter physics, like superconducting tunnel
junctions, are just beginning to find a place
as detectors that can record simultaneously
the time of arrival of a photon, where it came
from on the sky, and its energy.

On beyond lie the frontiers of neutrino
and gravitational radiation astronomy. There
is probably a Nobel Prize waiting for the
woman who figures out how to measure the
cosmic neutrino background, corresponding
to the 3 Kelvin microwave one, because it
probes much further back into the history of
the universe. If you feel that LIGO and
VIRGO (very expensive American and
European projects aimed at the detection of
gravitational radiation from merging pairs of

ASTROPHYSICS FACES THE MILLENIUM
(continued from page 6)

Whether inducted 60
years ago or last month, all
members of Sigma Pi Sigma
(the national physics honor
society) are invited to attend
and participate. Sessions will

explore how Einstein’s 1905 contributions are still impacting
physics today. Other sessions will discuss honor and ethics in
science. Here, too, Einstein provides a model. His letter to
President Roosevelt of August 2, 1939, soon led (under the
leadership of others) to the Manhattan Project. As a vocal paci-
fist, and as a refugee from Nazi brutality, Einstein signed that
somber letter with reluctance. With the rise of Fascism and,
coincidentally, nuclear physics in the same decade, Einstein’s
dilemma of 1939 well illustrates how the applications of sci-
ence must be guided by ethical principles. Since nuclear
weapons were first built and tested within two hours’ drive of
the site of our 2004 Congress, we believe Einstein would be
pleased for us to discuss these matters as part of our meeting. 

DISTINGUISHED SPEAKERS INCLUDE:
v Jocelyn Bell-Burnell, Discoverer of Pulsars; 
v Carl Wieman, Nobel Laureate, Bose-Einstein 

condensation in dilute gases of alkali atoms; 
v John Marburger, Science Advisor to the President of 

the United States; and 
v John Rigden, author, Hydrogen, The Essential Element. 

Congress participants will have a special opportunity to
visit the Trinity Site, where the first atomic bomb was deto-
nated in 1945. Trinity is normally open to the public only two
days a year. Through a special agreement, White Sands Missile
Range is opening the site, just for Congress participants who
arrive a day early to tour (Thursday, October 14, 2004).

For updates on the Congress, or to express an interest in
attending, visit: www.sigmapisigma.org/congress.

Calling all chapters of Sigma Pi Sigma! Each chapter send
“ONE & ONE.”   

“Perpetuate the Heritage & Promise” by sending ONE
Sigma Pi Sigma alumnus (through personal invitation) and
ONE current undergraduate member (through fundraisers) to
be voting delegates to the Congress and to make connections
with influential physicists from around the world. Others
besides the “one & one” participants are, of course, invited to
attend the conference.

For more information about the “One & One” program,
please visit: www.sigmapisigma/congress/one&one.

We look forward to seeing you in Albuquerque this fall!

u

(continued on page 15)

2004 QUADRENNIAL CONGRESS OF SIGMA PI SIGMA

“HERITAGE & PROMISE”
OCTOBER 15− 16, 2004

UNIVERSITY OF NEW MEXICO, ALBUQUERQUE, NM 
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neutron stars and such) ought to be men-
tioned here, consider them mentioned.

7. THE FALL AND RISE OF

QUINTESSENCE
An ancient Greek periodic table would

have included four elements, earth, air, fire,
and water, responsible for terrestrial phe-
nomena, and, stuck out to one side, the fifth
element or quintessence responsible for the
celestial ones. Copernicus, Tycho, Kepler,
Galileo, and Newton all contributed to mak-
ing the heavens seem more earth-like. The
coup de grace came in 1859 from spectro-
scopists Robert Bunsen and Gustave
Kirchoff, who saw in the light of the sun fea-
tures identical with ones produced by sodium
and iron vapor in the laboratory. For the next
120 years or so, the stars were made of peo-
ple stuff, as well as people of star stuff. This
remains true for every bit of every star,
galaxy, quasar, planet, or gas cloud from
which we receive any form of electromag-
netic radiation.

But there is also stuff in the universe
that neither emits nor absorbs such radiation
at any detectable level. This is the notorious
dark matter. We know, beyond reasonable
doubt, that it makes up 90 percent or more of
the matter exerting gravitational influences
that keep the stars together in their galaxies
and the galaxies in their clusters. Fritz
Zwicky, Jan Oort, and others who found
early evidence for it, before the radio and X-
ray windows had been opened, naturally
assumed that the dark stuff was all small
stars, gas clouds, and faint galaxies. These
can now be excluded. We see small stars, gas
clouds, and faint galaxies. They exist, but do

not dominate anywhere, at least in
majority opinion. 

What else might be out there?
The standard phrase is nonbary-
onic (meaning something other
than matter made of atoms with
protons and neutrons—baryons—
in their nuclei) dark matter (mean-
ing no electromagnetic radiation)
candidates (meaning that the evi-
dence for any one is not unam-
biguous). A complete table runs to
a couple of single-spaced pages
and always gets a laugh when
shown in colloquia. Particularly

promising entries include neutrinos with just
a tiny bit of mass (for which there is inde-
pendent evidence from studies of neutrinos
produced in the sun and by cosmic rays) and
particles predicted by attempts to unify the
forces (Sect. 5) and given names like
WIMPs, inos, and LSP (lowest-mass super-
symmetric particle). Some kinds of black
holes and Einstein’s infamous cosmological
constant (with again some independent evi-
dence based on the brightnesses of distant

supernova explosions) also live on the list, as
do a couple of theories of gravity that differ
enough from general relativity to let the
observed baryonic masses be sufficient to
bind the heavens.

With remarkable self-control, physicists
refrained for almost 30 years from calling
any of these quintessence. The word has,
however, been revived in the late 1990s to
label one of the strangest DM candidates—
stuff that exerts negative pressure. It’s a little
difficult to imagine, but suppose you had a
balloon blown up with some combination of
baryons (gas) and quintessence. If you let a
bit of the gas out, the balloon shrinks. Let a
bit of quintessence out and the balloon
expands. Don’t try to breathe it!

How am I betting on all these candi-
dates?  If, in addition to dark baryons, you
allow some neutrinos with rest mass, one of
the WIMP or LSP items, and either a cosmo-
logical constant or quintessence, the mix
does a good job of fitting most of the obser-
vations of the large scale structure and evo-
lution of the universe and, in addition, may
provide part of the answer to how galaxies
form (Sect. 1), bringing us back to where we
started.

u

LIGO Hanford Observatory in Richland, WA.

ASTROPHYSICS FACES THE MILLENIUM
(continued from page 7)
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“What is there in places almost empty of matter, and whence is
it that the sun and planets gravitate towards one another, without
dense matter between them?... 

“The attractions of gravity, magnetism, and electricity, reach  to
sensible distances, and so have been observed....”

Isaac Newton, Optiks (1730)

FORCES AND FIELDS
Matter creates fields. By virtue of its mass the “source particle”

produces the gravitational vector field g; by virtue of its electric
charge it produces the electric field E; and if the charge moves it pro-
duces a magnetic field B. Fields act back on matter, telling a
“response particle” how to move. A response particle of mass mo and
charge qo that finds itself in fields gets pushed and pulled by them
according to F = dp/dt: 

mo g + qo E + qo v × B =  mo dv/dt . (1)

In terms of energy, we describe these interactions with kinetic energy
and scalar fields, or “potentials,”

E =  ½mov2 +  mo f +  qoV , (2)

where f and V are respectively the gravitational and electric poten-
tials produced by the source particle. In this article we study the first
statement, the solution of the “field equations” that relate fields to the
sources that create them. The field equations for the vector fields are
(in General Physics language) the “closed path line integrals” and the
“closed surface flux integrals.” A theorem named after Helmholtz
states and proves the assertion that, in effect, if you know the closed-
surface flux integral and the closed-path line integral for a vector
field, then you know the vector field.[1]  

THE GRAVITY FIELD EQUATIONS AND THEIR

SOLUTION
Newton’s law of gravitation forms the solution of the field equa-

tions for g. The flux integral for g, also known as Gauss’ law for grav-
ity, relates g to its source masses:

n g · n dA =  −4pG menclosed (3)

where n denotes the normal vector pointing outward from the patch
of  area  dA that’s  part of  the  closed surface  enclosing  the  mass 
menclosed. The line integral follows from the gravitational force mog
being conservative:

n g · dr = 0 . (4)

Together Eqs. (3) and (4) show that the streamlines of g do not close
back on themselves in whirlpools (that’s Eq. 4), and they do converge
towards the masses that produce them. Newton’s constant G sets the
scale for the intrinsic strength of gravity,

G = 6.67 × 10−11 Nm2/kg2 . (5)

Because G is so small, it takes a large m to make a strong gravita-
tional field!  

Let the source particle be located at r’ relative to the origin. The
objective in solving the field equations is to find the field as it exists
at some other position, the “field point” located at position r relative
to the origin (see the sketch below). The vector R from the source
point to the field point (see Fig. 1) we denote 

R ≡ r − r’ . (6)

It will prove convenient to introduce the unit vector e that emanate
from the source point to the field point

e ≡ R/R =  [(x − x’)i + (y − y’)j + (z − z’)k]/R , (7)

where

R = [(x − x’)2 + (y − y’)2 + (z − z’)2 ]½ . (8)

For a point source of mass m, the field equations (3) and (4) have
“Newton’s law of gravitation” for their solution,

g(r) = (−e) Gm /R2

=  −∇φ (r) (9)

so that gx = −∂φ/∂x, etc., where    

φ(r) ≡ −Gm /R . (10)
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(continued on next page)

General Physics Field Equations and Their Solutions

ELEGANT CONNECTIONS IN PHYSICS

— by Dwight E. Neuenschwander

Fig. 1.  R denotes the vector from the source point to the field point. 
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We call φ(r) the “gravitational potential,” a scalar field.  Here we con-
sider static gravitational fields; they are functions only of r, as indi-
cated[2]. When the source consists of more than one source particle
(as in an entire planet or galaxy), the total gravitational field follows
from the superposition of the fields of the many point sources:

g(r)  =  −G * dm e /R2 , (11)

or, in terms of the potential,

φ(r)  =  −G * dm/R . (12)

One typically finds φ easier to calculate than g, because as a scalar, φ
does not “care about” directions. There’s also a conceptual distinction
between g and φ, the distinction between force and energy per unit
mass. 

If you know g(r) and need to find φ(r), you go the opposite way
from the gradient and integrate:

φ(r) =   − * g(r) · dr + const , (13)

where boundary conditions set the arbitrary constant, typically by
choosing φ to vanish at infinity. 

Once Newton’s law of gravitation and the superposition princi-
ple are in hand, everything else in Newtonian gravity theory follows
from mathematics. We now pursue a similar solution of the field
equations for the electric and magnetic fields.

ELECTRIC AND MAGNETIC FIELD EQUATIONS
In General Physics we learn that the Coulomb electric field

ECoulomb, like g, exhibits no whirlpools: 

n ECoulomb · dr = 0 . (14)

But in contrast, when we studied magnetic fields including Faraday’s
law, we found that a changing B field produced another version of the
E field that does show a whirlpool:

n EFaraday · dr = −d/dt * B · n dA . (15)

In General Physics we also learned Gauss’ Law for the electric
field E, where E now denotes the total electric field, ECoulomb +
EFaraday,

n E · n dA = 4πke qenclosed , (16)

because the Faraday field, closing back on itself, contributes zero to
the closed-surface flux integral. 

The field equations in general for E and B are given by
Maxwell’s Equations, which relate these fields to their sources and to
each other. In space devoid of all matter except for the source
charges, Maxwell’s Equations, in the integral form as we saw them in
General Physics, say

n E · n dA = 4πke qenclosed (17)

n B · n dA = 0 (18)

n E · dr = −d/dt * B · n dA (19)

n B · dr = * [4πkm J + (1/c2)∂E/∂t] · n dA (20)

where J denotes the current density. In Eqs. (19) and (20), the line
integral is evaluated around the boundary of the surface of the flux
integral. For the electric coupling constant we have

ke = 9 × 109 Nm2/C2 , (21)

and for the magnetic coupling constant

km ≡ ke/c2 = 10−7 Ns2/C2 . (22)

The electric force is much stronger, atom for atom, than the gravita-
tional force; for example, the electric force between two protons is
about 1036 times larger than the gravitational force! 

Here I present the E and B fields that are the solutions of
Maxwell’s Equations for a point source of charge q. This approach
follows that taken by Richard Feynman in his celebrated Feynman
Lectures on Physics.[3]  The history of the electric and magnetic field
concepts are, of course, quite different from the logical structure
enunciated here. The Coulomb and Biot-Savart fields for static
charges and steady electric currents were first discovered empirically
by Coulomb (late 1700s) and Biot and Savart (early 1800s). In the
1820s Oersted discovered that an electric current produces a magnet-
ic field. By the mid-1800s, thanks to Michael Faraday’s experiments,
it was found that changing magnetic fields also produce electric
fields. Electromagnetic theory was made mathematically consistent
by James Clerk Maxwell in the 1860s. To enforce consistency with
local charge conservation, Maxwell realized that a changing electric
field must produce a magnetic field, in symmetric counterpoint to
Faraday’s law.

E and B are in general functions of r and time t, but for now
these arguments will be suppressed and made explicit later. The E
field boasts two contributions, the Coulomb and Faraday fields:  

E = ECoulomb + EFaraday (23)

The magnetic field may be written in terms of E,

B(r,t) = e × E /c (24)

and will occupy us after we describe the terms in E. 
The Coulomb field depends on merely the existence of the

source charge, and looks seductively analogous to the Newtonian
gravitational field, 
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ECoulomb =  (ke q/R2)(e) . (25)

However, this mathematical similarity hides a crucial physical
difference: while mass (so far as we know) comes in only one sign,
electric charges come with either a positive or a negative sign.
Benjamin Franklin, America’s first physicist of international reputa-
tion, was the first person to show that the two kinds of electricity pre-
viously known as “vitreous” and “resinous” were, in fact, additive
inverses of one another.[4] 

Furthermore, moving electric charges often produce large
Faraday electric fields where, by comparison, the Coulomb field is
negligible. The Faraday field includes one set of terms that “turn on”
when the source particle has a velocity and another term that “turns
on” when the source particle accelerates:

EFaraday =  Evel + Eacc . (26)

Like the Coulomb field, the velocity-dependent field goes as 1/R2; but
the numerator of the velocity field contains three terms, two of order
v’/c and one of order (v’/c)2, where c denotes the speed of light: 

Evel =  (ke q/R2)[2(v’l /c) − (v’♥/c) − e (v’♥/c )2] (27)

where the source particle’s velocity is  

v’ = v’l + v’♥ (28)

and v’l and v’♥ are respectively parallel and perpendicular to −e (−e
is the “line of sight” vector from the observer to the source point). 

More traditionally we call Eacc the “radiation field,” henceforth
denoted Erad, because this field leads to electromagnetic radiation. In
the solution to Maxwell’s equations it’s given by

ERad =  − (ke q/c2) a’♥/R (29)

where a’ = dv’/dt and a’♥ denotes the component of the source par-
ticle’s acceleration perpendicular to e as illustrated in Fig. (3) on page
14. Note that ERad goes as 1/R.

Now for the time dependence: because a change in the electric
field propagates at the speed c, the field you observe at the position r,
at time t, was emitted by the source at the time R/c earlier. The sun-
light shining right now on the tree you’re sitting under departed the
solar surface eight minutes ago. The light from the Andromeda galaxy
you’ll see tonight through your binoculars will hit your retina over
two million years after it departed that galaxy!  We must build this
time delay into our expressions for the field:

E(r,t) = [ECoulomb + Erad + Evel] t−R/c . (30)

When the observer at r detects the field at time t, the argument on the
right-hand side is evaluated at the time t−R/c, as the subscript reminds
us.

We usually find ourselves analyzing situations where either E ≈
ECoulomb or E ≈ Erad. When the particle has negligible acceleration
and its velocity is small compared to c, the Coulomb field dominates.
In contrast, at field points far from the source point, when the source
particle accelerates the radiation field dominates. Unless you are deal-
ing with particles traveling near lightspeed, Evel will typically be neg-
ligible compared to the ECoulomb and Erad. However, Evel shows up
indirectly because charges in motion produce magnetic fields. 

Maxwell’s equations say the source particle’s magnetic field may
be written in terms of E,

cB(r,t) = [e × (ECoulomb + Erad + Evelocity)]t−R/c . (31)

Notice that the “Coulomb magnetic field” vanishes because e × e = 0,
leaving only

cB(r,t) = [e × (Erad + Evel)]t−R/c .   (32)

e × Evel/c gives the “Biot-Savart” magnetic field:

BBiot-Savart (r,t)  = [e × Evel /c]t−R/c .  (33)

Because e × v’l = 0, we may write e × v’♥ as e × v’, and in Eq. (33)
only one term from Evel survives, 

BBiot-Savart =  kmq [v’ × e /R2]t−R/c (34)

where we recall that km ≡ ke/c2. In this form the Biot-Savart law is
strongly time-dependent, because one point charge zooming by pro-
duces a very transient field. However, when the source charge is part
of a steady current, then the Biot-Savart field becomes a “magneto-
static” field, the context in which it’s normally introduced, a point to
which we return in the next section. 

The electric radiation field produces the magnetic radiation field:

Brad = [e × Erad /c]t−R/c

=  km q[(a’ × e) /Rc]t−R/c .  (35)

The total magnetic field becomes

B(r,t)  = [BBiot-Savart + Brad]t−R/c .  (36)

In most applications we find that B is dominated by either the Biot-
Savart or the radiation field.

SPECIAL CASES OF THE ELECTRIC AND MAGNETIC

FIELDS

THE COULOMB FIELD REVISITED

When the source particle is at rest, the magnetic field vanishes
and Coulomb’s law is the only surviving electric field:
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ECoulomb =  (ke q /R2)(e) , (37)

which may be written as the gradient of a potential,

ECoulomb =   −∇ V (38)

and where for a point source

V(r) ≡ ke q /R (39)

with V is measured in volts. For a system of many source particles,
the superposition principle applies:

V(r)  =  ke * dq /R . (40)

THE BIOT-SAVART FIELD

Suppose the particle moves with constant velocity. There are no
radiation fields. The Coulomb E field becomes time-dependent
because of the time-dependent R. We also pick up the Biot-Savart
magnetic field,

BBiot-Savart =  km q (v’ × e)/R2 . (41)

To get a static but non-zero B field, the charged particle needs to
be a member of a steady current of charged particles. A single parti-
cle’s magnetic field is analogous to the sound produced by a solitary
Harley-Davidson on a highway: the signal is strongly time-dependent
as the motorcycle approaches the pedestrian then recedes out of sight.
However, suppose the Harley is just one vehicle in a steady stream of
traffic going by. Then we don’t keep track of each individual vehicle,
but rather we measure the “vehicle current,” say, 240 vehicles per
minute. To the roadside observer now, a steady flow rate gives a sta-
tic acoustic signal. Let’s see how to write the Biot-Savart law for a
steady current source.

Consider a stream of electric charges flowing along a thin wire.
The rate of charge flow, dq/dt, is called the electric current, denoted
I. But wait! We have to worry about the direction of charge flow,
since charges may be either positive or negative. Here lies a pitfall in
the analogy between traffic and electric currents. The acoustic signals
from the northbound and the southbound lanes of traffic do not can-
cel. But if the northbound and southbound vehicles were all positive-
ly charged then the total magnetic signal would cancel out! So as far
as charge transfer is concerned, a positive charge moving west to east
and the same magnitude of negative charge moving from east to west
are indistinguishable. So people have invented a sign convention for
electric current: we define the direction of the generic current I to be
equivalent to the flow of positive charge. 

So let’s go back to the Biot-Savart law and let the charge be writ-
ten in terms of “conventional” current I, where dq = Idt. This current
element contributes the magnetic field increment dB, and Eq. (34)
becomes

dBBiot-Savart =   km I dt (v’ × e)/R2 . (42)

This charge I dt moves along with the velocity v’ = dr’/dt. When I put
this into Eq. (42) the dt’s cancel, leaving the Biot-Savart law for
steady currents and thus static magnetic fields (see Fig. 2):

dBBiot-Savart = km I (dr’ × e)/R2 . (43)

Because magnetic forces do zero work, except in special cases
magnetic fields cannot be written as the gradient of a scalar potential.
(There is a “vector potential A,” where B = ∇ × A, but to discuss it
here would take us too far afield.)

THE RADIATION FIELDS

Now let’s consider what happens when the source particle under-
goes acceleration. As R becomes large compared to other length
scales in the problem (such as an antenna length), then the Coulomb
and Biot-Savart fields, which go as 1/R2, become negligible com-
pared to the radiation fields that go as 1/R. One then speaks of solv-
ing a problem in the “radiation zone.” The radiation fields are

Erad =  ke q[a’♥/Rc2]t−R/c (44)

and

Brad = (km q/c) [a’♥ × e /R]t−R/c (45)

Three features of these fields stand out. First, the ratio of their mag-
nitudes equals the speed of light:

|Erad| / |Brad| = c . (46)

Second, Erad and Brad are mutually perpendicular to one another and
to the line connecting source point to field point. Third, so long as
a’♥ remains aligned along a single axis, the light is “linearly polar-
ized.”

THE LINE ANTENNA

To illustrate the radiation fields, let a particle of charge q oscil-
late with angular frequency w along a line of length L, oriented along
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Fig. 2.  The geometry of the static Biot-Savart field. 

(continued on next page)
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the z-axis. For the particle’s position coordinate we may write 

z(t) = ½L cos(wt) . (47)

You, the observer, go far out along the positive x-axis and place your
receiving antenna at x >> L. Out here the radiation fields are the dom-
inant signals. Let’s calculate these fields at your location.

We must evaluate the various factors in Eqs. (44) and (45). Since
x >> L, we can make several simplifying approximations, including 
e ≈ i, R ≈ x, and a’♥≈ (d2z/dt2) k. From Eq. (47), we also have 
d2z/dt2 = −½w2L cos(wt). Eqs. (44) and (45) become respectively

Erad = ke q k [½w2L cos(wt)(1/xc2)]t−R/c (48)

and

Brad = km q j [−½w2L cos(wt)(1/xc)]t−R/c . (49)

According to our time delay prescription, on the source side we must
replace t with t − x/c. Our final result shows E and B to be waves that
travel with speed c, 

Erad =  ½keq w2L cos(kx − wt) (1/xc2) k (50)

Brad =  ½keq w2L cos(kx − wt)](1/xc3) (−j) , (51)

where k is the wavenumber and c = w/k.
The antenna problem illustrates that a harmonically vibrating

charged particle produces harmonic waves in the electromagnetic
field that travel at the speed of light. According to classical electro-
dynamics, light is a wave in the electromagnetic field. 

Notice that the amplitude of the wave diminishes as 1/R, as we
would anticipate from conservation of energy applied to a signal
emitted from a spherically symmetric source. Astronomers use this
inverse square relation to measure distances to stars of known lumi-
nosity. 

Notice also that these Erad and Brad waves are in phase. In addi-
tion, the direction of Erad × Brad coincides with the direction of the
signal’s propagation, suggesting that Erad × Brad may be a vector of

some usefulness in describing the flux of electromagnetic energy and
momentum. The magnitude of the vector E × B/4πkm, called
“Poynting’s vector,” can be shown to be the intensity (average power
per unit area) carried by the electromagnetic signal.

You probably already anticipated from the a’♥ dependence in
the radiation field formulas that when the antenna axis points right at
you the signal vanishes. What happens in our line antenna problem
when we change field point location, and observe the radiation from
a point located at angle q as measured from the z-axis (see Fig. 4)?

Then the source particle’s displacement perpendicular to our line of
sight becomes  z(t) sinq, and the average of Poynting’s vector (and
thus the intensity) picks up the factor sin2q. 

In Optiks (1730), Isaac Newton pondered the mystery of fields:
“The attractions of gravity, magnetism, and electricity, reach to sen-
sible distances, and so have been observed...” Today we study fields
not only on the macroscopic, continuous level as described here. At
the microscopic, quantum level we see the underlying field mecha-
nism as the exchange of “gauge bosons.” For example, electromag-
netism proceeds through the exchange of photons between electrical-
ly charged particles. As we get to the bottom of things, the mysteries
deepen!

_____________________________________
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Fig. 3.  The geometry of the linear antenna, viewed from the radiation zone. 

Fig. 4. Viewing the radiation fields at angle q. 
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