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14 QUANTUM PHYSICS FOR POETS 

The advancing technology and scientific skills at the tum of the 
nineteenth to the twentieth century enabled these scientist explorers to, 
in a sense, visit for the first time the domain of a remarkable and new 
alien civilization, the world of the atom. What they encountered was 
incredible, existential, and surreal: it was as if the art, music, and litera­
ture of the age-the eyes of Picasso, the ears of Schoenberg, and the pen 
of Kafka-were in lockstep with the physicists unraveling a weird, 
bizarre, and unfamiliar new world within the innermost depths of nature. 
Virtually all of science's sophisticated and well-honed "classical" knowl­
edge of the laws of physics, with its rules acquired and polished over the 
previous three hundred years, proved to be dead wrong in this strange 
new world. It was as if Captain Kirk and his Enterprise mates had landed 
on a planet in which the very laws of nature were as different as those 
encountered by Alice after she fell down the rabbit hole. It was a new 
kind of "dream logic" reality. Objects placed over here appeared over 
there, instantaneously. A smooth, hard stone began to blur and diffuse 
into seeming nothingness as scientists watched. Solid walls could be 
promenaded straight through, effortlessly. Things jumped wildly about 
in space and time. 

Plenty of "particles" of matter existed in this strange new world, 
swarming around, to and fro. By carefully observing these particles the 
scientists learned that they did not simply pass uniformly from starting 
point A to arrive at a well-defined time at destination point B. Motion was 
nothing as Galileo or Newton had conceived it three hundred years ear­
lier.l Instead, the "fundamental particles" of nature, out of which every­
thing is composed, such as the tiny electron, were seen to explore all pos­
sible paths in getting from A to B-all at once! Particles were always 
nowhere and yet everywhere at the same time. They arrived at their des­
tinations with a spooky knowledge of every available path they could have, 
or might have, taken, with no certainty as to which path they actually did 
take. The scientists toyed with the particles, blocking off some of the 
available paths they might have taken from A to B, and they found that 
their arrival at B could be influenced in this way-merely changing one of 
the many available paths a particle may have taken, whether it did so or 
not, could cause it to arrive at B more often-or not at all. 

Particles, little pinpoints of matter with no apparent or discern able 
internal clockwork or organs, leave sharp tracks in detectors and little 
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dots of light on fluorescent screens and cause Geiger counters to go 
"click ... click ... click, click ... click." Yet, these minute dots of matter 
now also appear to be waves. They display wavelike, cloudlike, blurry 
patterns of motion, with crests and troughs like the waves on the surface 
of a lake or the sea. And things that were thought to be waves, like radio 
waves and light, were now found to be particles. Waves became particles 
and particles became waves. Neither, or, yet both, and all at once. It was 
as if the radical artists, composers, and writers of the age were scripting 
the laws of nature. 

In short, the world dramatically changed before the eyes of the early 
twentieth-century explorers-eyes that now peered through highly 
sophisticated instruments. The universe was now seen to work in a way 
starkly different from what science had taught over the previous three 
centuries of enlightenment, beginning with the Renaissance. This grand 
change of our understanding of the physical world marked the arrival of 
an entirely different way to view nature and was now giving rise to the 
birth of a whole new and more fundamental science-quantum physics. 

Physicists wrestling with the new experimental data and theoretical 
ideas about the atom strained to use human language and metaphors that 
had been invented in the traditional world of the old classical era of 
Galileo and Newton, but they found them hopelessly inadequate to 
describe their new experiences. The world now seemed to require 
descriptors such as fuzzy, uncertain, and spooky action-at-a-distance, as if 
ghosts were running around influencing the outcome of experiments. 

There emerged a new concept called "wave particle duality" to rec­
oncile why waves were sometimes particles and why particles were some­
times waves, though scientists were still bewildered. So bizarre are the 
consequences of quantum physics that, perhaps to preserve their sanity, 
the quantum physicist pioneers were driven to denial that they were 
actually describing a vast new reality, preferring to objectively insist that 
they had "merely" invented a new method for making predictions about 
the results of possible experiments-and nothing more. 
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AN ADV ANCE PEEK AT QUANTUM PHYSICS 

Prior to the quantum era, scientists had been definitive in their state­
ments about cause and effect and precisely how objects move along 
well-defined paths, as they respond to various forces applied to them. 
But the classical science that had evolved from the mists of history, to 
the end of the nineteenth century, always involved descriptions of 
things that are collections of a huge number of atoms. For instance, 
some million-trillion atoms are contained in a single grain of sand. 

Observers prior to the quantum age were like a distant alien civiliza­
tion examining large collections of humans from afar, observing them 
only in crowds of thousands, tens of thousands, or more. They might 
have observed humans marching in parades, or breaking into applause, 
or scurrying to work, or about in every which way. Nothing would have 
prepared such remote alien observers for what they would find upon 
examining individual human behavior up close. New behaviors would 
then be encountered as humans displayed signs of humor, love, compas­
sion, and creativity, traits that would be totally unexpected, given the 
experience of having only observed the behavior of human mobs from 
afar. The aliens, if they themselves were insects or automatons, may not 
even have a ready vocabulary to describe what they were now observing 
in up-close human behavior-indeed, even today the accumulated poetry 
and literature of the human race, for example, from Aeschylus to 
Thomas Pynchon, does not span all individual human experience. 

Likewise, at the beginning of the twentieth century, the exacting edi­
fice of physics with its precise predictions for the behavior of objects 
filled with huge orchestras of atoms, all crashed down to the floor. 
Through newly refined and highly sophisticated experimentation, the 
properties of individual atoms, and even the smaller particles that are 
contained within them, now came onto the stage, performing solo or in 
small ensembles, one's, two's, three's and more. The observed behavior 
of the individual atom was shocking to the leading scientists, who were 
awakening from the classical world. These new world explorers, the 
avant garde "poets, artists, and composers" of the modern physics of the 
atomic epoch, included such luminary figures as Heinrich Hertz, Ernest 
Rutherford,].]. Thompson, Niels Bohr, Marie Curie, Werner Heisen­
berg, Erwin Schrodinger, Paul Dirac, Louis-Victor de Broglie, Albert 
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Einstein, Max Born, Max Planck, Wolfgang Pauli, among others. This 
group was as shocked by what they found inside the atom as the voyagers 
of the starship Enterprise would have been in encountering any alien civ­
ilization across the vast reaches of the universe. The new confusion pro­
duced by the earliest data gradually gave way to desperate efforts of these 
scientists to restore order and logic to this new world. Still, by the end of 
the 1920s, the basic logic of the properties of the atom, which define all 
of chemistry and everyday matter, was finally constructed. Humans had 
begun to comprehend this bizarre new quantum world. 

However, whereas the Star Trek explorers could beam up and ulti­
mately return to less threatening spaces, the physicists of the early 1900s 
knew that the weird new quantum laws that ruled the atom were primary 
and fundamental to everything-everywhere in the universe. Since we 
are all made of atoms, we cannot escape the implications of the reality of 
the atomic domain. We have seen the alien world, and it is us! 

The shocking implications of the new quantum discoveries unnerved 
many of the scientists who discovered them. Much like political revolu­
tions, the quantum theory mentally consumed many of its early leaders. 
Their bete noire was not the political machinations and conspiracies of 
others, but rather deep, unsettling new philosophical problems about 
reality. When the full force of the conceptual revolution emerged toward 
the end of the 1920s, many of the originators of the quantum theory, 
including no less than Albert Einstein, rebuked and turned away from 
the theory they had a significant hand in creating. Yet, as we plunge into 
the twenty-first century, we now have a quantum theory that works in 
every situation we have applied it to, that has delivered to us transistors, 
lasers, nuclear power, and countless other inventions and insights. There 
are still strenuous attempts by distinguished physicists to find a kinder, 
gentler understanding of the quantum theory, less disruptive to the com­
fort zone of human intuition. But we must come down to dealing with 
science, not bromides. 

The prevailing science, before quantum theory, had successfully 
accounted for the world of the large: the world of ladders propped safely 
against walls, the flight of arrows and artillery, the spinning and orbiting 
of planets and itinerant comets, the world of functioning and useful 
steam engines, telegraphy, electric motors and generators, and radio 
broadcasting. In short, almost all the phenomena that scientists could 
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easily observe and measure by the year 1900 were successfully explained 
by this classical physics. The attempt to accommodate the weird behavior 
of atomic-sized things was enormously difficult and philosophically jar­
ring. The emergent new quantum theory was totally counterintuitive. 

Intuition is based on previous human experience, but even in this 
sense, most of the earlier classical science was itself counterintuitive to 
the contemporaries of its discoveries. Galileo's insight into the motion of 
bodies in the absence of friction was extremely counterintuitive in its day 
(few people had ever experienced or considered a world without fric­
tion).2 But the classical science that emanated from Galileo redefined our 
own sense of intuition for the three hundred years leading up to 1900, 
and it seemed impervious to any radical changes. That was until the dis­
coveries of quantum physics brought on an entirely new level of coun­
terintuitive and existential shock. 

To understand the atom, to create a synthesis of the apparently self­
contradictory phenomena that came out of the laboratories in the period 
of 1900-1930, meant that attitudes and disciplines had to be radicalized. 
Equations, which on the large scale made sharp predictions about events, 
now yielded only possibilities, and to each possibility one could now 
compute only a "probability"-the probability of the actual physical 
occurrence of an event. Newton's equations of absolute exactitude and 
certainty ("classical determinism") were replaced by Schrodinger's new 
equations and Heisenberg's mathematics of fuzziness, indeterminacy, 
and probability. 

How does this indeterminacy exhibit itself in nature at the atomic 
level? It does so in many places, but a simple example can be given here. 
In the lab we learn that if we have a collection of some radioactive atoms, 
such as uranium, half of the number of atoms will disappear (we say that 
they "decay into other atomic fragments") within a certain interval of 
time, called the "half-life." After another period of time equal to the half­
life, the remaining atoms are again reduced by half (so, after two half-life 
intervals we have only one quarter of the original number of radioactive 
atoms left; after three half-lives we have only one eighth the original 
number; and so on). We can, in principle, with enough effort and using 
quantum physics, calculate the half-life of uranium atoms. Many other 
atomic decay half-lives can similarly be computed for fundamental 
particles, which keeps atomic, nuclear, and particle physicists gainfully 
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employed. Quantum theory, however, simply cannot predict when anyone 
uranium atom will disappear. 

This is a jarring result. If uranium atoms were truly governed by 
Newtonian classical laws of physics, then there would be some internal 
mechanism at work that, with sufficient detail of study, would allow us to 
predict exactly when a particular atom would decay. The quantum laws 
are not just blind to such an internal mechanism, giving us only a fuzzy 
probabilistic result out of mere ignorance. Rather, quantum theory 
asserts that probability is all one can ever possibly know about the decay 
of a particular atom. 

Let's consider another example of this quantum aspect of the world: if 
two precisely identical photons (the particles that make up light) are 
aimed in exactly the same way at a glass window, one or both photons may 
penetrate the glass or one or both may reflect back. The new quantum 
physics cannot predict exactly which one of the photons will do which­
reflect or penetrate. We cannot, even in principle, know the exact future of 
a particular photon. We can only compute the probabilities of the various 
possibilities. We may compute, using quantum physics, that "each photon 
has a 10 percent probability of reflecting off the glass and a 90 percent 
probability of being transmitted through the glass." But that's all. 
Quantum physics, despite its apparent vagueness and inexactitude, pro­
vides a correct procedure, in fact, the only correct procedure, for under­
standing how things work. It also provides the only way to understand 
atomic structure, atomic processes, molecule formation, and the emission 
of radiation (all light we see comes from atoms). In later years it proved 
to be equally successful in understanding the nuclei of atoms, how quarks 
are eternally bound together inside the protons and neutrons of the 
atomic nucleus, and how the Sun generates its enormous energy output. 

How, then, does the classical physics of Galileo and Newton, which 
dramatically fails to describe the atom, so elegantly predict exactly when 
soiar eclipses will occur, the return of Halley's comet in 2061 (Thursday 
afternoon), and the exact trajectories of space vehicles? We all depend on 
the success of Newtonian physics to ensure that airplane wings stay 
attached and can fly, or that bridges and skyscrapers remain stable in the 
wind, or that robotic surgical tools are accurate and precise. Why does it 
all work so well if quantum theory says emphatically that the world really 
doesn't work this way after all? 
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It turns out that when huge numbers of atoms congregate together 
into large objects, as they do in all the above examples of wings and 
bridges, and even robotic tools, then the spooky, counterintuitive 
quantum behaviors-loaded as they are with chance and uncertainty­
average out to the apparent proper and precise predictability of classical 
Newtonian physics. The short answer is that it's statistical. It's a bit like 
the statistically exact statement that the average American household has 
2.637, residents, which can be a fairly precise and accurate statement, 
even though not a single household has 2.637 residents. 

In the modern world of the twenty-first century, quantum physics 
has become the staple of all atomic and subatomic research, as well as 
much material science research and cosmic research. Many trillions dol­
lars a year are generated in the US economy by exploiting the fruits of 
quantum theory in electronics and other areas, and many trillions more 
dollars are generated due to the efficiency of productivity that an under­
standing of the quantum world has brought forth. A few mavericks, how­
ever-physicists who are cheered on by the existentialist philosophers­
are still working on the foundational ideas that define quantum theory, 
trying somehow to make sense of it all, hoping, perhaps, that there is a 
deeper inner exactitude within quantum theory that has somehow been 
missed. But they are in the minority. 

WHY IS QUANTUM THEORY 
PSYCHOLOGICALL Y DISTURBING? 

Albert Einstein famously said: "You believe in a God that plays dice, and 
I in complete law and order in a world where objectivity exists, and which 
I, in a wildly speculative way, am trying to capture .... Even the great 
initial success of the quantum theory does not make me believe in a fun­
damental dice game, although I am well aware that your younger col­
leagues interpret this as a consequence of [my] senility."3 And Erwin 
Schrodinger lamented: "Had I known that my wave equation would be 
put to such use, I would have burned the papers before publishing .... I 
don't like it, and I'm sorry I ever had anything to do with it."4 What dis­
turbed these eminent physicists, who turned away from their own beau-
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tiful babies? Let's examine the above complaints of Einstein and 
Schrodinger, often summed up as quantum theory, revealing that "God 
plays dice with the universe." The breakthrough that led to modern 
quantum theory came in 1925 when a young German, Werner Heisen­
berg, on a lonely vacation to Helgoland-a small island in the North Sea 
where the German scientist sought relief from severe hay fever-had his 
big idea.s 

A new hypothesis was garnering strength in the scientific commu­
nity, that atoms were composed of a dense central nucleus with electrons 
orbiting around it, like planets orbiting the Sun. Heisenberg pondered 
the behavior of the electrons in atoms and realized that he did not 
require any knowledge of the precise orbital paths of the electrons 
around the nucleus. The electrons seemed to undergo mysterious jumps 
from one orbit to another that were accompanied by the emission of 
light of a very precise and definite color (colors are the "frequencies" of 
the emitted wave of light). Heisenberg could make some mathematical 
sense of this, but he did not need a mental picture of an atom as a tiny 
solar system with electrons moving in definite orbits to do so. He finally 
gave up trying to compute the path of an electron if it was released at 
point A and detected at point B. And Heisenberg understood that any 
measurements made on the electron between A and B would necessarily 
disturb any hypothetical path the electron was on. Heisenberg developed 
a theory that gave precise results for emitted light from atoms, but that 
didn't require knowledge of the path taken by the electrons. He saw that, 
ultimately, only possibilities for events and their probabilities of occur­
ring, with intrinsic uncertainties, exist. This was the emerging new 
reality of quantum physics. 

Heisenberg's revolutionary solution to the results of a set of baffling 
experiments on atomic physics freed up the thinking of his predecessor, 
Niels Bohr, the father, grandfather, and midwife of quantum theory. 
Bohr carried Heisenberg's radical ideas a major step forward, so much so 
that even Heisenberg was shocked. Ultimately he recovered to join in 
Bohr's zealotry, while many of his elder and distinguished colleagues did 
not. What Bohr argued was that if knowledge of the particular path of an 
electron was not relevant to determine atomic behavior, then the very 
idea of a particular, well-defined electron "orbit," like that of a planet 
going around a star, must be a meaningless concept and must therefore 
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be abandoned. Observation and measurement is the ultimate defining activity; 
the act of measurement itself forces a system to choose one of its various possibil­
ities. In other words, reality is not merely disguised by the fuzziness of an 
uncertain measurement-rather, it is wrong to even think about reality 
as yielding certainty in the conventional Galilean sense when one arrives 
at the atomic level of nature. 

In quantum physics, there appears to be an eerie connection between 
the physical state of a system and conscious awareness of it by some 
observing being. But it's really the act of measurement by any other 
system that resets, or "collapses," the quantum state into one of its 
myriad possibilities. We'll see just how spooky this is when we consider 
electrons, one at a time, passing through one of two holes in a screen, 
and how the observed pattern of the electrons, detected far from the 
screen, depends on whether anyone or anything knows which hole the 
electron went through (or didn't go through), in other words, whether a 
"measurement" of which hole the electron passed through has been 
made. If so, we get a certain result. But if not, we get an entirely different 
result. The electrons seem eerily to take both paths at once if nothing is 
watching, but a definite path if someone or something is watching! 
These are not particles and not waves-they are both and neither-they 
are something new: They are quantum states.6 

Small wonder that so many of the physicists who had participated in 
the formative phases of atomic science could not accept these strange 
occurrences. The best face to put on the Heisenberg/Bohr interpretation 
of quantum reality, sometimes called the "Copenhagen Interpretation," 
is that when we measure something in the atomic domain, we introduce 
a major interference into the state itself, in other words, the measuring 
instruments. In the end, however, quantum physics simply doesn't corre­
spond to our innate sense of reality. We must learn to get used to 
quantum theory by playing with it and testing it, by doing experiments 
and setting up theoretical problems that exemplify various situations, 
getting familiar with it as we go along. In so doing, we develop a new 
"quantum intuition," as counterintuitive as it all may initially feel. 

Another major quantum breakthrough, totally independent of 
Heisenberg's, took place in 1925 by another theoretical physicist, also on 
vacation but not quite as lonely. Erwin Schrodinger, the Viennese-born 
theorist, formed one of the most famous scientific collaborations, with 
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his friend, the physicist Herman Weyl. Weyl was a powerful mathemati­
cian who was instrumental in the development of relativity and the rela­
tivistic theory of the electron. Weyl helped Schrodinger with his math, 
and in return, Schrodinger allowed Herman to sleep with his wife, Anny. 
We don't know how Anny felt about this, but such experiments in mar­
ital relationships were not uncummon among intellectuals of late Victo­
rian Viennese society. This arrangement had the collateral benefit of 
allowing Schrodinger the freedom to indulge in copious extramarital 
affairs, one of which led (sort of) to one of the great discoveries in 
quantum theory.7 

In December 1925, Schrodinger departed for a two-and-a-half week 
vacation to a villa in the Swiss Alpine town of Arosa. He left AImy at 
home and was accompanied by an old Viennese girlfriend. He also took 
with him some scientific papers, by the French physicist Louis de 
Broglie, and two pearls. Placing a pearl in each ear to screen out any dis­
tracting noise, and poring over de Broglie's papers (we don't know what 
the lady friend was doing), Schrodinger invented "wave mechanics." 
Wave mechanics was a novel way to understand the nascent quantum 
theory in terms of simpler mathematics, equations that were already 
essentially familiar to most of the physicists of the day. This break­
through significantly promoted the fledgling science of quantum physics 
to a much broader audience of physicists.s Schrodinger's now-famous 
wave equation, often called the "Schrodinger equation," may have accel­
erated the progress of quantum physics, but it drove its founder to dis­
traction because of its eventual interpretation. It is astonishing that 
Schrodinger later regretted publishing this work due to the revolution in 
thought and philosophy that it inspired. 

What Schrodinger did was to describe the electron-in mathemat­
ical terms-as a wave. The electron, previously thought to be a hard little 
ball, indeed also behaves like a wave in certain experiments. Wave phe­
nomena are familiar to physicists. There are countless examples-water, 
light, sound in air and solids, radio, microwaves, and so on. These were 
all well understood by physicists in those days. Schrodinger insisted that 
particles, such as the electron, were actually at the atomic quantum level 
a new kind of wave-they were "matter waves." As odd as that sounded, 
his equation was convenient for physicists to use and seemed to come up 
with all the right answers in a straightforward manner. The wave mechanics 
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of Schrodinger gave a certain comfort to the physics community, the 
members of which were grappling to understand the burgeoning area of 
quantum theory and who, perhaps, found Heisenberg's theory too 
abstract. 

The key factor in Schrodinger's equation is the thing that is the solu­
tion to the wave equation, which describes the electron wave. It is 
denoted by the Greek symbol 'fI ("psi"). \fI is known as "the wave func­
tion," and it contains all we know or can know about the electron. When 
one solves the equation, it gives 'fI, as a function of space and time; in 
other words, Schrodinger's equation tells us how the wave function varies 
throughout space and how it changes in time.9 

Schrodinger's equation could be applied to the hydrogen atom and it 
completely determined exactly what kind of dance the electrons are 
doing in the atom: the electron waves, described by \fI, were indeed 
ringing in various wavelike patterns, much like the ringing patterns of a 
bell or other musical instruments. It is like plucking the strings of violins 
or guitars; the resulting vibrations of the matter waves could be assigned 
a definite and observable shape and a certain amount of energy. The 
Schrodinger equation thus gave the correct values of the vibrating 
energy levels of the electrons in an atom. The energy levels of the 
hydrogen atom had been previously determined by Bohr in his first guess 
of a quantum theory (now relegated to the term "old quantum theory"). 
The atom emits light of definite energy-the "spectral lines" of light­
and these are now seen to be associated with the electrons hopping from 
one vibrational wave-state of motion, say, "'fI,", to another vibrational 

"\JJ " state, say, T I . 

Such was the newfound power of Schrodinger's equation. One could 
readily visualize the wave patterns by looking at the mathematical form 
of \fl. The wave concept could be readily applied to any system requiring 
a quantum treatment: systems of many electrons, whole atoms, mole­
cules, crystals and metals with moving electrons, protons and neutrons in 
the nucleus of the atom, and-to day-particles composed of quarks, the 
basic building blocks of protons and neutrons and all nuclear matter. 

In Schrodinger's mind, electrons were exclusively waves, like sound 
or water waves, as if their particle aspect could be forgotten or was illu­
sory. In Schrodinger's interpretation, \fI was a new kind of wave of 
matter, plain and simple. But ultimately Schrodinger's interpretation of 
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his own equation turned out to be wrong. While 'f' had to represent 
some kind of wave, what exactly was this wave? Electrons still behaved, 
paradoxically, like pinpoint particles, producing pinpoint dots when 
impacting a fluorescent screen. How was this behavior to be reconciled 
with the matter wave 'P? 

The German physicist Max Born (grandfather of singer Olivia 
Newton-John) soon came up with a better interpretation of 
Schrodinger's matter wave, and it has become the major tenet of the new 
physics to this day. Born asserted that the wave associated with the elec­
tron was a "probability wave."IO Born said that it is actually the mathe­
matical square of 'P, that is, 'f'2, that represents the probability of finding 
the electron at a location x in space at time t. Wherever, in space or time 
'P2 is large, there is a large chance of finding the electron. Wherever 'P 2 
is small, there is little chance. Where 'f'2 = 0, there is no chance. Like the 
Heisenberg breakthrough, this was the ultimate shocking idea, yet in the 
clearer, easier-to-comprehend, Schrodinger picture of things. Everyone 
now understood it, finally and once and for all. 

Born was clearly saying that we don't know-and can't know­
exactly where the electron is. Is it here? Well, there's an 85 percent 
chance that it is. Or is it there? It might be, with a probability of 15 per­
cent. The probability interpretation clearly defined what you could or 
couldn't exactly predict about any given experiment in the lab. You can 
do two apparently identical experiments and get two quite different 
results. Particles appear to have the luxury of where to be and what to do, 
with no regard to ironclad rules of cause and effect that one normally had 
associated with classical science. In the new quantum theory, God does 
in fact play dice with the universe. 

While it rattled Schrodinger that he had been a major player in this 
unsettling revolution, a further irony is that Born was inspired in his 
probability interpretation by a speculative paper that appeared in 1911 
written by, of all people, AJbert Einstein. Schrodinger and Einstein 
would remain an antiquantum tag team for the rest of their lives. So too, 
Max Planck: "The probabilistic interpretation put forth by the group 
from Copenhagen must surely go down as a treasonable behavior 
towards our beloved physics."!! 

The great theoretical physicist of turn-of-the-century Berlin, Max 
Planck, was upset with the emerging meaning of quantum theory. This 
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was an extraordinarily ironic development when you consider that 
Planck was the true grandfather of the new theory and that he had even 
coined the term quantum to describe this new science back in the nine­
teenth century. 

We can appreciate why some would consider as treasonous the 
endorsement of probability as ruling the universe rather than exact cause 
and effect. Take an ordinary tennis ball and throw it against a smooth 
concrete wall so that it bounces back to you. Stand in the same spot, and 
keep hitting the ball with your racket with the same force and toward the 
same point on the wall. All other things being equal (wind speed, etc.), as 
you develop your skill, the ball will always come back to you in exactly 
the same way, time after time, until your arm gets tired or you wear out 
the ball (or the wall). Andre Agassi depended on such principles to win 
at Wimbledon, just as Cal Ripken Jr. made his reputation judging the 
caroms of baseballs off Louisville Sluggers in Camden Yard. But what if 
you couldn't depend on the bounce? What if, on one occasion, the ball 
passed right through the cement wall? And what if it was only a matter 
of percentages? Fifty-five times the ball bounces back to you; forty-five 
times it passes through the wall! Some fraction of the time it is returned 
by the tennis racket, while other times, at random, it passes right through 
the racket. Of course, this never happens when we are dealing with the 
macroscopic Newtonian world of tennis balls. But the atomic world is 
different. An electron impinging upon an electronic wall has a finite 
probability of passing through the wall (a phenomenon called "tun­
neling"). So you can imagine the quantum tennis with quantum tun­
neling would be very challenging and very frustrating. 

One can see the probabilistic behavior of photons in ordinary 
everyday occurrences. Suppose you look at a window display at your 
favorite Victoria's Secret lingerie store. Superimposed over the shoes of 
the sexy mannequins you observe a faint image of yourself in the window. 
What is happening? Light is a stream of particles-photons-that pro­
duce a bizarre quantumlike result. Most of the photons-say, coming 
from a source like the Sun-reflect off your face and pass right through 
the store window, providing a clear image of you (handsome devil!) to 
anyone who happens to be on the other side of the window (the window 
mannequin dresser?). But some small fraction of the photons are 
reflected back from the glass to provide that dim image of you overlaying 
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the skimpy undergarments in the window display. All photons are iden­
tical, so why are some transmitted and others reflected? 

In careful experiments it becomes clear that there is no way of pre­
dicting which photons will be transmitted and which will be reflected. 
Only the probability of transmission or reflection can be computed for 
any given photon. Applying quantum theory to a photon headed for the 
store window, the Schrodinger equation might tell us that 96 percent of 
the time the photon will pass through the glass, and 4 percent of the time 
it will be reflected. But which photon does what? It can't be determined 
even with the best instruments one could ever imagine building. God 
rolls dice to find out, or so goes the quantum theory (well, maybe it's a 
roulette wheel, but it's all about probability, whatever He or She is 
using). 

You can duplicate the store window experience-at much greater 
expense-by firing electrons at an electric barrier, consisting of a wire 
screen in a vacuum connected to the negative battery terminal with a 
potential of, say, ten volts. If the electrons have an energy of only nine 
volts, they should be repelled, in other words, "reflected." Nine volts of 
electron energy is not enough to overcome the ten-volt repulsive force of 
the barrier. But Schrodinger's equation shows that some part of the elec­
tron wave penetrates and some is reflected, just like light quanta through 
the store window. However, we never see a fraction of an electron or a 
fraction of a photon. These particles do not come apart like a wad of Silly 
Putty. The particle is always either completely reflected or transmitted. A 
20 percent reflectivity means that there is a probability of 20 percent that 
the entire electron is reflected. Schrodinger's equation gives us the solu­
tion, in terms of '}J2. 

It was just this type of experiment that led the physics world to 
abandon Schrodinger's interpretation of Silly Putty-like electrons as 
matter waves and accept the more bizarre idea that 'r, a mathematical 
wave function, when squared, describes the probability of finding the 
electron somewhere. If we fire, say 1,000 electrons at a screen, a Geiger 
counter might indicate that 568 penetrate the screen and 432 are 
reflected back. Which ones will do which? We don't know. We can't 
know. That's the maddening truth about quantum physics. Only the 
probabilistic odds, '1'2, can be calculated. 
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SPOOKY ACTIONS AT A DISTANCE 

Albert Einstein further declared: "I cannot seriously believe [in the 
quantum theory] because it cannot be reconciled with the idea that 
physics should represent a reality in time and space, free from spooky 
actions at a distance."12 

Einstein thought he had found a fatal flaw in one of the basic princi­
ples of quantum physics. Its proponents (especially Bohr) insisted that a 
particle's various attributes have no real objective reality until they are 
measured. To Einstein, it was nonsense that objects do not exist until we 
measure them. To him, particles exist, and have properties like position, 
velocity, mass, and charge, even when we don't observe them, even when 
we are ignorant of what values they have. He agreed only with the com­
monsense idea that measurement of a tiny particle can disturb it and intro­
duce unknown changes. The notion that a quantum state can abruptly 
change (as in being "reset" as described in chapter 7, note 8) throughout 
the entire universe, by merely observing it, conjured a notion that signals 
(information) were somehow being transmitted instantaneously over vast 
distances, faster than the speed of light, which is impossible. Nothing can 
exceed the speed of light, according to Einstein's own theory of relativity. 

So in 1935, Einstein described a thought experiment that would put an 
end to the notion that reality is only "enforced" or comes into being by 
measurement. It was called the EPR Thought Experiment, after Einstein 
and his two collaborators, Boris Podolsky and Nathan Rosen. The EPR 
Thought Experiment examined the case of two particles that are produced 
from the radioactive disintegration of a "parent particle," and whose prop­
erties, velocities, spins, electric charges, and so on, are correlated. For 
example, suppose an electrically neutral radioactive "parent particle" dis­
integrates somewhere in distant space into two "daughter particles," an 
electron of negative charge (called Molly) and a positron of positive charge 
(called June). The two particles stream off in opposite directions with equal 
and opposite electric charges, but we don't know which one goes which 
way. June may go to, say, Peoria, and Molly to the distant star Alpha Cen­
tauri. But it could be reversed, with Molly heading to Peoria, and June to 
Alpha Centauri. In classical physics, it is one or the other. But in quantum 
theory, the actual physical quantum state can be described as an indefinite 
mixture of both possibilities, an "entangled state": 
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SCHRODINGER'S TABBY 

We can't leave the domain of quantum philosophical hand-wringing 
without a brief look at the now-famous Paradox of Schrodinger's Cat, 
which links the squishy quantum microworld and its statistical probabili­
ties to the Newtonian macroworld with its exact statements. Like Ein­
stein, Podolsky, and Rosen, Schrodinger took issue with a world that had 
no objective reality until measured, one that was just a roiling mass of pos­
sibilities, until observed. Schrodinger's paradox was intended as a derisive 
comment on that worldview, but it's turned out to be one that tantalizes 
scientists to this day. He figured out a way, by using a thought experiment, 
to make the quantum effects of the atom dramatically apparent in the 
ordinary macroscopic world. To help him make his case he again enlisted 
the phenomenon of radioactivity, in which particles decay at a predictable 
rate, though one cannot predict when any given particle will decay. That 
is, one can predict what percentage of atoms will decay in, say, an hour's 
time, but one cannot predict which of the individual atoms will decay. 

So here's Schrodinger's recipe: Put a cat in a box, with a flask of lethal 
gas. In a Geiger tube, place a small quantity of radioactive material, such 
a minute amount that in the course of an hour we have only a 50 percent 
chance of detecting a single atomic disintegration. Arrange a "Rube 
Goldberg" device where the decaying atom will set off the Geiger 
counter, which will activate a relay that will trigger a hammer, that shat­
ters the flask of gas, that will kill the cat. (Oh, those turn-of-the­
century Viennese intellectuals ... ) 

So, after one hour, is the cat dead or alive? If one uses the quantum 
wave function to describe the entire system, the living and dead cat 
would be a mixed state, "smeared out (pardon the expression) in equal 
parts." \fI, the wave function, would tell us that the situation is a mixture 
of."cat alive" and "cat dead,"!5 that is, there would be a mixed quantum 
state of the form \fIc Al" + \fIc 0 d· So, even at the macroscopic level we at Ive at ea 

could only determine the probability of finding the cat alive (\fI Cat AlivY 

or of finding the cat dead (\I' Cat Dead)2. 

But here's the question: is the reset of the quantum state to "cat alive" 
or "cat dead" is determined the moment who (or what) looks in the box? 
Isn't the cat already in there, nervously looking at the Geiger counter and 
making the measurement himself? Or the "who crisis" can be extended: 
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the radioactive decay can be monitored by a computer and the state of the 
cat at any instant can be printed on a slip of paper in the box. Is the cat 
certainly either dead or alive when the computer first detects it? At the 
time the complete printed message says so? When I look at the printout? 
Or when you look at the printout? Or does it happen when the atomic 
transition produces a cascade of electrons moving in the Geiger tube 
sensor that yields the Geiger counter "tick," where we transit from the 
subatomic back to the macroscopic world? Schrodinger's cat-in-the-box 
paradox, like the EPR experiment, appears to be a strong argument chal­
lenging the basic principles of the new quantum theory. By our intuition 
we obviously can't have a "mixed" cat, half dead, half alive--or can we? 

As we shall later see, experiments show that Schrodinger's macro­
scopic cat, as a metaphor for a large macroscopic system, may in fact exist 
in a mixed state; in other words, quantum theory can lead to mixed states 
on the macroscopic level, so quantum physics triumphs yet again. 

Quantum effects can indeed range from the level of the tiny atom to 

the grand scale of macroscopic systems. Such is the quantum phenomenon 
of "superconductivity" where, at extremely low temperatures, certain 
materials become absolutely perfect conductors of electricity. Currents will 
flow in circuits forever without batteries, and magnets can levitate over 
rings of superconducting current forever. Such is also the phenomenon of 
"super-fluids," where a stream ofliquid helium can move up and down the 
walls of a vessel, or pump continuously from a pool through a fountain and 
back again, continuously, forever, without consuming energy. Such is the 
phenomenon by which all elementary particles acquire mass-the myste­
rious "Higgs mechanism." There is no escaping quantum mechanics. We 
are ultimately all cats in the same box. 

It went many years 
But at last came a knock 
And I thought of the door 
With no lock to lock. 

I blew out the light, 
I tip-toed the floor, 
And raised both hands 
In prayer to the door. 
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But the knock came again, 
My window was wide; 
I climbed on the sill 
And descended outside. 

Back over the sill 
I bade a "Come in" 
To whoever the knock 
At the door may have been 

So at a knock 
I emptied my cage 
To hide in the world 
And alter with age. 

Robert Frost, "The Lockless Door"16 

NO MATH, BUT PERHAPS A FEW NUMBERS 

Our purpose here is to bring you some sense of the laws of physics that 
have been developed to comprehend the spooky microworld of atoms 
and molecules. We ask of the reader only two small qualifications: a 
curiosity about the world and a complete mastery of partial differential 
equations. No, wait! We're kidding. We have been teaching freshman 
liberal arts students for many years and understand thoroughly the 
layperson's fear and loathing of math. So, no math-not much, at least­
maybe just a tad bit now and then. 

What scientists say about the world should be a part of everyone's 
education. And quantum theory, in particular, is the most seminal change 
in 'viewpoint since the early Greeks gave up mythology to initiate the 
search for a rational understanding of the universe. It vastly expanded the 
domain of human understanding. Modern scientists, expanding our 
intellectual horizon, came at a price-the price of accepting quantum 
theory and a lot of counterintuitive spookiness. Remember, this is largely 
due to the failure of our old Newtonian language to describe the new 
world of the atom. But we scientists will do the best we can. 
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Because quantum theory takes us into the realm of the very, very small, 
let's use the "powers of ten" scale to simplify the task ahead. Please don't 
be intimidated by the scientific notation (104, etc.), that we will use from 
time to time. This is simply a method of writing very large or small num­
bers as powers of ten. Think, for example, of 104 as simply a 1 followed by 
four zeroes (which is 10 raised to the fourth power). So 104 is just 10,000. 
Conversely, 10-4 is a 1 that is four places to the right of the decimal point, 
or 0.0001 (or 1 divided by 10,000 which is one ten-thousandth). 

In this simple language, some of the scales in nature of length or dis­
tance can be expressed as powers of lain descending order as: 

• One meter (about 3 feet) is a typical human dimension: the height 
of a child, the length of an arm, the length of a marching step. 

• One centimeter, or 10-2 meters (say it "ten-to-the-minus-two 
meters'') is about the size of a thumbnail, a honeybee, or a cashew 
nut. 

• Ten to the minus four (10-4) meters gets us to the thickness of a pin 
or an ant's leg. This is still in the domain of classical Newtonian 
physics. 

• Another plunge to 10-6 (a millionth) meters brings us to large mole­
cules found in living cells, such as DNA. Here we begin to see the 
onset of quantum behavior. This is also near the "wavelength" of 
visible light. 

• An atom of gold is 10-9 (a billionth) meter in diameter. The smallest 
atom, hydrogen, is 10-10 meters in diameter. 

• The nucleus of an atom is 10-15 meters; the diameter of a proton or 
a neutron is 10-16 meters, below which we find the quarks inside 
the proton. 10-19 meters is the smallest distance scale the most pow­
erful particle accelerator (the world's most powerful microscope), 
the Large Hadron Collider (LHC) in Geneva, Switzerland, can 
directly observe. 

• 10-35 meters is the smallest distance scale we believe exists, at which 
point quantum effects cause distance itself to lose meaning. 

We know from experiment that quantum theory is valid and essen­
tial in order to extend our knowledge from atoms, 10-9 meters, to atomic 
nuclei at 10-15 meters. In words, the size of an atomic nucleus is a thou-
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sandth of a trillionth of a meter. In scientists' most recent explorations of 
the small, we have probed, using the Fermilab Tevatron, to 10-18 meters 
with no hint that the quantum theory doesn't work. Soon, we scientists 
will descend another factor of ten to smaller distances, as the CERN 
Large Hadron Collider (LHC) begins to operate. This new territory of 
the very small isn't just an adjacent neighbor to our everyday world, as 
was the case for the Europeans with the discovery of America. Rather, it 
is our world, since the universe is made of the all the denizens of the sub­
nuclear world. Its properties, its heritage, and its future are determined 
thereby. 

WHY DO WE CARE ABOUT A ''THEORY''? 

Some may ask, why should we care about quantum theory if, in fact, it is 
only a theory? There are theories and then there are theories. We scien­
tists are at fault for using the word theory in many different senses. Theory 
really isn't a scientifically well-defined word at all. 

Let's take a silly example. People living near the Atlantic Ocean may 
notice that the sun first appears over the ocean every morning about 5 
a.m. and it sets in the opposite direction every evening at about 7 p.m. 
To explain this, one venerable professor offers up the theory that there 
are an infinite number of suns lined up just beyond the horizon, spaced 
twenty-four hours apart. These suns keep popping up on one side of the 
planet and drop out of sight at the opposite side. A more economical 
theory is that there is only one sun and it rotates around a spherical 
Earth, taking twenty-four hours to do so. A third theory, more bizarre 
and counterintuitive, is that there is a stationary sun, and Earth spins 
around an axis in twenty-four hours. So we have three competing theo­
ries. Here the word theory implies a hypothesis or hypothetical idea 
designed to understand data in some organized, rational way. 

The first theory is rather quickly discarded for a variety of reasons. 
Perhaps the pattern of sunspots is the same every day, or maybe it's just 
a dumb theory. The second theory is harder to dispose of, but observa­
tions of other planets show that they spin about axes, so why not Earth? 
Eventually, detailed measurements of things near the surface of Earth 
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actually detect our planet's axial rotation, so only one theory survives: the 
axial rotation theory, or "AR" for short. 

Here's the problem: through all this debate we never drop the word 
theory and replace it by the word fact. Hundreds of years later, we still 
refer to the "AR theory," even though it is now as much a fact as anything 
else we know. What we are saying is that the surviving theory is the one 
that is best in accord with measurement and observation-the more 
varied and extreme the circumstances to which the tests are applied, the 
better. Eventually, it reigns supreme-until a better explanation is pro­
posed. However, we still use the same word, theory. Perhaps this can be 
blamed on the experience that even tried-and-true theories that become 
facts in a certain domain of application, may eventually require modifi­
cation as they are extended to larger domains. 

So today we have the theory of relativity, the quantum theory, electro­
magnetic theory, the Darwinian theory of evolution, and so on, all of 
which have now graduated to a higher level of scientific acceptability. 
These theories all provide valid explanations of their phenomena and are 
all factual in their domains of applicability. We also have new proposed 
theories-for example, the theory of superstrings-that are excellent ten­
tative hypotheses, but that mayor may not eventually be established or 
discarded. And we have old theories, such as "phlogiston" (a hypothetical 
fluid that filled and defined all living beings) and "caloric" (hypothetical 
fluid that was heat), that we have completely discarded. For now, though, 
quantum theory is the most successful theory in all of science. The fact 
is: the quantum theory is a fact. 

INTUITION? FIRE UP YOUR COUNTERINTUITION 

In approaching the new domain of the atom, all our intuition may be sus­
pect. Our prior information may not be relevant. Our normal lives 
expose us to a very limited range of experiences. We have no experience 
of traveling at velocities millions of times faster than a speeding bullet. 
We have not been subject to the searing heat, billions of times hotter 
than the center of the sun. Neither have we danced with individual mol­
ecules, atoms, or nuclei. Whereas our direct experience of nature is lim-
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ited, science has enabled us to become aware of the vastness and diver­
sity of the world outside of us. A colleague's metaphor has us like an 
embryonic chick, consuming the stored food inside the egg until it is all 
gone and the world seems to be at an end. But then the shell is cracked 
open and the chick emerges into a new and vastly greater (and more 
interesting) world. 

Among the many intuitive ideas that most adults have is that the 
objects around us---chairs, lamps, cats,-have an existence and a full set 
of properties whether we are there to observe them or not. Another 
belief that emerges from our schooling is that if we prepare an experi­
ment on successive days, for example, racing two toy cars down two iden­
tical ramps, and conduct them in exactly the same way, we will get the 
same result. Don't you find it intuitively obvious that if a baseball flies 
from batter to outfielder, that at each point along its trajectory it has a 
definite position and a definite speed? A series of snapshots of the base­
ball (that's what a video is) would serve to locate the ball at any instant. 
Putting all the snapshots together should define a smooth trajectory. 

These intuitions continue to serve us well in the macroscopic world 
of chairs and baseballs. But, as we have seen and will continue to see, 
funny things happen inside atoms. Be ready to check some of your most 
cherished intuitions at the door. The history of science is a history of rev­
olutions that enfold preexisting knowledge. For example, the Newtonian 
revolution enfolded-rather than discarded-the earlier work and con­
cepts of Galileo, Kepler, and Copernicus, as well as electromagnetic 
theory, as ultimately summarized by James Clerk MaxwellY Maxwell in 
the nineteenth century extended and, in part, included Newton's 
mechanics. Einstein's relativity enfolded Newton's theory and enlarged 
the domain to include high velocities and a deeper view of space, time, 
and gravity. Newton's equations remained valid in the domain of small 
velocities. Quantum theory enfolded the Newton/Maxwell theories so 
that we could understand the atomic domain. In each case, the newer 
theory had to be understood in the language of the older theory, at least 
in the beginning. But when discussing the quantum theory, the language 
of "classical" theory-our human language-fails. 

The problem that Einstein and his fellow dissenters had, and the 
problem we have today, is the difficulty of comprehending the new 
physics of the atom in the language and philosophy of the old physics of 
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the quantum theory and its profound consequences for our under­
standing of nature. We think that much of the eeriness is due to human 
conditioning. Nature has its language and we must learn it. We should 
learn to read Camus in French and not force it into American slang. If 
French gives us difficulties in interpretation, then we should take some 
long vacations in Provence and breathe in the French air, rather than sit 
in suburbia and force the world into our own vernacular. In the following 
pages, we hope to transport you to a world within and beyond our world 
with the added benefit of acquiring a new language by which to compre­
hend this brave new world. 



Chapter 2 

BEFORE THE QUANTUM 

W hen Galileo ascended the Leaning Tower of Pis a to drop two 
objects of different weights (but shaped identically, so as to 
equalize air resistance), he was doing more than conducting 

a scientific experiment. He was creating great street theater, a chance to 
publicly thumb his nose at the Aristotelian faculty of the University of 
Pisa. It, perhaps, was also a publicity stunt to stimulate funding (Galileo 
was forced, at one point in his career, to cast horoscopes for the Medici's 
to help support himself). More significantly, GaIileo was demonstrating 
the importance of replacing intuition with empirical evidence, and 
dogma with fact. 

As we delve further into quantum theory, your innate intuition about 
reality and what makes sense about the "physical world" will be chal­
lenged mightily. But you may also be no less shocked than were the ordi­
nary people of Pisa who watched and heard those two objects land at the 
foot of the tower with simultaneous thuds. How could a heavy weight not 

fall to the ground faster than a light one? (How could Aristotle be 
wrong?) Intuition was taught. The ancient Greeks never did the experi­
ment to see which one would hit the ground first. Intuition may not be 
so innate after all but rather learned by observation. 

At the time of Galileo, Europeans had been told for two thousand 
years (incorrectly so) that heavier objects fall to the ground faster than 
lighter ones. They were also told that moving objects must naturally 
eventually come to a halt and that Earth is at the center of the universe 
with: "all things in their order, Moon, Sun, the planets, circling about, 
Heaven above and Hell below." Galileo's radical ideas were based on 
observation and consequential reason-two objects, no matter what their 
weight (but negating the effects of air resistance), dropped simultane­
ously, will reach the ground at the same instant. This is a result that can 

41 
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be proved by actually doing the experiment. Moreover, things also move 
continuously forever in a straight line unless a force acts to change that 
state of motion, again testable with objects moving on smooth friction­
less surfaces. The sun forms the center of a solar system about which the 
planets (of which Earth is one) move in elliptical orbits, while the moon 
orbits Earth, thus resolving nagging observational difficulties with the 
old system of an Earth-centered universe. Galileo's ideas were as "coun­
terintuitive" in 1600 CE as quantum theory was in 1930 CEo I 

Before one can comprehend the vertiginous universe of quantum 
physics, one must understand some of the science that preceded it. That 
science is called classical physics, the culmination of hundreds of years of 
work begun before the time of Galileo and subsequently refined by Isaac 
Newton, Michael Faraday, James Clerk Maxwell, Heinrich Hertz, and 
many others.2 Classical physics posited a kind of clockwork universe: 
orderly, causal, exact, and predictive, and it reigned supreme until the 
beginning of the twentieth century. 

COMPLICATING FACTORS 

To get a sense of a counterintuitive idea, consider Earth, which seems so 
solid, so eternal, and so stationary. We can comfortably balance our break­
fast tray on Earth without spilling a drop of coffee, yet Earth is spinning on 
its axis. The objects on its surface are not sitting at rest at all but are 
revolving around with the spinning Earth which acts like a giant merry-go­
round. At a surface velocity of up to 1,000 miles per hour near the equator 
it is as fast as a jet aircraft. Moreover, Earth is streaking through space in its 
orbit around the sun at a dizzying 100,000 miles per hour. And the whole 
solar system is hurtling about the galaxy at still higher speeds. Yet, though 
the sun comes up in the east and sets in the west, we don't feel a thing, and 
we hardly notice any motion at all. How can this be? It is impossible to write 
a letter on horseback and even difficult in a car speeding down the interstate 
at 70 miles per hour, yet we've all seen pictures of astronauts threading a 
needle and performing other delicate chores in a space capsule orbiting the 
earth at 18,000 miles per hour. Those floating astronauts, apart from the 
blue planet turning below, don't appear to be moving at all. 



The pattern of the sun 
Can fit but rum alone 
For sheen must have a Disk 
To be a sun-
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Emily Dickinson, "The Pattern of the Sun"3 

Our everyday intuition does not immediately inform us that if our sur­
roundings share our same motion, and if the motion is uniform and unac­
celerated, we will have no sensation of motion whatsoever. The ancient 
Greeks believed that there was an absolute state of rest attached to the 
surface of Earth. Galileo challenged and replaced this time-honored 
"Aristotelian" intuition with a new and scientifically improved one. Sit­
ting still, we learn, is no different than a uniform, approximately constant, 
state of motion. The astronauts are sitting still from their point of view, 
but they are hurtling through space at 18,000 miles per hour from our 
point of view. 

To Galileo's discerning eye it became totally evident that a lighter 
mass and a heavier mass would fall at the same rate and arrive at the 
ground simultaneously. To most people, this was not obvious at all, 
because experience seemed to indicate just the opposite. But Galileo did 
the experiments that indicated this was so, and he reasoned what it 
meant. Only the resistance to motion by the surrounding air caused this 
effect to go unnoticed. In his mind, Galileo saw the surrounding air as a 
complicating factor obscuring a profound underlying simplicity to 
nature. He realized that, in the absence of air, all bodies will fall to the 
ground at the same rate, even feathers and gigantic rocks. 

It indeed turns out that the pull of gravity, or the force of gravity, does 
depend on how massive the pulled object is. Mass is a measure of the 
quantity of matter in the object. 

,The weight is just the force of gravity on the massive object 
(remember what Mr. Jones, your science teacher, always said: "The mass 
of an object will be the same on the moon, but the weight will be less"­
and Mr. Jones, like the rest of us, learned this fact as a result of people 
like Galileo). The more massive the object, the stronger the force of 
gravity; double the mass, and you double the force. But it is also true that 
the more massive the object, the greater is its resistance to changing a 
state of motion. These two countervailing tendencies exactly cancel each 
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other out so that all objects fall to the ground at the same rate-if we can 
remove the effect of air resistance. Air resistance is a complicating factor. 

It seemed obvious to the ancient Greek philosophers that the most 
natural state of an object is to be sitting still, at rest. If we kick a soccer 
ball, it rolls eventually to rest. Your car will keep going only until it runs 
out of gas, then it slows down and comes to rest. Slide a hockey puck on 
a lecture table and it goes a few feet and stops. All this is perfectly 
obvious, all perfectly Aristotelian (we all have an inner Aristotle). 

But Galileo developed a deeper intuition: he recognized that if the 
hockey puck is waxed and polished, it goes farther along the surface of a 
likewise waxed and polished table; and if the table it slides on is replaced 
by a frozen lake of ice, it goes a very long distance. Remove all friction 
and any other complicating factors, and the hockey puck will slide on in 
a straight line at a constant velocity forever. "Ecco!" reasoned Galileo­
what causes the loss of motion is friction between puck and table (or car 
and road), and that's a complicating factor. 

In a typical university lecture room you might find a long steel track 
punctured with thousands of tiny holes through which air blows. This 
causes a metal rider (a surrogate hockey puck) to float on air as it moves 
along the track. The track is terminated on both ends with elastic bumpers. 
It takes only a slight push to send the rider gliding where it bounces off a 
bumper, and returns, then bounces again and again, back and forth across 
the thirty-foot track for the entire lecture hour. Why does it move for so 
long on its own? It's very entertaining because it is so counterintuitive, but 
here we witness the underlying primal world, unfettered by the compli­
cating factor of friction. From his more technologically primitive, though 
equally illuminating, experiments, Galileo discovered and fonnulated a 
new law of nature that said: "An isolated body in motion will maintain its 
motion forever." By "isolated," he meant no forces of friction or anything 
else. Only forces can change a state of uniform motion. 

Counterintuitive? You bet! It is extremely difficult to imagine a truly 
isolated object, since we never encounter such a beast in the living room, 
the ballpark, or anywhere else on Earth, for that matter. We can approach 
this idealized state only in a carefully designed experiment. But after 
many demonstrations like that of the rider on the air track, this law even­
tually does become part of the intuition of the average college freshman 
who studies physics. 



Before the Quantum 45 

The scientific method encompasses careful observation of the world. 
A vital key to the resounding success of the scientific method over the 
past four hundred years is that it enables us to abstract, to create a puri­
fied mental mini-world, free of real-world complications, and to seek out 
the basic laws of nature therein. Afterward, we can go back and attack the 
more complex real world, quantifYing such complicating factors as fric­
tion or air resistance. 

Let's consider another important example: The real solar system is 
vastly complicated-with a massive star, the sun, at its center and nine 
smaller planets of varying masses (eight, if you don't count Pluto), each 
with an assortment of moons, each object pulling on all the other objects 
and propelling a complex ballet of motion. To simplify things, Isaac 
Newton posed the simple, idealized question: Consider a solar system in 
which there is only one planet and one sun. How would they move? 

This is called a "reductionist method." You take a complex system 
(e.g., nine planets and one sun) and you consider a smaller subset of the 
problem (one planet and one sun). Now, perhaps, the problem becomes 
solvable (in fact, it does). Then you can find the features that are pre­
served in the more complicated problem you initially posed (e.g., each 
one of the nine planets moves mostly like a single planet orbiting the sun, 
with small corrections from the forces between the planets). 

The reductionist method isn't always applicable and it won't always 
work. This is why tornadoes and the turbulent flow of liquids through 
pipes are still incompletely understood phenomena today, let alone the 
complex phenomena of large molecules and living organisms, the most 
complex of physical systems. The reductionist method works best if the 
abstract simple system imagined by the physicist is not too different from 
the real, messy one in which we live. In the case of the solar system, the 
massive sun dominates all the other planetary forces acting on planet 
Earili, so we get a rather good answer by ignoring the influence of Mars, 
Venus, Jupiter, and so on. We get a reasonable description of Earth's 
orbit by considering just Earth and the sun as a simpler system. Once we 
gain confidence in our method, we can go back and work. harder and 
include the next most important complicating factors. 
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THE PARABOLA AND THE PENDULUM 

There was a discordant hum of human voices! There was a 
loud blast as of many trumpets! There was a harsh grating as of 
a thousand thunders! 

The fiery walls rushed back! An outstretched arm caught 
my own as I fell fainting into the abyss. It was that of General 
Lasalle. The French army had entered Toledo. The Inquisition 
was in the hands of its enemies. 

Edgar Allan Poe, 
"The Pit and the Pendulum"4 

Classical, or prequantum, physics rests on two pillars. The first is seven­
teenth-century GalileanlNewtonian mechanics. The second consists of 
the laws of electricity, magnetism, and optics developed in the nineteenth 
century by a series of physicists whose names bear a curious resemblance 
to various electrical units: Coulomb, Oerstad, Ohm, Ampere, Faraday, 
and Maxwell. Let's first consider the universe of the master physicist 
Isaac Newton, a successor to our hero Galileo. 

Objects fall down, and the rate of increase in their speed as they fall 
has a precise value (this is called acceleration). A projectile, a ball batted 
into the air, or a ball fired from a cannon each soars away from its 
launching point in a graceful arc of sublime mathematical elegance called 
a parabola. A pendulum, a mass attached to a long string suspended from 
a great height, as in an old grandfather clock or an old tire tied to a tree 
branch by a rope, swings to and fro with a precision by which you can set 
your watch. The sun and moon pull on Earth's oceans to create the tides. 
All these phenomena are understood and accounted for by Newton's laws 
of motion. 

Newton made two great discoveries in a burst of creativity that has 
seldom been matched in human history. Both were expressed in a math­
ematicallanguage called "the Calculus," much of which he had to invent 
in order to compare his predictions with nature. The first of his discov­
eries-often presented as Newton's three laws-was a method of calcu­
lating the motion of objects once you know the forces acting on them. 
Newton might have said: "Give me the forces and a big enough com­
puter and I will give you the future." But he didn't, to our knowledge. 
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The forces that act on an object can be delivered to it by just about 
anything: ropes, rods, human muscle, wind or water pressure, magnets, 
and so on. One special force of nature-gravity-became the focus of 
Newton's second great discovery. In an absurdly simple-looking equation 
he made the sweeping generalization that all objects attract one another 
with a force. This force between two objects decreases as the distance 
between them increases. Double the separation, for example, and the 
force of gravity decreases by one-fourth. Triple the separation and the 
force drops to one-ninth. This is the famous "inverse square law." It 
means that we can go far enough away from an object so that its influ­
ence can become as small as we want it to be. The force of gravity we feel 
from Alpha Centauri, one of the stars nearest our sun-a mere four 
light-years distant (that is, it takes light four years to get here from Alpha 
Centauri )-is 1110,000,000,000,000, or 10-13 times our weight on Earth 
(that fraction of the US annual GDP is about one dollar). Or we can get 
so close to a dense massive object, like the surface of a neutron star, that 
we would be squished by gravity into an atomic nucleus. Newton's laws 
spell out how gravity acts on falling apples, projectiles, pendulums, and 
other objects near the surface of this planet, where most of us make our 
living. Gravity also acts across vast stretches of space, across the ninety­
three million miles between Earth and the sun, for example. 

But do Newton's laws really still work when we leave our native 
planet? The theory must give results that agree with our measurements 
(with allowances for experimental error). And-guess what?-the results 
show that, in general, Newton's laws work well for the entire solar 
system. In fact, to a very good approximation for each planet we need 
only consider the simpler case of the single planet orbiting the sun, and 
Newton's laws then predict perfect elliptical orbits for each planet. But, 
when we look in greater detail, we find that there are these small dis­
crepancies in the orbital motion of Mars. The orbit of Mars is not a per­
fect ellipse, as the "two-body" reductionist approximation predicts. 

\Vhen we analyze, say, the sun-Mars system in isolation, we have left 
out the relatively tiny gravitational effects of Earth, Venus, Jupiter, and 
so on, each of which pulls on Mars, too. Mars gets a lot of kicks from 
Jupiter as they pass each other in their orbits, and, over long time scales, 
these effects can really add up. Mars might, like a reality TV show par­
ticipant, even get kicked out of the solar system by Jupiter in a few bil-



48 QUANTUM PHYSICS FOR POETS 

lion years. So the problem gets more complex as we look at the planetary 
motion over long periods of time. But with modern computers we can 
deal with these small (or not-so-small) perturbations, including the tiny 
effects of Einstein's general theory of relativity (the modern form of 
gravity theory). After we include all the effects, we find that the theory 
and observational measurements agree better than ever. But will 
Newton's laws still operate in the vast, trillion-mile distances between 
stars? Although the strength diminishes with distance, modern astro­
nomical measurements indicate that the force of gravity reaches out 
across the cosmos, as far as we can tell, forever. 

Now take a moment to contemplate the variety of activities that are 
beholden to Newton's laws of motion and gravity. Apples fall pretty 
much straight down, actually falling toward the center of Earth. Artillery 
shells make their deadly parabolic arcs. The moon hovers a mere 250,000 
miles away, tugging at our oceans and our romantic nature. Planets 
sweep around the sun in elliptical orbits that are nearly circular. Comets 
zoom in toward the sun and curve around in highly elongated elliptical 
orbits that may take tens or even hundreds of years before returning. 
From the smallest to the largest, all the ingredients of the universe move 
in precisely predictably ways-according to Sir Isaac Newton. 

How can one or two simple mathematical equations encompass so 
many outcomes? 

THE CANNON AND THE COSMOS 

Newton himself chewed over the problem of the range of scales over 
which his law of gravity applies. To address it, he devised a hypothetical 
cannon, perched on the edge of a cliff. In this problem he wanted to cal­
culate the different trajectories of a cannon ball, depending on how much 
gunpowder was used to shoot it. If we recreated this experiment, we 
might start with a small bag of cheap, old mildewed gunpowder. The gun­
powder would fizzle, barely managing to push the ball out of the muzzle. 
The cannon ball would roll out of the barrel and fall down the cliff. It 
would fall almost vertically to the ground, just like an apple falling from a 
tree-both governed by the force of gravity and the laws of motion. 
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\... 

FIGURE 1: The general orders that the cannon be fired with one sack of 
powder. The powder became damp and mildewed during the long and 
treacherous march from the East. "Pop"-the cannon fizzles, and the ball 
is ejected, falling nearly straight to the ground and accelerating downward 
at g = 32 feet/second 2, just like Newton's apple. (Illustration by lise Lund.) 

----- - - --- . -

So next, we mjght try a standard hag of fresh government-issue 
powder. Bang! This time the ball would sail out of the barrel and create a 
waceful are, striking the ground a hundred yards from the base of the cliff. 
It would not be qwte far enough for the generals, though. Therefore, we'd 
better try three bags of powder, and while we were at it, we would elevate 
the barrel slightly. Pow! The ball would now zoom out of the barrel and 
make a nice, high parabola, striking the ground five miles away. 
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curvature of Earth: at that point it is in orbit. If we had added two or 
three more bags of special high-power gunpowder, the ball would arc 
away from Earth and escape from its gravitational pull altogether. The 
basic equation is always the same-but the diverse starting conditions 
would generate the variety of different outcomes that we'd get, from the 
paths of asteroids and comets to those of planets, Voyager satellites, and 
fools jumping off bridges with bungee cords tied to their ankles. 

In case you were wondering, Newton's amazing and universal equa­
tions also have some profound philosophical implications. If we know the 
initial conditions of anything-in the cannon example these are (1) 
where the cannon ball is at one time, and (2) in what direction and how 
fast it is moving (how much powder we use)-then we should be able, in 
principle, to predict precisely its entire future. Predicting the future? 
Now that really challenges Aristotelian philosophy! 

For example, if we know the exact initial positions of the nine planets 
of the solar system (how far each is from the sun) and their exact veloci­
ties, and we are given the precise forces between them (which depend on 
their masses), and if we have a monstrously powerful computer, we can 
predict the entire system into its distant future to whatever precision we 
desire. The next step is an even bigger one: if we know the initial condi­
tions of each particle in the swirling hot dust clouds composing the 
embryonic solar system, we should be able to predict the future forma­
tion of the planets and their moons. All things are predictable in classical 
physics given enough computer power and precise knowledge of initial 
conditions. We even have a word for it: we say that classical physics is 
deterministic. In classical physics the future can, at least in principle, be 
precisely determined. Remember this important fact when we get to the 
quantum revolution. 

NASA relies on and encodes Newton's laws into its computer pro­
grams to predict the complex orbits for its planetary satellites. Students 
at Cal tech, MIT, and other institutions apply these laws to mechanical, 
civil, and architectural engineering. These laws make space travel pos­
sible and allow us to design bridges, skyscrapers, automobiles, and air­
craft. They have enabled modern civilization to become the thriving, 
multifarious complex it's become. 

So what is wrong with Newton's theory? Simple! Despite three hun­
dred years of satisfied customers, the Newtonian system fails in two 



Before the Quantum 53 

domains: the domain of huge velocities (things approaching the speed of 
light) and the domain of the very small (the scale of the atom). What 
does work inside the atom is the quantum theory. 



Chapter 3 

LIGHT AND ITS VARIOUS 
CURIOSITIES 

Before we leave classical physics behind, we need to spend a little 
time pondering and playing with light. Many important and ini­
tially baffling questions about light will pop up again in a new 

guise when we delve into the quantum realm. In the meantime, let us 
look at the origins of the theory of light within the classical framework. l 

Light is a form of energy, and various processes can change electrical 
energy into light (e.g., a toaster or a lightbulb) or chemical energy into 
light (a candle or fire). Sunlight comes from the intense heating of the 
solar surface due to the energy produced by processes deep within the 
sun, called nuclear fusion. Radioactive particles emitted from a nuclear 
reactor core generate a faint blue light in surrounding water as they rip 
apart (ionize) atoms. 

A small amount of energy injected into a chunk of any substance, such 
as a block of iron, will heat it. At low levels of injected energy, this may be 
a warmth that can be felt by your hand (even Sunday-afternoon carpenters 
know that a nail heats up when hammered or pulled out of a block of wood). 
The block of iron when heated sufficiently gives off dim radiant energy in 
the form of a dull reddish-colored light. As the temperature increases, 
orange and yellow colors are added to the red, and at still higher tempera­
tures, green and blue join the mix. The result, if things get hot enough, is a 
bright white light emitted from the material, a mixture of all colors. 

, We can see most objects around us, not because they emit light, but 
because they reflect light. Except for a smooth mirror, this reflection of 
light is imperfect. A red object receiving white light from the sun reflects 
only the red part and absorbs the orange, green, violet, and so on. Var­
ious pigments are chemicals that behave differently in their absorption of 
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light. Adding pigment to a material is a mechanism for selectively 
reflecting some colors, whereas the other parts of the color spectrum that 
aren't reflected are absorbed. White objects reflect all colors, while black 
objects absorb all colors-which is why the asphalt pavement of a 
parking lot gets so hot on a sunny day and why wearing a white shirt 
rather than a black one is more comfortable in the tropics. These phe­
nomena of absorption, reflection, heating, and their relationship to var­
ious colors of light can all be measured by various scientific instruments 
and can be expressed as numbers. 

Light is full of curiosities. I "see" you across the room, which is to say 
that light reflected from you beams its way to my eyes. How nice! But 
your friend, Edward, is looking at the piano, and the light beam from the 
piano crosses the you-to-me light beam with no apparent disturbance. 
Light beams (invisible in the absence of chalk dust or cigar smoke in the 
air) pass through one another easily. However, when the two beams from 
two flashlights, for instance, light up an object, it is twice as bright as 
when illumined by only one beam. 

Let's look at a fish tank. With a pocket flashlight, a darkened room, 
and some dust obtained by slapping together some blackboard erasers or 
a dust mop, you will see the beam of light, reflected in the air by the 
chalk dust, bend as it obliquely hits the water (and you may see one con­
fused Blue Gourami expecting his fish food). This bending of light by 
transparent materials such as glass and plastic is called refraction. Boy 
Scouts use a magnifying glass to focus a beam of sunlight on a tiny spot 
of wood to start a fire. They are taking advantage of refraction of light 
by the lens, as each individual ray of light is bent to converge toward a 
point, called the "focal point." Thus they succeed in concentrating the 
light energy to rapidly heat the wood and cause combustion. 

A glass prism hanging in our window splits the white sunlight into its 
spectral constituents: Red-Orange-Yellow-Green-Blue-Indigo-Violet 
(ROY G. BIV). Our eyes respond to the visible colors, but we know that 
the energy continues beyond what is visible. Invisible on one end of the 
spectrum is the long-wavelength infrared light (such as is produced by an 
infrared heat lamp, warm toaster wires, or the embers of a dying fire) and 
on the other end is the short-wavelength ultraviolet light ("black light," 
or the intense light produced by a welding torch, which requires the 
welder to wear his goggles). White light is therefore composed of equal 
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In 1676, a Danish astronomer at the Paris Observatory named Ole 
Romer, used his telescope to measure in detail the motion of the moons 
of Jupiter (these are the "Jovian moons," which Galileo had discovered 
nearly a century earlier).2 Romer observed eclipses of the moons by the 
great planet and discovered there was often a lag in the time that the 
moons disappeared and reappeared from behind Jupiter at the beginning 
and end of an eclipse. This time lag mysteriously depended on the dis­
tance of Earth from Jupiter that changed over the course of an earthly 
year (for example, the Jovian moon Ganymede reappeared earlier in 
December and later in July). Romer realized that he was observing an 
effect due to the finite speed of light, just like the later arrival in time of 
a thunder clap from a more distant bolt of lightning. 

When his careful measurements of the time delays were combined 
with the first accurate measurement of the Earth-Jupiter distance in 
1685, it yielded the first precise measurement of the speed of light, a 
whopping 300,000,000 meters per second (or 186,000 miles per second, 
compared to the speed of sound at 0.2 miles per second). Later, in 1850, 
two very skilled, but highly competitive, French scientists, Armand 
Fizeau and Jean Foucault, succeeded in making the first precise non­
astronomical measurements of the speed of light on planet Earth. Then 
the "catch-me-if-you-can" competition of better and more precise meas­
urements of the speed of light commenced in the scientific world and 
continues to this very day, with a current best value of c = 299,792,458 
meters per second. Notice that in physics we always call the speed of 
light "c." So whenever you see an equation like "E = mel," you will rec­
ognize that "e" is the speed of light, and it is one of the most important 
pieces of the puzzle that constitutes the whole physical universe. 

BUT WHAT IS LIGHT MADE OF? 
PAR TICLES OR WAVES? 

So light travels (we say "propagates") through space from one point to 
another with a really large speed. But we must still detennine something 
very fundamental about light: what is the light that is propagated from 
your neighbor's lilac bush to your eyes? In general, what is light? Our 



Light and Its Vtlrious Curiosities 59 

intuition about the world is that all things are made of smaller bits, which 
we can call particles. So one very plausible idea is that light is actually a 
stream of particles emitted from the light source and collected by your 
eye and squeezed onto the retina, where other biochemical reactions 
occur that create a sensory experience called "vision" in your brain. 

Particles are a good hypothesis of what light is since they can carry 
energy. Particles can scatter, that is, be reflected by surfaces; they can 
induce chemical reactions. But they must also have some kind of an 
internal structure that generates color. Like Galileo before him, Isaac 
Newton was convinced by his interpretation of all the available data of 
his time that light is propagated as "a shower of tiny invisible particles." 
These particles, after being emitted from a light source, travel at enor­
mous speeds in straight lines until they collide with materials that cause 
them to be absorbed, reflected, or refracted. Remember, this was about 
1700, a time that the speed of light had actually been measured, so 
Newton, unlike Galileo, actually knew that light propagation was not 
instantaneous. Theorists, of which Newton was one of the greatest, 
always need strong reinforcement for their theories from experiment. 
Newton concluded that refraction-the bending of light by glass or 
water-is induced by a change of velocity of light particles in the glass, 
water, or any other refracting material. 

Why would refraction occur? Picture a Newtonian light particle 
heading at an angle toward a piece of glass or the surface of water. The 
idea was that the glass or water medium "tugs" at the particles of light as 
they reach the surface boundary, which subtracts some component of the 
motion in the direction along the surface. Subtracting that piece of 
velocity from the original results in a "bending" of the stream of parti­
cles-a plausible argument for explaining refraction. 
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and scientists that his light particles, which he called "corpuscles," 
became the standard theory ... until 1807, that is. 

THOMAS YOUNG 

In that year, a polymath English medical doctor with a passion for physics 
performed an unforgettable experiment. Thomas Young (1773-1829) was 
a wunderkind who learned to read at age two and by age six had read the 
Bible through twice and had started the study of Latin.3 In boarding 
school he gained a reading knowledge of Latin, Greek, French, and 
Italian; began to study natural history, philosophy, and Newton's cal­
culus; and learned to make telescopes and microscopes. While still in his 
teens, Young tackled Hebrew, Chaldean, Syriac, Samaritan, Arabic, Per­
sian, Turkish, and Ethiopic. Between 1792 and 1799 he studied medicine 
at London, Edinburgh, and Gottingen. Along the way he abandoned his 
Quaker upbringing and reveled in music, dancing, and the theater. He 
bragged that he had never spent an idle day in his life. Obsessed with 
Egyptology, this extraordinary gentleman, scholar, and autodidact was 
one of the first people to translate Egyptian hieroglyphics. He persisted 
in compiling his Egyptian dictionary until his dying day. 

Unfortunately, Young was never very successful as a doctor, perhaps 
because he did not inspire confidence, or did not have that je ne sais quoi 
in his bedside manner with his patients. His languishing London prac­
tice, however, gave him plenty of time to attend meetings of the Royal 
Society and discuss ideas with the scientific bigshots at the time. For our 
purposes, Thomas Young's greatest contribution was in the field of 
optics. He started his research in 1800, and by 1807 he had performed a 
series of increasingly decisive experiments supporting the wave theory of 
light. But before we get to his most famous experiment, we need to take 
a brief look at the behavior of waves in general. 

Let's examine water waves, beloved by surfers and Romantic poets. 
Picture the waves, way out in midocean. Measuring the distance between 
crests will give us the wavelength, while the height of the crest above a 
calm sea surface is called the amplitude. Crests will measure so many feet, 
or meters, above "zero," and troughs an equal number below zero. The 
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waves travel, their crests moving through the sea, at a wave velocity (which 
would be c for "light"). A progression from one crest down to a trough 
and back to a crest again is called one rycle. This brings us to frequenry, the 
rate at which crests (or troughs) pass a given point in space. If three crests 
pass in a minute, then the frequency is 3 cycles/minute. The wave­
length-the distance 3 between crests (let's say, thirty feet) times the fre­
quency (let's say, 3 cycles/minute) equals the wave speed-in this case is, 
90 feet per minute, or about 1 mile per hour.4 

velocity of wave 

amplitude 
C • 

FIGURE 5 : A wave-train, or ''traveling wave." The wave moves to the 
right at a speed of c and has a wavelength (length of one full cycle, from 
trough to trough, or crest to crest). A stationary observer watching the 
wave travel past would see a frequency of c/(wavelength} crests, or 
troughs, passing by per second. The amplitude is the height of a crest 
above zero. 

The wave frequency is a familiar characteristic of sound and is very 
audible to human ears. Sound waves vary from a very deep basso of 30 
cycles/second up to the limit of human hearing at a squeaky 17,000 
cycles/second. "Concert A" is the A note on the piano keyboard imme­
diately above middle C in the musical scale and has a frequency of 440 
cycles/second. The speed of sound in air, as we have seen, is about 1100 
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feetlsecond, or 770 miles per hour. Applying simple math-the wave­
length is equal to the speed of sound divided by the frequency-we can 
deduce that the wavelengths of concert A is (1100 feetisec.)/(440 per 
sec.) = 2.5 feet. All of the audible-to-humans sound waves range from 
wavelengths of about (1100 feetisec.)/(17,OOO per sec.) = 0.065 feet to 
(1100 feet per sec.)/(30 per sec.) = 37 feet. It is the wavelength, as well as 
the speed of sound, that dictates how sound rattles around canyons, 
travels through the open air of Wrigley Field, or fills a concert hall. 

The world is full of different kinds of waves: water waves, sound 
waves, waves on ropes and in springs, and seismic waves that shake the 
earth under us. All these waves can be described in terms of classical 
(nonquantum) physics. The amplitudes of the waves in each case repre­
sent different quantities-the height of water, the pressure (in pounds 
per square inch) of sound waves, the displacement of the rope or com­
pression of the spring, and so on. All these involve a disturbance, or the 
deviation from the normal of an otherwise undisturbed medium. The 
disturbance, like a pluck of a long string, propagates away in the shape of 
a wave. In the realm of classical physics, it is the amplitude of the wave 
that determines the energy carried by this disturbance. 

Imagine a fisherman sitting in his boat on a lake. He tosses a fish line 
in the water attached to a "bobber." The bobber allows a fixed amount 
of line to drop into the water without touching bottom and provides a 
visual signal to the fisherman if a fish is on the line. The bobber bobs 
only up or down as the waves move by. A regular cyclic change in the 
position of something, like the bobber, that continually repeats itself­
starting from zero, rising to a peak, then sinking through zero down to a 
trough and back up to zero-is known as a harmonic wave, also known as 
a sine wave. We'll just call it a wave. 

DIFFRACTION 

Now we'll add another phenomenon and another, and very important, 
word to our wave vocabulary: diffraction. 

Consider a harbor protected by a sea wall with a narrow opening for 
the passage of ships. Ocean waves with long parallel crests come in from 
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a great distance and hit the sea wall, where they crash and break. The 
waves that hit the narrow opening (the opening is "narrow" compared to 
the wavelength of the waves), however, pass through and spread out into 
the harbor in all directions. It is as if the narrow opening is a source for 
waves, as if someone was tapping his finger in the middle of a pond, 
making the waves emanate outward equally in all directions. This phe­
nomenon of a wave spreading out in all directions from a small aperture 
is known as diffraction. Sound waves do it, too, which is why we have no 
trouble hearing around corners. Careful measurements show that the 
amount of wave spreading depends on the wavelength and the size of the 
opening. The longer the wavelength and the smaller the hole, the more 

FIGURES 6a and 6b: The diffraction of a train of waves entering a narrow 
harbor entrance (a). The same thing happens to light, sound, or any other 
wave. The diffraction of sound is what allows us to hear sounds around 
corners. Single-slit diffraction of light is due to the finite width of the slit 
opening. By combining waves from two slits we get the diffraction pattern 
seen in (b). When light waves pass through two slits and impinge on a 
screen, we get the alternating bright-dark bands of the diffraction pattern 
observed by Thomas Young. 
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spreading, while as the opening becomes larger than the wavelength, the 
waves pass through more or less maintaining their original direction. 

You can test this for yourself by doing various experiments in the 
bathtub with waves. Try to duplicate the long wavelength diffraction as 
water waves pass through a narrow harbor entrance. Or, if you're a good 
observer and have good eyes, you can see diffraction by looking at the 
light from a lamppost at night. If you squint to reduce the hole through 
which the light enters your eye, you'll see a flaring out of light streaks­
an example of diffraction. 

One reason the wave theory of light was so late in coming was that 
no one had ever convincingly seen light beams diffract, changing direc­
tion as they passed through a tiny hole. Ergo, everyone thought, light 
was not a wave. But Young's earliest arguments insisted that the wave­
lengths of the light waves were very tiny (say, one hundred thousandth of 
an inch), so the diffraction of light in passing through holes was 
extremely slight and would have escaped observation. 

We should mention one final aspect of waves: the phenomenon of 
inteiference. Waves can be added (or subtracted). This is what happens 
when they occupy the same place in space. Two things can happen: 
troughs can be in the same place as crests and cancel each other, or crests 
(or troughs) can pile up on top of one another to make a humongous 
wave. In fact, such waves where many troughs have just randomly piled 
on top of one another can occur at sea and are known as rogue waves, 
and they pose a tremendous hazard to ships.5 

Waves that have nearly the same wavelength (hence nearly the same 
frequency) are most efficient at adding up or canceling each other out over 
larger regions of space. We say that two waves whose crests arrive simulta­
neously at the same point are "in phase" and result in a giant wave with 
twice the amplitude of each alone. Waves can also arrive "out of phase" so 
th<:J.t they cancel each other out-generating a wave of zero (flat) amplitude. 
There is a continuum of possibilities between "in phase" and "out of phase," 
and therefore a continuum of possible amplitudes, at the point where the 
two waves arrive. Since two waves can interfere with each other in this 
fashion, we call this phenomenon inteiference. The adding together of crests 
or troughs to form a larger amplitude is called constructive interference, while 
the canceling of troughs against crests is called destructive intnference.6 We 
are now ready to appreciate Young's double-slit experiment. 
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fine, for example, cut with a razor blade in aluminum foil or etched on a 
smoked glass. The slits would be parallel to each other about a mil­
limeter apart (the closer the better). The light shining through the two 
slits would be allowed to propagate to a second screen, a distance of, say, 
ten to fifteen feet away. In a darkened room we would observe the light 
falling on the distant screen. We would observe the light falling on the 
second screen. There we would see a pattern that consists of a series of 
alternating light and dark bands of illumination (figure 8). The bands are 
parallel to the slits on the first screen. In other words, there are places on 
the screen that are quite bright where crests of light have reinforced one 
another, and other places where crests have canceled troughs and no 
light arrives. This is a pattern called interference fringes.? 

FIGURE 8: The interference pattern of light waves passing through two 
slits, as in figure 6b, and projected onto a distant screen is illustrated. The 
observation of this phenomenon is what enabled Thomas Young to prove 
that light was a wave phenomenon. 
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If we closed one of the two slits, we would get something totally dif­
ferent: we would get only a swath of light opposite the open slit and 
fading into darkness on both sides (see figure 9). The dramatic interfer­
ence effect is seen only when both slits are open (figure 8) and the waves 
from the two slits can overlap on the distant screen, producing the bright 
and dark interference fringes. 8 

, 

FIGURE 9: In Young's experiment, the observed interference is due to the 
addition of waves coming from both slits as in figure 8. If we close off one 
slit, we no longer observe the interference effect (there is a "single-slit" 
interference, but it isn't observable when the slit opening is made to be 
extremely narrow). 

\Vhat does it all mean? Imagine that we have a small detector of light at 
some point on the second screen, labeled P. Light reaches P from both 
slits. Since light is a wave, the light reaching the slits from the source may 
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The dark and light fringes on the screen are due to the difference of 
the phase of two waves. When the difference of distances from each slit 
to P corresponds to one cycle (or one wavelength), we get a bright fringe. 
When the difference of distances from each slit to P corresponds to one 
half of one cycle (or one half wavelength), we get a dark fringe. 

Young's brilliant and simply stated argument was that, under certain cir­
cumstances, adding two beams of light can result in darkness--destructive 
interference where a wave crest adds to a trough. This is a classic feature of 
an interference pattern, and it screams "wave phenomenon." If you want to 
observe it for yourself, simply notice how an oil slick or gasoline spill on a 
puddle produces brightly colored striations. The reason is interference. 
Light is reflected from the top surface of the thin oil film as well as from the 
underlying surface, and their phases differ as one ray passes though the film 
twice. When combined in your eye, the two beams interfere and, if things 
are just right, they can cancel each other. But in this case we're dealing with 
white sunlight (containing all wavelengths), and the waves can cancel for 
only one wavelength-say, red. So red cancels, and your eye sees what is left 
when you subtract red from white: a blue color. At slightly different thick­
nesses of oil other wavelengths cancel, giving rise to the brilliant colors you 
see. Or wait for a rainy day and find a rainbow. You'll be observing primal 
nature and interference of light passing through tiny droplets of water in 
the air at different angles. 

On this long storm the Rainbow rose­
On this late Morn-the Sun-
The clouds-like listless Elephants­
Horizons-straggled down-

The Birds rose smiling, in their nests­
The gales-indeed-were done-
Alas, how heedless were the eyes-
On whom the summer shone! 

The quiet nonchalance of death­
No Daybreak-can bestir-
The slow-Archangel's syllables 
Must awaken her! 

Emily Dickinson, 
"On This Long Storm the Rainbow Rose"9 
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It was difficult to imagine how Newtonian particles could cancel one 
another here and add up over there, forming an interference pattern. If 
we pile apples on top of apples in our bushel basket, we always get more 
apples-not fewer! 

YOUNG'S CONCLUSION: LIGHT IS A W AVE 

About a decade later, a French physicist, Augustin Fresnel, confirmed 
and extended Young's results, and the idea of light as waves was estab­
lished. The subject of wave optics expanded and led to the design of 
many refined optical instruments, from microscopes to telescopes, based 
on light waves. 

The wave theory seems to account for all the diverse phenomena we 
might encounter: reflection, absorption, refraction, diffraction, and espe­
cially interference. According to the wave theory, toward the end of the 
nineteenth century, light is emitted as the vibrations of atoms. At the 
time, this was dimly understood, but it was known that these vibrations 
were necessarily very fast, measuring a thousand, trillion (10 15) cycles per 
second, which corresponded to the frequencies of light waves. 
Remember, the frequency is the speed of light divided by its wavelength. 
The frequency one gets by dividing a tiny wavelength into a huge 
velocity is achievable only by these rapid vibrations at "atomic" -size 
scales. They knew that colors are the physiological effect of the wave­
length of light absorbed in the retina. Multiply the wavelength by the 
vibratory frequency, and you get the velocity, which, in a vacuum, is the 
same for all wavelengths (all colors), the speed of light, our ubiquitous 
"c." We should note that the velocity of light in the vacuum is the same 
for all sources, from candles and glowing metals to the light of the sun. 
But when passing through most materials, like glass or water, light slows 
down. Different wavelengths (colors) travel at slightly different speeds in 
materials. This permits us the luxury of separating white light into its 
constituent colors, as happens with a prism. 

Although most of the known phenomena of light by the twentieth 
century fell happily into place when described by the wave model of 
light, there were also some discrepancies. 
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UNANSWERED QUESTIONS 

A host of residual questions were still not satisfactorily answered at this 
stage of the development of the theory of light: What is the mechanism 
by which light is generated? What is the mechanism whereby light waves 
are absorbed, and why, in the case of colored objects, are only certain 
bands of colors (wavelengths) absorbed? What secret operations occur in 
the retina, or on a photographic plate, enabling us to say, "I see"? These 
questions all deal with the interactions of light and matter. Moreover, 
how does light propagate through the vacuum of space between the sun 
and Earth-given that our experience with sound and water waves tells 
us there must be a responsive medium to propagate a wavelike distur­
bance? Must there be some kind of ghostly, transparent, weightless 
medium filling the vast stretches of space? Nineteenth-century physicists 
gave it a name: the ether. 

And ponder still another mystery, this one concerning the sun. This 
super light-wave generator is a powerful source of both visible and invis­
ible light, the latter comprising the longer-than-visible wavelengths, 
starting with infrared, and the shorter-than-visible wavelengths, starting 
with ultraviolet. The atmosphere-primarily the ozone of the upper 
stratosphere-filters out much of the ultraviolet and all of the even 
shorter wavelengths, such as x-rays. Now suppose we invent a device 
that, at the flick of a dial, can select out a small band of wavelengths, 
absorb the light, and measure its energy. 

We do have such a device (usually there's one in every well-equipped 
high school science lab): it is called a spectrometer. A spectrometer bends 
red light the most, violet the least, and it fans out all the colors away from 
the direction of the original beam of white light. Newton's glass prism 
was an early, primitive spectrometer. We add a viewing-scope, mounted 
on a nicely engraved scale, that measures the angle that the viewing­
scope makes with the original white light beam. Since the color (wave­
length) of light determines the degree to which it is bent, we can easily 
translate angles into wavelengths. 

Now let's move the viewing-scope to the place where the deepest 
red fades to black, in other words, where there's no visible light. The 
scale reads 7500 A, where "A" stands for angstrom units, after the 
Swedish physicist Anders Jonas Angstrom, who helped develop the field 





74 QUANTUM PHYSICS FOR POETS 

lines with the bold capital letters A, B, C, through I; A being a dark line 
in the red, and I in the far reaches of violet. What was going on? Fraun­
hofer was aware that a metal or a salt placed in a hot flame gave off a 
characteristic color. When studied with the spectrometer, it revealed a 
series of fine bright lines with wavelengths in the region of the promi­
nent color. 

Intriguingly, he noted, the pattern of bright lines from the salts pre­
cisely matched the pattern of dark lines in the solar spectrum. Table salt, 
for instance, emitted several bright yellow lines in the D region of 
Fraunhofer's map. In due course, a plausible explanation arrived. Recall 
that a discrete, well-defined wavelength corresponds to a unique, pre­
cisely defined frequency. Clearly, something in matter, presumably 
something at the atomic level, liked to vibrate at certain definite fre­
quencies. Atoms (not confirmed to exist nor understood at all at the time 
of Fraunhofer) evidently have visible fingerprints! 

FINGERPRINTS OF THE ATOM 

Consider this familiar mechanical phenomenon in music: A tuning fork 
of concert A above middle C rings out at precisely 440 cycles per second. 
In the tiny realm of the atom, the frequencies would be vastly higher, but 
in Fraunhofer's time it was possible to imagine the mysterious atom 
chock-full of teensy, tiny, frantic tuning forks, each with its own fre­
quency but now emitting light of a wavelength corresponding uniquely 
to that frequency. 

But what about the dark lines, you may ask? Well, if atoms of sodium, 
excited by a hot flame, vibrate at frequencies corresponding to emitted 
light at wavelengths of 5962 A and 5911 A (both in the yellow range), 
then the same atomic structure would preferentially absorb light at those 
same wavelengths. The white-hot surface of the sun emits light of all 
wavelengths, but this light then passes through the relatively cooler gases 
of the sun's outer atmosphere (the "corona"). Here the atoms might 
absorb just those same wavelengths they like to emit. This absorption 
accounts for the curious dark lines observed by Fraunhofer. Bit by bit, 
spectroscopy in the post-Fraunhofer era revealed that each element, 
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when heated, produced a characteristic set of "spectral lines," some 
prominent (like the brilliant red lines of neon gas that are so familiar in 
neon signs), and some faint (like the dimmer blue of mercury vapor 
lamps). These lines were the fingerprints of the chemical elements, the 
first clues to the tiny "tuning forks" within atoms, or whatever the mys­
terious structures vibrating inside the atom must be. 

Since the spectral lines were very fine, the spectrometer's scale could 
give very precise readings, for example, 6503.2 A (in the deep red) or 
6122.7 A (in the bright red). By the late nineteenth century, thick tomes 
listing the spectra of the chemical elements became available, and skilled 
spectroscopists could identify unfamiliar compounds and detect minis­
cule chemical contaminations. Yet no one had any clear idea of what pro­
duced these dramatic messages from the barely understood atom. 

Spectroscopy's second major achievement was more philosophical. 
In the sun's signature of dark lines scientists could read its chemical com­
position, and 10 and behold, they found hydrogen, helium, lithium, and 
the other elements of matter that compose our planet Earth. Since then, 
we have analyzed the light from stars in extremely distant galaxies, always 
finding our own familiar elements: hydrogen, helium, and so on. The 
universe everywhere has the same composition and the same laws of 
nature, all of which hints at a common origin in some incomprehensible 
act of physical creation. 

Meanwhile, seventeenth-through nineteenth-century scientists were 
also baffled by yet another problem, namely, how are forces, such as 
gravity, transmitted over great distances? When a horse is harnessed to a 
wagon, we see that the force exerted by the horse to pull the wagon is vis­
ibly transmitted through the harness. But how does Earth feel the pres­
ence of the sun, ninety-three million miles away? How does a magnet tug 
on a nail way over there? There is no "visible" connection here-so it is 
dubbed mysteriously "action at a distance." The force of gravity was pos­
tulated by Newton, and it is an action at a distance. But what is the har­
ness that connects the sun to Earth, producing the gravitational force? 
After struggling mightily with the question of "action at a distance," even 
the great Newton had to shrug his shoulders and leave it to future physi­
cists to solve. 
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MAXWELL AND FARADA Y: 
THE LAIRD AND THE BOOKBINDER 

It was Michael Faraday (1791-1867) who first illuminated the action-at­
a-distance mystery with his hypothesis of the electromagnetic field. II He 
was a poor man's son who got a job as a bookbinder and educated him­
self by reading the books he bound. Fortunately, one of those books 
hooked him on science. \Vith a great intuitive leap (he was very weak at 
math), he decided that what an electrically charged particle does is to 
create an entity around itself called an electric field. The field is a kind of 
pull throughout space that acts on any other nearby electric charge 
(although that action diminishes with the distance from the source 
charge). Or, in the case of a magnetic field, we envision the space around 
a magnet as being "strained," filled with a magnetic field and thereby 
able to "notify" a distant speck of iron filing of the presence of the field, 
producing a magnetic force. 

Now, you might well object that this "field" concept is just a fancy 
way of saying that electric charge a exerts a force on electric charge h. 
The existence of fields was the subject of much thought, debate, and 
philosophical rumination. The field concept lent itself elegantly to 
simple and compelling mathematics, and by the end of the nineteenth 
century, people believed in electric fields (created by charges), magnetic 
fields (created by magnets or by electrical currents, i.e., charges in 
motion), and gravitational fields (created by objects with gravitational 
mass). Fields provide a physical visualization of forces exerted by objects 
at a distance, and they explain how energy can be transferred from a 
charge, into a field, back to a charge again. The fields could explain 
action-at-a-distance. Although they were invisible, fields could be meas­
ured. A little compass needle, for example, responds to a magnetic field. 
A little "test" electric charge would feel a force exerted by the electric 
field of a distant electric charge. And, the fields themselves contained 
energy and momentum. 

Faraday'S experiments of the 1820s uncovered a deep connection 
between electric and magnetic fields. It had already been discovered that 
passing an electric current through a loop of copper wire could generate 
a magnetic field. Faraday asked the question in reverse: Can a magnetic 
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We get an electric field produced in space when a magnetic field is 
present and changing in time. This wonderful discovery-called the law 
of induction-soon led to electric motors, electric generators, and 
nothing less than a modern electric society. It provides a way to convert 
mechanical energy directly to electrical energy. For example, a waterfall 
can drive a wheel to turn. The wheel is attached to a magnet and creates 
a changing magnetic field in coils that are positioned near the wheel. The 
changing magnetic field induces electric fields that generate electrical cur­
rents. This, in turn, permits us to send electrical energy to nearby Las 
Vegas or Buenos Aires. And, when we run this in reverse, a source of 
electrical energy can be used to spin a wheel, as in a diesel-electric train 
or an electric automobile, all thanks to Faraday. 

Faraday's law of induction and his other discoveries laid the ground­
work for a complete understanding of electromagnetism at the level of 
classical physics. These concepts had been expressed in assorted but largely 
disjointed mathematical terms. A couple of decades later, a patrician Scot­
tish physicist named James Clerk Maxwell (1831-1879) set out to take the 
experimental laws of electricity and magnetism and "set them to music"­
that is, to capture the complex relationships among currents, magnetic 
fields, and electric fields in a unified and elegant mathematical structure.12 

The scion of a prominent Edinburgh family, Maxwell had been 
trained in the law, as was the custom for the Edinburgh upper crust, but 
his mind was seduced by technical and scientific matters. Maxwell was 
only fourteen years old when the Proceedings of the Royal Society of Edin­
burgh published his first paper on a methodology for drawing a perfect 
oval, which was similar to the string method of drawing an ellipse-a subject 
Descartes had also investigated in connection with the refraction of light. 
Maxwell showed that all the colors we see can be produced by mixtures of 
three spectral stimuli. He resurrected Young's theory that there are three 
receptors in the retina for color and proved that color blindness is due to 
one or more defective receptors. He demonstrated the existence of the so­
called Maxwell spot in a region of the visible spectrum, which his wife 
found that she could not see, having almost no yellow pigment in her 
retina. As Maxwell wrote to a colleague, "All have it (the spot), except 
Colonel Strange, F.R.S, my late father-in-law and my wife." 

In 1865, Maxwell laid the finishing touches to his famous "Treatise 
on Electricity and Magnetism" (at this same time completing a major 
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addition to his house). In 1871, he was appointed the first professor of 
experimental physics at Cambridge, where he designed and developed 
the celebrated Cavendish Laboratory. Maxwell's lifelong desire was to 
understand the nature of electricity: Was it a fluid moving through wires 
or was it a disturbance or "strain" in a medium that must include empty 
space? To aid in comprehending this scenario, it was necessary to sup­
pose that all space was pervaded by an "ether," an insubstantial medium 
capable of being disturbed by magnetic and electric fields. 

While assembling the mathematical equations describing all the 
experimental laws, Maxwell made his great discovery. First, he noticed 
that there was (as yet) no symmetrical analogue of Faraday's law ofinduc­
tion: If changing magnetic fields produce electric fields, he mused, 
shouldn't changing electric fields produce magnetic fields? Daring to go 
beyond the experimental data, Maxwell discovered that, indeed, the 
mathematics demanded this symmetry-and his equations took on a life 
of their own. Waning magnetic fields created waxing electric fields, 
which, in turn, created magnetic fields-all propagating as a dancing 
wave of entwined electric and magnetic fields. / 

And then came a grand surprise. Plugging in the correct constants 
and analyzing his equations, Maxwell found that his electromagnetic 
fields could escape from the proximity of wires and magnets that pro­
duced them and would then move through space with a tremendous 
speed-one that was exactly equal to the 186,000 miles per second 
(300,000 kilometers per second) velocity that M. Fizeau had measured 
for light. Was this a coincidence? In physics, speeds like 186,000 miles 
per second don't just grow on trees. Maxwell arrived at his dramatic con­
clusion: Light is an electromagnetic disturbance, a tightly coupled mix­
ture of pure oscillating electric and magnetic fields, propagating through 
space at a velocity of c = 300,000 kilometers per second. 

Faraday's intuition was realized in Maxwell's theory: the fields carried 
energy and momentum-they were not just mathematical symbols but 
real physical entities. Scientists could now understand what precisely is 
"waving" when light waves travel across space. And they had to conclude 
that light affects human retinas, photographic film, and green leaves, by 
means of electrical and magnetic forces acting on some kind of electri­
cally charged material that was packed inside the atoms. That atoms were 
repositories of electric charges was an idea that was "in the wind" among 
physicists. But in what arrangement? 
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\Vhat an incredibly spectacular scientific synthesis we now had! It 
seemed that all the clues fit together to account for the behavior of light 
and so much more. Put energy into atoms, and the little electric charges 
were somehow set into vibration. Maxwell's theory showed that vibrating 
charges radiate electromagnetic energy, including visible light. Faraday, 
Maxwell, and others had succeeded in explaining the universe in classical 
terms, with light propagating through space as waves of electricity and 
magnetism. Everything seemed to work fine. Nature was smooth and 
continuous-not corpuscular and particulate. Together with Newton's 
classical mechanics, Maxwell's electromagnetism gave scientists a pow­
erful set of intellectual tools for the next great enterprise: understanding 
the electric charges and forces composing the chemist's atom. 

And just as this massive enterprise was gathering steam, and a deep 
new understanding about light was setting like freshly poured concrete, 
the unthinkable happened: the data began indicating, with devastating 
clarity, that light was-a stream of particles! 

The quantum spook had been sighted. 



Chapter 4 

REBELS STORM THE OFFICE 

All the canonized laws of Galileo and Newton held sway for some 
three hundred years. They encompassed the beauty and rational 
stability of classical physics, including the golden age of the 

orderly laws of motion, the universal law of gravitation that governed 
apples and asteroids, the wonderful symmetries that underlie the theories 
of electricity and magnetism, and the crowning insight that light is a wave 
composed of electric and magnetic fields. We have just witnessed the 
even-keeled events leading up to the last century of the second millennium-
1900-when, suddenly, things began to get a bit strange. Now we will 
encounter some very peculiar and eerie occurrences. We'll start with a 
familiar object that you face every morning before running off to work­
your toaster. 

We'll ask you to plug in the toaster, turn it on, and observe its 
internal heater wires, acquiring a warm red glow as they prepare to turn 
your pale English muffin to a delicious golden-brown. There is a tech­
nical term for the light you are observing: that red glow given off by the 
toaster wires is called blackbody radiation. 

Blackbody radiation was, in 1900, quite the hot topic (no pun 
intended) in physics. That's rather remarkable given that blacksmiths and 
metalworkers and cooks for the previous hundred thousand years of 
humanity had observed this dull reddish glowing radiation emitted by 
hot things, such as the coals of the camp fire in front of the cave. It was 
only when a very smart physicist at the end of the nineteenth century sat 
down with Maxwell's equations in hand to try to calculate the redness of 
the warm glow that emanated from a blackbody radiator that he found 
something was quite amiss. The peculiar and detailed data about the 
exact properties of the light that was emitted by the wires of the toaster, 
and other such humble objects, ultimately shattered classical physics 

83 
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irreparably. Asking a subtle question about this everyday phenomenon, 
"Why is the glow of a campfire or toaster heating coils red?" ripped open 
the door to the quantum world. 

WHAT IS A BLACKBODY AND 
WHY SHOULD WE CARE? 

All objects radiate energy and also absorb energy from their surroundings. 
By "object" we mean something big or "macroscopic," something that is 
composed of, perhaps, many billions of atoms. The higher the tempera­
ture of an object, the greater the amount of energy it radiates. 

Hot objects, and all of their parts (which we can think of as individual 
subobjects), come into a balance eventually between the amount of energy 
they are radiating outward and the amount they are absorbing inward. 
For example, place an egg from the fridge in a sauce pan full of hot water, 
and the cool egg will heat up, absorbing energy from the water, and the 
water will slightly cool down, yielding energy to the egg. Place a hot egg 
into cool water, and the water will heat up as the egg cools down. After a 
while the egg and water will have the same temperature. This is an easy 
experiment to do, and it is the basic example of how hot objects behave. 
This ultimate balance, between the temperature of the egg and water, is 
called thermal equilibrium. So, too, a particularly hot spot within an object 
will cool down to its surroundings, while a particularly cool spot will 
warm up. When we reach thermal equilibrium, all parts of the object will 
have the same temperature. At that point, equivalent parts are radiating 
and absorbing energy between one another at the same rates. 

If you lie on the beach on a hot, sunny day, you will be radiating and 
absorbing electromagnetic radiation. There is energy radiated to you by 
that quintessential radiator of radiators-the sun. Meanwhile, your body 
adjusts and throws off energy to maintain the correct temperature.! If 
you are physiologically normal, at a body temperature of 98.6 degrees 
Fahrenheit, you continuously radiate about 100 watts of energy into your 
surroundings. Your body maintains a thermal equilibrium among all your 
parts-your liver, your brain, your toes-which is needed to sustain the 
chemistry of life. If the outside world is very cold, then your body needs 
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to produce more energy or retain the energy it has produced in order to 
maintain this internal temperature against the loss of radiated energy to 
the outside world. Blood flow, which carries thermal energy to the sur­
face, is reduced to keep our insides warm while our fingers and noses get 
cold. On the other hand, if it's hot outside, the body must throw off more 
radiation to keep cool. Warm perspiration evaporates on our skin, 
absorbing additional thermal energy out of the skin and providing a kind 
of air-conditioning effect, while transferring the energy to the outside 
atmosphere. A crowded room full of people gets warm: if you're stuck in 
a dull meeting with thirty people, the full three kilowatts of energy radi­
ated into the room by all those people can rapidly warm the place up. But 
you might need to huddle with those people if your stuck in the Antarctic 
without a fireplace, like a wintering flock of Emperor penguins trying to 
protect their fragile eggs through the long winter. 

People, penguins, and even toasters are complex systems. Their 
energy is produced internally. For people this happens by the burning of 
food or stored fat; for toasters, by the collisions of electrons of the electrical 
current with the heavy atoms in the toaster wire. The electromagnetic radi­
ation that people and toasters radiate travels out into the external envi­
ronment from their surfaces, such as human skin and the surfaces of the 
wires in the toaster. This radiation generally bears the imprint of definite 
colors of particular "atomic transitions," that is, specific chemical effects. 
Fireworks, for example, are definitely hot when they explode, but the 
chemical compounds, strontium chloride and barium chloride (and many 
others),2 used in fireworks produce strong red and green colors as they 
oxidize, which create spectacular displays. 

These are all fascinating effects, but there is a generic pattern of the 
electromagnetic radiation that all systems have in common when they are 
simplified, or so well-blended together that the special atomic color 
effects get averaged out. This is called thermal radiation, and physicists 
define an idealized object that produces it as a blackbody radiator, or a 
blackbody for short. So a blackbody, by definition, when heated, emits 
only thermal radiation and has none of the alluring special color effects 
of sparkling fireworks. A blackbody is a physicist's idealization that 
everyday objects can only approximate, but they can approximate it 
pretty well. For example, though the sun is seen to emit light with strong 
absorption (Fraunhofer) lines due to the atoms in the surrounding cooler 
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gas corona, the overall radiation is pretty much that of a hot blackbody. 
So, too, is a charcoal fire, as are the heating elements of the toaster, 
Earth's atmosphere, the mushroom cloud of a nuclear explosion, and the 
early universe. They are all reasonable approximations of a blackbody 
emitter of thermal radiation. 

An excellent approximation of a blackbody is an old-fashioned boiler 
furnace, perhaps that of a steam locomotive, containing a hot coal fire. The 
furnace itself fills with approximately pure thermal radiation as it heats up. 
Indeed, this is what the late nineteenth-century physicists first studied 
when they wanted a good approximation of a blackbody radiator. To build 
a pure blackbody source, we need to isolate the thermal radiation from the 
coal fire. A hearty metal box that is large, durable, with thick walls, typi­
cally made of iron, and with a hole into which we could peer and insert 
instruments would suffice. We put the metal box in the furnace, allow it to 
heat up, and we peer into the hole. We are then looking directly at the pure 
thermal radiation that fills the cavity of the box. This radiation is emitted 
from the hot walls of the box and bounces around inside, and some of it 
comes out of the hole through which we are looking. 

By peering through the hole we can study the thermal radiation to 
see how much of any given color (or wavelength) of light it contains. We 
can study how the color content changes as we increase or decrease the 
temperature of the surrounding furnace. What this amounts to is 
studying the pure radiation itself in thermal equilibrium. 

If we raise the temperature of the blackbody furnace, we'll first only 
feel the gentle, warn1 but invisible infrared radiation emitted from the 
hole. At higher temperatures we'll be able to see a dull red glow of the 
light that escapes through the hole, like the wires of our toaster. Then, 
as it gets hotter still, the radiation will become bright red, then eventu­
ally yellow. If we have a powerful Bessemer steel manufacturing furnace 
(where oxygen is pumped in), we can go to extremely high temperatures 
and we'll observe the blackbody radiation as it becomes almost white in 
color. Then, if we imagine cranking up the throttle on our furnace to still 
higher temperatures (which we cannot achieve with any conventional 
furnace since it would melt), a brilliant bluish-white light-a mixture of 
all colors slightly tinted toward the blue-will stream out of the hole at 
the highest temperatures. We've arrived at the temperatures of a nuclear 
explosion or the surface of a hot bright blue star, like the blue supergiant, 
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Rigel, in the constellation of Orion-the most energetic emitter of 
thermal radiation within our part of the galaxy.3 

Physicists have devised a way to precisely measure the intensity of the 
radiation emitted by the blackbody for various fixed temperatures. They 
also have discovered how to measure the amount of radiation at any given 
color, and they found that light of all wavelengths is contained in the 
blackbody radiation for any temperature, but some wavelengths are more 
prevalent than others. The fruit of these precise measurements was some­
thing called "the blackbody radiation curve," and its measurement was a 
difficult but heroic scientific achievement. We show a plot of the famous 
"blackbody curve" or "blackbody distribution" in figure 13. 
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FIGURE 13: The blackbody spectrum of light radiated from a hot object at 
the indicated temperatures. The arrows indicate the peak wavelengths for 
each curve. Hence, for "lower" temperatures, T = 3500 K, the peak is near 
800 nm, infrared light, and one would observe a red glow; for higher tem­
peratures, T = 5000 K, the peak is moving toward the yellow near 600 nm. 
At much higher temperatures, the peak moves into the blue. Note that in all 
cases the energy in the shortest wavelengths is suppressed, as Planck 
explained with his formula E = hf. (The plot is the differential energy den­
sity of emitted light in nanojoules per cubic centimeter, per unit of light 
wavelength in �n�a�n�o�m�~�~�~�~�~�~�(�)�~�~�_� �~�g�a�i�n�s�t� wavelength in nanometers.) 
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The blackbody curve confirms our intuition about the progression of 
color with increasing temperatures. At lower temperatures in the fur­
nace, 3500 K ("K" stands for "Kelvin"),4 most of the emitted light has 
very long wavelengths, those of infrared and the deep reddish colors. As 
we raise the temperature, the peak of the intensity of light moves increas­
ingly toward shorter wavelengths, or bluish colors. Many other wave­
lengths are all being emitted together so that the colors blend and we end 
up with a bright white light. Go to still higher temperatures, and the 
color would become whitish-blue (or bluish-white, if you prefer). It 
would get bluer still at higher temperatures, but now the wavelengths are 
in the ultraviolet range, which we calUlot see. 

The study of thermal radiation was a rich new subject that conjoined 
two fields of physics: the study of heat and thermal equilibrium-that 
five-syllable word, thermodynamics-and the study of light in radiation. 
The seemingly innocuous data from these areas yielded some interesting 
physics for study, but no one realized that these were clearly important 
clues into what was to become the detective thriller of the millennium­
the quantum properties of light and the atom (after all, it's the atom that's 
doing all the work). 

ICH BIN EIN BERLINER 

Physicists in the nineteenth century, particularly a brilliant group in 
Berlin, spent much time heating up blackbodies and drawing the precise 
curves of the light intensity they gave off at each value of wavelength. 
With remarkable ingenuity they devised instruments to take a "spoonful" 
of emitted wavelengths, say, between 652 nanometers and 654 nanome­
ters (see chapter 3, note 4 and figure 12 on wavelengths of light) in the 
red region and to quantify the intensity of the radiation in that band. 
Once they knew the numbers, they could look at a graph of the radiation 
from a blackbody and instantly name the temperature. 

When it comes to a blackbody and temperature, you needn't worry 
about the details of the particular hot radiating object because all black­
bodies, or things that approximate them, emit the same shape of the radi­
ation curve at any temperature. But what you need to know about the 
reams of data that were accumulating by 1900-the shape of the black-
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body curves for any temperature-is that (drumroll): they all looked wrong! 
They were inexplicable. The results simply did not compute, if you trusted 
Maxwell's equations and the well-honed laws of thermodynamics (which, 
if you were a tum-of-the-century physicist, you did), and the brilliant 
computational skills of a theoretical physicist named Max Planck. 

A powerful theory of heat and temperature had already been devel­
oped in the nineteenth century, known as statistical mechanics. This was 
devised by Maxwell himself and (at the time obscure) American theorist 
]. WIllard Gibbs,5 based on a mathematical formulation of the great Aus­
trian physicist Ludwig Boltzmann (whose life had tragic proportions).6 
Maxwell's, Boltzmann's, and Gibbs's theories taught us how to calculate 
the ways that the many different components of a system should move, 
that is, how their motion is distributed, when the system is in thermal 
equilibrium. Max Planck, sewing these ideas together with Maxwell's tri­
umphant theory of electromagnetic waves (and it is complicated), rea­
soned that he could compute the very shape of the blackbody curve. 

Planck discovered that the curve should have exactly the shape that is 
seen in experiment for the longest wavelengths of light emitted from a 
blackbody. But he found that the curve should blow up, that is, become 
infinite, for the shortest wavelengths of light (the ultraviolet colors). In 
other words, the blackbody curve should always be skewed toward the 
violet (shortest-wavelength) part of the spectrum for any temperature. 
This latter effect is in gross disagreement with the experiments. 

To put it another way, according to Planck's careful calculation, a 
"spoonful" of short-wavelength (blue-violet) radiation should always have 
far more intensity (brightness) than an equal "spoonful" of lower-frequency 
(red) radiation. This happens essentially because blue light is "smaller" (it 
has a shorter wavelength), and you can squeeze more of it into a given 
amount of space. Planck thus predicted that, in Maxwell's classical theory 
of light, all hot objects should therefore always brightly shine bluish­
white at any temperature. But at low temperatures, by experimental 
observation of the blackbody curve, there was far more red than blue. In 
fact, at low temperatures there was essentially no blue light at all. 

So what's going on? An entertaining metaphor may help here. Sup­
pose we have an auditorium in which, for a special fixed low admission 
price, you can sit anywhere and hear a famous pianist, Alfred Brendel, 
perform Beethoven's Piano Sonata no. 15. The audience is composed of 
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amateur musicians who are all extremely thin and very friendly. So how 
does this audience of ultra-anorexic piano aficionados arrange them­
selves throughout this auditorium? Remember, they can sit anywhere, at 
the same price. Any guesses? You probably got it right. As these listeners 
love great performers, Brendel, Beethoven, and particularly Sonata no. 
15, all two thousand listeners crowd down to the left corner, nearest the 
pianist and the piano keyboard, all sitting in the same seats (remember, 
they're thin enough to fit), with just a handful of the more musically 
astute (who want to hear the piece rather than watch it) spread out over 
the rest of the auditorium. The music amateurs want to behold the 
pianist's hands as they fly and dance over the keys of the Steinway con­
cert grand piano. So how is this a physics metaphor? This scenario cor­
responds to the prediction coming from the classical theory of thermo­
dynamics and light: there is a strong preference for produced blackbody 
radiation to crowd toward the smallest wavelength, the bluish-most 
colors. Smaller wavelengths, simply being smaller, allow more crowding 
together than their long-wavelength counterparts. 

But, of course, this is not what happens, neither in the music world 
nor in blackbody radiation. At an actual concert, the front-row seats are 
very expensive and are often sparsely occupied, and the back rows and 
highest balconies are empty (where you often can't see or hear a thing!), 
with the bulk of the audience ensconced in the middle rows. Analo­
gously, the observed distribution of intensity of blackbody radiation 
begins small (at long wavelengths), builds up to a peak at a wavelength 
that depends on the temperature, and tails off at the very short wave­
lengths. There is in nature no observed crowding of light into the short 
wavelengths at all. In fact, the ultra-short wavelengths are strongly sup­
pressed. Yet, as Planck observed, Maxwell's theory, using Gibbs's and 
Boltzmann's ideas about thermal systems, predicted that the crowding 
into the blue should happen. But it doesn't. So why doesn't it? 

CAT ASTROPHE! (IN ULTRAVIOLET) 

The classical theory of light, according to Planck's calculations, had pre­
dicted a wavelength (or color) distribution that zoomed up and up as the 
wavelengths got smaller. In fact-much to the exasperation and perplexity 
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of the theorists-the theory predicted infinite intensity at tiny wave­
lengths, such as in the far ultraviolet. Someone-perhaps a newspaper 
reporter-called this situation the ultraviolet catastrophe. It was a catas­
trophe because the supposed preference for the ultraviolet doesn't occur 
in the data. In fact, if it did, fires wouldn't glow red at lower temperatures, 
a fact known for hundreds of thousands of years-they would glow blue. 

So here was one of the early cracks in the heretofore triumphant clas­
sical physics. (Gibbs had found another, and perhaps the first one, some 
thirty-five years earlier, whose significance was not appreciated at the 
time, except possibly by Maxwell.)7 The point is, the data begged to 
differ from the classical theory. The blackbody curve (figure 13), 
depending on the temperature, shows a peak at some wavelength that 
depends on temperature (in the red at low temperatures and the violet at 
high temperatures). Then the curve drops rapidly at the still shorter 
ultraviolet wavelengths. Now, what happens when a beautiful and well­
honed theory, created by the greatest minds of the century and con­
firmed by the authorities in the science academies of Europe, collides 
with some grubby, ugly facts of reality? In religion, sheer dogma is per­
petual; in science, a bogus theory goes out with the morning trash bin. 

Classical theory predicts that your toaster wires should glow blue, 
but instead, the glow is a dull red. Thus, whenever you gaze into the 
depths of your toaster, you are seeing a phenomenon that is in violent 
disagreement with the expectations of classical physics. Moreover, while 
you may not appreciate it yet, you are also seeing direct evidence that 
light comes in lumps-in quantum particles. You are witnessing quantum 
physics firsthand! But, you protest, did we not show, by way of the genius 
of Mr. Young, in the previous chapter, that light is a wave? Yes, we did, 
and it still is. So we must now prepare for things to get a little weird. 
Remember, we are voyagers to a strange new world far, far away-yet we 
can find it in the glowing wires of our toaster. 

MAXPLANCK 

Back in Berlin, at the center of the ultraviolet catastrophe, presided Max 
Planck, a forty-year-old theoretical physicist at the University of Berlin 
who was an expert on the theory of heat.8 Planck was fully aware of the 
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ultraviolet catastrophe and wanted to understand what was going on. In 
1900, poring over the blackbody data that had been generated by his 
Berlin colleagues, Planck was led to a mathematical trick that, using 
Maxwell's, Boltzmann's, and Gibbs's ideas of thermal physics, produced a 
formula for the blackbody curves that turned out to be in excellent 
agreement with the experimental data. Planck's trick allowed the long­
wavelength red light to be copiously radiated at any temperature, more 
or less just as in the classical theory, but his mathematical gimmick effec­
tively charged a "toll" for the emission of the shorter-wavelength light. 
This penalty for emission of short-wavelength light suppressed the 
bluish light (remember: short-wavelength = higher frequency = blue), so 
blue would be less copiously radiated. 

The mathematical gimmick seemed to work. Through Planck's "toll," 
the higher frequencies "cost" a lot more energy to be produced, while the 
lower frequencies cost less energy to produce. Then, Planck correctly rea­
soned, there wouldn't be enough energy, at a certain temperature, to 
excite the short wavelengths. In our concert hall metaphor, Planck had 
found a way to depopulate the front rows and get more people to go into 
the galleries and higher balconies: he simply charged more for the main 
floor seats and much less for the balconies. In an uncharacteristic burst of 
inspired insight, he related the wavelengths, or equivalently, the frequen­
cies, of light to energy: the shorter the wavelength, the higher the fre­
quency, and, so said Planck, the higher the energy. 

This may seem like a simple idea, and in many ways, thank<; to nature, 
it is. However, the classical theory of light made no such prediction at all. 
The energy content of light in Maxwell's classical theory depended only 
on the intensity and not on the color or frequency. So how could Planck 
sneak in this extra aspect of the light in the blackbody spectrum? How 
could he impose the idea that energy depends on intensity as well as fre­
quency? There is still a missing element here unless you specify "what" 
exactly has higher energy when it has higher frequency. 

To solve this problem, Planck effectively divided up the emitted light 
at any given wavelength (frequency) comprising the blackbody curve into 
bunches, or quanta, allocating to each "quantum" an energy that directly 
related to its frequency. Planck's inspired formula is actually the simplest 
one possible: 
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or in other words, "the energy of a quantum of light is directly propor­
tional to its frequency." What this means is that electromagnetic radia­
tion comes out in lumps such that each "lump" has an energy equal to 
some constant, h, times the frequency. The total intensity of light at any 
given frequency is the number of quanta that are being detected at that fre­
quency times the energy of those quanta (recall that frequency is 
inversely related to wavelength). In Planck's effort to fit the data, high 
frequencies, which are equivalent to short wavelengths, cost more energy 
to be emitted in a blackbody. When you plugged in his equations and 
dialed the given temperature, the predicted blackbody curve agreed pre­
cisely with the data. 

Remarkably, Planck did not really see his modification of the suc­
cessful Maxwell theory as pertaining directly to light. Rather, he envi­
sioned that it really pertained to the atoms in the walls of the blackbody 
radiators, that is, as to how the light is emitted. The penalty of emitting 
blue light over red wasn't viewed as an intrinsic property of blue light 
versus red light but rather as a property of the way atoms dance around 
and radiate a given color of light. This way Planck hoped to avoid poten­
tial conflicts with the Maxwell theory that had otherwise worked so per­
fectly. After all, the direct connection of light to electricity and magnetism 
was established in Maxwell's theory. Moreover, electric motors were 
driving trolleys around European boulevards, Marconi had already 
invented radio telegraphy, and people were designing sophisticated 
antennas. Maxwell's theory wasn't obviously broken, so Planck didn't want 
to fix it. He preferred to "fix" the more arcane theory of thermal physics. 

Yet here were two dramatic departures from the classical theory, at 
least the theory of thermal radiation. One was to connect the intensity 
(energy content) of the radiation to frequency (which was completely 
absent in the Maxwell theory); the other was to introduce lumps, or dis­
creteness-the "quanta." These are logically intertwined. For Maxwell, 
the intensity is smooth and can have any continuous value, dependent 
only on the amplitudes of the electric and magnetic fields in the wave dis­
turbance of light. In Planck's treatment, intensity at a certain frequency 
becomes the number of quanta in the light at that frequency, where each 
quantum carries an energy proportional to its frequency a la E = hf The 
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new idea of quantum lumps is starting to "feel" more like the concept of 
particles, yet light is seemingly still very much a wave, according to all 
the experiments on diffraction and interference. 

But no one, including Planck himself, really understood the full sig­
nificance of this breakthrough. Planck thought of the quanta, each with 
its ration of energy equal to hI, as short bursts or pulses of radiation, 
coming from the thermally agitated atomic motion in the blackbody 
walls, somehow induced by the unknown details of the thermal emission 
processes of the blackbody. He did not foresee that his constant, h-now 
known as Planck's constant-would become the cornerstone of the coming 
revolution, heralding the birth of the baby quantum theory and the 
modem era. Incidentally, Planck's great discovery was made at the age of 
forty-two. In 1918, Max Planck was awarded the Nobel Prize for his dis­
covery of the "quantum of energy." 

ENTER EINSTEIN 

The awesome implications of Planck's quanta were first appreciated by 
none other than the young, still obscure Albert Einstein, who, after 
reading Planck's paper in 1900, exclaimed, "It was as if the ground has 
been pulled out from under me."s The central issue was whether the 
quantum lumps were a product of the emission process that produced the 
light or an essential property of light itself. Einstein lli1derstood that 
Planck had introduced something disturbingly sharp, discrete, or par­
ticle-like, into the emission process that created the light from heated 
substances, though Einstein initially would shy away from the revelation 
of seeing this lumpiness as a fundamental quality of light itself. 

A few words about Einstein are due. An un-precocious child who dis­
liked school, Albert Einstein would not have been voted "most likely to 
succeed" by anyone. But he had been bewitched by science since the age 
of four, when his father showed him a compass and he became mesmer­
ized by the invisible forces that caused the iron needle to be drawn 
unfailingly toward north no matter which way the compass was rotated. 
In his seventies he would write, "1 can still remember-or at least I 
believe I can remember-that this experience made a deep and lasting 
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