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“The most important fundamental laws and facts of physical 
science have all been discovered, and these are now so firmly 
established that the possibility of their ever being 
supplemented by new discoveries is exceedingly remote.” 
Albert Abraham Michelson, 1903 

 

SECTION 3 
MODERN PHYSICS 

 
Click  
 (silence) 
   Click 
  (silence) 
   
 Click 
 

N MOST 
PLACES, this is 
what a Geiger 
counter sounds 
like. Even if it is 
heavily shielded 

and far from any known 
radioactive source, the 
clicks from the Geiger 
counter continue to 
indicate the presence of radioactivity. The clicks usually represent the life’s end of 
a high-energy subatomic particle from deep in space – a cosmic ray. The typical 
cosmic ray travels millions or even billions of light years on a cold and lonely 
journey that began long before the advent of civilization, or even life, on the Earth. 
As it collides with atmospheric molecules, radioactive exotic particles are 
produced that interact with the Geiger counter. Every person on Earth is struck by 
about 500,000 of these per hour. Cosmic rays were first detected at the turn of the 
century, when many believed that the knowledge of all physics was essentially 
complete (see Michelson’s quote above). Little did we know that we were actually 
just embarking upon the most explosive period of growth and understanding that 
physics has ever known. It was the dawn of what has come to be known as Modern 
Physics.  

I 
Mill Valley, CA may be a 
“Nuclear Weapon Free 
Zone,” but it’s not a “nuclear 
radiation free zone.” There’s 
a big difference. We may be 
able to restrict the import of 
nuclear weapons (Is that an 
issue?), but we certainly can’t 
keep out the persistent rain of 
nuclear radiation. The silent 
and persistent rain of cosmic 
rays continues … even within 
all the passionately demanded 
“nuclear weapon free” zones. 
And, the natural radioactivity 
from some of the isotopes 
within our own bodies fails to 
distinguish between the 
pronuclear and antinuclear 
activists – everyone gets self-
exposed at all times and in all 
places. 
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 Modern Physics hunts for the smallest building 
blocks of nature. It pursues the most basic ideas 
about matter, forces, and energy. Modern physics 
seeks the most fundamental answers to questions 
about the origin of the universe. It begins in the late 
1800s with the discovery of subatomic particles and 
nuclear radiation. It continues through the ideas of 
Albert Einstein’s Theory of Relativity, the 
development of quantum mechanics, the discovery of 
nuclear fission and fusion, the development of the 
laser, and the discovery of hundreds of exotic sub-
subatomic particles. Today physicists at the cutting 
edge of research work with ultra-high-energy particle 
accelerators that routinely duplicate the conditions of 
the universe during the first fraction of a second of its 
existence. Some look for unification in the four 
forces of nature (gravity, electric, weak, and strong). 
They peer deeper and deeper into space with bigger 
and bigger telescopes and use larger and larger 
machines to explore smaller and smaller structures. 
 We will begin a bit before the beginning of the 
twentieth century with the discovery of the electron. 
It was this discovery that caused physicists to realize 
that the structure of matter was far from being well 
understood. The discovery of the electron also led to 
the problem of the photoelectric effect, a riddle that 
inspired Einstein to theorize the existence of the 
photon, a chunk of light – a light “particle.” One of 
the roles of the electron became obvious to Neils 
Bohr. His theory of electron energy levels gave birth 
to atomic spectroscopy, which has given physicists 
the necessary tool for determining both the contents 
of stars and galaxies, as well as the size and age of 
the universe. 
 Then came the discovery of nuclear radiation, a 
curious emanation from the core of the atom and 
completely undetectable by any of the five senses. No 
matter how high the energy or intensity of this 
radiation, it cannot be seen, heard, smelled, tasted or 
felt. Extrasensory radiation detectors are required to 
let us know when we’re in the presence of this 
penetrating radiation. Perhaps because it is so elusive 
or perhaps because of its connection to war and 
weapons, there are so many who have an ignorant 
paranoia about the very amoral existence of nuclear 
radiation. It is neither good nor bad; it simply is. The 
silent and persistent rain of cosmic rays continues … 
even within all the passionately demanded “nuclear 
free” zones. And the natural radioactivity from some 
of the isotopes within our own bodies fails to 
distinguish between the pronuclear and antinuclear 
activists – everyone gets self-exposed at all times and 
in all places. The job of the physicist is to understand 
the nature of nuclear radiation. With understanding 
comes the knowledge of how to avoid the dangerous 
effects of radiation as well as the objectivity that 

allows or prohibits the harnessing of nuclear 
radiation’s energy for industrial and medical 
technologies, as well as for military applications. 

PROBING THE MIND OF GOD 
 There isn’t much in the educational community 
that causes as much polarity and anger as the issue of 
whether to teach evolution or intelligent design. 
Some argue for teaching one over the other, while 
others urge the teaching of both on equal ground. 
Some, seeking a middle ground, attempt to deify 
evolution, believing the evolutionary evidence, but 
making God the agent of evolution. In truth, most 
people have beliefs in both areas. Pitting the extreme 
ideas of each group against the other is pitting 
empiricism against faith; secular humanism against 
fundamentalism. Yet, in the furthest reaches of the 
study of matter, both camps have reason to revere 
their beliefs. Both would agree that the highest level 
of evolution or creation is the human. Nothing else in 
the known universe even comes close to the marvel 
of the human brain. But what if you dissected the 
human brain to discover what it was made of? What 
would you find? You would find gray matter first and 
then at greater levels of magnification you would find 
cells. At still greater levels of magnification, you 
would find organic molecules (containing carbon). 
But you could probe these and other molecules of the 
brain even further and find that they all could be 
broken up into constituent atoms. Many of the 
hundred or so atoms known to exist would be found 
here. To probe further we would need to use higher 
levels of energy, first to tear the electrons from the 
atoms and then much more energy to rip apart the 
nuclei of the atoms into protons and neutrons. With 
still more energy we could make the final separation 
of these subatomic particles into sub-subatomic 
particles. The protons consist of two up quarks and 
one down quark, while the neutrons consist of one up 
quark and two down quarks. With enough energy, the 
brain could be dissected into a whole lot of electrons, 
up quarks, and down quarks, and … nothing else. So 
what is it about the particular combination of these 
trillions and trillions of three elementary particles that 
leads to a being that can have stunning creativity and 
self-awareness and love (and hate) and self-sacrifice 
and hope and passion and anger and a sense of 
humor? Regardless of whether you believe the 
mechanism here is atheistic evolution or God-
inspired evolution or supernatural creation by God, 
the fact that a combination of three types of 
elementary particles can produce the human brain is 
awe-inspiring at the highest level. Physicists today 
are, more than ever before, probing the mind of 
“god.” 
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CHAPTER 6:  
MODERN PHYSICS’ EARLY DAYS 

 
P UNTIL 1897, it was believed 
(strongly) that the smallest 
indivisible piece of matter was the 
atom. But in April of that year,  
40-year-old Joseph John “J.J.” 
Thomson made a statement 

(disbelieved by many physicists) that was to usher in 
the new age of physics. He claimed to have 
discovered charged particles that were small in 
comparison to atoms and molecules. Two years later 
he went further and said that these “corpuscles” (his 
early term for electrons) came from splitting up the 
atom. Within the cathode ray tube, the conditions 
exist in which these particles could detach from the 
original atom. They were … subatomic particles.  

CATHODE RAYS OPEN THE DOOR TO 
THE ATOMIC AGE 
 Thomson’s discovery was made after 
experimenting with cathode ray tubes. You probably 
looked at the front of a cathode ray tube when you 
first watched TV (these were the types of television 
displays before flat-panel TVs were standard). And, 
chances are you may still look at a “CRT” 
occasionally when using an older. But a little over a 
century ago, these were little more than a curiosity 
for physicists. At its simplest, a cathode ray tube is a 
glass tube with most of the air removed from inside. 

Two electrodes poke into the near perfect vacuum 
inside. If a high voltage is applied to the two 
electrodes, a barely visible light illuminates the inside 
of the tube. No one knew what the light was, but it 
emerged from the cathode (negative electrode) and 
accelerated to the anode (positive electrode), so the 
illumination became known as cathode rays. 
Thomson knew it couldn’t be pure light because he 
could bend the cathode rays’ normally straight path 
by placing a magnet or electric field outside the tube. 
This phenomenon could only occur if the rays were 
composed of charged particles. Thomson was not the 
only one working on this problem though, and he was 
not the only one who had made correct observations 
and come to reasonable conclusions. But he’s the one 
who got the glory. It’s his name attached to the 
discovery of the electron. He did not gain recognition 
because of his great engineering skills or his amazing 
experimental abilities. He has his picture on the first 
page of the chapter on modern physics in every 
physics textbook because he thought beyond his 
contemporaries. Not willing to be constrained by a 
successful atomic theory that spanned centuries and 
included the work of some of the most brilliant 
chemists and physicists the world has ever known, he 
said “These cathode rays have got to be smaller than 
atoms – they’ve got to be a … part of the atom. The 
atom is therefore not the smallest constituent of 
matter.” He surmised correctly that the high voltage 
literally ripped the electrons from the cathode and, 
once free, the strong attraction of the positively 
charged anode accelerated them across the nearly 
empty divide. The big cathode ray tube in the TV you 
watch does much the same thing, except the electrons 
overshoot the anode, slamming into the phosphor-
covered front of the TV, illuminating it for a bit. 
Quickly changing electric fields within the TV 
control the direction of the electron beam, forcing it 
to trace out the images of your favorite actor. 

ROENTGEN’S “NEW KIND OF RAY” 
 J.J. Thomson was consumed with determining 
the identity of the rays inside the cathode ray tube. 
Another man, Wilhelm Roentgen, wasn’t so 
concerned about what the rays were as he was by 
what they did. Ten years older than Thomson, he was 
amazed at what effect they had outside the tube. On 
the night of November 8, 1895, Roentgen, a professor 
of physics and director of the Physical Institute of the 
University of Würzburg, was experimenting with a 

U 

Figure 6.1: J.J. Thomson next to the cathode ray 
tube used to discover the electron. 
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cathode ray tube. He had completely enclosed the 
tube within a sealed black carton, but something … 
got out. Inside his darkened laboratory there 
happened to be a paper plate, lying on a nearby table, 
covered on one side with fluorescent barium 
platinocyanide. A shimmering of the plate caught 

Roentgen’s attention and he began to experiment 
with it a bit. When the plate was in the path of the 
rays, it would fluoresce (regardless of whether the 
painted or the unpainted side was facing the tube)! 
Knowing that cathode rays were blocked by the tube 
and the visible and ultraviolet light were both 
blocked by the black carton, he knew he had 
discovered a new kind of penetrating ray. So excited 
about his discovery, Roentgen stayed in the 
laboratory, eating his meals and even sleeping there 
for the next eight weeks, repeating his experiment 
and investigating the penetrating ability of the “x”-
rays in various substances. (Roentgen used “x” to 
indicate that the identity of the ray was unknown.) He 
quickly published the results of his experiments, “On 
a New Kind of Rays” in the December 28, 1895 
Proceedings of the Physical Society of Würzburg. 
Much of his investigation consisted of excitedly 
throwing everything he could think of in the path of 

the rays. “Thick blocks of wood are permeable. 
Boards of pinewood, 2-3 cm thick absorb very little. 
A sheet of aluminum with a thickness of 15 mm did 
not make the fluorescence vanish completely but 
reduced the effect markedly. … If one holds a hand 
between the discharge apparatus and the screen, one 
can see the dark shadows of the bones surrounded by 
the faint shadow of the hand.” Roentgen soon 
photographed these shadows. The first noninvasive 
peek inside the human body by these newly 
discovered x-rays was performed on the hand of 
Roentgen’s wife, Anna Bertha. Placing her hand over 
a photographic plate for fifteen minutes (yikes!), he 
was able to produce an image that clearly showed the 
shadows of her bones as well as a ring she was 
wearing. 
 The long weeks of exciting experimenting paid 
off for Roentgen – in 1901 he was awarded the very 
first Nobel Prize in physics. 

BECQUEREL DISCOVERS RADIATION 
 It’s funny how one thing leads to another. If one 
event fails to occur, I often wonder how radically its 
absence would change the course of history. The 
reason I point this out now is that when Roentgen 
published the results of his discovery, it just so 
happened that Henri Becquerel, a 39-year-old French 
physicist, took notice. He was in mid career and had 
nothing to show for the last five years of his research. 
Like his father, he had quite a fascination with 
phosphorescence (the process causing the  
glow-in-the-dark in those stars you can stick on your 
ceiling). So when he heard about Roentgen’s 
experiment he thought that perhaps the glow in the 
cathode ray tube was due to phosphorescence and 
that this phosphorescence was the actual cause of the 
x-rays. To test the idea, he placed photographic plates 
that were completely enclosed in heavy black paper 
next to some uranium salts. These were 
phosphorescent when exposed to sunlight. So he 
figured he would expose the uranium for several 
hours and x-rays from the phosphorescing process 
would penetrate the covering, exposing the plate, and 
creating a permanent record of the x-rays. Well, it 
worked. He put the uranium salts out in the sun. They 
phosphoresced. The covered photographic plate was 
right next to the uranium and when it was later 
developed, it showed the outline of the uranium salts. 
The rays had gotten through the covering. But … 
they weren’t the rays he thought they were. They 
weren’t x-rays at all. It’s a good thing he wasn’t like 
a growing number of scientists today – so eager to 
publish that they make mistakes, or aren’t thorough, 
or even worse – lie about their results.  

 

Figure 6.2: Wilhelm Roentgen discovered  
x-rays and used his wife as a guinea pig when he 
made the first noninvasive peek into the human 
body by sticking her hand in the path of the 
penetrating rays. 
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 You have to give a lot of credit to Becquerel. It 
looked like the drought in his career was finally over. 
Here he had every reason to go out and tell the world 
he had made this great discovery – before someone 
scooped him (three others were working on the same 
hypothesis). But he didn’t. He wisely avoided 
immediate gratification and instead decided he better 
see if he could duplicate his results. This time, he put 
a little metal cross in the paper covering the 
photographic plate. He began the experiment again, 
but this time it was a cold, dismal February day in 
1896 with hardly any sunlight. He decided to scrap 
the experiment until a sunnier day and ended up 
stowing everything in a desk drawer. Well, the sun 
didn’t come and, after a few days, he decided to 
develop the film anyway with the hope that there 
might be a slight image.  

He was stunned to find that the image was just as 
strong as before. It showed the darkening due to the 
uranium salt and a light image of the little cross 
where rays were blocked from getting to the 
photographic plate. Repeated experiments with the 
uranium produced the same results, but he was 
unable to get the covered photographic plate to be 
exposed by other phosphorescent materials, so he 
ruled out phosphorescence as the cause of x-rays. But 
this led to another problem. Becquerel had assumed 
that exposing the phosphorescent material to sunlight 
caused the material to absorb energy that would later 
be released as the x-rays penetrating the covering of 
the photographic plate. But if this wasn’t the case, it 
meant that there was something special about the 
uranium to cause it to mysteriously emit penetrating 
rays. He had discovered nuclear radiation and, while 
he didn’t know where it came from or what it was (he 
called it U-rays), he knew it was very, very special 
for something to emit energy that had not previously 
absorbed any energy. Think about it. That’s a strange 
idea. Still, the “U-rays” were weaker than the x-rays 
produced by the cathode ray tubes, so few physicists 
paid much attention to them, preferring to explore the 
possibilities available with x-rays. 

THE CURIES TAKE THE NEXT STEP 
 Her awe of the natural world is unmistakable in 
the opening words of the article Marie Curie wrote to 
introduce the newly discovered element, Radium. In 
the January 1904 issue of Century Magazine she 
wrote, “The discovery of the phenomena of 
radioactivity adds a new group to the great number 
of invisible radiations now known, and once more we 
are forced to recognize how limited is our direct 
perception of 
the world which 
surrounds us, 
and how 
numerous and 
varied may be 
the phenomena 
which we pass 
without a 
suspicion of 
their existence 
until the day 
when a 
fortunate 
hazard reveals 
them.” Marie 
Curie lived 
many lives, and 
lived them all 
well – any of 
them could be 

Figure 6.3: Becquerel’s developed photographic 
film plate, showing the image of the uranium, 
even though the film plate had been wrapped in 
heavy paper. The exposure occurred due to 
penetrating nuclear radiation. 

Figure 6.4: Becquerel’s second photographic 
plate shows the uranium salt and the shadow 
of the little cross. Phosphorescence was ruled 
out as a source of the rays since the exposure 
occurred in the darkness of a desk drawer. 

Figure 6.5: Marie and Pierre 
Curie on their wedding day. She 
chose a dark dress that would 
not show laboratory stains. 
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called heroic. If a hero is defined as one who goes 
before you to show you the way to live 
extraordinarily, today’s heroes are few and largely 
one-dimensional. It’s a twisted culture that idolizes 
sports and entertainment icons as heroes, many of 
whom have little to offer except an example of how 
not to lead a life. Not Marie Curie! No, here was a 
woman undaunted by an oppressive Russian Czarist 
government that sought to hold her back, unfettered 
by the poverty intent on preventing her academic 
growth, impervious to the pain caused by the early 
death of her mother, the rejection by the parents of 
the man she loved, and the separation from her 
beloved family. Against all odds, and persevering 
through what would discourage even the most ardent 
optimist, Marie Curie discovered two elements and 
had another named after her. She was the first woman 
in Europe to ever earn a doctoral degree in science, 
the first woman to win a Nobel Prize in Physics, the 
first person to win two Nobel Prizes, and the first 
person to win a Nobel Prize in both physics and 
chemistry. Hers is a heroic story of the human spirit 
and its almost unbounded possibilities. 
 It had been a rough road for Marie Sklodowska. 
With no silver spoon or special circumstances, it was 
years of hard work and steely single-mindedness that 
finally brought her to Paris in the fall of 1891, just 
before her 24th birthday. She studied physics and 
math, getting masters degrees in 1893 and 1894 (she 
was the top student among the physics students and 
second among the math students). The next year she 
married Pierre Curie, and two years later her daughter 
Irene was born. But the rise to international physics 
fame began when she had to choose a research 
project for 
her doctoral 
thesis. As a 
working 
mom, she 
didn’t feel 
she had 
enough time 
to read all the 
papers 
necessary to 
get her up to 
speed on 
some current 
physics 
problem that 
others were 
already 
grappling 
with. Besides, 
she wanted to 
pull back the 

cover on some frontier of physics and do some truly 
original research. Well, recall that the physics 
community had all but ignored Becquerel’s U-rays, 
so the Curies thought it might be interesting to 
investigate these rays.  
 How would you begin an investigation of this 
kind? What would you do if you didn’t have the 
laboratory instructions as a guide or an instructor to 
point the way? Well, they remembered that 
Becquerel had noted that the air around the uranium 
became an electrical conductor (presumably due to 
the rays), so they decided to measure this effect. 
Pierre and his brother had years before built a super-
sensitive electrometer and this device was capable of 
measuring small currents in the air. So Marie and 
Pierre began measuring the electrometer’s response 
around not only the uranium, but other elements as 
well. They found that another element, thorium, also 
emitted rays and, curiously, the mineral, pitchblende 
gave off more rays than either the uranium or the 
thorium. This was very unusual. Pitchblende was the 
mineral that uranium was extracted from, but after 
the uranium was extracted from a sample of the 
mineral, the pitchblende was still more radioactive 
than the extracted uranium. The Curies realized there 
must have been a yet unknown element in the 
pitchblende. So their new course was to isolate this 
new element. They started with 100 grams of 
pitchblende and found that when they broke it down 
chemically, two of the many components of 
pitchblende, barium and bismuth, each had 
radioactive residues attached to them. So it looked 
like there were two new elements, but even though 
during the refinement process, their samples were 

now many 
hundreds of 
times more 

radioactive 
than the 

extracted 
uranium, the 

actual 
amount of 
the new 
elements was 
too small to 
analyze in 
any other 

way. 
Nevertheless, 
the residue 
attached to 
and behaving 
like the 
bismuth, they 

called 
Figure 6.6: Marie and Pierre Curies’ 1903 Nobel Prize for their work with 
Becquerel’s mysterious U-rays. 
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polonium after Marie’s beloved homeland. The other 
residue, behaving chemically like the barium, was 
called radium, after the Latin word for “ray.” Now 
the real work began – trying to isolate a large enough 
sample of these two new elements in order to prove 
their existence to the scientific community. What 
they didn’t realize at the time was that the amount of 
radium present with the barium was less than one-
millionth of a percent. But Marie was up to the task, 
and rather than starting with only 100 grams, she had 
10 tons of pitchblende (with the uranium already 
extracted) delivered to her lab. She worked with 
batches of 20 kg at a time, inspired finally by the 
luminosity that the increasingly larger and more pure 
samples had (not realizing that it was carcinogenic). 
In three years she had produced a rice-grain sized 
piece of pure radium (having a mass of one-tenth of a 
gram). That’s persistence! Finally, a paper, The New 
Radioactive Substances, announced the details of her 
find to the world. 
 For Marie and Pierre Curie’s work, they each 
received one-quarter of the 1903 Nobel Prize in 
physics (the other half went rightly to Becquerel). In 
1911 she won her second Nobel Prize, “... for her 
services in the advancement of chemistry by the 
discovery of the elements radium and polonium, by 
the isolation of radium and the study of the nature 
and compounds of this remarkable element.” 
 It’s quite a tale – these first few years of what we 
now call modern physics. Standing on Thomson’s 
shoulders, Roentgen and Becquerel saw a little 
further into the horizon. Marie Curie did the same, 
standing on Becquerel’s shoulders. That’s how it 
always is in physics: curious minds with new ideas 
taking the warm baton in a tireless and sometimes 
lonely pursuit of that illusive ultimate truth. Today, a 
century after Marie Curie coined the term 
“radioactivity,” she would be wide-eyed if she could 
see where those who stood on her shoulders have 
been able to go. But the horizon always dips, no 
matter how high you get, and the quest for that 
ultimate truth is as strong today as when Marie Curie 

pulverized 10 tons of pitchblende to find, like the 
needle-in-the-haystack, a speck of radium.  
 Other curious observations and more curious 
explanations were being made in the early years of 
the 20th Century, during this dawn of modern physics. 
It was becoming clear that the mechanical and 
deterministic universe of Newton was not adequate to 
describe what was happening on the very smallest 
scale – the atomic scale. For centuries it had been 
accepted that if you knew all the characteristics of a 
particular system, you could make absolute 
predictions about the state of the system at some 
point in the future. This was the heart of Newton’s 
Mechanics. However, early in the 20th Century, it 
became clear that you couldn’t make these 
predictions with things as small as atoms and 
molecules. Rather than being deterministic, systems 
on these small scales were probabilistic. You could 
only predict a certain probability about the state of a 
small-scale system in the future. Einstein hated the 
implications, claiming, “God doesn’t play dice with 
the universe.” But, after a century of experimentally 
testing it, “quantum mechanics” (the mechanics that 
rules over the small scale) appears to be true and God 
does apparently … play dice with the universe.  
 Other strange characteristics of quantum 
mechanics began to be observed in the early 1900’s. 
One of the strangest was wave particle duality – the 
idea that the things we call waves could have 
particle-like properties and the things we call 
particles could have wavelike properties. The first 
indication of this was the explanation for the 
Photoelectric Effect. Albert Einstein never truly 
accepted the implications of quantum mechanics, but 
his explanation of the reason for the Photoelectric 
Effect became one of the first foundations for 
quantum mechanics. When striking the surface of a 
metal, how could a wave of light behave as though it 
was actually chunks of matter? That was one of the 
first strange ideas that became one of many bizarre 
definitions of quantum mechanics. 
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THE PHOTOELECTRIC EFFECT 

 
OST PEOPLE THINK Albert 
Einstein won his Nobel Prize for 
his Theory of Relativity. It’s 
certainly what he’s best known 
for. But he actually won the 
Nobel Prize (at least in part) for 

his radical explanation of The Photoelectric Effect. 
Heinrich Hertz first noticed this effect in the late 
1800’s. He observed that if light were directed onto a 
piece of metal, electrons in the metal could be ejected 
from its surface. The technical part of his experiment 
is more complicated than this, but the essence is that 
light can eject electrons from metal surfaces. He 
wasn’t surprised. After all, light is energy, and to 
remove electrons from their atoms takes energy, so 
why shouldn’t light with enough energy be able to 
cause the photoelectric effect? There were some 
problems though. Not all light caused this effect. For 
example, low frequency light (at the red end of the 
spectrum) would, in some metals, cause no electrons 
to be ejected. (Electrons ejected from the surface of a 
metal by the photoelectric effect are called 
photoelectrons.) Even if the light were very bright 
and trained on the surface for a long time, there 
would still be no photoelectrons ejected (Figure 6.7).  

This was a problem, of course, because of the widely 
embraced wave theory of light (proven conclusively 
by Thomas Young in his 1801 interference 
experiment). If light were a wave, then as the wave 
train was focused on a particular spot, that spot 
would continue to absorb the energy of the wave. But 
not in this case – not a single photoelectron could be 
produced with the low frequency light. With light at 
the other end of the spectrum (the violet end), a very, 
very faint beam could be used, and the instant the 
light was turned on, photoelectrons were produced 
(Figure 6.8). When this high frequency light was 
made brighter, more photoelectrons were produced, 
but their maximum energy remained at the same level 
as when the light was dimmer. 
 Einstein considered the problem of the 
photoelectric effect and, in 1905, proposed a novel 
solution that was cavalier, bold, and showed how far 
he was willing to think outside the box. He said that 
the solution to the problem of the photoelectric effect 
was to think of light as a … particle. Think about 
how the following details of his solution answer the 
problems of the photoelectric effect: 
 
 

• A beam of light consists of a stream of 
particles (photons). 

• Each photon has an energy proportional 
to its frequency, E = hf. (Planck’s 
constant, h = 6.626 x 10-34 J•s) 

• Only one photon at a time can interact 
with an electron. 

M 

Figure 6.7: High intensity, low frequency (red) 
light causes no ejections of photoelectrons, 
regardless of how long the light is focused on the 
metal. 

e- 

Figure 6.8: Very dim, high frequency (violet) light 
causes immediate ejections of photoelectrons from 
the metal. 

Figure 6.9: Albert Einstein won the 1921 Nobel 
Prize in Physics for his solution to the 
photoelectric effect. It was an early 
development of quantum mechanics. 
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 It’s a great solution. It explains why using low 
frequency light (even very bright and for a long time) 
fails to produce photoelectrons. Let’s say that an 
electron requires three units of energy to be ejected 
from the surface of a metal (this required energy is 
called the work function of the metal). If low 
frequency light with only two units of energy per 
photon is used, then if only one photon at a time can 
interact with an electron, an electron will never have 
the necessary energy to be ejected, even if the light is 
very intense. But if high frequency light with four 
units of energy per photon is used, the faintest of 
beams (one photon) can cause an immediate ejection 
of a photoelectron. Beautiful! 

EINSTEIN’S PHOTOELECTRIC EFFECT 
EQUATION 
 According to Einstein, if a photon striking the 
surface of a metal has more energy than the work 
function of the metal, the energy remaining after the 
electron is ejected becomes the kinetic energy of that 
electron. The equation he used to express this is: 
 

€ 

KEmax = hf −φ  
 

KEmax ≡ The maximum kinetic energy of the 
photoelectron.  (The maximum only occurs 
for electrons ejected from the surface of a 
metal. Electrons ejected from below the 
surface require more energy to be liberated.) 

 
hf ≡  Energy of the incoming photon. 
 
φ ≡  “Work function” of the metal. This is the 

energy required to remove an electron from 
the surface of the metal. 

 
 

 Here’s an analogy that might clear things up a 
bit. Imagine that the electron bound by the metal is a 
person in jail. To get out he needs to post bail. In this 
model, the required bail is equivalent to the work 
function. Finally, the incoming photon represents the 
bail money. If the bail is set at $100,000, the person 
cannot be released unless the full amount is paid. To 
make this a better analogy, we would have to make a 
rule that only one person at a time could come 
forward to offer the bail money and that it would all 
have to be present at once. If more money were 
presented than was necessary to meet the bail 
amount, it would be OK. The remainder could just be 
given to the person being released from jail. His 
ability to purchase items outside of jail would be like 
the extra kinetic energy of the electron that is 
liberated from the surface of the metal. 

 The energies of visible light photons and 
electrons ejected from the surfaces of metals are 
small compared to 1 Joule of energy. A more suitable 
unit is the electron volt (eV). 1 eV = 1.602 x 10-19 J. 
The work function of sodium, for example, is 

€ 

2.9×10−19J . In electron volts it would be: 
 

€ 

2.9×10−19J  ×  1eV
1.602×10−19J

= 1.8eV  

 
This is a much more reasonable number to use to 
express these size energies. The work functions of 
some common metals are shown in Table 6.1 
 
 

Element Work  
Function (eV) 

Aluminum 4.08 
Calcium 2.9 
Copper 4.7 
Iron 4.5 
Potassium 2.3 
Platinum 6.35 
Silicon 4.52 
Zinc 4.3 

Table 6.1: Work functions of  
various metals. 

 

SAND, SUNLIGHT, AND ELECTRICITY 
 In 1954, Bell Telephone Laboratory physicists 
discovered perhaps the most important application of 
the Photoelectric Effect. They found that properly 
prepared silicon (one of the Earth’s most abundant 
elements) was sensitive to sunlight. More strongly 
stated, wafers of silicon could turn sunlight directly 
into electricity! You know these devices as “solar 
cells” or “photovoltaic cells.” This conversion of 
sunlight directly into electricity is, of course, due to 
the Photoelectric Effect. Table 6.1 indicates that the 
work function for silicon is 4.52 eV. This is the 
amount of energy needed to liberate an electron from 
a silicon atom completely. However, a photon with a 
smaller amount of energy than the work function can 
be used to move the electron to a different, “higher 
energy level” within the silicon atom. Only 1.11 eV 
of energy is needed to remove an electron in silicon 
from the valence band to the conduction band (the 
condition necessary for the conversion of sunlight to 
electricity). Seventy seven percent of solar energy 
striking the Earth’s surface is above this threshold. 
Perhaps you can begin to see why this was such an 
incredibly exciting discovery.  
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 • Silicon is cheap (the stuff that sand is made up 
of).  

 • The majority of the sunlight reaching the Earth 
can be converted directly to electricity using 
the silicon wafer.  

 Although it is exciting to consider that 
photovoltaics can be used to directly generate 
electricity, the electricity they produce has always 
been more expensive than that obtained from more 
conventional sources like coal and nuclear. One of 
the best ways to compare the true cost of generating 
electricity from different sources is the Levelized 
Cost of Energy (LCOE). The LCOE takes into 
account the total life cycle cost of a particular 
electrical energy technology and then divides that by 
the total life cycle electricity production. Average 
LCOE for all technologies in 2010 was about $0.10 
per kilowatt-hour. (A kilowatt-hour’s worth of 
electricity will operate a 100-watt light bulb for 10 
hours. A typical American home might use 500 
kilowatt-hours of electricity per month.) In 2008, the 
LCOE for photovoltaics was $0.20 per kilowatt-hour. 
By 2010, it had dropped to $.15 per kilowatt-hour. 
And, it is anticipated that by about 2020, producing 
electricity with photovoltaics will be cheaper than 
any other electrical energy technology. That’s really 
exciting! And to this abundant energy destiny we are 
indebted to the … Photoelectric Effect. 

AND WHAT ABOUT WAVE 
PROPERTIES FOR PARTICLES? 
 Surely there were those who wanted to 
immediately remind Einstein of Young’s Experiment 
and how he was able to get an interference pattern 
using light, proving that light was a wave. But it was 
Einstein who recognized the narrowness of that way 
of thinking. Why does light have to be either a wave 
or a particle? In Young’s Experiment light acts like a 
wave, so when light travels from place to place (like 
through two slits) think of it as a wave. But when it 
interacts with matter (like in the photoelectric effect) 
think of it as a particle. It seems to have a dual 
nature. Or maybe as you move to smaller and smaller 
structures, like on the atomic scale, the distinction 
between what a wave is and what a particle is 
vanishes. Indeed, in 1923 a physics Ph.D. candidate, 
Louis-Victor Pierre Raymond, seventh Duc de 
Broglie (what a name), suggested that matter might 
have wavelike characteristics. Einstein was intrigued, 
but most others thought it was a preposterous idea. 
How could matter have a wavelength? What would it 
even mean? But, as strange as it may seem, four 
years later an experiment was performed that 
produced an interference pattern using electrons 
instead of some form of waves. Wow! For his far-

reaching thinking, in 1929 the young de Broglie 
became the first and only Duke to win the Nobel 
Prize for physics. Then he went on to live another 58 
years, able to bask in the glory of the Nobel Prize 
longer than any other of that select group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 In a more recent experiment, done by a Hitachi 
research group, a deeper and more bizarre view of the 
nature of the electron was observed. A double-slit 
experiment was again done with electrons (Figure 
6.11). However, only one electron at a time was 
allowed to pass through the slits. This completely 
defied the classical way of looking at wave 
interference. In the classical two-slit wave 
interference, the amplitudes of waves simultaneously 
passing through two adjacent slits add either 
destructively or constructively to form nodes and 
antinodes, respectively. So both waves must be 
passing through the two slits at the same time. But, 
only one electron at a time was used here. That 
implies that an electron would have to interfere with 
itself by going through each of the slits at the same 
time! This is a ridiculous sounding idea, but it’s 
precisely what happens. It helps to hear that the 
electron “wave” is not a traditional wave that causes 
an energy disturbance, such as what you would see in 
a wave on a slinky or in water. Instead, it is a wave of 
probability. In quantum mechanics, it is impossible to 
know the position of a particular particle (like an 
electron). The small-scale world, dominated by 
quantum mechanics, is filled with teeming and 
incessant fluctuations. The best you can do is to 
specify probabilities of where a particle will be. So, 
even though the electron is somewhere at all times, 
and it ends up striking the screen beyond the slits at a 

Figure 6.10: Louis-Victor Pierre Raymond, seventh 
Duc de Broglie won his 1929 Nobel Prize in physics 
for describing the wave nature of matter. Young and 
not yet a Ph.D. when he developed the theory, few 
supported the “outside the box” idea. He had the last 
laugh and lived for 58 years after winning the Prize. 
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specific spot, to know where it is along the journey is 
impossible.  
 If what has just been stated only seems 
marginally reasonable, hold on, it gets even stranger. 
Since there is a probability that the electron will pass 
through either slit, quantum mechanics says that it 
will pass through both … simultaneously! Beyond 
the slits, the electron position probability waves will 
interfere with each other. Where the probabilities for 
the position of the electron striking the viewing 
screen are high for both waves, there will be an 
antinode, and there will be many electrons striking in 
that region (Figure 6.12). These are strange and 
counterintuitive ideas. And, it’s not just because 
you’re just dealing with the big ideas now and 
missing some of the clarifying details. It really is as 
weird as it sounds.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Quantum mechanics is certainly imposing, but an inner voice tells me that it is 
not the real thing. The theory says a lot, but it does not really bring us any closer 
to secrets of the Old One. I, at any rate, am convinced that He does not play dice.” 
– Albert Einsetin 
 

 

Figure 6.12: A two-slit interference pattern produced by electrons! The left image is after 100 electrons have 
passed through the slits, the middle image is after 3,000 electrons, and the right image is after 70,000 
electrons have passed through the two slits. This final image, with its nodes and antinodes shows the telltale 
sign of the familiar interference pattern. 

Figure 6.11: In this Hitachi electron double slit 
experiment, electrons from an electron 
microscope move through two plates and then 
pass by either side of a thin filament before 
striking a viewing screen. Electrons released one 
at a time still produce a characteristic 
interference pattern. 
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SPECTROSCOPY 

 
OR THOUSANDS OF years there have 
been thinkers – those who pondered 
questions that were at the same time 
philosophical and physical. They 
wondered about the building blocks of 
matter. Is there a smallest piece? And, if 

there is, what is it? We believe there is a smallest 
piece, or string with simplest vibration (if you’re a 
string theorist) but either is so small that no one has 
ever seen it, or will ever see it. But the fascination 
with the nature of nature has guided physicists in 
their quest for this smallest piece since antiquity. 
John Dalton believed the smallest piece, the atom, 
was the fundamental unit of an element and uniform 
throughout. His was the Billiard Ball model of the 
atom.   
 In 1897 when J.J. Thomson discovered the tiny 
electron, he realized it must have been a subatomic 
particle. It had a negative charge, which meant that 
the rest of the atom had to have as much positive 
charge to compensate for the electron’s negative 
charge. His was the Plum Pudding model of the 
atom, named because of the belief that like plums in 
the pudding, electrons were randomly scattered 
throughout the positive “pudding” of the rest of the 
atom. 
 Gregarious, loud, and brilliant, Ernest Rutherford 
was rescued from his parent’s potato farm in 1895 
when he won a Cambridge scholarship given once 
every two years to a student from New Zealand. 
Among other things, he was interested in 
radioactivity and managed to get the Curies to send 
him some radium. A colleague of his, Hans Geiger 
(the inventor of the Geiger counter), had mentioned 
that the rays coming from the radium were 
sometimes strangely deflected, even repelled, when 
they moved through his Geiger counter. Rutherford 
was intrigued. Why should the rays (then known to 
be the positive ions of helium atoms) be deflected as 
they moved through the near vacuum of the Geiger 
counter? Even if they encountered an air molecule, 
the “spread out” positive charge of the atoms in the 
molecule should have little, if any, effect on the 
speeding helium atom. So he devised an experiment 
in which he aimed the positively charged helium 
atoms in a narrow beam toward a very thin sheet of 
gold foil. What most books don’t tell you about is the 
plight of the research assistant who helped 
Rutherford. There wasn’t any sophisticated electronic 
detector to measure where the helium atoms struck. 
He just had to watch. When one of these atomic 
bullets hit the phosphorescent screen enclosing the 

whole apparatus, there would be a very faint flash of 
light that could be counted and its position noted. So 
this guy had to sit in near total darkness counting 
thousands of little flashes. The bulk of the 
experimental process is many times very tedious. 
Well, as it turned out, most all the helium ions easily 
passed through the foil, but one in 8,000 … didn’t. 
Rutherford was shocked – and pleased. What a 
discovery. He had shown that the atom was strikingly 
different from the Plum Pudding model Thomson had 
proposed. It wasn’t like that at all. It had to be mostly 
… empty space, with an exceptionally small 
positively charged nucleus. He reasoned that 
Thomson’s electrons revolved around this nucleus. 
So the atom began to be understood in terms of a 
Planetary or Nuclear model.  
 Niels Bohr accepted Rutherford’s nuclear model, 
but wanted to account for the characteristically 
unique light that was emitted from heated gaseous 
elements. Bohr decided that, in the nuclear model, the 
electrons determined the spectral character of a 
particular element. His was a modified nuclear model 
in which electrons revolved about the nucleus in 
circular orbits, much like planets about the Sun. And 
he had a theory for why each element produced only 
specific colors when heated. He concluded that there 

F 
Radium 
sample 

Gold foil 

Phosphorescent 
barrier 

Figure 6.13: Rutherford’s Gold Foil experiment 
showed that the atom was mostly empty space. Only 
one in 8000 atomic bullets were reflected from their 
gold foil target. 



 207 

were only specific orbits within the atom in which an 
electron could move. An electron had to have a 
certain amount of energy to be in a particular orbit. 
Indeed, the orbits were the energy levels for the atom 
(see Figure 6.14).  

 
In order to get to a greater orbit an electron would 
have to gain just the right amount of energy to 
correspond to the energy of that particular orbit. Too 
much or too little would have no effect on the 
electron. So if the next higher energy level were 1.8 
units of energy more than the current energy level, 
incoming energy of 1.7 units or 1.9 units would have 
absolutely no effect. But if, say through some atomic 
collision, the atom absorbed exactly 1.8 units of 
energy, the electron would move instantly to the next 
orbit or energy level (see Figure 6.15).  
 
 

 
 
 
Now, it turns out that electrons in higher energy 
levels make most atoms notoriously unstable. To 
reestablish stability, the electron will return to a 
lower energy level after only about 10-8 seconds. 
Here’s where all this is heading. When the electron 
moves back to a lower energy level it must shed the 
extra energy that it had previously gained. This 
excess energy flees from the atom in a burst, in a unit 
– as a photon of light (see Figure 6.16).  

If the energy is just right (between about 2 eV and  
4 eV) the light is visible and you perceive a certain 
color. It’s a very unique color because the energy 
levels for a specific element are as unique as 
fingerprints. So like I mentioned previously, if you 
heat up a gas and get atoms colliding, this process 
occurs and the light that is emitted can easily be used 
to identify the element or elements within the gas.  
 The series of photographs in Figure 6.17 are 
emission spectra from hydrogen, helium, sodium, 
and neon. These are produced by passing the light 
from the element through a diffraction grating. Doing 
so produces an interference pattern and the bright 
lines you see are the antinodes of this interference 
pattern. However, since each color has a unique 
wavelength, the antinodes for that color will not be in 
the same place as any other color. The diffraction 
grating has the effect of “spreading out the color” so 
that you can see which particular colors are present. 
Without the diffraction grating you wouldn’t be able 
to distinguish individual colors. Neon, for example, 
would look orange because there are so many parts of 
its emission that are in the red, orange, and yellow 
part of the spectrum. You can view the emission 
spectra of all the elements at 
http://chemlinks.beloit.edu/BlueLight/moviepages/em
_el.htm 
 

E1 E2 

Figure 6.14: A simplified atom 
consisting of a nucleus, an 
electron in the lowest energy level 
(ground state), and two energy 
levels, E1 and E2. 

E1 E2 

Figure 6.15: The atom has 
absorbed an amount of energy 
exactly equal to the difference in 
energy between E1 and E2, 
causing the electron to move to 
the E2 energy level. 

E1 E2 

E = E2 – E1 

Figure 6.16: To achieve stability, 
the electron spontaneously drops 
back down to the E1 energy level 
causing the release of a photon 
with exactly the difference in 
energy between E1 and E2. 

Hydrogen 

Helium 

Sodium 

Neon 

Figure 6.17: Emission spectra from four elements. 
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 The emission spectrum from hydrogen is the 
simplest of the four shown. There are three visible 
lines, corresponding to three transitions within the 
hydrogen atom that produce visible light photons. 
Figure 6.18 shows the energy level diagram for 
hydrogen.  
 The notations on the left indicate energy levels 
within the atom and the notations on the right 
indicate the energy of that level. The negative signs 
are a convention that confuses some people. The  
-13.6 eV on the first energy level just means that it 
requires 13.6 eV to completely remove (or ionize) an 
electron from the first energy level. An electron 
moving from the second to the first energy level must 
shed the energy difference between the levels. It will 
emit a photon with an energy equal to 10.2 eV  
(-3.4 eV - -13.6 eV). Could you see this photon? We 
could figure it out. The highest energy photons in the 
visible spectrum are the violet ones, with a 
wavelength of about 400 nm.  
 

€ 

fviolet =
c
λ

=
3.0×108 m

s

4 ×10−7m
= 7.5×1014Hz  

 

€ 

Eviolet = hfviolet = (6.626×10−34 J ⋅ s)(7.5×1014Hz)  
 

€ 

= 4.97×10−19J  ×  1eV
1.602×10−19J

= 3.1eV  

This is much less energy than the photon emitted 
when the electron moves from the second to the first 
energy level. The transitions that are actually visible 
are some of the ones that end on the second energy 
level. Your job now is to figure out which of those 
transitions result in the lines of the emission spectra 
for hydrogen. 
 We know now that Bohr was partially wrong. 
The electrons do not and cannot follow simplistic 
circular orbits. This is because an electron moving in 
a circular path is an accelerating electron. 
Accelerating charged particles radiate energy, so an 
electron moving in such a path would have to lose its 
potential energy, causing it to spiral down very 
quickly into the nucleus. The exact paths are quite 
complicated and we can only give a probability for 
where a particular electron is at a particular time. 
(This is the same issue as the one discussed earlier, 
with respect to the electron double slit experiment.) 
But the theory of specific energy levels and the 
electron’s constricted movement between them, 
causing atomic spectra, is completely accurate.  
 One important use of spectral analysis is in 
astronomy. Astronomers can look, for example, at the 
spectra from sunlight and link the spectral lines to 
known elements in order to identify the elements that 
make up the sun. The kind of spectra from stars and 
the sun is many times absorption spectra. It is the 
opposite of the emission spectra. In a true emission 
spectrum, there is no light present except where the 
spectral lines are. However, in the absorption 
spectrum, light is present everywhere in the spectrum 
except at the positions of the spectral lines. The 
reason for the absorption spectra is because as light 
from within the sun makes its way through the 
relatively cooler portions of the outer sun, photons 
that have just the right energy to excite atoms of a 
particular element are removed to do just that. When 
the atoms “relax,” and reemit these photons, they are 
not necessarily on the same path toward the observer. 
What gets through to the observer is the light 
remaining after all of the elemental absorptions. So 
there are dark lines in an otherwise continuous 
spectrum. The dark lines are in the same places that 
the bright lines would be in the emission spectrum, so 
the absorption spectrum is just as useful as the 
emission spectra – they are negatives of each other. 
You can see an example of this analysis at 
http://jersey.uoregon.edu/vlab/elements/Elements.ht
ml. Identifying the elements present in a star or the 
sun is not a trivial thing though. The spectrum from 
the sun has over 25,000 lines! These lines are the 
message to astronomers 150,000,000 km away – the 
fingerprints that identify what our sun consists of. 
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Figure 6.18: Energy level diagram for hydrogen. 
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 SPECTROSCOPY APPLICATIONS 
 

FLUORESCENCE AND 
PHOSPHORESCENCE 
 Any kid who has had a set of glow-in-the-dark 
stars has had some experience with phosphorescence. 
“Glow-in-the-dark” is the “man-on-the-street” term 
for phosphorescence, and phosphorescence is simply 
“long term” fluorescence. And, fluorescence is just 
an extension of spectroscopy. You know at this point 
that the light produced in spectroscopy comes from 
electrons dropping from higher, unstable energy 
levels to lower, more stable energy levels. The drop 
in energy levels requires the release of a photon equal 
in energy to the difference in energy of the two 
levels. 
 Now imagine that you’re at one of those ‘60s 
parties with the lava lamps, incense, and black light 
posters. The black light posters would be less than 
spectacular without the prerequisite “black light”, 
which is termed “black” because the ultraviolet light 
that it puts out is invisible to the human eye. The 
visible violet glow coming from these lights is a 
small fraction of the total light output and only 
incidental. The ultraviolet light that floods out 
consists of high-energy photons of colors beyond the 
range of human perception. But the black light 
posters contain pigments with atoms that respond 
strongly to these high-energy photons and that have a 
curious energy level structure. What happens to the 
black light poster pigments is that the electrons in 

their atoms are driven to high energy levels by the 
ultraviolet light, but when the electrons drop to lower 
energy levels, they do so in intermediate (smaller 
energy) steps. Here’s the important point. If the 
energy drops are smaller, then the photons produced 
have the possibility of being visible. What this means 
is that a fluorescent material can be “excited” with 
invisible, ultraviolet light, but release energy with 
visible photons. To the observer, it looks like magic, 
but to one who can visualize the energy level 
structure of a fluorescent atom, it makes perfect 
sense. You can always tell when some painted toy or 
article of clothing is fluorescent because in the 
sunlight, it has that “extra brightness,” that … day 
glow. Some laundry detergent companies have added 
fluorescent substances to their product to make 
clothes “whiter than white.” 
 Phosphorescence is everything that fluorescence 
is and a little bit more. Phosphorescent materials are 
different than most common materials because they 
have higher energy states that are not quite so 
unstable. Well, they’re still not truly stable, but 
“metastable”. A metastable state is 100,000 times 
more stable than normal, or even more.  The electron 
can stay in the higher energy state for more than 10-3 
seconds, and even up to minutes. So, after the 
ultraviolet light is turned off, the electrons driven up 
to higher energy levels can drop to lower energy 
levels while the observer is in the dark. The material 
“glows” in the dark.   

 

E1 E2 E1 E2 

Figure 6.19: An ultraviolet 
photon approaches a fluorescent 
atom. 

Figure 6.20: The energy of the 
photon equals E3 – E1 and excites 
the atom, raising the electron to 
the third energy level.  

Figure 6.21: To achieve stability, 
the electron spontaneously drops 
back down to a lower energy level, 
but in an intermediate step, to the 
second level.  The lower energy 
photon produced is visible. 
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E = E3 – E2 E = E3 – E1 
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THE LASER 
 In 1917 Albert Einstein predicted that, under 
certain conditions, a perfectly thread-thin, single 
color light beam could be produced, without color 
filters or focusing lenses or mirrors. But it wasn’t 
until 1960 that the first “laser” was actually built. 
Furthermore, the physicists who worked to create it 
had no purpose in creating it other than to see if they 
could actually do it. And when they were finally 
successful, they didn’t really know what to do with it. 
It may be a legend, but I’ve heard that the first unit of 
measure for laser power was the “cleaver” (after the 
meat cleaver) because the logical thing to do after the 
invention of the laser was to … build a bigger one. 
So at physicist get-togethers, one physicist could brag 
to another that his or her laser was a “three cleaver” 
laser, meaning that it could cut through three meat 
cleavers in a specified amount of time. These 
physicists who created the first laser could never 
have imagined (and thus put into a basic research 
grant proposal) that in less than forty years most 
American households would have at least one, and 
probably multiple, lasers (in CD players and 
computers). How could they know that almost all 
supermarkets and department stores would have laser 
scanners to acquire information about a product and 
update inventory databases? Who would be able to 
fathom that the telephone system of the future would 
convey thousands of simultaneous phone 
conversations on a single optical fiber by means of 
laser light? The laser is one of the most amazing and 
profoundly useful inventions of the latter part of the 
twentieth century – all made possible because of 
basic research! 
 Laser light is special light – no, really special. 
Consider all the other types of light that exist: light 
from the Sun and from the stars, light from a light 
bulb or a fluorescent tube, light from a campfire or a 
bolt of lightning, and light from atomic spectra or 
from a firework. It doesn’t matter what the source. 
You can group all of them into one class, but laser 
light won’t fit. It is fundamentally and wholly 
different. 
 Non-laser light differs from laser light in three 
characteristics: chromaticity, coherence, and 
directionality. Non-laser light is multi-chromatic 
(multicolor). Even atomic spectral lines have some 
“width.” Laser light is perfectly monochromatic, one 
perfectly unique color. The color most commonly 
found in inexpensive lasers is red, but there are laser 
colors that span the visible spectrum and beyond. 
Physicists have to be exceptionally careful with high 
power, ultraviolet lasers. They’re very dangerous and 
… you can’t see them. You can try to make non-laser 
light monochromatic by filtering out colors, as is 

done with colored light bulbs, but it’s still a pretty 
broad spectrum. Laser light has no choice. It needs no 
filter. It’s impossible for it not to be monochromatic. 
 Non-laser light is incoherent. That is, if you 
could see the actual transverse light waves, they 
would not be aligned in any way. Laser light has no 
choice here either. As it emerges from the laser 
cavity every wave is perfectly aligned with every 
other. Every crest and trough are in line with each 
other and they are all polarized in the same plane of 
vibration. 
 Non-laser light is multidirectional. The light 
from a light bulb moves out in no preferential 
direction. You can try to focus it with mirrors or 
lenses (like in a flashlight or headlight) but it’s only 
an approximation of a perfectly straight beam. Laser 
light can only shine in one direction. It needs no 
attempt to focus it. It naturally gives birth to itself as 
a legion of photons all moving in perfect unison 
toward a perfectly unique target. 
 To give an analogy, imagine being on a street 
corner in a busy city. The people you see – different 
heights, weights, and genders, moving in different 
directions – are like non-laser light. Now imagine 
that you had 50 cloned men who had all been military 
trained so that they could march with perfect 
precision down the street. That’s laser light … 
fundamentally and wholly different. 

STIMULATED EMISSION 
 So how can laser light naturally be these things 
that non-laser light can only struggle to be? The 
answer is in Einstein’s 1917 proposal. He predicted 
that there were two ways in which an electron could 
move from a higher to a lower energy level. Bohr had 
already explained that an electron in a higher energy 
level generally made its atom unstable and that the 
electron would spontaneously drop to a lower level, 
emitting a photon in the process. This is spontaneous 
emission (Figure 6.22).   

E1 E2 E1 E2 

E = E2 – E1 

Figure 6.22:  Spontaneous Emission – In an 
effort to create greater atomic stability, an 
electron moves from a higher to lower energy 
level, emitting a photon equal in energy to the 
difference between the higher and lower 
energy levels. 
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Einstein made the bold prediction that the electron in 
the higher energy level could be “stimulated” to 
move to a lower energy level by a photon identical to 
the one that would naturally be emitted in a 
spontaneous emission. That may sound confusing, so 
consider an explanation with a more concrete 
example. Let’s say that in a certain atom, an electron 
is in a higher energy level and will, in 10-8 s, move to 
a lower energy level.  If the two energy levels differ 
by 2.5 eV then, when the electron makes the move, a 
2.5 eV photon will be emitted. You already know 
that. Einstein said that while the electron is in the 
higher energy level, if a 2.5 eV photon happens to be 
passing by, it will stimulate (or trigger) the electron 
to drop at the moment of the passing. Of course 
another 2.5 eV photon will be produced. This is 
stimulated emission (Figure 6.23). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
But it gets better than that. The emitted photon is 
identical to the triggering photon in every way. Not 
only is it the same wavelength (because it has the 
same energy), but it is emitted in the same direction 
as the triggering photon and has the same phase 
(crests and troughs are aligned). It’s as though the 
triggering photon cloned itself and then got the clone 
into step with itself. The original 2.5 eV photon has 
“amplified” itself. That’s where the laser acronym 
comes from: 
 
 

Light Amplification by Stimulated Emission of Radiation. 

CREATING LASER LIGHT 
 You might wonder why it took over 40 years to 
prove Einstein’s prediction. But, in fact, creating the 
conditions necessary for the birth of laser light was 
not trivial. Three conditions must be met, and when 
they are met, the laser light will create itself. 
Consider what you’ve read so far and the conditions 
below. 
 One necessary condition for the production of 
laser light is a population inversion. Most electrons 
in a substance are in the upper energy levels in this 
condition. A normal population has 1 in 108 electrons 
at the upper energy levels. This means that in a 
normal population a triggering photon would be 108 
times more likely to cause a spontaneous absorption 
than a stimulated emission. Creating a population 
inversion (by applying a high voltage to the “lasing” 
material) ensures that the triggering photon will find 
virtually all electrons in the higher energy levels. 
 The population inversion alone is not sufficient 
however. A lasing material that has a metastable 
state is also required. A metastable state is an upper 
energy level that is “semi-stable,” meaning that 
electrons will stay at the energy level for more than 
10-3 s instead of the usual 10-8 s. This is necessary 
because after the population inversion is created, the 
electrons in a normal substance would spontaneously 
return to lower energy levels almost immediately and 
would thus be unavailable to be triggered to return to 
the lower energy state. The metastable state allows 
for the electrons, which have been raised to higher 
energy levels, to stay there long enough to be 
triggered to return to the lower energy levels. 
 With the presence of the population inversion in 
the material with a metastable state, the production of 
laser light is possible. Many people wonder where the 
triggering photon comes from (is there a triggering 
photon reservoir?). But remember that the metastable 
state is really only “kind of stable.” This means that 
one of those electrons in a higher-level state will 
move to a lower one very shortly. However, it may 
not be traveling in the right direction. If it is headed 
toward the side of the laser tube cavity and causes 
some stimulated emissions, they will all get absorbed 
by the side of the laser tube. Eventually, there will be 
a spontaneous emission of a photon that is moving 
parallel to the axis of the laser tube. This triggering 
photon is the one to start the cascade of stimulated 
emissions. It will be the one that starts the laser light 
that you see coming from the end of the laser. The 
problem is that if the laser light generated were 
allowed to leave the laser tube, the whole process 
would have to start over. It would just be a short 
burst of laser light followed by other short bursts, 
occurring intermittently. That is the reason for the 

E1 E2 

E = E2 – E1 

E1 E2 

E = E2 – E1 

E = E2 – E1 

Figure 6.23:  Stimulated Emission – A photon, 
identical to the one that would be produced in a 
spontaneous emission, “stimulates” the electron to 
move from a higher to lower energy level, emitting 
a photon equal in energy to the difference between 
the higher and lower energy levels. 
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third necessary condition for continuous laser light – 
Light Confinement. 
 Light confinement is a condition in which most 
of the laser light produced is confined inside the laser 
by a nearly 100% mirror in the rear and a 98+% 
mirror in the front. This assures that most of the laser 
light produced will stay in the laser tube acting as 
triggering photons. This means that the bright laser 
light you see exiting the laser tube is really just 2% of 
the laser light “leaking” from the tube. Imagine how 
bright it is inside the tube! 

 As mentioned earlier, the laser was originally 
only a basic research curiosity. Today, however, it is 
hard to imagine a world without all the laser 
applications that are so widely a part of the average 
(and not so average) person’s life. From grocery store 
scanners to industrial cutters to vision correction 
surgery to CD-ROM readers to the pursuit of nuclear 
fusion to the art form of holography, lasers are 
literally everywhere. 
 

 
 
 

 

Figure 6.24: The laser was originally only a basic research curiosity. Today, however, it is hard to imagine a 
world without all the laser applications that are so widely a part of the average (and not so average) person’s 
life. These five examples (laser eye surgery, laser handgun sights, industrial laser cutters, law enforcement 
“LIDAR” laser speed detection, and grocery store laser bar code readers) illustrate only a few of the many 
laser applications that have come from this “research curiosity.” 
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CHAPTER 7: THE ATOMIC NUCLEUS 
 

PECTROSCOPY, FLUORESCENCE, 
AND laser light are all due to electron 
effects within the atom. However, the 
radioactivity and energy from atomic 
weapons and power plants depend on the 
other component of the atom – the 

nucleus. The nucleus is really the heart and guts of 
the atom. 99.95% of the matter of the atom exists in 
the nucleus. And, the nucleus actually only occupies 
one-trillionth the volume of the atom! Think about 
that. The atom (all atoms) is mostly empty. This 
book, your home, the car you drive in, the plane you 
fly in and you yourself are mostly EMPTY SPACE! 
The repulsive forces of the electrons in one atom, 
acting on those in an adjacent atom, keep the atoms 
from moving through each other. 
 Inside the nucleus there are two types of 
particles: positively charged protons and uncharged 
neutrons. Together, the protons and neutrons are 
known as nucleons. The proton’s mass is about 2,000 
times more than that of the electron but its positive 
charge is the same size as that of the electron’s 
negative charge. This makes atoms with equal 
numbers of protons and electrons electrically neutral 
(uncharged). The neutron (discovered in 1932 by 
James Chadwick) has almost the same mass as the 
proton, but has absolutely no charge. 
 If you change the number of protons in the 
nucleus, you have changed the identity of the atom – 
it becomes an absolutely different element with 
totally different properties. (Gold, the beautiful and 
desirable pale yellow metal is the element with 79 
protons, but add another proton to gold and it 
becomes mercury, a poisonous, silvery liquid). But 
you can change the number of neutrons in the nucleus 
and the atom only changes its mass a bit. Two atoms 
with the same number of protons, but different 
numbers of neutrons are the same element, but 
different isotopes. The role of neutrons will be 
explained later when radioactivity is discussed. 

NUCLEAR SYMBOLS 
 Nuclear symbols identify both the element and 
the number of neutrons in the nucleus. The example 
shows the nuclear symbol for magnesium with 15 
neutrons in its nucleus. Mg is the two-letter symbol 
for magnesium. The number 12 is the atomic number 
for magnesium (the number of protons in its nucleus). 
The number 27 is the atomic mass of this particular 
isotope of magnesium. It is the sum of its 12 protons 
and 15 neutrons. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Find the nuclear symbols for the cases below. 
 
1. The atom with 10 protons and 12 neutrons. 
 
 
 
 
 
2. The atom with a mass of 162 and 97 neutrons. 
 
 
 
 
 
3. The atom with four more protons and five more 

neutrons than 

€ 

6
13C . 

 
 
 
 
 
4. The atom with two more protons than 

€ 

30
67Zn . 

 
 
 
 
 
5. The atom with two more neutrons than 

€ 

30
67Zn . 

 

 

S 
 

Atomic Symbol 
One or two letter 
abbreviation. 

Atomic mass: 
(Sum of the 
number of protons 
and neutrons in the 
nucleus) 

Atomic number: 
Number of protons 
in the nucleus. 
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NUCLEAR RADIATION … IS ALL AROUND YOU
  

 HAVE TO laugh 
every time I see 
one of those 
nuclear free zone 
signs (Figure 7.1). 
Oh I know the 

intent is to protest nuclear 
power or weapons, but I 
have a feeling that many of 
the promoters of those 
signs feel as though it is 
possible to find a spot in 
this world where they 
could actually be … 
nuclear free. There’s 
certainly plenty of 
ignorance around the 
nuclear issues. Half the 
country and most 
commentators and 
politicians can’t even 
pronounce the word 
correctly, opting for “nuc-

you-ler” rather than 
“nuc-lee-er.”  
 Just because you 
don’t have nuclear 
weapons or a nuclear 
power plant in your 
neighborhood doesn’t 
mean you’re safely 
ensconced in a place of 
nuclear (radiation) 
freedom. You’d have 
to get rid of all the 
antique stores and flea 
markets too. They 
commonly sell the old 
Vaseline glass (Figure 
7.2) and 1940’s-era 
orange Fiestaware 
(Figure 7.3). Both of 
these products derive 
their characteristic 
color from the presence 
of radioactive uranium. 

 

I 

Figure 7.3: 1940’s era Fiestaware used 
radioactive uranium in the glaze to create its 
distinctive orange color. 

Figure 7.2: This horse 
figure is made from 
pre-1940 Vaseline glass. 
On top, the horse is 
illuminated with white 
light. Below, it is 
illuminated with 
ultraviolet light. Note 
that the illumination by 
the ultraviolet light 
causes the horse to 
fluoresce. This very 
predictable shade of 
fluorescing green light 
gives evidence of the 
presence of the 
radioactive uranium 
used in making the 
glass. 

Figure 7.1: Although this sign is undoubtedly a 
political statement by the city of Sausalito, CA, many 
are convinced that it is possible to create a nuclear 
free environment in which to live. 
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Convince the fire department that the smoke 
detectors in the community have to go too. After all, 
many styles of detectors use radioactive americium as 
part of the smoke detecting mechanism (Figure 7.4). 
Next, go house-to-house, through all the sporting 
goods of community members. The older Coleman 
lantern mantles had radioactive thorium in the mantle 
fabric (Figure 7.5). Watch your diet too. Everything 
you eat (except salt) is organic and therefore has a 
radioactive carbon in it. And finally, there’s … you. 
You’re radioactive and actively irradiating yourself 
now as you read this. The site of your most precious 
sanctuary – your body – is host to a throng of nasty 
nuclei including radioactive uranium, thorium, 
potassium, radium, carbon, hydrogen, and polonium. 
Over 10% of the 
natural radiation 
you receive comes 
from inside your 
own body. So get 
those nuclear 
weapons and power 
plants away from 
your backyard, but 
forget about your 
utopian nuclear free 
zone. It doesn’t 
exist. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BECQUEREL’S U-RAYS COME IN 
THREE TYPES 
 When Henry Becquerel discovered the 
penetrating U-rays coming from his father’s uranium 
salt, he didn’t know what they were. And even after 
all the work the Curies did with U-rays, together with 
the process of their discovery of radium and 
polonium, they didn’t know what the U-rays were. 
Rutherford had noticed that when he covered the 
uranium with a sheet of aluminum foil, the radiation 

decreased and continued to do so as he added up to 
three sheets of foil. After that, he could add many 
sheets of foil without a decrease in radiation. Then 
finally, the addition of more foil caused a decrease in 
radiation again. He immediately realized there must 
actually be two types of radiation, one less 
penetrating, which is stopped by the first three pieces 
of foil and another that easily penetrates a few pieces 
of foil. He found that one of the radiations was bent 
by a magnetic field (in the direction a negatively 
charged particle would take), like Thomson’s 
electrons (but it was a decade before it was shown 

Figure 7.4: The sensor for this smoke alarm uses 
the radioactive isotope, Americium-241. The 
rating, “37kBq,” indicates that it gives off 37,000  
emissions per second  

Figure 7.5: The older Coleman lantern mantles had radioactive thorium in the mantle fabric. 
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that this radiation from the uranium was actually an 
electron). Later it was discovered that the other 
radiation was also bent by a magnetic field too, but 
only very slightly. It took a huge magnetic field to 
make this occur, but when it was finally detected, it 
turned out that it was deflected in the opposite 
direction as the other radiation. The deflection in the 
opposite direction meant that this second radiation 
had to be positively charged. Its very slight deflection 
meant that it must be much more massive than the 
first. Rutherford figured it was probably either a 
hydrogen or helium atom stripped of its electrons. 
Other experiments with radioactive thorium showed a 
third and more penetrating radiation, which had 
absolutely no deflection in a magnetic field. What 
Rutherford and others came to realize was that the 
rays were coming from the nucleus of the radioactive 
atoms. The nucleus of uranium is unstable and it, and 
the nuclei of all unstable elements, achieves stability 
by emitting these nuclear radiations. Originally, the 
identity of the three radiations was a mystery. So the 
names given to these three illusory rays were “a,” 
“b,” and “c”. Well, that doesn’t sound very exotic. So 
why not make the letters the first three of the Greek 
alphabet instead? And, while the true identities of the 
three are known today, the original designations have 
stuck - α  “alpha,” β  “beta,” and γ  “gamma.” 
 In 1902, a chemist colleague of Rutherford’s, 
Frederick Soddy, was able to show that the alpha 
particle is simply a helium nucleus, 

€ 

2
4He (two 

protons and two neutrons). It is the heaviest of the 
three types of radiation (thousands of times heavier 
than the beta particle). Its two protons give it a +2 
electric charge. This gives it the highest charge of the 
three types, which makes it the most chemically 
reactive. This high reactivity makes its range very 
short before it rips two electrons from nearby atoms 
(and loses its energy in the process). A few 
centimeters of air will stop the average alpha particle. 

(It is interesting to note that virtually every helium 
atom in every party balloon came from an alpha 
particle ejected from a radioactive uranium or 
thorium decay.) 
 We know that the beta particle is an electron, 

€ 

−1
0e  or positron, 

€ 

+1
0e  (a positively charged electron – 

antimatter!). Its smaller -1 or +1 charge gives it less 
tendency than the alpha particle to interact as it 
moves through matter. Several sheets of aluminum 
foil will stop the average beta particle. 
 The last particle, the gamma, is a very high 
frequency photon. No electrical charge makes it the 
most difficult of the three types to confine. It can go 
through much material before being stopped – many, 
many centimeters of pure lead.  
 Physicists understand now why a certain atom 
will become unstable and emit radioactivity. It has to 
do with the ratio of protons to neutrons in the 
nucleus. To understand this, think about a uranium 
atom – 92 protons. Why would these 92 protons have 
any inclination to be close to each other? Each one is 
pushing all of the other 91 protons with a repulsive 
electric force – they’re all charged positively! Why 
doesn’t the whole nucleus blow itself apart? The 
reason is because of the presence of the 100+ 
neutrons mixed in with the 92 protons. There are four 
known forces in nature: the gravitational force (a 
weak attractive force), the electric force (a strong 
force, either attractive or repulsive), the strong 
nuclear force (a very strong attractive force), and the 
weak nuclear force. First of all, let’s discount the 
gravitational force because it’s so weak compared 
with the other forces in the nucleus that it isn’t even 
measurable. Protons communicate their presence to 
other protons with both the repulsive electric force 
and the attractive strong force. These two forces war 
against each other though. To create the stability 
necessary for a strongly bound nucleus, much more 
of the attractive, strong force is needed. Here’s where 
the neutron comes in. The neutron is uncharged so it 
exhibits no repulsive electrical force, but it does 
exhibit the attractive strong force. So the neutron is 
something like nuclear glue. The more neutrons, the 
greater the amount of strong nuclear force, and the 
more stability there is in the nucleus. Well … up to a 
point. It turns out that the neutron alone is highly 
unstable (alone, it has a mean lifetime of about 15 
minutes). It needs to be close to a proton to be stable 
and not undergo radioactive decay itself. So adding 
too many neutrons can also cause instability due to 
insufficient numbers of protons to give the neutrons 
stability. The bottom line is that atoms are unstable 
when the number of neutrons in the nucleus is either 
too high or too low. The result of this instability is 
the release of radioactivity. When an alpha or a beta Figure 7.6: Hans Geiger and Ernest Rutherford 

with the apparatus used to conduct the gold foil 
experiment. 
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particle is released, it normally changes the 
neutron/proton ratio favorably. And, regardless of 
whether the release is an alpha or beta particle, the 
number of protons remaining is different. That means 
that the unstable element “gives birth” to a daughter 
nucleus that is a completely different element. The 
gamma ray is the result of extra energy being 
released from this nucleus as the newly changed 
nuclear structure puts itself into a lower energy level 
configuration (the nucleus has energy levels similar 
to the electron energy levels of the atom). However, 
the energy released from the nucleus in the form of a 
gamma ray is far higher than the energy released in 
the form of a photon when an electron moves to a 
lower energy level in an atom – about a million times 
greater! This tremendous energy emerges from a 
region that is only about one-trillionth the space of 
the entire atom! 

TRANSMUTATION EQUATIONS 
 Determining the daughter remaining when a 
radioactive atom gives off nuclear radiation is done 
by using a transmutation equation. A transmutation 
equation starts with the nuclear symbol for the 
radioactive atom and then uses the characteristics of 
the particle emitted to determine the daughter that 
remains. Let’s use the portion of the chart of nuclides 
in Figure 7.7 to predict the daughter produced by a 
radioactive atom. Notice that inside the block for 

€ 

7
13N  there is the symbol, 

€ 

β + . This means that it emits 
a positron. The transmutation equation is: 
 

€ 

7
13N  → +1

0e  + 6
13C  

 
Since the positron takes negligible mass with it, the 
daughter has virtually the same mass. The positron 
has a positive charge, so that means that the daughter 
has one fewer positive charge than the 

€ 

7
13N . This 

leaves a daughter with a mass of 13 and an atomic 
number of 6. Carbon is the element with an atomic 
number of 6, so the daughter must be 

€ 

6
13C . This is the 

case for all daughters of positron emitters – same 
mass, but one lower atomic number. If you tend to 
question and wonder, you might be asking how could 
this piece of antimatter, this positron, come from the 
nucleus in the first place. It turns out that positron 
emitters accomplish this when one of the protons in 
the nucleus changes to a neutron/positron pair. The 
neutron stays behind and the positron is emitted as 
radiation. The process looks like this: 
 

β+ decay 
 

€ 

1
1p  → +1

0e  + 0
1n  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Now let’s look at 

€ 

6
14C . Inside its block on the 

chart of nuclides there is the symbol, 

€ 

β−. This means 
that it emits an electron. The transmutation equation 
is: 
 

€ 

6
14C  → −1

0e  + 7
14N  

 
Since the electron takes negligible mass with it, the 
daughter has virtually the same mass. And, since the 
electron has a negative charge, this means that the 
daughter must have a one unit higher positive charge 
than the “mother,” so that it can balance the negative 
charge. This leaves a daughter with a mass of 14 and 
an atomic number of 7. Nitrogen is the element with 
an atomic number of 7, so the daughter must be 

€ 

7
14N . 

This is the case for all daughters of electron emitters 
– same mass, but one higher atomic number. It’s 
similar to the positron emission process, but here it’s 

Figure 7.7: A section from a chart of nuclides. A 
nuclide is a particular “species” of a nucleus, 
with a specific number of both protons and 
neutrons. Nuclides in horizontal rows all have the 
same numbers of protons. Nuclides in vertical 
columns all have the same numbers of neutrons. 
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the neutron that changes to a proton/electron pair. 
The process looks like this: 
 

β - decay 
 

€ 

0
1n  → −1

0e  + 1
1p  

 

(It should be noted that both beta decay processes are 
more complicated than shown. Each equation shows 
the net process and is true in that sense, however in 
the case of positron emission, for example, it is 
actually an up quark inside the proton that changes to 
a down quark (transforming the proton into a 
neutron). The process emits a W+ boson, which then 
decays into the positron and a neutrino. A similar 
process happens in β- emissions. For our purposes 
here though, the simpler net equations shown are 
sufficient.) 
 It is interesting to notice that the daughter of 
radioactive 

€ 

6
14C  is perfectly stable. That’s what the 

gray color of block that 

€ 

7
14N  occupies indicates. So 

this process works, although not always with the first 
daughter. When the numbers of neutrons and protons 
are especially unbalanced, it can take several 
transmutations before a stable nuclide is reached. The 
most common isotope of uranium, for example, 
doesn’t become stable until after 14 transmutations! 
 Finally, lets look at the transmutation equation 
for an alpha particle emission. Figure 7.8 shows 
nuclides of Uranium, Neptunium, and Plutonium. 
Let’s look at 

€ 

94
238Pu . Inside its block on the chart of 

nuclides there is the symbol, 

€ 

α . This means that it 
emits an alpha particle (helium nucleus). The 
transmutation equation is: 
 

α  decay 
 

€ 

94
238Pu  → 2

4He  + 92
234U  

 

Since the alpha particle takes four units of mass with 
it, the daughter has four units less mass. And, since 
the alpha particle has two protons, this means that the 
daughter must have two fewer protons. 
 The transmutation equations discussed above 
illustrate the three most common radioactive decay 
processes. The α, β-, or β+ particles emitted (and the 
incidental gamma rays) are the high-energy particles 
that cause the dreaded effects of radioactivity. The 

€ 

94
238Pu  discussed ejects an alpha particle with an 
energy of 5.5 MeV (see Figure 7.8). That’s 5.5 
million eV! (Recall that the energy of the photons 
that you are currently using to read this page have 
energies of about 3 eV.) The following two sections 
discuss some of the methods used to detect these 
radiations and to avoid their effects. 

 
 
 
 
 
 
 
 
 
 
 
 
DETECTING NUCLEAR RADIATION 
 I mentioned in the introduction to this unit that 
nuclear radiation couldn’t be detected by any of the 
five senses. If it is to be detected, it must be by means 
of some sort of mechanical detector. It’s very 
sobering to consider that if you relied on your natural 
senses, even in the presence of intense radiation, you 
would be absolutely unable to detect the danger. 
(Think about how much you’ve been able to detect 
from the dental and medical x-rays you’ve had.) 
Fortunately, there exist a number of extra-sensory 
radiation detectors.  
 Some types of film emulsions are 
photographically exposed by nuclear radiation and it 
is therefore common for people who work in the 
presence of radiation to wear film badges so that their 
exposure over time can be monitored.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.9: Workers in 
nuclear radiation 
environments use 
dosimetry film badges  
to track their exposure 
to radiation over time. 
The film badges are 
photographically 
exposed by nuclear 
radiation. 

Figure 7.8: A section from a chart of nuclides 
showing nuclides of Uranium (#92), Neptunium 
(#93), and Plutonium (#94). 
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 Charged electroscopes will lose their charge in 
the presence of radiation and can therefore be used as 
crude detectors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Super-saturated cloud chambers can be used to 
detect radiation by displaying the paths of the 
particles as they plow through the dense fog in the 
chamber.  

 In the Geiger counter detector tube, molecules 
are ionized by incoming radiation causing an electric 
current to flow that registers as a count for each 
particle of radiation detected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NUCLEAR RADIATION PROTECTION 
 People often wonder what they can do to protect 
themselves from radiation. There are really only three 
things you can do: 
 1. Put something (lots of lead is the best choice) 

between you and the source of radiation. (See 
table for a comparison of penetration depth for 
the various radioactive particles.) The thick 
containment walls at nuclear power facilities 
provide this type of protection, as does the 
concrete sarcophagus entombing the failed 
Chernobyl reactor. 

 

Type of Radiation Penetration in Steel 
for 1 MeV 

Alpha (α) 0.003 mm 

Beta (β) 0.6 mm 

Gamma (γ) 15 mm (with half 
energy remaining) 

Lowenthal, G. and Airey, P., Practical Applications of 
Radioactivity and Nuclear Radiations, Cambridge 
University Press, Cambridge, 2001. 

 

Figure 7.10 Electroscopes indicate the presence of 
electric charge. However, they can also be used to 
indicate the presence of nuclear radiation, since 
radiation discharges electroscopes. 

 

Figure 7.11: The cloud chamber consists of a 
super-saturated fog. When a particle resulting 
from radiation passes through the fog, it leaves 
behind a trail as evidence that it was there. 

Figure 7.12: Molecules inside the Geiger counter tube 
are ionized by incoming radiation. The electric 
current resulting from the radiation can be used to 
accurately quantify the current level of radiation. 
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 2. Wait for the source of radiation to decay into 
something stable (perhaps taking years or 
thousands of years). This is what we hope to 
do with the nuclear waste that has been created 
during the last several decades of nuclear 
power. 

 
 3. Move far from the source of radiation. We also 

hope to do this with our nuclear waste 
(currently stored on site at nuclear power 
plants.) The idea is to bury this waste in deep 
tunnels hundreds of feet below the Nevada 
desert. Radiation exposure follows the inverse 
square law (like sound) so that moving twice 
the distance from a source decreases exposure 
by 

€ 

1
4  and moving ten times as far away 

decreases exposure by 

€ 

1
100 . 

THE DANGER OF 
RADIATION 
 Marie Curie died at the 
age of sixty-seven of 
leukemia. She was nearly 
blind at the time of death 
and her fingers were badly 
disfigured. The high doses 
of radiation she had 
endured for so many years 
were undoubtedly to 
blame. In the early days of 
radiation research, it was 
believed that radiation was actually therapeutic. 
When Pierre Curie put some radium on his skin, it 
burned him and produced a sore. It became clear that 
the radium might be a good way to treat tumors. 
Indeed, radiation is widely used to treat a whole 
range of cancers. And nuclear radiation, when used 
as a tracer, is an effective and essential diagnostic 
tool. Still, it can be deadly and must be treated with 
respect. Most people are unaware of what the 
radiation actually does to the body and how much of 
it is too much. Nuclear radiation is called ionizing 
radiation because it has the ability to ionize atoms. 
This is not true for much of ultraviolet radiation, but 
the α, β, and γ  radiations coming from the nuclei of 
radioactive atoms have energies of approximately 

€ 

106eV . X-rays are more on the order of 

€ 

103eV . 
Recall that the energy necessary to ionize the electron 
from a hydrogen atom is only 13.6 eV. That means 
that as they pass through your body,  
x-rays and nuclear radiation have enough energy to 
rip the electrons from thousands or even tens of 
thousands of atoms. These highly reactive, ionized 
atoms cause the damage to the cell. An ionized water 

molecule could react with a DNA molecule, for 
example, causing it to break. Fortunately, the body’s 
ability to repair cell damage is very good and low 
doses are not believed to be harmful. However, it has 
not been established what the lowest safe dose of 
radiation is. 
 The unit for absorbed dose in any absorbing 
material is the Gray, Gy. 
 

€ 

1 Gray = 1 Joule
1 kg  

 
But different types of radiation have different effects 
on the body, so the best radiation unit is the Sievert, 
Sv. For x-rays, β particles, and γ rays,  
1 Gray ≈ 1 Sievert. For α particles 1 Gray can be 
equivalent to up to 20 Sievert. The α particle is so 
large and highly charged that it can ionize many 

molecules very close to each 
other, making repair much 
more difficult than with the 
other radiations. Knowing 
the names and definitions for 
radiation exposure does not 
mean that you know what is 
dangerous though. So let’s 
take a look at the exposures 
you might get from various 
activities and compare those 
to the known consequences 
of specific exposures.  
 If you’re an average 

person, you are exposed to about 0.0036 Sieverts per 
year, 

€ 

3.6 mSv
yr . This exposure comes from cosmic 

rays, the radioactive elements in the earth (used in 
building materials, for example), medical procedures 
involving x-rays or other ionizing radiation, and … 
you (remember, you’re radioactive and irradiating 
yourself too). If you are a radiation worker, the limit 
for your exposure on the job is 

€ 

50 mSv
yr  - more than 10 

times the average natural exposure (although 
pregnant radiation workers are limited to 

€ 

5 mSvyr ). A 
dental x-ray will expose you to 

€ 

0.1mSv  and a full CT 
scan would be up to 

€ 

60mSv , but what is dangerous? 
Here’s where it becomes hard to pick a particular 
number that is safe. It is known that 

€ 

750mSv  of 
exposure over a short period is necessary to produce 
the nausea, diarrhea, and weakness associated with 
radiation sickness, but that is a huge exposure 
compared to the exposure that the average person 
could be expected to get. So let’s consider the 
predicted increase in risk of cancer due to exposure to 
ionizing radiation. The Biological Effects of Ionizing 
Radiation committee V (BEIR V) puts the risk of 
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cancer death at 0.08% per 

€ 

10mSv  for doses received 
rapidly (acute) and might be half that (0.04% per 

€ 

10mSv ) for doses received over a long period 
(chronic). The current death rate from cancer in the 
United States is approximately 20%. Thus, you 
would expect that in a population of 10,000, if all 
were exposed to 

€ 

10mSv  of whole body radiation over 
a short period of time, the number of cancers in this 
population would rise from 2,000 to 2,008 – not 
enough to be statistically noticed given the natural 
fluctuation in cancer rates. Now recall that 

€ 

10mSv  is 
about three times the amount of exposure that the 
normal person would be expected to get in an entire 
year. This really implies that the current maximum 
industry exposures are extremely low. But this is 
because of the hypothesis by some that the 
probability of developing a cancer due to the 
absorption of ionizing radiations isn’t zero until the 
dose is zero. This means that there is some belief that 
no dose is without risk. However, no one knows for 
sure if there is a minimum exposure level for which 
there is no risk for cancer. Given this, we really don’t 
know if the annual exposure to background radiation 
poses any risk. If there is a risk, how high is it? 
 The following calculation makes two unproven 
assumptions. First, it assumes that there is no 
minimal safe exposure to ionizing radiation. Second, 
it assumes that the risk of dying from cancer due to 
exposure to ionizing radiation is proportional to the 
level of exposure (recall that above the background 
level of exposure, the risk of the death due to cancer 
is 0.04% per 

€ 

10mSv ). With these two assumptions in 
mind, let’s look at the predicted risk of death from 
cancer due to a lifetime of exposure to background 
radiation. If you receive an average exposure of 

€ 

3.6 mSv
yr

, then over the course of 80 years, you would 
expect that (even living in Sausalito, CA) your 
lifetime exposure would be 

€ 

288mSv . This amounts 
to a risk of cancer death from background radiation 
of 1.2%. But, keep in mind that this is part of the 
20% risk that you already have of dying from cancer. 
So, if my two assumptions are correct, then 6% of 
cancers are caused by exposure to background 
radiation. I personally do not believe that the risk is 
that high. I suspect that there is some minimal 
exposure level that is perfectly safe. In any case, it’s 
a moot point. We’ll never know the accuracy of the 
two assumptions and besides … we can’t avoid 
background radiation. 
 I think it’s more useful to look at the increased 
risk of death by cancer due to exposures above 
normal background radiation. For that we know there 
is increased risk. Let’s take the case of a radiation 

worker who receives the maximum allowed exposure 

€ 

50 mSv
yr( )  over a 30-year career. That’s a career-long 

exposure of 

€ 

1500mSv . At an increased risk of 0.04% 
per 

€ 

10mSv , you would expect an increased risk of 
6% (up to a 26% risk of dying from cancer). That 
means that in a population of 100 people, 20 would 
be expected to eventually die from cancer, and if they 
were all radiation workers (receiving maximum 
exposure for a long career), an additional six of those 
people would die from cancer. That is a significant 
enough risk to be a factor for most people in 
considering such a career. (It should be noted that the 
average exposure for radiation workers is only 

€ 

5 mSvyr , 
so this risk analysis is high.) 
 You don’t need to be a radiation worker to have 
higher than average exposure though. It turns out that 
just living at a higher elevation can give a higher 
exposure because there isn’t as much atmosphere to 
block cosmic rays. At sea level the cosmic radiation 
exposure is about 

€ 

0.26mSv , but in Denver (the “mile 
high” city) the exposure is 

€ 

0.50mSv . That 

€ 

0.24mSv  
extra annual exposure amounts to an annual increase 
of 0.00096% in deaths due to cancer. Over a lifetime 
of 80 years, that amounts to an extra risk for Denver 
residents of 0.0768%. This sounds completely 
insignificant until you think about the size of the 
Denver metro population (about 3,000,000). You 
would expect 600,000 of those residents to die from 
cancer if they lived at sea level. However, with the 
higher elevation, the number would rise to 602,304. 
Now we’re talking about thousands of extra people 
dying from cancer. 
 Are there those who have been chronically 
exposed to ionizing radiation whose long-term health 
can be studied? Absolutely. Early in the years after 
the discovery of x-rays there were thousands of 
people who were daily exposed to what would now 
be considered high doses of radiation – the users and 
operators of the infamous x-ray shoe fitters, popular 
in thousands of shoe stores from the 1930’s through 
the 1950’s. Then there were those who, believing that 
radium was a cure-all for any number of illnesses and 
conditions, took daily doses of radium. This is the 
subject of the next section. But first, there is the story 
of Alexander Litvinenko, who received a very large 
and lethal dose of radiation from a very small amount 
of polonium-210 back in November 2006. An 
assassin secretly slipped it into his tea so that the 
former Russian Secret Service agent would keep his 
mouth shut about the purported corruption in Putin’s 
Russian Government. 
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Alexander Litvinenko: A Modern Case of Radiation Poisoning 
Thea Joy Forrester (Class of 2007) 

  
 As the former lieutenant colonel in Russia’s 
security service lay on his deathbed, slowly withering 
away from a mysterious illness, he wrote these 
words:  
 

“As I lie here I can distinctly hear the beating of 
wings of the angel of death. I may be able to give 
him the slip but I have to say my legs do not run 
as fast as I would like. I think, therefore, that this 
may be the time to say one or two things to the 
person responsible for my present condition. You 
may succeed in silencing me but that silence 
comes at a price. You have shown yourself to be 
as barbaric and ruthless as your most hostile 
critics have claimed. You have shown yourself to 
have no respect for life, liberty or any civilized 
value. You have shown yourself to be unworthy 
of your office, to be unworthy of the trust of 
civilized men and women. You may succeed in 
silencing one man but the howl of protest from 
around the world will reverberate, Mr. Putin, in 
your ears for the rest of your life. May God 
forgive you for what you have done, not only to 
me but to beloved Russia and its people.” 

 
 The name of the dying 
man was Alexander 
Litvinenko (Figure 7.13), 
and he had previously stirred 
up quite a bit of unwanted 
controversy for the Russian 
government. A native 
Russian, living under the 
regime of Vladimir Putin, he 
had worked as a lieutenant 
colonel in the FSB (Russia’s 
secret service). However, 
after becoming aware of the 
corruption in the 
organization, he publicly 
spoke out against it. For 
Litvinenko’s strong public 
accusations, Russian authorities arrested him and he 
fled to the UK, where he was granted political 
asylum and citizenship. He would not fade into 
silence however, and wrote a book called Blowing up 
Russia: Terror From Within, in which he described 
Vladamir Putin’s rise to power as a coup d’état. He 
also made a special Dateline appearance in which he 
asserted “all the bloodiest terrorists of the world” 
were connected to the FSB/KGB. His outrage was 
further stirred after the murder of his journalist 

friend, Anna Politkovskaya, a human rights activist 
who was also known for her opposition to the Putin 
administration. She was found dead in her apartment 
building elevator, shot four times, and believed to be 
the victim of a contract killing. Litvinenko publicly 
accused Putin of ordering the killing. 
 On November 1, 2006, Litvinenko met with two 
Russian men at a hotel, one a former KGB agent. He 
then dined with an acquaintance at a sushi bar in 
London. Later, he fell ill and sought treatment at a 
hospital. He died three weeks later on Thanksgiving 
Day. During his last three weeks of life, doctors did 
countless tests on his body to try to understand what 
could be killing him so rapidly. It was finally 
determined from a urine sample that Litvinenko had 
been a victim of polonium-210 poisoning.  
Polonium-210 is an alpha emitter, discovered by 
Marie Curie. Alpha emitting radiation may seem 
somewhat harmless because even a sheet of paper is 
sufficient to block its radiation. This may have been 
exactly what made polonium-210 such a perfect 
weapon of choice to kill Litvinenko. As with all types 
of nuclear radiation, the alpha particles could not be 
detected by any of the human senses, and the carrier 
of this weapon could not be harmed by it unless he 

ingested the radioactive 
material. However, if eaten, 
inhaled, or passed through a 
wound polonium-210 can be 
extremely damaging to one’s 
tissues and organs. Because 
of the very low penetrating 
ability of alpha particles, any 
that are produced inside the 
body will deposit all their 
energy there.  
 An average lethal dose 
of polonium-210 consists of 
only about 4 millicuries, or 
0.89 micrograms. Litvinenko 
is the first known person to 
die from exposure to 

polonium-210, although Marie Curie’s daughter is 
also suspected to have died from exposure to the 
isotope (which exploded from a vial near her in her 
mother’s laboratory), although it took 15 years to kill 
her from cancer. Alpha particles are ionizing, which 
means that they can push electrons out of molecules. 
The result is damaged DNA strands that cannot be 
repaired by the body. An affected person can 
experience radiation sickness and cancer. In 
Litvinenko’s case, it was a heart attack. 

Figure 7.13: Alexander Litvinenko, before and 
after being poisoned by polonium-210. The 
former Russian spy is the first known person 
to be killed with the radioactive substance. 
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A HISTORY OF SELF-EXPOSURE TO IONIZING RADIATION 
 

OENTGEN’S “NEW KIND of rays” 
created an immediate sensation within 
both the scientific community and the 
general public. The “new kind of ray” 
began to be used almost immediately 
to assess bone fractures and to locate 

foreign bodies, so as to avoid painful manipulation. 
Within a month, radiographic photography began to 
be developed. Simultaneously, therapeutic 
applications of x-rays in the treatment of cancers 
were investigated. All this was done before the 
identity of this mysterious ray was known. The magic 
of being able to peer into the body using the 
penetrating power of x-rays long distracted the 
general public, as well as the medical community, 
from the potential health hazards of repeated 
exposure to penetrating radiation. The early part of 
the 20th Century became the wild west of x-ray 
applications. Some beauty shops were even using x-
ray machines to eliminate facial hair. Perhaps the 
most interesting and widespread of these applications 
was the X-Ray Shoe Fitter, a machine used by shoe 
stores for decades to view the x-ray image of a foot 
inside a new shoe. 
 Clarence Karrer, who worked for his father’s 
surgical and x-ray equipment business, invented the 
x-ray shoe fitter (also known as the shoe-fitting 
fluoroscope) in 1924. He built it for a company that 
manufactured orthopedic shoes, believing it would be 
of help to doctors. However, after he had built five of 
them the Radiological Society of North America 
insisted he stop because it “lowered the dignity of the 
profession of radiology.” Although he stopped 
manufacturing the machines, an employee of the 
company quit and began making them himself.  

Eventually, there were approximately 10,000 of these 
fluoroscopes in use, being made by companies like 
Adrian X-Ray Shoe Fitter, Inc (Figure 7.14). The 
machines grew in popularity and from the late 1940’s 
to the early 1950’s they were very common and most 
shoe stores had them.  
 Concerns about radiation hazards were noted as 
early as 1949, leading to the banning of the x-ray 
shoe fitters in many states. By 1970, they had been 
banned in 33 states and so strictly regulated in the 
remaining 17 that their use became impractical (some 
states required that only a medical doctor could 
operate them). However, even in the late 1970’s one 
of the members of the Department of Labor and 
Industries in Massachusetts found one in a “corner 
store” in Boston. The owner would let children take a 
look at their feet through the machine for the price of 
ten cents worth of candy! 
 To use the x-ray shoe fitter, a person would 
stand, in their prospective new shoes, on a platform 
that led to an opening inside the cabinet of the 
machine (Figure 7.15). There were three viewing 
ports: one for the person standing on the platform, 
one for the salesman, and one for another observer. 
X-rays would strike a fluorescent screen, which could 
be viewed through any of the ports, allowing viewers 
to see the outline of the shoes along with the 
wiggling toes of the person on the platform. A timer 
limited the exposure (on many machines, but not on 
the one pictured in Figure 7.15). This timer could be 
preset for any time increment between 5 and 45 
seconds, but the typical time seems to have been 
about 20 seconds. The safety of the timer was 
compromised however by the fact that additional 
exposures could be made by simply pushing the timer 
button repeatedly. In fact, the x-ray shoe fitters were 
commonly used as a diversion by the bored children 
of shopping mothers. And, the novelty of the devices 
made it hard for children not to stop for a peek or two 
inside their shoes on the way home from school.  

RADIATION EXPOSURE 
 Were the shoe fitters really dangerous? Or was it 
simply an over reaction by a 1950s Cold War 
mentality increasingly concerned about the effects of 
radiation? Charles R. Williams made a study of the 
radiation exposures from shoe fitting x-ray machines 
in The New England Journal of Medicine (“Radiation 
Exposures from the Use of Shoe-fitting 
Fluoroscopes”, 1949, Vol. 241, No. 9, 333-335). He 
tested 12 of the machines and noted that although all 
the cabinets were lined with lead or steel, there was a 
notoriously large variation in radiation from the 

R 

Figure 7.14: This is the manufacturer’s plaque from an 
x-ray shoe fitter found in an antique store in 
Bethlehem, New Hampshire. 
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machines he tested. A Victoreen radiation monitor, 
placed inside a shoe, recorded exposures ranging 
from 0.5 to 5.8 roentgens (R) per second. Thus, 
exposure to the feet during a typical 20-second 
viewing could range between 10 and 116 R (or up to 
261 R for the full 45 second view on the highest 
exposure machine). One Roentgen imparts an 
absorbed dose of approximately 0.01 Gray, and 
remember, if the radiation is x-ray, 1 Sievert = 1 
Gray. Thus the dose equivalent given by the 12 
machines tested ranged from 100 to 1,160 
milliSieverts (mSv), to the feet, per 20-second 
exposure. (Compare this to the International 
Commission on Radiological Protection’s annual 
dose limit of 500 mSv to the feet for radiation 
workers). It is sobering to consider that at the lower 
limit, the x-ray shoe fitters gave exposures similar to 
1,000 modern dental x-rays and at the upper limit, 
something like two CT scans. 
 In addition to the radiation exposure to the feet 
of the person using the machine, there was substantial 
leak from the rear foot opening as well as from all 
surfaces of the machine. Williams noted that the 
worst of the leakage came from the bottom rear of the 
machine (up to 0.2 Roentgens per hour). “In most 

installations this amounts to more than 100 
milliroentgens per hour 

€ 

1 mSvhr[ ]  at 10 feet from the 

unit and 15 mR per hour 

€ 

0.15 mSvhr[ ]  at 25 feet. The 
zone of scattered radiation in excess of 15 mR per 
hour covers an area of about 90° from the foot 
opening out into the room.” This exposure from 
leakage is about four times higher than data from 
similar tests on a machine acquired in the late 1960’s 
by the Department of Radiology at Texas Medical 
Center’s Baylor College of Medicine. This machine 
had a measured exposure to the feet of 40 mSv per 
20-second exposure.  
 While Williams’ measurements are higher, they 
may be more accurate, as he tested 12 machines, and 
they were working machines currently in shoe stores. 
So assuming a clerk was within 10 feet of the rear of 
one of Williams’ machines for the equivalent of 2 
hours a day, it was entirely possible to be exposed to 
200 milliroentgens per day (2 mSv per day). This 
would be equivalent to 20 dental x-rays! And some 
clerks were in the habit of placing their hands directly 
in the path of the x-rays as they held young children’s 
feet still in the machine.  
 The comparison of the exposure from the x-ray 
shoe fitter with other exposures and with current 
maximum exposures is alarming. However, it must 
be kept in mind that the current maximum industry 
exposures are extremely low. So while the maximum 
annual exposure to radiation workers today is 50 
mSv, the maximum exposure to radiation workers of 
the same era as the shoe fitter was 10 mSv/day, 
perhaps five times as much as a clerk standing within 
10 feet of the back of an x-ray shoe fitter for two 
hours per day. 
 This is not to say that the shoe fitters were safe. 
Indeed, a shoe model who was exposed to excessive 
radiation received such a severe radiation burn that 
her leg needed to be amputated. In another case, a 56 
year-old woman who had been a ten-year employee 
of a shoe shop equipped with an x-ray shoe fitter, 
suffered from x-ray dermatitis (including symptoms 
of thickened and partially detached toe nails as well 
as ulcers below the toe nails). Still there is little 
evidence of significant and long-term health risks to 
those who worked near the machines and no evidence 
of health problems due to the machines for casual 
users of the x-ray shoe fitter. 
 So now at the end of all this, with so many 
numbers and units expressing the exposure to 
radiation, what can be said in terms of safety? 
Considering that the industry limit for radiation 
exposure to radiation workers is so low, and that the 
annual exposure to the average person is one-tenth of 
that, your potential hazard from radiation exposure is 
pretty low. Let me be a bit clearer here about my 

Figure 7.15: Kim Lapp (author’s wife) 
demonstrates the use of the x-ray shoe fitter. 
Note the two other viewing ports on the opposite 
side of the machine. 
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opinion. If the question to you were whether or not to 
get a chest or dental x-ray, I wouldn’t hesitate. Will it 
increase your risk for cancer? Maybe. No one really 
knows at that level, but the benefit in finding a breast 
tumor or dental problem far outweighs the almost 
unperceivable risk. If you come across an x-ray shoe 
fitter though … keep it to 20 seconds or less. 

RADIATION EXPOSURE FROM EARLY 
RADIUM THERAPY 
 While the harmful effects of radiation from the 
x-ray shoe fitters is a bit dubious, there was another 
type of self-exposure in the early days of radiation 
research that was far more harmful – radium therapy. 
For many years after its discovery, radium was 
believed to be a cure for many ills. One such remedy 
was Radithor (Figure 7.16), 2 ounces of triple 
distilled water, which contained 1 µg of 

€ 

88
226Ra  and 1 

µCi of 

€ 

88
228Ra .  

 Eben Byers, the founder of the huge steel 
company, A.M. Byers Company, was a robust 
multimillionaire who loved sports and the good life. 
He was well known in social, sporting, and financial 
circles. He was also a chronic user of Radithor. He 
had injured himself leaving the 1928 Harvard-Yale 
football game and, on the advice of his doctor, he 
began to take the radioactive concoction. Believing it 

was the source of a newly found energy, he started 
drinking three bottles a day … for two years. He 
finally stopped after he developed severe headaches, 
extreme pain in his jaw, and his teeth started falling 
out. The radioactivity had even bored holes in his 
skull. He was diagnosed with radium poisoning and 
died a wicked death two years later in 1932, at the 
age of 51 and weighing only 92 pounds.  
 Before Byers died, his jaw was so deteriorated 
that it had to be removed. Unfortunately, the radium 
did not all pass through his body. Instead, it replaced 
some of the calcium in his bones. By the time he 
died, over 30 µg had accumulated in his bones – 
enough that when he exhaled, even his breath was 
radioactive. 
 Another curious radioactive water “therapy” was 
offered through the Revigator (pronounced Ree-vig-
a-tor). The crock (Figure 7.17), which held about a 
gallon of water, was lined on the inside with radium. 
The radioactive radium decayed into radioactive 
radon gas, which was absorbed by the water inside 
the crock. This made the water radioactive, but far 
less so than Radithor. Hundreds of thousands of these 
were sold between 1920 and the mid-1930’s. The 
sellers of the Revigator promoted the same misguided 
idea that the radioactive water actually had health 
benefits.

Figure 7.16: Early after radiation was discovered, it 
was viewed not only as effective in treating various 
maladies, but also as an elixir. The radioactive 
liquid, “Radithor” (two ounces of triple distilled 
water, which contained 1 µg of  and 1 µCi of 

) was used by many to promote good health. 
(Image used with permission from Oak Ridge 
Associated Universities.) 

Figure 7.17: The Revigator, a crock, which held 
about a gallon of water, was lined on the inside with 
radium. The radioactive radium decayed into 
radioactive radon gas, which was absorbed by the 
water inside the crock. This made the water 
radioactive. The inset shows instructions printed on 
the back of the Revigator. 
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RADIUM DIAL PAINTERS 
 During this same period when radium was 
being used in a variety of therapies, it was also 
being used industrially because of a unique and 
useful property. The alpha particles emitted from 
radium ionize the air around the emission and 
cause a persistent glow. This was a nice feature to 
have on a wristwatch because then you could read 
the watch in the dark. It was also essential for the 
military pilot who wanted to have a non-
illuminated cockpit, but still be able to see his dials 
and gauges. Women, known as Radium Dial 
Painters, did most of the work hand-painting dials, 
gauges, and meters with the glow-in-the-dark 
radium paint (Figure 7.18). The fine detail 
necessary for painting small numbers and letters 
required the paintbrush to always have a very fine 
point. This is what caused the biggest problem for 
the women painters. They maintained the fine tips 
on the paintbrushes by frequently placing the 
radium-laced brushes in their mouths and 
reforming the tips with their lips. Recall that 
radium was considered therapeutic at the time, so 
no one gave the practice a second thought. 
 In the early to mid-1920’s an unusually large 
number of bone cancers were diagnosed in the 
painters. The cause was eventually linked to the 
radium paint. It became clear that the radium was 
depositing in the bones and becoming a long-term 
source of alpha radiation. The industry responded 
in 1926, by prohibiting the practice of putting the 
tips of paintbrushes in the mouth. Of the 112 
known dial painter deaths linked to radium 
ingestion, none occurred in women who became 
painters after 1926. This doesn’t mean that those 
who started after 1926 didn’t ingest any radium, 
it’s just that the level was low enough that it was 
apparently below the level necessary to cause 
malignancies (Figure 7.19). 

Figure 7.18: The Radium Dial Painters 
were women who painted radium-laced 
paint onto the faces of watches, dials, and 
gauges so that they would glow in the 
dark. To keep the tips of their 
paintbrushes sharp, they would frequently 
reshape them with their lips. The resulting 
ingestion of large amounts of radium 
caused many of the women who worked in 
the industry during the early to mid-1920’s 
to develop bone cancers. 

Figure 7.19: The only malignancies recorded for Radium 
Dial Painters occurred in women who began painting before 
the order to stop shaping the brushes with the mouth was 
given in 1926. Note that after that time, the level of radium 
ingestion dropped below the level of 100 microCuries (the 
apparent minimum level of intake to cause a cancer). 
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RADIATION EXPOSURE FROM 
CIGARETTE SMOKING 
 I smoked my first cigarette when I was about 12. 
I didn’t inhale it. I just kind of puffed on it. I guess I 
liked it – not so much because I felt cool or grown 
up, but because it was illicit. I had sneaked it out of a 
pack of cigarettes belonging to my dad. He would 
have killed me if he had known. But, it didn’t take. I 
didn’t start really smoking until I joined the Army. 
During breaks, the drill sergeant would always say, 
“Smoke ‘em if you got ‘em.” So the smokers would 
enjoy a cigarette and the non-smokers would wait 
until they finished, and when they had finished, that 
was the end of the break. After awhile it became clear 
that if you were a smoker, you had a privilege that 
nonsmokers did not have. So I started smoking, and I 
liked it … a lot. Those were the glory days of 
smoking. You could smoke in bars and restaurants 
and airplanes, and even college classrooms (if the 

majority of the students agreed to it). But then when 
my daughter was four, I decided I didn’t want her to 
eventually be sneaking cigarettes from me, so I quit. 
It was hard – really hard, but I’m very glad I quit.  
 What I didn’t realize during the period I was 
smoking (or even for many years after) was that 
every puff of cigarette smoke I inhaled was … 
radioactive. The high-phosphate content fertilizers 
used in tobacco farming leave the tobacco with 
relatively high levels of 

€ 

84
210Po . Forget all the tobacco 

awareness programs that discuss the many 
carcinogenic chemicals in the smoke of a cigarette. 
There is only one substance, by itself, that has 
actually caused lung cancer in laboratory animals – 

€ 

84
210Po . Surgeon General Koop said it was the 
responsible agent for the great majority of lung 
cancer deaths. Tell that to the next no-nuke-sign-
sporting activist you see having a smoke. 
 How much 

€ 

84
210Po  is actually in a cigarette? The 

answer is a very small amount, but the actual mass or 
percentage of the total contents is not meaningful. 
What matters is the dose that one is exposed to. 
Recall that the average person is exposed to about 

€ 

3.6 mSv
yr  from background radiation. A dental x-ray 

gives you about 

€ 

0.1mSv  and the annual occupational 
limit for radiation workers is 

€ 

50mSv . With that as a 
backdrop, consider that the one-pack-a-day smoker 
gets an alpha particle dose of about 

€ 

100mSv  every 
year. The long-term smoker eventually acquires inner 
lung surfaces that are chronically radioactive. You 
would have less risk from radiation exposure if 
you had a chest x-ray every single day. 
Unfortunately, polonium is also soluble and 
eventually works its way through the body, causing 
substantial risk for a whole host of other cancers in 
addition to lung cancer. 
 Most people are shocked to learn that their 
greatest risk from radiation exposure is from 
cigarettes – much greater than from medical and 
dental x-rays, far higher than if they lived near a 
nuclear power plant and even much higher than if 
they routinely worked with radioactive isotopes and 
were exposed to them at the highest legal level. 
Should they be illegal? Not if you ask this 
Libertarian. As a strong believer in choice and 
individual liberty, I would hesitate to criminalize 
cigarettes, but I would sure be in favor of upgrading 
the warnings. How about: “Danger. This one pack of 
cigarettes will expose your lungs to more ionizing 
radiation than a chest x-ray.”  
 

 

Figure 7.20: The high-phosphate content fertilizers 
used in tobacco farming leaves the tobacco with 
relatively high levels of . An alpha emitter, 

 is the only substance, by itself, that has 
actually caused lung cancer in laboratory animals. 
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RADIOACTIVE HALF-LIFE 
 

T IS IMPOSSIBLE to predict exactly when 
an unstable nucleus will “decay” by emitting 
an alpha or beta particle. It is a completely 
random event. There is no way to look at 
1,000 radioactive nuclei and tell which will 
be the first to change and which will be the 

last. However, it is absolutely certain how long it will 
take for half of those 1,000 nuclei to have decayed 
into their daughter nuclei. The time for the original 
1,000 to become only 500 is called the radioactive 
half-life of the isotope. This is a type of fingerprint 
for the isotope since no other isotope has this same 
half-life and it doesn’t seem that it can be altered (by 
changes in heat or pressure, for example). Half-lives 
for different isotopes can range from fractions of 
seconds to billions of years. In the earliest days of 
radioactive research, the concept of the half-life had 
not yet been discovered and being unable to isolate 
polonium, in the same manner she was doing with 
radium, confounded Marie Curie. What she didn’t 
realize was that polonium’s relatively short half-life 
of 138 days made it disappear about as fast as it was 
isolated. Table 7.1 below gives the half-lives for a 
number of isotopes as well as for the decay particle(s) 
emitted and their average energy. If there are multiple 
decay particles it is because there is at least one 
transition that leads to a daughter isotope in an 
excited nuclear state. This state rapidly changes to a 
less excited state, emitting a gamma ray in the 
process. The energies for the primary emitted particle 
and the subsequent gamma ray are summed in the last 
column of the table. 
 

 
Isotope 

 
Half-life 

 
Decay 
mode 

Particle 
energy 
(MeV)  

€ 

1
3H  12.3 years β- 0.0186 

€ 

6
14C  5730 years β- 0.156 

€ 

7
13N  9.97 min. β+ 2.22 

€ 

15
32P  14.3 days β- 1.71 

€ 

27
60Co  5.27 years β-, γ 2.82 

€ 

38
90Sr  28.9 years β- 0.546 

€ 

84
210Po 138 days α 5.41 

€ 

86
222Rn  3.82 days α , γ 5.49 

€ 

88
226Ra 1600 years α , γ 4.87 

€ 

94
239Pu 24,110 yr. α , γ 5.25 

Table 7.1: Half-lives and decay particle energies 
for selected radioactive isotopes. 

 Half-lives can be used to date anything that has 
at some point been radioactive. This is how scientists 
have dated the oldest rocks on the earth and on the 
moon. It has also been used to determine the dates of 
ancient civilizations. Here’s how it works with the 
dating of those ancient civilizations. Every living 
thing from trees to humans contains the element 
carbon. Now carbon exists in various isotopes (same 
number of protons, just different numbers of 
neutrons), carbon-12 being the most common. 
However, there is a small portion of the total carbon 
found in nature that is radioactive. 
 When cosmic rays enter the atmosphere, 
occasionally one will smash into an atom of the gases 
in the upper atmosphere. The high energy of the 
collision is enough to split whatever the cosmic ray 
hits into individual protons and neutrons. When one 
of these energetic neutrons from the collision 
encounters a nitrogen atom, it causes a proton to be 
emitted, leaving behind a carbon-14 atom. 
 

€ 

0
1n+ 7

14N→ 6
14C+1

1p  
 

Now the carbon-14 atom is radioactive and will 
therefore spontaneously change, by beta- emission 
back into nitrogen. So the creation of new carbon-14 
atoms and the decay of the old ones keeps the overall 
ratio of carbon-12 to carbon-14 atoms constant. This 
ratio of carbon-12 to carbon-14 stays constant at 

I 

Figure 7.21: This one-inch plastic disk contains 
radioactive strontium-90 with an activity of  
1 x 10-7 Curies. It has a half-life of 28.6 years and 
decays by emitting beta- particles. 
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about a trillion to one. So any organic matter has one 
in a trillion radioactive carbon atoms. And these one 
in a trillion carbon atoms are slowly decaying, 
creating what is known as an activity, which can be 
measured by a Geiger counter, for example. 

RADIOACTIVE ACTIVITY 
 Radioactive activity, A, is the rate of decays from 
a radioactive source: 
 

€ 

A = Decays
time  

 
Activity is measured in either Becquerels (Bq) or 
Curies (Ci): 

€ 

1Bq = 1 decay
second

1Ci = 3.7×1010 decay
second

 

 
Because of the constant ratio of carbon-12 to  
carbon-14 the activity in organic materials is constant 
as well at 6 picocuries per gram 6×10−12 Ci

g(  or 

0.22 Bq
g ) . By the way, this means that you are 

radioactive. And it’s not just carbon-14. The human 
body has detectable radioactivity from radioactive 
isotopes of the following elements: hydrogen, carbon, 
potassium, polonium, radium, thorium, and uranium. 
Over the course of a single day, you irradiate yourself 
with almost one billion radioactive disintegrations! 

CARBON-14 DATING 
 Carbon-14 has a half-life of 5730 years, but it 
remains at the same level inside the body while it is 
alive. This is because you constantly replenish that 
which is lost through radioactive decay. Throughout 
your life you eat, excrete, eat, excrete, eat, excrete, 
constantly replenishing the carbon-14, which is 
decaying away. That is until you … die. Then the 
carbon-14 slowly decays without being replenished. 
This means that if a skeleton were discovered which 
had only half the carbon-14 of that of a living 
skeleton it would imply the body had not been living 
for one half-life, or 5730 years. This method of 
dating organic things (like bodies and trees) is pretty 
accurate out to about 10 half-lives (almost 60,000 
years). All this is very exciting, but we have to be 
careful. We don’t know, but we suppose that the ratio 
of carbon-14 to carbon-12 has stayed constant over 
the last many tens of thousands of years. There’s no 
reason to believe otherwise, but it is still a 
consideration. 
 It was in the early 1990’s that some ragged edges 
from the margins of the Dead Sea Scrolls were used 
to verify that the scrolls did, in fact, predate the 

beginning of Christianity. The scrolls’ age has 
traditionally been placed between 200 B.C. and  
100 A.D. and their authors had been assumed to be a 
group of ascetic Jews, the Essenes. But there were 
some who believed that some of the scrolls referred 
to a Christian leader, infuriating many Jewish 
scholars, who saw the divergent views as a 
Christianization of the scrolls. The carbon-14 dating 
done by labs in Arizona and Zurich both agreed that 
(within a 95% probability) the dates of the writings 
were somewhere between 150 B.C. and 5 B.C., 
thereby eliminating any of the early Christians as 
authors. Radiocarbon dating is clearly not just for 
dating old bones! 
 One way of using the idea of radioactive half-life 
to estimate the age of something is to look at the 
fraction of the original radioactive material left. For 
example, after one half-life, half of the material will 
be left. After two half-lives, half of that remaining 
half will remain – one-quarter of the original. The 
table below summarizes this pattern. 
 
Number of 
half-lives 1 2 3 4 5 6 7 8 

Amount 
remaining 

€ 

1
2 

€ 

1
4  

€ 

1
8 

€ 

1
16 

€ 

1
32 

€ 

1
64 

€ 

1
128 

€ 

1
256 

 
 Now if it was determined that 1/10 of the 
original carbon-14 remained in some human bones 
discovered at an archaeological site, that would mean 
that the person had been dead somewhere between 
three and four half-lives, or somewhere between 
17,190 and 22,920 years. Obviously this is a crude 
way to use dating by radioactive half-life. A more 
precise way is to consider that the rate of radioactive 
decay (the activity) is always proportional to the 
numbers of radioactive nuclei present: 

 

€ 

activity∝ radioactive  nuclei  present  

€ 

⇒  A∝N  

€ 

⇒  A = λN  

€ 

⇒  dN
N∫ = λ dt∫  

 
Solving for the number of radioactive nuclei present, 
N, after any amount of time in the future can be 
found by evaluating the integral above: 
 

€ 

N = Noe
−λt  

 

€ 

No ≡ original  number  of  radioactive  nuclei

€ 

λ ≡
ln 2

half  life
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Example 
 
Marie Curie worked for three years to isolate 0.1-g 
of 

€ 

88
226Ra . What was the activity of this sample of 

radium? 
 
Solution: 
 • Identify all givens (explicit and implicit) and 

label with the proper symbol. 
 
 - The 0.1-g is the mass of the sample. 
 - The half-life of 

€ 

88
226Ra  is 1600 years. This 

must be converted to seconds because both 
Becquerels and Curies are rates in terms of 
seconds.  

 - The mass of one mole (6.023 x 1023 atoms) of 

€ 

88
226Ra  is 226-g. This, combined with the mass 
given can be used to calculate the number of 
atoms present, N. 

 
 
Given: 
 

€ 

N = 0.1g( ) 6.023×1023
226g( ) = 2.67×1020  

 

€ 

t 1
2

= 1600y( ) 365d
1yr( ) 24h

1d( ) 3600s
1h( ) = 5.05×1010 s  

 
 • Determine what you’re trying to find. 
 
  The question states explicitly to find activity. 
 
 Find: A 
 
 • Do the calculations. 
 
 

€ 

A = λN = ln 2
t1
2

N = ln 2
5.05×1010 s( ) 2.67×1020( ) 

=

€ 

3.66×109 decays
sec  

=

€ 

3.66×109Bq  

=

€ 

3.66×109 decays
sec( ) 1Ci

3.7×1010 decayssec

# 

$ 
% 

& 

' 
(  

 

€ 

0.0998Ci  
 
(Note that this is very close to 0.1 Ci. The Curie is 
defined as the activity given off by 1 gram of 

€ 

88
226Ra .) 

 
 
 

Example 
 
If an anthropologist measures 5.2 Bq activity from a 
43-g bone recently recovered from a dig, how old is 
the bone? 
 
Solution: 
 • Identify all givens (explicit and implicit) and 

label with the proper symbol. 
 
 - The 5.2 Bq is the activity of the bone 
 - It is implied that the isotope producing the 

activity is carbon-14. Therefore, the half-life is 
5730 years. 

 - The mass of the bone is 43-g. 
 
 
Given: A(t) = 5.2 Bq 
  

€ 

t 1
2

= 5730  years  

  m = 43-g 
 
 • Determine what you’re trying to find. 
 
  The sense of “how old is the bone” suggests 

that you’re looking for time. 
 
 Find: t 
 
 • Do the calculations. 
 1. First the original activity must be 

determined. This can be determined with mass of 
the bone and the activity per gram in living 
bones, 0.22 Bq/g. 

 

€ 

Ao = 0.22 Bq
g( ) 43g( ) = 9.46Bq  

 2. 

€ 

A = Aoe
−λt  ⇒ 

€ 

A
Ao

= e−λt  

 ⇒ 

€ 

ln A
Ao( ) = ln e−λt( )  ⇒ 

€ 

ln A
Ao( ) = −λt  

 ⇒ 

€ 

t =

− ln A
Ao

# 

$ 
% 

& 

' 
( 

λ
=

− ln A
Ao

# 

$ 
% 

& 

' 
( 

ln 2
t 1
2

 

 =

€ 

− ln 5.2Bq
9.46Bq
# 

$ 
% 

& 

' 
( 

ln 2
5730years

= − ln 5.2Bq
9.46Bq
# 

$ 
% 

& 

' 
( 
5730years
ln 2

 

 
= 

€ 

4950  years  
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NEUTRON ACTIVATION 
 

ET RICH QUICK enthusiasts have 
occasionally wondered if it might be 
possible to change lead to gold, and 
make a fortune. It’s really not that far 
fetched. Think about the following 
three statements: 

 
 • Neutrons are easily absorbed by atomic 

nuclei because they feel no repulsive 
electric force and they are strongly 
attracted by the strong nuclear force. 

 
 • Radioactive nuclei with excess neutrons 

undergo beta- decay. 
 
 • The daughters of radioactive nuclei 

undergoing beta- decay always have one 
more proton than the parent and are 
therefore the next higher element on the 
periodic table. 

 
 This is very exciting for nuclear physicists and 
was very, very exciting for those physicists 
researching the nucleus after James Chadwick 
discovered the neutron in 1932. Enrico Fermi 
realized in 1934 that with a source of free neutrons, it 
would be possible to easily transform an element into 
one with a higher atomic number. Indeed, it seemed 
possible to even create a previously unknown 
element. That’s exciting! Now, what about those get 
rich enthusiasts? Well to create gold (atomic number 
79) with this scheme, you would have to start with 
atomic number 78. But that’s platinum, about as 
valuable as gold. So, in principle it would work, but 
it’s probably better to just find a place in the Mother 
Lode and pan for the gold. 

CREATING NEW ELEMENTS 
 I used to be amused at the bumper stickers on the 
backs of cars proclaiming that the driver had a son or 
daughter who was an honor student at some 
elementary school – that is until I saw about the 
thousandth bumper sticker of its kind. We all like to 
be recognized, but it seems to dilute the importance 
when so many are recognized. There’s no trivializing 
some recognitions though. The chemist Glenn T. 
Seaborg (Figure 7.22) won the Nobel Prize in 1951 
for his work as co-discoverer of plutonium, 
americium, curium, berkelium, and californium 
(elements 94 – 98). He went on later to help in 
creating the next four elements: einsteinium, 
fermium, mendelevium, and nobelium. But he said 
the greatest honor of his career was when a new 

element was named after him – seaborgium (created 
in 1974 at Lawrence Berkeley Laboratory). It was the 
first time the honor had been bestowed upon a living 
person. He noted that because the element bearing his 
name would be in the periodic table of every 
chemistry book, this honor was more significant than 
even the Nobel Prize. “Future students of chemistry, 
in learning about the periodic table, may have reason 
to ask why the element was named for me, and 
thereby learn more about my work.” But Seaborg’s 
earliest discovered element was one he and 
colleagues created in 1941, plutonium. In the spring 
of 1940, physicists had bombarded uranium (element 
92) with neutrons. The neutrons of course were easily 
absorbed, causing the uranium to become a neutron-
heavy beta- emitter. The resulting daughter was 
element 93, neptunium: 
 

€ 

92
238U+0

1n→ 92
239U   ⇒   92

239U→ 93
239Np+−1

0e 
 
Seaborg’s method for creating the plutonium was to 
bombard uranium with deuterons 1

2H( ) , which led 

to the following transmutation: 
 

€ 

92
238U+1

2H→ 93
238Np+20

1n   ⇒   93
238Np→ 94

238Pu+−1
0e  

 
Although shortly after this he realized that the 
neptunium created by bombarding uranium with 
neutrons was itself a beta- emitter and would further 
decay into plutonium as well. Seaborg continued to 

G 

Figure 7.22 Glen Seaborg points to element 106, 
named in his honor. 
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forge ahead in a quest to create yet more transuranic 
elements (those beyond uranium), but the process 
became increasingly difficult since the heavier 
elements are notoriously unstable and don’t stick 
around long enough to be bombarded by anything 
like neutrons or deuterons. The team creating 
seaborgium bombarded atoms of californium with 
ions of oxygen: 
 

€ 

98
249Cf + 8

18O→106
263Sg +40

1n  
 
But getting these two positively charged nuclei 
together is incredibly hard to do – not like letting 
neutrons just slip into the nucleus. Instead, they used 
a machine known as the Super-Heavy Ion Linear 
Accelerator.  
 Work continues today in the arena of 
manufacturing elements. At this writing, 118 
elements have been observed and confirmed. But the 
story of element discovery opens a curtain to a darker 
side of physics research – fabrication of data for the 
purpose of personal gain. The drive for prestige and 
fame exists both outside and within the world of 
physics. Thoughts of Newton, Einstein and other 
physicists seem to convey images of selfless and 
disciplined scientists on a passionate quest for truth. 
But scientists are human and human nature can lead 
to acts that are less than honorable. Back in June 
1999, the Lawrence Berkeley National Laboratory 
Heavy Element Search Team announced that it had 
discovered elements 116 and 118. This was a big 
deal! The international physics community was very 
excited and the first author on the paper announcing 
the discovery, Victor Ninov, was the latest in the 
world community awarded the distinction of having 
discovered a new element. That was until no other 
lab could reproduce his results. Physicists throughout 
the world finally concluded that he had fabricated his 
results. And, almost as unethical, none of the other 
authors had apparently checked the data. You can 
read more about this dark story at 
http://sanacacio.net/118_saga/story.html. 
 The production of new elements by neutron 
bombardment is an easy and effective way to 
generate new nuclei. Isn’t it irresponsible though, to 
be creating so many radioactive substances? Well, it 
turns out that some of these radioactive substances 
are useful – very useful. The ionizing radiation from 
these isotopes can be used in a number of ways, from 
sterilizing medical equipment to irradiating cancerous 
tumors to irradiating food in order to prolong shelf 
life and kill harmful bacteria.  

FOOD IRRADIATION 
 Would you eat irradiated food? Many people 
refuse to, believing that the irradiated food has 
become radioactive or has lost nutritive value. It is 
ignorance about the radioactive process that 
undoubtedly leads to these ideas. Irradiating food is 
accomplished with high energy x-rays, electron 
beams, or with the gamma rays from neutron 
activated radioisotopes. X-rays and gamma rays are 
generally preferred because they can penetrate many 
feet, while the electrons are limited to a few inches of 
food. 
 One of the most extensively used radioisotopes 
is 

€ 

27
60Co with a half-life of 5.27 years. It is produced 

by irradiating 

€ 

27
59Co with neutrons. It then decays by 

beta- to 

€ 

28
60Ni  with an accompanying gamma ray: 

 

€ 

0
1n+27

59Co→27
60Co  

€ 

27
60Co→ t 1

2
= 5.27y[ ]→28

60Ni+−1
0e+  γ 

 
Its gamma rays have been the primary ones used for 
years to irradiate food. When the 

€ 

27
60Co is not being 

used to irradiate the food, it is simply placed in a 
large container of water, which absorbs the high-
energy gamma rays. Irradiation of the food begins 
when the food is brought into proximity with the 

€ 

27
60Co and the isotope is removed from the water. The 

gamma rays then penetrate the food and ionize the 
atoms within, causing cellular damage at a high 
enough rate that repairs cannot be made. The bacteria 
and parasites are killed, leaving the food safe from 
food poisoning agents and with a substantially longer 
than natural shelf life. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.23: A typical food irradiation facility designed to 
treat food with gamma rays produced during the decay of 

. The  is made by irradiating  with neutrons. 
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 The major issue, of course, is 
that the radiation coming from 

€ 

27
60Co 

is assumed to transfer radioactivity to 
the food. But the gamma rays are 
photons carrying only their high 
energy, not the radioactivity that 
produced them. They have no more 
ability to cause the food to become 
radioactive than a dental or chest x-
ray can cause your teeth to become 
radioactive. Once the beam is gone, 
the energy is gone. The only way the 
food could become radioactive is if the energy of the 
gamma rays was sufficient to alter the nuclei of the 
atoms in the food. But the energy required to do that 
is far greater than the gamma rays produced by 

€ 

27
60Co.  

 While the gamma rays irradiating food have no 
effect on the nuclei in the food, they give a lethal 
dose to microorganisms that spoil the food or lead to 
disease. For example fresh chicken irradiated with 
4,500 Grays will kill salmonella. This is millions of 
times more irradiation than a single chest x-ray. Not 
all food is irradiated with the same dose though. It 
depends on the particular type of microorganisms 
believed to be present. Larger organisms, with 
abundant DNA are more susceptible to radiation 
doses. There is something known as the D-value, 
which is the dose required to kill 90% of a particular 
microorganism. Insects and parasitic worms, like 
trichinella (found in pork), have D-values near 100 

Gray, but bacteria are in the range 
of 400 – 700 Grays. Viruses have 
D-values over 10,000 Grays – the 
highest energy allowed for general 
food irradiation – so, viruses are 
not significantly affected by the 
process. The highest food 
irradiation dose allowed, 44,000 
Grays, is used for the packaged 
meats eaten by astronauts.  
 Other concerns about food 
irradiation are related to loss of 

vitamins, changes in the odor and taste of the food, 
and the creation of new chemical compounds (known 
as radiolytic products). Vitamin loss does occur, but 
this is a consequence of cooking as well, and it has 
been found to be minimal at the levels at which food 
is irradiated. Changes in odor and taste vary with the 
type of food irradiated. Fatty fish and some dairy 
products are affected most strongly by off-odors and 
tastes, so these foods are generally not irradiated. 
Finally, the radiolytic products are similar to the 
thermolytic products produced during the cooking 
process. Tests on laboratory animals and some 
human subjects have not shown any adverse effect on 
health. Still there are those who dispute these 
arguments – knowledgeable people with views that 
should be considered. You can read more about 
opposition to food irradiation at 
http://www.purefood.org/irrad/irradfact.cfm 

 

Figure 7.24: Beliefs about the irradiation of food are very polarized. The strongest proponents of irradiation 
refuse to consider the arguments of those who worry about the change in the nutritional quality of the food and 
the perceived danger of the use of nuclear radiation. Those strongest detractors refuse to consider the known 
benefits of protecting the food supply. 



 234 

NUCLEAR FISSION AND WEAPONS 
 

HE NUCLEAR FISSION process in the 
two atomic bombs dropped on Japan by 
the United States ended World War II 
(the mushroom cloud from the second 
one, dropped over Nagasaki, can be seen 

in Figure 7.25). The threat of the nuclear fission 
process in the ICBM’s of the US and USSR arsenals 
gripped the world with dread and fear throughout the 
Cold War. The high level nuclear waste generated by 
over a half century of electric power generation using 
the nuclear fission process is something that many 
consider to be one of the most deadly and unfortunate 
legacies we will leave the children of our children’s 
children. At this writing, all eyes are on North Korea 
and Iran as they thumb their noses at the World 
Community and pursue their own nuclear fission 
program. 
 On the short list of the most important, 
controversial, and world-changing discoveries in the 
history of physics, Nuclear Fission would be at or 
near the top of that list. Few physics-related topics 
are as misunderstood and polarizing as this one. For 
the physicists who first observed the process, it was 
neither good nor bad. It was a curious and completely 
accidental discovery that occurred while 
experimenting with neutron bombardment of nuclei. 
 Physicists in the early1930’s were excited about 
the ability to transmute one atom to another by 
neutron bombardment. It was especially exciting to 
consider creating elements never before observed – 
transuranic elements. Uranium, element number 92, 
was the last element in the periodic table. What if 
uranium were bombarded by neutrons? Could 
element number 93 be produced, or elements with 
even higher numbers of protons in their nuclei? 
Enrico Fermi was the first to bombard atomic nuclei 
with neutrons. However, he was not the first to notice 
that an occasional neutron bombardment of uranium 
led to the largest nuclear energy event the world had 
ever known. 

THE DISCOVERY OF NUCLEAR 
FISSION  
 The discovery of nuclear fission was a 
collaborative effort. No one person can take full 
credit. But one person did get the credit – the German 
chemist, Otto Hahn. He won the 1944 Nobel Prize in 
Chemistry for his discovery of nuclear fission. Now, 
over half a century later, most historians would 
probably say that the Prize should have gone jointly 
to Hahn and the Austrian physicist, Lise Meitner 
(Figure 7.26). Some would go so far as to say that she 
should have been the sole beneficiary.  

 Hahn and Meitner had been close collaborators 
when they discovered the element Protactinium in 
1917. Then, in 1934, she urged him to work with her 
to repeat Fermi’s experiments bombarding uranium 
with neutrons. Together they worked on the 
experiment for four years until conditions for a 
Jewish woman working in Nazi Germany became 
dangerous and impossible. On July 13, 1938, with 
only two small suitcases, she snuck across the Dutch 
border from Germany. Her work with Hahn however, 
continued. Through frequent correspondence, she 
analyzed results and made suggestions for further 
work. When Hahn reported that the element Barium 
had been isolated from the neutron bombardment of 
uranium, it was Meitner who concluded that the 
presence of the lighter atom meant that the uranium 
atom must have split. Meitner and her nephew, the 
physicist Otto Robert Frisch, then worked out the 
theoretical interpretation of the process, correctly 
estimated the energies resulting from the splitting of 

T 

Figure 7.25: The mushroom cloud from the 
second atomic bomb dropped on Japan (in 
Nagasaki). The nuclear fission that created this 
explosion resulted in the surrender of Japan at 
the end of World War II. The mushroom cloud is 
perhaps the most obvious icon of the nuclear age. 
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the uranium nucleus, and coined the term, Nuclear 
Fission. Most would now agree, that given her 
profound insight and contributions, it was Lise 
Meitner who “discovered” nuclear fission. And for 
that discovery, she should have won the Nobel Prize 
in physics (or at least been co-winner with Hahn). 
But she didn’t. Her less perceptive collaborator won 
it instead. The world would later try to correct this 
blunder by recognizing her with the award of the U.S. 
Fermi Prize in 1966 and the naming of element 109 
(Meitnerium) after her.  

THE NUCLEAR FISSION PROCESS 
 Lise Meitner and Otto Hahn’s experiments led to 
the discovery of a previously unknown nuclear 
reaction. Their goal was to study the nature of 
transuranics (elements whose nuclei contain more 
than 92 protons). They expected that bombarding 
uranium with neutrons would yield element 93, and it 
does … usually, but only for one isotope of uranium. 
Dig a shovel-full of uranium from a uranium mine 
and 993 out of 1,000 of the atoms will be 

€ 

92
238U . 

Neutron bombardment of these leads to element 93 
(neptunium). Neptunium is unstable and gives birth 
to element 94 (plutonium) through beta- decay. This 
process (see Figure 7.28) was exciting in itself 
because these two elements had never before been 
observed. However, it was the process that occurred 
in the small minority of 

€ 

92
235U  (the other 7 out of 

1,000 naturally occurring uranium atoms) that was to 
very soon lead to what most people now consider the 
birth of the nuclear age. When 

€ 

92
235U  is bombarded 

with neutrons, the nucleus becomes unstable and, 
instead of emitting a beta particle as would be 
expected, it splits (fissions) into two smaller nuclei 
(see Figure 7.29).  
 The fission process in 

€ 

92
235U  is especially 

remarkable for two reasons. Figure 7.29 shows that 
there is an incredible amount of energy produced in 
the process. 200 mega-electron volts of energy is 
HUGE! Remember, the visible light photons you 
perceive right now are only 2 – 4 eV. If you consider 
that to get the same energy from the fissioning of just 
one gram of uranium requires the burning of three 
tons of coal, you can begin to understand how 
exciting was this discovery. But that’s not all. The 
fission process also produces extra independent 
neutrons. That means that these neutrons can be used 
to create additional fissions in a chain reaction. The 
chain reaction is ideal for a rapid building of energy 
required for a bomb. The chain reaction is also ideal 
for creating the sustained production of energy 
necessary for electrical energy production. Of course, 
at the time nuclear fission was first discovered, 
World War II was the focus of much of the globe. 

The atomic bomb became the pursuit of the greatest 
minds in physics of the early 20th century.  

WHY SO MUCH ENERGY? 
 The large amount of energy released in the 
nuclear fission process is understandable from the 
point of view of binding energies. To understand 
binding energies, consider an isolated proton and 
electron. Allowing them to come together would 
produce a hydrogen atom. The electron, once 
captured by the proton, would quickly fall to the 
lowest energy level in the hydrogen atom and in so 
doing, release one or more photons. The total energy 
released would be 13.6 eV. So this would be the 
amount of energy necessary to do the opposite – to 
ionize the electron from the atom. This energy 
required to separate the electron from the hydrogen 

Figure 7.26: Austrian physicist Lise Meitner 
coined the term “nuclear fission” and was the 
first to recognize and interpret the process. 
However, it was her German chemist colleague, 
Otto Hahn, who won the Nobel Prize in 
Chemistry for discovering nuclear fission. The 
world would later try to correct this blunder by 
recognizing her with the award of the U.S. Fermi 
Prize in 1966 and the naming of element 109 
(Meitnerium) after her. 
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atom is also known as the binding energy of the 
hydrogen atom. Nuclei also have binding energies.  
 The binding energy of a nucleus is the energy 
required to separate the individual nucleons (protons 
and neutrons) from each other. If this number is 
divided by the number of nucleons, the result is 
known as the binding energy per nucleon. Figure 
15.27 shows the binding energy per nucleon for all 
nuclei with masses up to 240. Notice that the peak is 
when the number of nucleons is between about 50 
and 90. Now look at 

€ 

92
235U  on the graph. The binding 

energy per nucleon is about 7.6 MeV. If a 

€ 

92
235U  

fissions into two nuclei that are each about half the 
size, those nuclei would have binding energies per 
nucleon of about 8.5 MeV. That’s a difference of 
approximately 0.9 MeV per nucleon. And, since the 
original 

€ 

92
235U  nucleus has a mass of 235, that means 

it would require about 211 MeV more energy to 
separate the nucleons in the two smaller nuclei than 
in the original 

€ 

92
235U  nucleus. That extra energy 

required to separate the nucleons in the smaller nuclei 
must have been released during the fission process. 
That’s where the ~200 MeV in Figure 15.30 comes 
from. Most of it is in the form of kinetic energy – 
from the strong repulsion of the two positively 
charged “fission fragments” created when the 

€ 

92
235U  

splits. 
 A perceptive thinker who follows this 
explanation so far will realize that Figure 7.27 
suggests that in addition to large energy releases from 
reactions where very heavy nuclei split into smaller 
nuclei, there should also be large energy releases if 
very small nuclei (like hydrogen) are fused into 
larger nuclei (like helium). This is indeed the case 
and is known as nuclear fusion. The Sun creates 
solar energy through the process. Thermonuclear 
bombs use this process as well. Decades of research 
have been spent in an attempt to use nuclear fusion as 
an energy source, but so far the amount of energy 
necessary to get two nuclei close enough to fuse is 
greater than the reaction releases. 

 
 

Figure 7.27: The binding energy per nucleon curve shows that nuclei with masses between about 
50 and 90 have the greatest binding energies. Therefore, energy is released when very large nuclei 
are split into smaller nuclei (nuclear fission) or when very small nuclei are fused into larger nuclei 
(nuclear fusion). 
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Figure 7.28: 99.3% of naturally occurring atoms of uranium are . Neutron bombardment of these leads to 
element 93 (Neptunium). Neptunium is unstable and gives birth to element 94 (plutonium) through beta- decay. 
This exciting process led to the first ever observation of these two elements.  
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Figure 7.29: When  (only 0.7% of naturally occurring uranium) is bombarded with neutrons, the nucleus 
becomes unstable and, instead of emitting a beta particle, it splits (fissions) into two smaller nuclei. The process 
yields an incredible amount of energy. 200 mega-electron volts of energy is HUGE! Remember, the light photons 
you are perceiving right now are only 2 – 4 eV. It would take the burning of three tons of coal to equal the energy 
produced by the fission of only one gram of . The fission process also produces extra independent neutrons. 
That means that these neutrons can be used to create additional fissions in a chain reaction. 
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NUCLEAR WEAPONS 
 The first goal of the nuclear fission process was 
to build a weapon – the atomic bomb. The amazing 
energy available was … seductive, but it was not an 
easy-to-create weapon. The difficulties that nuclear 
engineers had in the early 1940’s are the same 
difficulties that rogue nations have today. Remember, 
the vast majority of uranium is of the type that is not 
fissile (not fissionable). If those extra neutrons that 
result from the fission process are to be part of the 
chain reaction, they must hit 

€ 

92
235U  nuclei rather than 

the 

€ 

92
238U  nuclei. For this to occur there must be many 

more than seven 

€ 

92
235U  out of a thousand uranium 

nuclei. The problem is that the two isotopes are 
chemically the same, so it is very difficult to separate 
the two. Consider having 1,000 16-pound bowling 
balls that were identical in every way except that 
seven of them weighed three ounces less than the 
other 993. Now imagine it was your job to keep the 
lighter ones and discard the heavier ones. You could 
do it, but it would take a very accurate scale and 
LOTS of time. This is essentially what must be done 
to enrich the uranium so that it’s usable. That, 
fortunately, is the reason why so few countries have 
been able to produce nuclear weapons. Weapons-
grade uranium must be enriched to a point where 
more than 90% of the uranium is 

€ 

92
235U . This is a very 

expensive and technologically advanced task.  
 The next issue is getting enough of the enriched 
uranium in one place so a critical mass can be 
created. The critical mass is the smallest amount of 
enriched uranium that will sustain a chain reaction. 
This means that of the two or three neutrons 
produced per fission, at least one of them must create 
another fission. To understand what this has to do 
with the mass of the enriched uranium chunk, 
imagine a very small mass of only 10 uranium atoms. 
If it’s weapons-grade, then nine of them will be 
fissile. If one of these atoms undergoes fission and 
three neutrons are produced, it is very unlikely that 
they will meet one of the other fissile nuclei. There 
just aren’t enough around. In such a sub-critical 
mass, the neutrons usually miss their targets and leak 
away from the area. And of course, if a neutron 
strikes a 

€ 

92
238U  atom, it’s lost in the process as well. 

But, get a bowling ball-sized amount of weapons-
grade uranium and you have an atomic bomb. 
Actually, you would need to be careful not to get all 
of that mass together in the same place. Occasionally, 
a 

€ 

92
235U  nuclei will spontaneously fission, producing 

the necessary trigger for the chain reaction. So the 
idea is to keep at least two sub-critical pieces of such 
a chunk apart until you’re ready to detonate. Then … 
just bring them together. 

 

Figure 7.30: Little Boy (top) and Fat Man 
dropped over Hiroshima and Nagasaki, Japan at 
the end of World War II were both nuclear 
weapons relying on collecting a “critical mass” of 
enriched uranium in one location to create an 
uncontrolled chain reaction of nuclear fissions. 
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“DIRTY” BOMBS 
 Radiological Dispersive Devices (RDDs), also 
known as “dirty” bombs, have become a concern for 
many who watch and anticipate the activities of 
terrorists in our post-9/11 world. Because these 
devices are capable of dispersing radioactive 
material, many mistake them to be equivalent to 
nuclear bombs. However, these devices are simply 
conventional explosives designed to deploy illegally 
obtained radioactive materials. Still, the thought of 
explosive devices containing radioactive materials in 
the hands of those who would seek to harm us, is 
enough to terrify those who have little or no 
knowledge of the difference between nuclear bombs 
and nuclear radiation-laced bombs.  

 Making a dirty bomb is far, far easier than 
making a true nuclear fission bomb. However, it is 
not without its own set of hurdles. After all, the 
radioactive materials must first be acquired. This 
problem begins to sound easier to solve when you 
consider that, in the United States alone, there are 
over 2 million radioactive sources used in medical, 

research, and industrial processes, and in one five- 
year period (between 1998 and 2003) 1,500 of these 
were reported either lost or stolen. This is especially 
sobering when you consider that the United States 
actually provides good security for its nuclear 
materials. Many countries have less than adequate 
security for their moderate to vast amounts of nuclear 
materials.  
 Another problem for those who would build 
dirty bombs is the intense radiation that would be in 
the proximity of the bomb while it is being 
constructed. Consider the fact that the bomb is 
designed to spread radioactive material throughout 
the entire area produced by the blast. This means that 
to be effective in dispersing significant radioactive 
material throughout this area, it must be very 
concentrated while still in the bomb casing. The high 
level of radioactivity present while the bomb is being 
constructed presents a grave danger to anyone 
working on or near the bomb. Because of this danger, 
using an alpha emitter seems an obvious choice for 
radioactive material. The very limited range of alpha 
particles would offer far greater protection for bomb 
makers than a gamma source. They would simply 
need to protect against ingesting the material as they 
worked with it. (Think of the polonium-210 that was 
lethal to Alexander Litvinenko, but perfectly safe 
around his killer.) 
 As of this writing, there have been no cases of 
dirty bombs being deployed. However, in 1998, 
officials in Chechnya were able to defuse a booby-
trapped bomb containing radioactive material. More 
recently, a captured top Al Qaeda official, Abu 
Zubaydah, revealed to his US interrogators that his 
organization was close to constructing a dirty bomb. 
However, if these types of bombs are ever deployed, 
it is said that rather than being weapons of mass 
destruction, they will be weapons of mass disruption. 
This is because there would be widespread public 
panic over the radiation component of such a bomb, 
even though the immediate death toll would be no 
greater than that due to a conventional explosive.

 

Figure 7.31: A “dirty bomb” or Radiological 
Dispersive Device (RDD) is designed to spread 
radioactive material throughout the area of its 
blast. Although confused by many as a nuclear 
bomb, it is simply a conventional bomb laced 
with radioactive material. As such, it has been 
referred to as a weapon of mass disruption 
rather than a weapon of mass destruction. 
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NUCLEAR ENERGY 
 
 There aren’t many fence sitters when it comes to 
producing electricity from nuclear energy. People 
either love it or despise it. Unfortunately, many 
passionate proponents and protesters misunderstand 
the extent of the benefits and problems associated 
with nuclear power. It is not a simple one-sided issue.  
 Nuclear power plants are similar to fossil fuel 
electrical power plants in that in both cases the fuel 
converts water to steam, which is then used to drive 
the blades of a turbine. An electrical generator 
connected to the turbine produces electricity. Nuclear 
energy currently produces about 20% of the U.S. 
energy consumption. (It’s interesting to consider that 
half of the nuclear fuel that is used in U.S. comes 
from the warheads of the former Soviet Union. That 
means that one of every ten light bulbs in the United 
States is powered by the uranium from a former 
Soviet atomic bomb. The Cold War has come a long 
way!)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 On July 17, 1955, the small town of Arco, Idaho 
became the first city to ever be powered by nuclear 
energy (see Figure 7.32). At the time, the United 
States was taking a lot of heat for its continued 
development of nuclear weapons. So, in an effort to 
illustrate that it also had an “atoms for peace” 
program, the Experimental Breeder Reactor I at the 
Idaho National Laboratory provided power to Arco 
for a few hours after midnight on July 17, 1955. 
 The first commercial reactor to go online was 
one in Shippingport, Pennsylvania in 1957. As with 

nuclear weapons, the idea is to use the energy of the 
nuclear fission process to accomplish a goal. With 
nuclear weapons, the goal is to deliver a destructively 
high amount of energy in a very short period. But in 
the nuclear power plant, the goal is to deliver a useful 
amount of energy over a much longer period. The 
uranium used for nuclear fuel for a power plant must 
also be enriched, but nowhere near the 90%+ 
required for weapons-grade fuel. Three to five 
percent is more typical.  
 This very small increase in the percentage of 

€ 

92
235U  in naturally occurring uranium ore (from 0.7% 
to about 4%) may seem almost trivial, but uranium 
enrichment is an expensive and extraordinarily 
technically difficult process. The most common 
method of uranium enrichment used today is by gas 
centrifuge (see Figure 7.33). The centrifuge is a tall, 
14” diameter cylinder that can spin very rapidly. The 
process starts, of course, with mining. But the 
uranium in the mined ore can be as little as one part 
in 1,000 of uranium. The uranium compound 
extracted from the ore is known as yellowcake 
because of its color and consistency. The yellowcake 
is converted to uranium hexafluoride, 

€ 

UF6 , which 

Figure 7.32: The author stands in front of City 
Hall in Arco, Idaho. The city was the first to be lit 
by nuclear power (although the electricity only 
flowed for a few hours in the early morning hours 
of July 17, 1955). 

Figure 7.33: The fast spinning gas centrifuge 
causes gaseous uranium hexafluoride to separate 
slightly so that the  collects more to the 
outside of the centrifuge. Therefore, the material 
collected from the inside of the inside of the 
centrifuge has a slightly higher percentage of 

. 
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has a low boiling point of only 56° C. This means 
that it’s easy to turn it into a gas at a low temperature. 
The gaseous 

€ 

UF6  is injected into the centrifuge. The 
spinning (up to 60,000 turns per minute) of the 
centrifuge causes a slight separation of the 

€ 

92
235U  from 

the 

€ 

92
238U , with the 

€ 

92
238U  collecting closer to the 

outside of the centrifuge. The outputs from the edge 
of the centrifuge have a lower percentage of 

€ 

92
235U  

and the outputs from the center have a slightly higher 
percentage of 

€ 

92
235U . But one centrifuge hardly 

enriches the uranium to the desired percentage of 

€ 

92
235U . Instead, the slightly enriched 

€ 

UF6  is put into 
another centrifuge. This enriches it a bit more, but it 
is only through a cascade of many, many sequential 
centrifuges that the desired enrichment is achieved 
(see Figure 7.34). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The enriched fuel is put into the form of uranium 
oxide (

€ 

UO2 ) pellets. These pellets, which are about a 
quarter inch in diameter and half an inch long, are 
placed in 12-foot long zirconium alloy rods. These 
fuel rods are then bundled together in groups known 
as fuel assemblies (see Figure 7.35). When fully 
loaded a reactor may have close to 50,000 fuel rods. 
Now, as a first approximation, you could say that to 
fire the reactor up, it would just require putting the 
fuel rods close enough to each other to create a 
critical mass. When that occurs, the energy would 
come pouring out. But, there are two big problems 
with that idea: one has to do with the neutrons 
produced by the nuclear fissions and the other has to 
do with controlling the amount of energy released 
over time. 

 
 
 The energy of the neutrons produced in a typical 
fission reaction is generally much too high for them 
to be captured by another uranium nucleus. A typical 
fission-produced neutron has an energy of about  
2 MeV. But to be captured most effectively, that 
neutron must lose almost all that energy. A 10-2 eV 
neutron is about a thousand times more likely to be 
captured by a uranium nucleus. This reduction in 
neutron energy is accomplished by means of a 
moderator. The moderator is a lightweight substance 
(like water or graphite) that the neutrons collide with 
many, many times until they’ve lost most of their 
kinetic energy. The moderator often also serves as the 
coolant to transfer the heat of the fission process to 
the steam production part of the reactor. 
 Now the idea is to deliver the energy over an 
extended time, so the number of fissions must be 
carefully controlled. Not all the neutrons produced 
will meet their 

€ 

92
235U  target nuclei. There are, after all, 

many more 

€ 

92
238U  in the reactor that can and will 

absorb neutrons. Then there are those that will miss 
any uranium nuclei and be absorbed by the 
containment structure. Still, even with these losses, 
the fully charged reactor would produce dangerous 
amounts of heat if left unchecked. To control the 
number of neutrons available, control rods are used. 
Typically made of cadmium or boron, a hundred or 
so of these control rods are interspersed amongst the 
fuel rods. They strongly absorb neutrons, so inserting 
them all into the reactor will shut down the reactor 
completely. Gradually removing them allows 
increasingly more neutrons to be available for 

Figure 7.34: In this gas centrifuge cascade each of 
the centrifuges enriches the uranium slightly and 
then passes the partially enriched uranium on to 
the next centrifuge until the desired level of 
enrichment is achieved. 

Figure 7.35: This 
fuel assembly 
contains 196 fuel 
rods. The fuel rods 
are made of 
zirconium and 
each contains over 
100 enriched 
uranium fuel 
pellets (see below). 
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fissions. In this way, the rate of 
the reaction can be carefully 
controlled.  
 As the nuclear reactor 
produces energy, the enriched fuel 
starts to become depleted. The 
ratio of 

€ 

92
235U  to 

€ 

92
238U , which 

starts at about 3 : 97, becomes 
smaller and smaller. The fuel lasts 
two or three years, but there is a 
bit of a bonus. It turns out that 
when 

€ 

92
238U  absorbs a neutron, it 

decays eventually to 

€ 

94
239Pu , 

which is fissile! So those 
supposedly wasted neutrons are 
actually responsible for the 
“breeding” of perfectly good 
nuclear fuel. This prolongs the life 
of the fuel rods. In fact, about one-
third of the entire energy from the 
fuel cycle comes from the 
fissioning of 

€ 

94
239Pu . However, 

there is also a big downside to the 
easy production of 

€ 

94
239Pu . 

Because it is fissile, it can be used 
to make a nuclear weapon. And, 
since it is not chemically the same as the uranium 
with which it is mixed, it is much easier to separate 
the plutonium from the uranium than it is to separate 
two isotopes of uranium from each other. Breeder 
reactors have been used for over fifty years to 
acquire weapon-grade plutonium. 
 The fission of one gram of uranium produces as 
much energy as burning three tons of coal. And, 
nuclear power does not contribute to global warming 
because there are no greenhouse gases created in the 
fission process. The nuclear reactor even breeds some 
of its own fuel. Given that backdrop, nuclear energy 
sounds like a good alternative to generating 
electricity by burning fossil fuels. However, two key 
issues have prevented the approval for construction 
of any new American nuclear power plants for 
decades: reactor safety and long-lived radioactive 
waste. 

NUCLEAR REACTOR SAFETY 
 The safety record for nuclear reactors is 
amazingly good, but not perfect. There are a number 
of notable events that have tarnished this very 
excellent record. The International Nuclear Event 
Scale (INES) ranks these incidents from Level 0 (a 
“deviation”) to Level 7 (a major accident). A Level 7 
incident is one in which there is a “major release of 
radioactive material with widespread health and 
environmental effects requiring implementation of 
planned and extended countermeasures.” Only two of 
these have ever been recorded. One of these was the 
Chernobyl disaster, occurring 80 miles north of Kiev, 
Ukraine on April 26, 1986. The other was the 
Fukushima Daiichi nuclear disaster in Japan, which 
was a series of events beginning on March 11, 2011.  
 The accident at Chernobyl was a combination of 
operator error and reactor design flaws that led to the 
explosion of one of the reactors and the release of 
significant amounts of radioactivity. The incident 
occurred during a test of one of the reactors while a 
routine maintenance shutdown was underway. A 
design flaw in the reactor made it very unstable at 
low power (which was the case during the shutdown). 
And although safety regulations required that at least 
30 control rods be in place at any given time, 
operators overrode this and had less than ten left in 
the reactor. When a power surge of 100 times the 
design value occurred, there was too little time to 

Figure 7.36: A nuclear power reactor uses the energy of controlled 
nuclear fission to convert water to steam, which is then used to drive the 
blades of a turbine. An electrical generator, connected to the turbine, 
produces electricity. 
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insert the control rods to fully shut down the reactor. 
The fuel overheated and the fuel elements ruptured 
causing a rapid increase in steam that is believed to 
be responsible for the first of two explosions. The top 
of the reactor was blown off (see Figure 7.37), 
allowing fuel and fission fragments to escape to the 
environment. When the graphite inside the core was 
exposed to the air, a horrific fire started, lasting nine 
days and spewing massive amounts of radiation. You 
can read more about Chernobyl at: 
http://library.thinkquest.org/3426/ or here: 
http://news.bbc.co.uk/2/shared/spl/hi/guides/456900/
456957/html/nn1page1.stm 
 The Fukushima Daiichi nuclear disaster occurred 
in stages, beginning on March 11, 2011. At 2:46 pm, 
a 9.0-magnitude earthquake occurred near the 
Fukushima Daiichi nuclear power plant. Of the six 
reactors at the plant, only reactors 1, 2, and 3 were in 
operation (reactor 4 had been defueled and reactors 5 
and 6 had been shut down for routine maintenance). 
The earthquake caused an automatic shut down of 
reactors 1, 2, and 3 (this is a safety feature of nuclear 
power plants). However, even though these reactors 
were shut down and not undergoing nuclear reactions 
any longer, there was still considerable residual heat 
that continued to be produced by the radioactive 
byproducts of the pre-shutdown nuclear reactions. 
Thus, cooling of the reactors was still essential. But 
the earthquake also broke the connection with offsite 
power to the plant. Without onsite or offsite power 
available to the plant to run cooling water pumps, 
emergency diesel generators automatically started up, 
to continue the cooling process. However, within an 

hour of the earthquake, a tsunami struck the power 
plant, breaching the seawall that was supposed to 
protect against tsunamis. This flood of water knocked 
out the diesel generators, leaving the only available 
power coming from backup batteries. These ran out 
early the next morning. With the failure in the 
cooling system, the fate of the disaster was sealed. 
High pressures built up in reactors 1, 2, and 3 and 
each experienced explosions (see Figure 15.41). High 
temperatures caused the nuclear fuel to melt down. In 
a desperate attempt to achieve cooling, an order was 
given to have fire trucks inject seawater into the 
reactors, permanently ruining them. There was 
significant release of radiation to the environment 
(although only about 10% as much as the Chernobyl 
disaster). Ultimately, the level of disaster was given 
an INES rating of 5 for reactors 1, 2, and 3 and a 
rating of 3 for reactor 4. As a total event, however, 
the INES rating was determined to be a 7. You can 
read more about the Fukushima Daiichi nuclear 
disaster at:  
http://en.wikipedia.org/wiki/Fukushima_Daiichi_nucl
ear_disaster 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The most serious nuclear incident in the United 
States was an INES-rated level-5 event that occurred 
on March 28, 1979 at Three Mile Island in 
Pennsylvania (Figure 7.39). A mechanical or 
electrical error caused both the turbine and the 
reactor to shut down. With no place for residual heat 
in the reactor to go, pressure in the reactor vessel 
built up until a relief valve opened. The relief valve 
should have closed when the pressure subsided, but it 
didn’t and the operator … didn’t notice. With the 
relief valve still open, reactor coolant began to pour 
out, eventually leaving the core so hot that the 
zirconium tubes housing the fuel pellets burst open 
and about half the fuel melted. Fortunately, the 
melted fuel did not compromise the containment 
structure. Had that happened, massive amounts of 

Figure 7.37: A combination of operator error and 
reactor design flaw led to the explosion in one of 
the four reactors at Chernobyl, Ukraine. The 
April 26, 1986 accident, which released massive 
amounts of radioactivity, has been the world’s 
worst nuclear accident. 

Figure 7.38: The high pressures built up when 
cooling failed at the Fukushima Daiichi Nuclear 
Power Plant caused a number of explosions that 
released radioactivity and severely damaged the 
plant. 
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radioactivity would have been released to the 
environment. Modern reactor designs make the 
possibility of something like the Three Mile Island 
incident virtually impossible. You can read more 
about the accident at Three Mile Island at: 
http://www.nrc.gov/reading-rm/doc-collections/fact-
sheets/3mile-isle.html 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

THE PROBLEM OF NUCLEAR WASTE 
 If you compare the fission fragments in Figure 
7.29 to the barium and krypton atoms of the Periodic 
Table, you’ll notice that the barium and krypton from 
the fission process have many more neutrons than 
what is typical for those atoms. And, since too many 
neutrons in a nucleus leads to instability, this is the 
reason for the radiation associated with nuclear 
fission. The barium and krypton pictured in Figure 
7.29 are two among many highly radioactive pairs of 
fission fragments that are produced in the splitting of 
the atom. Unfortunately, the radioactive remains of 
the former uranium atom are always the unpleasant 
byproduct of its coveted energy. The half-lives of the 
fission fragments range from fractions of seconds to 
millions of years. So as the fuel rods in the nuclear 
reactor are slowly depleted of fissile uranium, they 
are being replaced at the same rate by toxic 
radioactive waste. And, it’s not just the fuel rods that 
are a problem. The entire reactor also becomes 
radioactive as stray neutrons bombard the 
containment structure. The radioactivity of the 
nuclear reactor and its spent fuel rods presents two 
problems: how to guarantee that the radioactivity of 
the reactor stays in the reactor and how to dispose of 
the high level radioactive waste in the fuel rods after 
they are removed from the reactor.  
 What will we do with this radioactive waste that 
we’ve produced and will continue to produce? We 
cavalierly avoided addressing the question in the 
early days of nuclear energy. So, now we have over 
50,000 metric tons (50,000,000 kg) of the stuff sitting 

right where it was produced, waiting “temporarily” 
for a place to “permanently” dispose of it. I say 
“temporarily” with quotation marks because it 
doesn’t look like it’s going anywhere soon and I say 
“permanently” in quotation marks because our 
human experience is so limited compared to the 
100,000 or more years that this stuff will have to be 
isolated that our concept of “permanent” is curious. 
And … we’re (the U.S.) adding 2,000 metric tons a 
year to the stockpile of nuclear waste! 

 
 
 
 
 
 
 
 
 
 Until recently the idea was to on bury all the 
nuclear waste we’ve produced at the remote and 
geologically inert site of Yucca Mountain, Nevada. 
The idea was to put the used fuel assemblies into 
canisters that are about five meters long by two 
meters in diameter and then bury them in tunnels 200 
to 500 meters below the surface. It’s a very political 
issue though, so even though we’ve had an official 
“Nuclear Waste Policy Act” since 1982, the earliest 
shipments of nuclear waste to Yucca Mountain 
weren’t scheduled until March 31, 2017. It’s a moot 
point now though. The Obama Administration said 
that the site is no longer an option and cut all funding 
for it from the 2009 Federal Budget (after $7.7 billion 
had already been spent on the project). What is 
especially distressing is that no other option was 
proposed to take the place of Yucca Mountain! 
 A sensitive and political issue in the United 
States is over the concept of nuclear fuel reprocessing 
– a process of separating the radioactive waste and 
plutonium from the remaining uranium in the fuel 
rods. Most countries with nuclear power reprocess 

Figure 7.40: Yucca Mountain. The United States 
hoped to bury all the nuclear waste it had 
accumulated in this remote area of Nevada. The 
first shipments might have started in 2017 if 
funding hadn’t been cut by the Obama 
Administration in 2009. The United States now has 
no long-term plan for disposal of its high-level 
nuclear waste. 

Figure 7.39: The cooling towers at Three Mile 
Island, site of the worst American nuclear 
accident on March 28, 1979. 
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their fuel, vastly reducing the amount of waste that 
needs to be disposed of. Figure 7.41 shows that the 
depleted fuel rods still contain 96% uranium (which 
still contains fissile material). Another 1% is 
plutonium (which can be used as fuel). That means 
that only 3% of the used fuel rod is true “waste” that 
needs to be disposed of. The roots of our wariness 
about reprocessing fuel rods come from the Carter 
Administration. President Jimmy Carter worried that 
if other countries reprocessed their nuclear fuel, they 
would likely extract the plutonium for weapons use. 
His administration banned the process in this country, 
hoping other countries would follow our example. 

But … they didn’t. Why would they? Those used fuel 
rods still contain plenty of fuel and there is very little 
of their content that needs to be permanently 
disposed of. It gets better. When nuclear fuel is 
reprocessed, the amount of time that the waste 
material takes to get to a reasonable level of 
radioactivity is much lower. It takes well over 
100,000 years for unprocessed fuel rods to reach the 
level of radioactivity of natural uranium ore. For the 
small amount of waste that is left over from nuclear 
fuel reprocessing, the time is reduced to less than 
1,000 years!  

 
 

Uranium ore:  99.3% U-238  0.7% U-235 

Enriched Uranium 96% U-238  4% U-235 

Used Fuel Rods 95% U-238  1% U-235  1% Pu  3% Fission Fragments 
Figure 7.41: Uranium ore contains only 0.7% of the fissile isotope U-235 and must be enriched to about 4% U-235. After two 
or three years in the reactor, the fuel rods contain only 1% U-235 and must be removed. Current U.S. regulations prohibit the 
reprocessing of the fuel. Instead, the entire contents of the fuel rod is considered waste, even though it is 96% uranium, still 
contains a large amount of energy, and needs to be stored over 100 times longer than the extracted 3% toxic waste would need 
to be stored. 




