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In the previous chapters we have had frequent occasion to contrast di-
rect observations of nature with the models scientists have made for 
interrelating these observations. The many-interacting-particles (MIP) 
model for matter has been a powerful tool to this end. In this model, 
matter is composed of micro-domain particles that are in motion and 
that interact-at-a-distance with one another by means of an intermedi-
ary field. During the nineteenth century the various types of energy—
kinetic, thermal, elastic, chemical, phase, electromagnetic field (includ-
ing radiant), and gravitational field—were investigated intensively. As 
we pointed out in Section 4.5, and as we will describe in greater detail 
in later chapters, it is possible to explain thermal, elastic, chemical, and 
phase energies in terms of the kinetic energies of all the particles and 
the field energy arising from their interaction. 

During the twentieth century, physicists have set themselves the goal 
of explaining all macro-domain phenomena, including perhaps even 
life, in terms of these particles, which are called atoms or molecules. 
Great strides in formulating these explanations have been made, except 
in the case of phenomena involving the gravitational field. Even Ein-
stein, who reformulated the gravitational interaction in a very novel and 
general way in his general theory of relativity, was not able to relate 
gravitation effectively to the electric, magnetic and other fields. 

One of the most notable areas of progress has been in the invention of 
models for atoms themselves. Instead of being conceived of as simple 
point-like particles with no internal structure, atoms are now viewed as 
complex systems composed of simpler constituents. The properties of 
atoms are explained in terms of the arrangement and motion of the con-
stituents. In this chapter we will review some of the studies of the cur-
rent century that have led to the presently accepted models for atoms. 

8.1 The electrical nature of matter 
Dalton's atomic theory. When John Dalton proposed his atomic the-

ory of chemical reactions, the particles were called atoms (from the 
Greek word for "indivisible") because they were conceived of as being 
ultimate constituents that would permit no further subdivision. In this 
view, which gradually became accepted during the first half of the nine-
teenth century, each chemical element is composed of a different kind 
of atom. There were about 90 kinds of atoms, each with its own charac-
teristics (Fig. 8.1). The atoms were believed to have properties that 
could account for the chemical activity and various other macro-
domain properties (hardness, appearance, melting and boiling tempera-
tures, and so on) of specimens of the element. 

Electric conduction in solid and liquid materials. As soon as the ex-
istence of Dalton's atoms became non-controversial, questions arose 
about the "intrinsic" properties of the atoms and whether models could 
be constructed to account for them. In other words, scientists asked in 
what way an oxygen atom differed from a nitrogen atom, why solid 
copper conducts an electric current while solid sulfur does not, and how 

"... the existence of these 
ultimate particles of matter 
can scarcely be doubted, 
though they are probably 
much too small ever to be 
exhibited by microscopic 
improvement. I have chosen 
the word atom to signify 
these ultimate particles...." 

John Dalton
A New System of Chemical

Philosophy, 1808
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the metal sodium and the gas chlorine could interact to produce the 
white crystalline substance sodium chloride (ordinary table salt). Fur-
thermore, a solution of sodium chloride and water conducts an electric 
current, but solid sodium chloride and pure water separately do not. 

Electrolysis. Sir Humphry Davy and Michael Faraday found another 
effect: melted table salt (sodium chloride) can be decomposed into so-
dium and chlorine by the passage of an electric current, but the element 
copper is not modified on the macro level by an electric current. The 
decomposition of sodium chloride is an example of electrolysis (using 
electricity to divide something into its parts). An electric current can 

Humphry Davy (1778-1829) 
was director of an institution 
in Bristol, England, that inves-
tigated the medicinal proper-
ties of various gases when he 
published the work on nitrous 
oxide (1800) that made him 
famous. He was appointed to 
the Royal Institution in Lon-
don, where he continued his 
research. Davy is remembered 
as the inventor of the coal 
miner's safety lamp, and he 
was the first to explain elec-
trolysis and to suggest that 
electricity and chemical inter-
actions are due to the same 
ultimate cause (the electric 
field, as we now call it) 
 
 
Michael Faraday (1791-
1867), a blacksmith's son, was 
apprenticed in 1804 to learn 
the bookbinding trade. The 
boy used his spare time to 
read books on electricity and 
chemistry, and in 1812 he 
attended a series of lectures 
by Humphry Davy. Faraday 
wrote a summary of the lec-
tures and sent it to Davy, 
along with a request for a job. 
The summary must have been 
brilliant; it attracted Davy's 
attention, and he appointed 
Faraday as a laboratory as-
sistant at the Royal Institution. 
Faraday eventually succeeded 
Davy as Director, and Davy 
was to boast that of all his 
discoveries the greatest was 
Michael Faraday. Many histo-
rians rank Faraday as the 
greatest of all experimental 
physicists. Although he knew 
no mathematics, he invented 
the field concept and formu-
lated a complete descriptive 
theory of electricity.  

Figure 8.2 (to the right)   
 The electrolysis of water to form 
hydrogen and oxygen gases. Note 
the ratio of the volumes of gases 
produced. What do you conclude 
about the composition of water? 
On this basis, can you suggest a 
modification of Dalton's symbol 
for water above in Figure 8.1? 
 
It is interesting that Dalton knew 
about this experiment, and others 
giving similar results about the 
simple whole number ratios of the 
volumes of combining gases, but 
he did not accept these findings, 
possibly because the particular 
model of atoms he had developed 
couldn't explain it! 

Figure 8.1  Dalton's symbols for the atoms of common elements. The bottom row 
shows his models for the more complex "atoms" of common compounds. 
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also break up (electrolyse) water, producing hydrogen gas and oxygen 
gas in a volume ratio of two to one (Fig. 8.2). Faraday concluded from 
these observations that atoms of matter must be endowed with electri-
cal charges. In fact, the mass of material produced in electrolysis can be 
used to formulate an operational definition of the quantity of electric 
charge; the details of the definition are in the left margin. 

Franklin's electric fluid. Even air permits the passage of an electric 
current, as in lightning or an electric spark. Certain materials can be 
given an electric charge by rubbing. Benjamin Franklin studied these 
phenomena and concluded, as explained in Section 3.5, that there was 
one electric fluid whose presence in greater or lesser amounts showed 
up as positive and negative charges. According to Faraday, these elec-
tric charges had to originate within the atom. The generation of elec-
tromagnetic waves in association with sparks (Section 7.3) was further 
evidence that the constituents of matter had electrical properties. Ar-
rayed against these conclusions was the lack of electric effects in ordi-
nary pieces of matter such as a glass of water, a coin, or the air we 
breathe. 

Electric conduction in air. William Crookes (1832-1919) and J. J. 
Thomson studied in detail the conduction of electric current through air 
in a glass tube. Fig. 8.3 shows their apparatus. Electric terminals were 
connected to metal pieces (called electrodes), which were sealed 
through the ends of the tube. The gas in the tube could be pumped out 
so as to produce a partial vacuum inside. At ordinary atmospheric pres-
sure, sparks jumped from one electrode to the other. At low pressure, 
the gas became luminous. But at very low pressure, the glass of the 
tube itself glowed—evidence of interaction-at-a-distance between the 
electrodes and the glass. When a metal screen with a fluorescent cover-
ing was placed in the tube, it glowed and cast a "shadow" on the glass 
tube, presumably by intercepting the "rays" that were passing between 
the electrodes and the glass. In this way it was possible to show that the 
negative electrode, called the cathode, was the source of the rays, 
which were called cathode rays, and the apparatus became known as a 
"cathode ray tube." Whether the rays were a stream of particles or a 
wave phenomenon was not yet known.  

Figure 8.3 (to right)  An elec-
tric current can pass through 
low-pressure air in a glass tube, 
giving rise to many interesting 
luminous effects. This simple 
"cathode ray tube" stimulated 
many fruitful investigations, 
giving birth to the electron, 
electronics, the TV tube, X-rays, 
and other discoveries. 

OPERATIONAL DEFINITION 
The quantity of electric charge 
is measured by the mass of 
hydrogen it liberates in the 
electrolysis of water. The unit 
of electric charge, called the 
Faraday (symbol F), is the 
quantity of electricity associ-
ated with 1 gram of hydrogen. 
Sir Joseph John Thomson 
(1856-1940) was born in Man-
chester and studied at Cam-
bridge, England. In 1884 he 
was appointed to what was 
then the most prestigious posi-
tion in physics, the Cavendish 
chair of physics at Cambridge. 
His discovery of  the electron 
and its properties in 1897 won 
him a Nobel Prize in 1906. 
 "I hope I may be allowed to 
record some theoretical 
speculations ... I put them 
forward only as working 
hypotheses, ... to be retained as 
long as they are of assistance 
... The phenomena in these 
exhausted tubes reveal to 
physical science a new world—
a world where matter may exist 
in a fourth state, where the 
corpuscular theory of light may 
be true, and where light does 
not always move in straight 
lines, but where we can never 
enter, and with which we must 
be content to observe and 
experiment from the outside."  

Sir William Crookes
Philosophical Transact., 1879
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Electrons. By collecting the rays, letting them interact with electrically 

charged bodies, deflecting them with magnets (Fig. 8.4), and quantitatively 
measuring the effects, J. J. Thomson was able to show that the cathode rays 
carried electric charge and inertial mass in a fixed ratio. He therefore pro-
posed a particle model to explain the interaction-at-a-distance between the 
cathode and glass: many tiny, identical micro-domain particles with a defi-
nite mass and negative charge are emitted by the cathode and acquire ki-
netic energy on being attracted by the positive electrode (the anode). 
Thomson adopted the term electron for these particles. Robert Millikan 
later measured the electric charge of a single electron in 1909 by means of 
his ingenious oil drop experiment, the first measurement of a physical 

Figure 8.4 (to right).  
Deflection of cathode rays by 
magnetic and electric fields.  
(a) Deflection by a magnetic field. 
(b) Deflection by an electric field.  
(c) Deflection by both magnetic 
and electric fields. 
 

"... The most diverse opinions 
are held as to [cathode] rays; 
according to the almost unani-
mous opinion of German physi-
cists they are due to some 
[wave] process in the aether to 
which—inasmuch as in a uni-
form magnetic field their course 
is circular and not rectilinear—
no phenomenon hitherto ob-
served is analogous; another 
view of these rays is that, so far 
from being wholly aetherial 
[wave-like], they are in fact 
wholly material, and that they 
mark the paths of particles of 
matter charged with negative 
electricity . . . I can see no es-
cape from the conclusion that 
they are charges of negative 
electricity carried by particles 
of matter. The question next 
arises, What are these parti-
cles? are they atoms, or mole-
cules, or matter in a still finer 
state of subdivision?"  

J. J. Thomson
Philosophical Magazine, 1897
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quantity in the micro domain. Millikan's value of the electric charge plus 
Thomson's value for the charge-to-mass ratio yielded the actual mass of the 
electron. Modern application of the cathode ray tube has created the elec-
tronics industry and revolutionized communications (Fig. 8.5). 

Electron waves. According to J. J. Thomson in 1897, cathode rays were 
minute, electrically-charged "corpuscles." However, physicists in Germany, 
where Crookes had originally discovered cathode rays, thought of the cath-
ode rays as similar to light and other types of electromagnetic waves (in-
cluding the recently discovered X-rays), and they attempted to explain the 
cathode rays on the basis of a wave motion of the "aether" (see quote from 
Thomson on previous page). Thomson overcame these arguments by the 
turn of the century with a masterful  series of experiments, volumes of data 
and many outstanding papers demonstrating how his data confirmed the 
predictions of the particle model and conflicted with those of the wave 
model. 

As a matter of fact, no one at the turn of the century actually tested the 
cathode rays, directly, for wave properties. One reason for this was Thom-
son's experiments and tightly-woven arguments; another was the fact that 
electric charges had always been associated with matter, and no one had 
ever observed charges transported from place to place by waves. In any 
case, no one pursued this for almost 30 years, until, as we explain below in 
Section 8.4, a wave model for all matter was proposed on theoretical 
grounds. As a result, in 1926, Davisson and Germer performed an experi-
ment in which cathode rays were intercepted by a nickel crystal, which had 
regularly arranged atoms that functioned like a diffraction grating. Davis-
son and Germer found a diffraction pattern, as predicted by a wave model 
for the cathode rays! However, the wavelength of the electrons was ex-
tremely short, much shorter than the wavelength of visible light. 

The present view, therefore, is that the propagation of electrons is best de-
scribed as a wave phenomenon. In most situations, the wavelength is very 
short, however, so that diffraction and other wave-like behavior appear only 
with micro-domain-sized slits, as in the nickel crystal. Thus Thomson's ex-
periments, with macro-domain size slits, did not reveal wave effects. The 
modern theory includes the possibility of forming micro-domain wave 
packets from electron waves. These tiny wave packets, which carry mass 
and electric charge, behave like particles in macro-domain experiments. 

Figure 8.5 Color television tubes in an assem-
bly line are being baked over heat lamps to 
bond a special phosphorescent material to the 
inside of the glass screen. TV tubes are essen-
tially cathode ray tubes; the electrons are 
ejected by the cathode (at top of photograph), 
formed into a beam, and allowed to strike the 
screen (at bottom), transferring some of their 
energy to the phosphorescent material, which 
emits light of specific colors. Magnetic fields 
are used to direct the electron beam to specific 
points on the screen and thus form the image 
we see. 

Robert A. Millikan (1868-
1953), a physicist at the Uni-
versity of Chicago and an 
experimentalist of extraordi-
nary talent and patience, de-
veloped his "oil drop 
experiment" by which 
changes of one electron 
charge could be detected. He 
was the first to carry out a 
direct measurement of the 
charge of the electron. He 
also verified Einstein's hy-
pothesis of light quanta. His 
painstaking work on the 
charge of the electron and the 
photoelectric effect won him 
the Nobel Prize in 1923. 
 
Millikan found that the 
charge of one electron was 
1.7 x 10-24 faraday. Hence 1 
gram of hydrogen has 6.0 x 
1023 electrons associated with 
it. 
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The MIP model. At the beginning of the twentieth century it was defi-
nitely established by experiment (electrolysis, the ability of matter to 
emit electromagnetic waves, and cathode ray studies) that matter could 
be divided into electrically charged components. Presumably, therefore, 
each electrically neutral atom had positive and negative parts. At last it 
was possible to identify how the particles interacted in the MIP model: 
the interactions were electric, transmitted by means of an electric field. 
Macro-domain chemical, phase and elastic energy were, therefore, 
really just electric field energy of the atoms and molecules. The mutual 
attraction of the positive and negative parts in adjacent atoms could 
explain the structure of molecules, crystals, and liquids. The relative 
motion of the electrically charged parts could explain the emission of 
electromagnetic waves (Section 7.3), including the spectra of visible 
light. 

The negative constituents of atoms were the very light electrons, 
which Thomson had measured as less than one thousandth the mass of 
the atom as a whole. What was the positive part, which appeared to 
have almost all the mass of the atom? 

8.2 Early models for atoms 
Thomson's model. J. J. Thomson himself was one of the first to pro-

pose an atomic model that took into account the atom's electrical nature 
(Figure 8.6). He suggested that an atom consists of a positive electric 
charge that is uniformly distributed within a spherical region of about 

Figure 8.6 (to right).  J. J. 
Thomson's "plum pudding" 
model for the atom. The tiny 
electrons (the raisins) repel one 
another but are held in place 
(in mechanical equilibrium) by 
a much larger "pudding" of 
positive charge. The positive 
charge has most of the mass of 
the atom but, unlike the elec-
trons, is like a diffuse "cloud" 
spread throughout the volume 
of the atom. The electrons, if 
stimulated, can vibrate in place 
to produce light waves. 

Figure 8.7 (below). Ernest 
Rutherford's scattering experi-
ment. The alpha particles, 
which were known to have 
much more mass than an elec-
tron, emerge from the source in 
a narrow beam at high speed 
and strike the gold foil target. 
Most of the alphas continue 
undeflected through the foil in a 
straight line, but some are de-
flected at various angles. The 
physicist sits in darkness for 
long periods, counting the 
bright flashes on the circular 
screen created by the impacts of 
the deflected alpha particles. 
Rutherford found that the num-
ber of alphas he counted at 
various angles did not match 
the predictions of the Thomson 
model (above). In particular, 
Rutherford was astounded (see 
quote on next page) to find a 
very few flashes showing that 
the alphas were occasionally 
bouncing backwards. He ini-
tially thought that such flashes 
could not be genuine. 
It is extraordinarily unlikely 
that Thomson's plum pudding 
model (above) would bounce a 
heavy alpha particle back-
wards. Thus Rutherford in-
vented another model, with the 
positive charge concentrated in 
a tiny but heavy nucleus. 
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the same size as an atom. The small, relatively light electrons were 
sprinkled throughout this region, somewhat like seeds in a watermelon 
or raisins in a plum pudding (Fig. 8.6). Since the negatively charged 
electrons repel one another, they tend to spread apart. The attraction of 
the positive charge, however, kept them from separating completely. 

Thomson concluded that the electrons in this model should arrange 
themselves in ring-like layers. He also thought that atoms were held 
together in molecules and crystals by electrical forces between the un-
balanced charges that are created when electrons are lost by one atom 
(which is then electrically positive) and are acquired by another atom 
(which is then electrically negative). In addition, Thomson tried, only 
partially successfully, to estimate how the electrons might vibrate so he 
could predict the frequencies of the emitted electromagnetic radiation.  

Rutherford's experiment. An investigation conducted in Ernest Ruth-
erford's laboratory in 1908 yielded a surprising result that could not be 
interpreted with the Thomson model for the atom. An extremely thin 
gold foil was bombarded with alpha rays, which are the disintegration 
products of the radioactive element radium (Fig. 8.7). From their inter-
action with magnets and electric charges, it was known that alpha rays 
are positively charged and are about 8000 times as massive as elec-
trons. Most of the alpha rays that impinged on the foil went through 
without a measurable deflection, but a very small number were de-
flected by more than 90°, that is, back towards the source.  Apparently, 
the deflected alpha rays hit something that was present here and there 
in the gold foil 

In the Thomson model, the electrons were present "here and there." 
Could they have deflected the alpha rays? The very low mass of the 
electrons compared to that of the alpha rays meant that none of the al-
phas should be deflected by more than 90°, or backwards. All deflec-
tions from electrons should be small and none large (Fig. 8.8 and 
Figure 8.9a). But Rutherford's many experiments clearly showed that 
this was not true; therefore, he had to devise his own model for the way 
the electrons and the positive charge were arranged in the atom. 

Figure 8.8 Analogue model 
for the collision of an alpha 
ray with an electron: a 15-
inch shell hits tissue paper, as 
suggested by Ernest Ruther-
ford in quote below to left. 
Would you expect the shell 
(or the alpha ray) to bounce 
back? Estimate the ratio of 
masses - this gives a rough 
estimate of the probability 
that the shell would bounce 
back. 
 

Ernest Rutherford (1871-
1937) was a New Zealander 
who came to England on a 
scholarship in 1895. After 
three years as a student of J. 
J. Thomson at Cambridge, he 
accepted a professorship at 
McGill University, Canada. 
Rutherford showed such vir-
tuosity as an experimentalist 
that he was brought to Man-
chester as director of a re-
search laboratory in 1907. At 
Manchester, Rutherford de-
veloped his nuclear model of 
the atom. An extraordinarily 
warm, perceptive, and stimu-
lating man, Rutherford fos-
tered and influenced an 
amazingly gifted group of 
young men, including Niels 
Bohr. 
 
"It was quite the most in-
credible event that has ever 
happened to me in my life. It 
was almost as incredible as if 
you had fired a fifteen-inch 
shell at a piece of tissue pa-
per and it came back and hit 
you." [see Figure 8.8 above]  

Ernest Rutherford
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Rutherford's nuclear model. If the electrons weren't heavy enough to 
bounce the alpha rays back, what else in the atom could do it? Rutherford 
therefore thought further about the positive charge in the atom, which 
Thomson's model represented as being spread out like a cloud, but which 
included almost all the mass of the atom. Perhaps it was not spread out; 
perhaps it was actually concentrated with all its mass in a very small re-
gion of space. If alpha rays strike such a small, massive object head on, 
they would recoil in the direction from which they came or be deflected 
by large angles, as shown in Figure 8.9b. The alpha rays are like random 
"bullets" striking a target; only the ones that happen to hit the "bull's-eye" 
(the positive charge) would be deflected by large angles. Most of the al-
pha rays would simply continue in a straight line. The percentage of de-
flected alphas should be directly related to the size of the bull's-eye.  

On the basis of this relationship Rutherford estimated the size of 
"bull's-eye," that is, the region occupied by the positive charge within the 
atom. Rutherford found that this region was much, much smaller than the 
size of a gold atom. Rutherford called this small, massive, positive 
charge the nucleus of the atom.  

The atomic model invented by Rutherford, called the nuclear atom, 
has stood the test of time and, with many refinements, is still accepted 
today. However, when Rutherford proposed the nuclear model, there 
were many serious difficulties and various "mysteries" associated with 
this new model. We will now explain these problems and how they were 
resolved, which laid the groundwork for quantum theory.  

Difficulties of the nuclear model. One of the mysteries was to ex-
plain how all the positive electric charge could remain clustered in a 
small region of space in spite of the enormous mutual repulsion of all 
the parts of the charge for one another. To solve this problem, it is nec-
essary to make a model for the atomic nucleus itself, showing the parts 
it is composed of and how they interact (Section 8.6). 

 

Figure 8.9  Deflection of al-
pha rays by a gold foil.  
(a) As predicted by Thom-
son's "plum pudding model," 
most alphas would be de-
flected by small angles, but 
none would be deflected by 
more than 90°. 
(b) As predicted by Ruther-
ford's nuclear model, most 
alphas would be undeflected, 
but a few would actually 
strike the nucleus and thus be 
deflected by substantial an-
gles. In addition, among al-
phas actually striking the 
nucleus, there would be a 
very few that would have 
"head-on" collisions. These 
alphas represent the very 
small, but not zero, number 
deflected by more than 90° 
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 The problem of atomic stability. A second mystery was why the nega-
tive electrons, which were strongly attracted by the positive nucleus, 
remained outside the nucleus and were not pulled into it. The first at-
tempt to resolve this mystery was not successful. Rutherford suggested 
that the atom is like a miniature solar system, with the light, negative 
electrons orbiting around the heavy, positive nucleus: the planetary 
model for the atom. Even though such an atom would not collapse im-
mediately, the relative motion of negative and positive charges was 
known to lead to the emission of electromagnetic waves, as in Hertz's 
spark gap experiments (Section 7.3). These waves should be observable 
as light emitted by atoms and would gradually rob the atoms of energy 
until the electrons eventually collapsed into the nucleus (Fig. 8.10). 
Since atoms are not observed to emit light until they collapse (in fact, 
they are stable and do not collapse), the planetary version of the nuclear 
atom did not seem satisfactory. 

The problem of line spectra. A third mystery was the line spectrum of 
light emitted by hot gases (Section 7.2). Hot gases emit light of selected 
frequencies, and the atomic models should give an explanation of the 
spectrum. The planetary nuclear atom led to the emission of light, as 
we have just explained, but the emission never stopped, and the fre-
quency varied as the electron spiraled with an increasing frequency on 
its way toward the nucleus. 

In spite of its difficulties, the nuclear atom also enjoyed successes. By 
studying the deflected alpha rays, Rutherford was able to determine the 
relative amounts of positive electric charge on various nuclei. He found 
that the positive charges on nuclei of different elements, such as car-
bon, aluminum, copper, and gold, varied in the same ratio as the atomic 
number of the element (Section 4.5). Since the negatively charged elec-
trons in an atom must neutralize the positive charge on the nucleus, the 
number of electrons is just equal to the atomic number and varied from 
one element to the next in the periodic table. This startling result ex-
plained how the atoms of various elements differed from one another; 
furthermore, it explained the significance of the chemists' atomic num-
ber in terms of the structure of atoms. 

Figure 8.10  In the plane-
tary model, the electron 
emits light and spirals into 
the nucleus as it loses 
more and more energy. 
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8.3 Bohr's model for the atom 
Bohr's theory. Niels Bohr, a young Danish theoretical physicist tem-

porarily working at Rutherford's laboratory, initiated a completely new 
approach to atomic models and achieved a decisive breakthrough in 
1912. He accepted the findings of Thomson and Rutherford, but he did 
not submit their models merely to the laws of motion and electromag-
netism as formulated by Newton and Maxwell, respectively. In addi-
tion, he was stimulated by the inconsistencies of the existing models to 
introduce new principles called quantum rules (stated to the  left), and 
he found that these solved all the difficulties associated with the elec-
tron motion and light emission in the nuclear atom. Equation 8.1 is one 
of the quantum rules, called Bohr's frequency condition. The quantum 
rules and the procedures for using them make up Bohr's theory. When 
Bohr applied the quantum rules to the nuclear model for the hydrogen 
atom, which is the simplest of all atoms in that it has only one electron, 
he obtained excellent quantitative agreement with observations of the 
hydrogen spectrum. This explanation of the frequencies of the light 
emitted and absorbed by the hydrogen atom was a startling success of 
Bohr's theory. 

A little later we will explain the details of the quantum rules and how 
to apply them. Now we will describe how they eliminate the critical 
difficulties of the nuclear model. 

States of an atom. In any model for atoms, the state of an atom is de-
scribed in terms of the arrangement and motion of its parts. Before 
Bohr, the radius of an electron's orbit around the nucleus was believed 
to become smaller and smaller as the electron lost energy by radiation 
and spiraled into the nucleus. The energy of the atom in any state was 
calculated from the speeds of the electron (kinetic energy) and the elec-
tric interaction among the electrons and the nucleus (electric field en-
ergy). With Bohr's rules, certain electron orbits and therefore certain 
states of atoms were selected, and all others were eliminated. The en-
ergy of each allowed state, however, was calculated from the kinetic 
and electric field energies as before. Each allowed state of an atom is 
called an energy level (Fig. 8.11). 

Two important consequences follow from the existence of energy lev-
els. First, there is an atomic state with the lowest permitted energy, 
called the ground state. An atom in the ground state cannot emit light, 
because emission of light would reduce its energy below the lowest 
permitted value. The ground state is, therefore, safe against collapse of 
the electrons into the nucleus. Second, when the atom is not in the 
ground state, it can emit light as the electron "jumps" from an orbit of 
higher energy to another of lower energy. The energy transferred to the 
light is a specific amount equal to the energy difference between the 
two states of the atom (Fig. 8.12). The frequency of the light can be 
calculated from the energy transfer according to the formula in Bohr's 
second rule and his frequency condition (Eq. 8.1). Hence the emission 
spectrum will consist only of the spectral lines arising from all the al-
lowed orbital "jumps" of the electrons; the spectrum will not be a com-
plete rainbow including all frequencies. 

Bohr's quantum rules:  
1. Only certain selected ones 
of all conceivable orbits of 
the planetary motion of the 
electrons around the nucleus 
are permissible.  
2. When an atom emits (or 
absorbs) light, it makes a 
quantum jump from one to 
another of the selected orbits. 
The energy transferred, 
called a quantum of energy, 
determines the frequency of 
the light, according to Eq. 
8.1. 
 
 
Equation 8.1 
 
energy transferred  = ∆E 
frequency of light  = f  
Planck's constant  = h 
 
 ∆E = hf  
 
Planck's constant h has a 
numerical value in the micro 
domain,  
 
 h = 6.6 x 10-34 kg-m2/sec 
 
It therefore does not influence 
macro-domain phenomena 
directly.  
 
 
" ... an electron of great ve-
locity in passing through an 
atom and colliding with the 
[bound] electrons will lose 
energy in distinct finite 
quanta ... very different from 
what we might expect if the 
result of the collisions was 
governed by the usual me-
chanical laws."  

Niels Bohr
Philosophical Magazine,

1913
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Revolutionary aspect of Bohr's rules. Bohr's theory provided a break-
through because it added to the accepted laws and principles of physics. 
It did not merely combine the accepted laws to obtain a new conclu-
sion. This is characteristic of a scientific revolution. 

Bohr’s rules do seem arbitrary and ad hoc, and they appear to conflict 
with other, well-established laws of physics. The question naturally 
arises why should Bohr's rules hold? In 1912 many physicists asked 
this question. However, a "why" question of this type is more a phi-
losophical than a scientific question. The quantum rules are an integral 
part of Bohr's model: the rules must be accepted if the model is suc-
cessful and rejected, or modified, if it fails. If a second successful 
model is available, we could choose the one that better satisfies our 
curiosity or preferences. But, in 1912, calculations based on Bohr's the-
ory, and no other, produced sensible results that agreed precisely with 
the observed frequencies of light emitted and absorbed by the hydrogen 
atom. With only one model, we do not have a choice. Nevertheless, 
many of Bohr's contemporaries questioned the new theory, and several 
years passed before the quantum rules were accepted for their value. 

Quantum ideas before Bohr. The idea of the quantum (and the asso-
ciated idea that micro-domain systems had discrete, not continuous, 

Niels Bohr (1885-1962) had just 
received his doctorate in Den-
mark when he went to England 
in 1911. He joined Rutherford's 
research group in Manchester, 
the "home" of the nuclear model 
of the atom. Bohr was intimately 
familiar with the latest physics 
theory (mostly developed in con-
tinental Europe, especially Ger-
many, England's archrival) 
which revealed the stubborn 
contradictions and difficulties 
inherent in the nuclear model, 
and he had a remarkable capac-
ity to connect with others as well 
as boundless enthusiasm for 
discussing the details of appar-
ently conflicting ideas. The 26 
year-old Danish theorist re-
sponded to the stimulation of 
Rutherford's lab with an ex-
traordinary burst of creativity: 
audaciously inventing his own 
new "quantum rules" and using 
them, together with the latest 
theory, to resolve the well-known 
problems delaying acceptance of 
the nuclear atom. For this work, 
published in 1913 and 1915 
(while Europe was entering 
World War I), Bohr was 
awarded the Nobel Prize in 
1922.  

Bohr's scientific genius was 
equaled by his courage, compas-
sion, and wisdom. During World 
War II he helped rescue thou-
sands of Jewish refugees by 
smuggling them out of Nazi-
occupied Denmark to the safety 
of Sweden. Bohr's last years as 
Director of the Copenhagen In-
stitute for Theoretical Physics 
were distinguished by unceasing 
efforts to secure international 
peace in an age threatened by 
nuclear holocaust. 

Figure 8.12  The 
frequencies of emitted 
spectral lines are found 
from the energy 
differences on an energy 
level diagram. 

Figure 8.11  Diagram to 
represent the allowed 
states of an atom. Each 
line represents one state 
allowed by Bohr's 
quantum rules. The 
distance between lines 
represents the energy 
difference between the 
states. The diagram is 
called an energy level 
diagram. 
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energy levels, as shown in Figure 8.12) did not originate with Bohr. 
Max Planck (1858-1947) had introduced it into the theory of light 
emission from glowing solids (Section 7.2). Planck used the micro-
domain model that represented a solid as a system of electrically 
charged oscillators (Section 7-3). To explain the data, Planck assumed 
that only selected states of the oscillators could radiate their energy and 
that the energies of these states were directly proportional to the oscilla-
tor frequency (Eq. 8.2). The formula relating the energy to the fre-
quency depended on a new number, which Planck called the quantum 
of action (symbol h). This number (now called Planck's constant) and 
formula were similar to the ones introduced later by Bohr. 

A few years after Planck's work, Einstein applied the quantum con-
cept to the photoelectric effect (Fig. 8.13). When light is absorbed by 
certain metals, electrons may be ejected from the metal surface. The 
frequency of the light and the kinetic energy of the electrons were 
measured and compared. Below a certain frequency, no electrons were 
emitted. Above that frequency, the kinetic energy increased in a regular 
fashion when the light frequency was increased. Einstein found he 
could explain the experimental measurements in terms of energy trans-
fer from the light to each ejected electron with the following assump-
tion: radiant energy can be transferred to one electron only in certain 
definite amounts, called a quantum. The energy of one quantum of light 
is directly proportional to its frequency, with Planck's constant again 
making its appearance (Eq. 8.3). 

Quantum number—Applications of Bohr's quantum rules. Bohr 
used Planck's constant and the electron momentum for the application 
of his first quantum rule to specific cases. You will recall that the mo-
mentum of a particle is its inertial mass multiplied by its speed (Eq. 
3.1). The allowed circular orbits (quantum states) of Bohr's first rule are 
selected with the requirement that the electron momentum multiplied 
by the circumference of the orbit is equal to a whole number times 
Planck's constant (Fig. 8.14 and Eq. 8.4). The whole number n that ap-
pears in Eq. 8.4 is called a quantum number. This is known as quantiza-
tion in which some quantity (in this case, 2πrM) can have only certain 
restricted values that are multiples of a basic quantity (in this case h). 

Equation 8.2  
 
energy of oscillator   = E 
frequency of oscillator = f  
Planck's constant  = h 
 E = hf 
 
"While this constant was ab-
solutely indispensible to the 
attainment of a correct ex-
pression ... it obstinately 
withstood all attempts at fit-
ting it, in any suitable form, 
into the frame of a classical 
theory."  

Max Planck
Nobel Prize address, 1920

Equation 8.3  
energy of 1 quantum   = E  
 E = hf  
 
Equation 8.4  
electron momentum = M 
orbit circumference  = 2π r  
quantum number = n  
 2 π r M  =  nh 
 (n  =  1, 2, 3, 4 ...) 
 
Equation 8.4 restricts the 
radius and momentum of the 
electron to only certain al-
lowed values. The radius r 
and the momentum M  must 
have values that fit into one 
of the following: 
2π rM  =  h, or  
2π rM  =  2h, or  
2π rM  =  3h, and so on…. 

Figure 8.13 (to the right) 
The photoelectric effect. 
When ultraviolet light illu-
minates copper plate A, elec-
trons are emitted by the 
copper plate, leaving it with 
a positive electric charge. 
The electrons are absorbed 
by copper plate B, giving it a 
negative electric charge.  
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 In Bohr's second rule, the energy transferred when an electron jumps 
from one orbit to another is directly proportional to the light frequency 
(in (Eq. 8.1) in the same relation with Planck's constant as found by 
Planck and Einstein (Eqs. 8.2 and 8.3). The quantity of energy trans-
ferred can be expressed by means of the quantum numbers of the two 
orbits. As we stated above, this model predicts quite accurately the ob-
served spectrum of the hydrogen atom. This outstanding success of 
Bohr's theory made it very attractive to many physicists in spite of its 
revolutionary nature, and intensive research to test its implications was 
undertaken. 

Limitations of Bohr's theory. With the passage of time and accumu-
lation of new, more precise data, Bohr's theory had to be modified in 
minor ways. However, more serious inadequacies were revealed in its 
applications to complex atoms containing many electrons. Bohr's the-
ory led to the conclusion that all the electrons in the atom's ground state 
would occupy the same orbit close to the nucleus. Both the spectra and 
the sizes of atoms, however, indicated that this did not happen, but that 
electrons arranged themselves in different orbits, some close to the nu-
cleus, some farther away. Furthermore, the repulsive interaction of the 
electrons with one another could not be included satisfactorily in the 
theory. The difficulty of treating systems containing many electrons 
made it impossible to apply the model to the formation of molecules 
out of atoms, because all molecules do include many electrons. 

In addition, the model suffered from the philosophical weakness that 
it combined the old laws of Newton and Maxwell with the new quan-
tum rules. This rather capricious combination was unattractive for some 
physicists, who could not see clearly just when the old and when the 
new was to be employed. Nevertheless, Bohr's theory was the first step, 
the breakthrough, of a scientific revolution in the theories and models 
for micro-domain physical systems. This revolution, which reached its 
climax in the nineteen twenties, was throughout inspired and guided by 
Bohr. 

8.4 The wave mechanical atom 
In Bohr's mysterious quantization, the electron momentum multiplied 

by the orbit's circumference is equal to a whole number times Planck's 
constant (Eq. 8.4). Another way to state this condition is that the length 

Figure 8.14 Electron in 
circular orbit around the 
nucleus. The radius of the 
orbit is r, the circumfer-
ence is 2πr. 
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of the path of the electron in its orbit (2πr) is a whole number times 
Planck's constant divided by the electron momentum (Eq. 8.5) 

Electron waves. Now, this relation reminded the French physicist 
Louis de Broglie of the condition for the wavelength of waves permit-
ted in a tuned system (Eq. 8.6; see Eq. 6.4). Using Bohr's model for the 
atom, de Broglie interpreted the circumference of the orbit as the length 
of the tuned system. By comparing Eqs. 8.5 and 8.6 and identifying the 
circumference, 2πr, with L, we can see the close similarity between 
h/M  and the wavelength, λ. De Broglie therefore introduced the idea 
that the motion of electrons is governed by a wave whose wavelength is 
inversely proportional to the electron momentum (Eq. 8.7a) and whose 
wave number (k = 1/λ) is therefore directly proportional to the momen-
tum (Eq. 8.7b). An atom is thus viewed as a tuned system that contains 
standing waves of one or more electrons. The electrons are refracted 
around the positively charged nucleus by its electrical field, which af-
fects electron waves in the same way that a change of index of refrac-
tion affects light waves (Fig. 8.5). 

Free electrons. If the motion of electrons is really governed by waves 
while they orbit the nucleus, the same should be true for electrons in a 
cathode-ray beam. Such electrons should therefore be diffracted by a 
suitable "grating" whose slits are separated by a distance comparable to 
the wavelength as given in Eq. 6.13. A nickel crystal provides such a 
grating. And, as we pointed out in Section 8.1, Davisson and Germer 
accurately verified this prediction of de Broglie's model. 

Wave mechanics. The branch of physics in which the motion of elec-
trons is represented as wave propagation is called wave mechanics. 
Electron waves are diffracted by obstacles. They are refracted when 
passing through the electric fields of the nucleus and of other electrons. 
The computational method for finding electron standing wave patterns 
was developed by the Austrian physicist Erwin Schrödinger and has 
been successfully applied to simple atoms and molecules. In principle, 
wave mechanical calculations make it possible to compute the physical 
and chemical properties of all substances. In practice, the calculations 
could be done for only the simplest atoms. At that time, the calculations 
for atoms with more than 2 or 3 electrons  were much too complicated; 
now high-speed computers have successfully calculated the properties 

Figure 8.15 Diagram 
showing electron waves 
refracted around the 
nucleus. Four wave 
maxima and four minima 
are shown. Compare 
with Fig. 8.14, which 
represents the orbit of 
electron particles. 

Equation 8.5 
 
2 π r = n (h /M) 
 
(n = 1, 2, 3, ...) 

Equation 8.6  
length of tuned system  = L  
wavelength   = λ 
number of waves  = n 
 
 L = nλ 
 
Equation 8.7  
wave number  = k  
 

λ = h /M    (a) 
 
k = M / h   (b) 
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of many atoms and molecules; thus confirming the validity of the wave 
mechanical model to extremely high accuracy.  

Electron waves in atoms and molecules. According to the wave me-
chanical model, therefore, an atom consists of a small nucleus sur-
rounded by a standing wave of one or more electrons. The atom is very 
much larger than the nucleus, with most of its space occupied by the 
electron waves. The size of the atom is approximately equal to one or a 
few wavelengths of the electron waves forming a standing wave pat-
tern. The atomic collapse predicted in the particle model for the elec-
tron does not occur because the particle description is not applicable. 
The separation of adjacent atoms in a molecule or crystal is maintained 
by the mutual repulsion of the negatively charged electron waves sur-
rounding the nuclei of adjacent atoms. The formation of molecules is 
explained by the partial merging of certain electron waves, called va-
lence electrons, for which the attraction by the adjacent nucleus is 
stronger than the repulsion by the adjacent electron wave. 

Interaction of atoms with light. The wave mechanical model retains 
the concept of quantum jumps in which the electron gains or loses en-
ergy when the atom absorbs or emits light. In a quantum jump, the elec-
tron standing wave patterns are transformed from those of the initial 
state to those of the final state. The frequency of the light, still deter-
mined by Bohr's frequency condition (Eq. 8.1), is directly proportional 
to the energy gain or loss. Schrödinger's mathematical formulation, 
however, makes it possible not only to calculate the frequency but also 
to relate the intensity of the emitted light to the standing wave patterns 
in the atom's initial and final states. 

8.5 Wave particle duality and the uncertainty principle 
You may wonder how it is possible to reconcile the particle and wave 

models for the electron. Cathode rays were originally invented as the 
intermediaries in an interaction-at-a-distance between the cathode and 
the glass of the discharge tube. When it was found that they possessed 
electric charge and inertial mass, a particle model became accepted; the 
particles were called electrons. Later, the diffraction experiments gave 
evidence of the electron's wave nature. 

The answer to the question "Where is the electric charge of the elec-
tron located?" illustrates the apparent contradictions between the two 
models. In the particle model, the charge is located at the position of 
the particle. In the wave model, the charge is spread throughout the re-
gion occupied by the wave; the electron is found more often (and the 
charge is more concentrated) where the wave has a large amplitude and 
the electron is found less often (and the charge is less concentrated) 
where the wave has a small amplitude. It should be possible, you may 
say, to find the correct model by means of an experiment. Unfortu-
nately, as we will explain below, the experiments that can be carried out 
do not help to distinguish between the two models. As a matter of fact, 
there was a famous years-long debate  between Einstein and Bohr, in  

Louis Victor de Broglie 
(1892-1987) is unique 
among great physicists 
because he became inter-
ested in physics at an age 
when most physicists have 
completed their major 
work, and even this late 
start was interrupted by 
service in the army during 
World War I. After the war, 
in his brother's scientific 
laboratory, the idea that 
electrons may be consid-
ered to have wave proper-
ties occurred to him. This 
theory, delivered in his 
doctoral thesis, Recherches 
sur la Theorie des Quanta, 
in 1924, won de Broglie the 
Nobel Prize in 1929.  
 
Erwin Schrödinger (1887-
1960) was born and edu-
cated in Vienna. Violently 
anti-Nazi, Schrödinger 
barely escaped a concen-
tration camp by fleeing 
Austria in 1940. Most of 
his last years were spent as 
director of the Institute for 
Advanced Studies in Dub-
lin, Ireland, where his in-
terest was attracted to 
questions related to the 
nature of life. In 1924 and 
1925 Schrödinger devel-
oped wave mechanics using 
de Broglie's idea that sta-
tionary states in atoms cor-
respond to standing matter 
waves. For this distin-
guished work, Schrödinger 
shared the Nobel Prize 
with P. A. M. Dirac in 
1933. 
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which Einstein tried to find weaknesses in the quantum theory, but in 
which (in the opinion of most physicists today) Bohr actually found the 
weaknesses of Einstein's objections. 

 
The effect of measurement on the state of a system. Consider the fol-

lowing simple example. A blind person tries to find the location of a 
glass marble on a table. He feels with his hands, measuring from the 
edges of the table, until his fingers touch the marble. Then he knows 
where he found it, but he will also have bumped it slightly and nudged 
it to a new location. 

In any real experiment, some "nudging" of the system under study 
always takes place. What we tend to do, however, is to idealize by 
imagining a very, very gentle "nudge"—just enough, as it were, to tell 
the blind person that he has found the marble, but not enough to dis-
place it. You can readily see that this ideal does not really exist, that 
finding the marble will always influence the marble, and observing a 
system will always influence or disturb the system in some way. 

Even though the scientist has much more delicate instruments than 
the blind man's hands, the quantization of energy limits the "gentle-
ness" with which he can operate. When he detects the position of the 
electron, there has to be some interaction and energy transfer between 
the electron and the measuring instrument. The smallest amount of en-
ergy that can be transferred is 1 quantum. Since the electron's inertial 
mass is very small, even the transfer of a very small amount of energy 
greatly affects its state. 

 
Probability interpretation. The structure of the quantum theory, in 

other words, makes it impossible to carry out operations that identify an 
electron definitely as a wave or a particle. When you treat the electron 
as a particle and direct it through a small opening, the resulting diffrac-
tion pattern reminds you of its wave nature. When you treat the electron 
as a wave and try to separate a portion of the wave pattern from the 
remainder, you find that you get either all of it or none of it, as you 
would for a particle. The question "Is the electron a wave or a particle?" 
therefore does not have an operational meaning within the theory. 

Nevertheless, there is a relationship between the two views. The am-
plitude of the electron wave can be related to the probability for locat-
ing the charge of the electron. Suppose, for example, an investigator 
makes many measurements of the position of the electron's charge in 
the ground state of an atom. He then finds the charge frequently (that is, 
with high probability) in regions where the wave has a large amplitude 
(Fig. 8.15). He finds the charge rarely (that is, with low probability) in 
regions where the wave has a small amplitude. He has to make many 
observations, however, and each time he finds all or none of the charge 
of the electron at the position he is observing. 

 
Electron wave packets. Another way to reconcile the wave and parti-

cle models is to represent the electron as a wave packet. A wave 

"Like following life through 
creatures you dissect, You 
lose it in the moment you 
detect."  

Alexander Pope
Essay on Man, 1732

The letters below illustrate 
the long-running debate be-
tween Bohr and Einstein 
about the probability inter-
pretation of quantum theory. 
In 1949 (when quantum  the-
ory, including the probability 
interpretation, had been well 
accepted by essentially the 
entire physics community) 
Bohr sent a letter to Einstein 
wishing him a happy 70th 
birthday. 
Einstein wrote back, thanking 
Bohr for his good wishes and 
added, "This is one of the 
occasions, which is not de-
pendent on the disquieting 
question if God throws the 
dice or if we should hold on 
to the available physical de-
scription of realities." 
Bohr then wrote back, ". . .To 
continue in the same jocular 
tone, I have no choice but to 
say on this painful issue that 
it really doesn't matter in my 
opinion whether or not we 
should hold on to the physical 
description of accessible re-
alities or further pursue the 
path you have shown and 
recognize the logical assump-
tions for the description of 
realities. In my impertinent 
way I would suggest that no-
body—not even God him-
self—would know what a 
phrase like playing dice 
would mean in that context." 
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packet differs from a single wave train in that it does not extend 
throughout space. It differs from a particle in that it is not localized at 
one point. Wave packets are described by an uncertainty principle (Eq. 
8.8), which was explained in Section 6.2. This principle applies to elec-
tron waves also. 

We will now interpret the uncertainty principle for electron wave 
packets. The size ∆s of the wave packet (Fig. 8.16) is interpreted as the 
uncertainty in the position of the electron. The uncertainty ∆k in the 
wave number is interpreted as an uncertainty in the momentum of the 
electron (Eq. 8.9, derived from de Broglie's relation Eq. 8.7b). You can 
therefore infer an uncertainty relation between the position and the 
momentum of the electron (Eq. 8.10). The smaller the uncertainty in 
the position, the larger the uncertainty in momentum. And vice versa. It 
is not possible to find the precise position and momentum of an elec-
tron simultaneously. This property of an electron means that it cannot 
be described by a particle model. 

Matter waves. Experiments with beams of alpha rays, atomic nuclei, 
and even entire atoms and molecules have shown that these, too, are dif-
fracted; in other words, their motion is in accord with the theory of wave 
propagation. You may now ask, "Where does this end? Does all matter 
exhibit wave properties?" The answer is, in principle, yes. A wave packet 
is associated with every material system. In practice, however, the wave-
lengths of systems in the macro domain are so small that diffraction ef-
fects are undetectable for them. The uncertainty principle, for example, 
reveals that a speck of dust with a mass of 1 milligram can be treated as a 
"particle" with negligible uncertainty of position and momentum, even 
though an electron cannot be treated as such (Example 8.1). The reason 
is the micro-domain numerical value of Planck's constant. 

Figure 8.16 An electron wave packet of size As. 
Equation 8.8  
 
size of the wave packet
 = ∆s  
uncertainty in wave number 
 = ∆k  
 
 ∆s ∆k  = 1  
 
 
Equation 8.9  
 
uncertainty in wave number   
 = ∆k  
uncertainty in momentum  
 = ∆M    
 
 ∆k =  ∆M / h  
 
Equation 8.10  
 
 ∆s ∆M  = h 
 
You must remember that a par-
ticle is an idealized object used 
in the construction of models. A 
particle occupies a point in 
space and has inertial mass, 
speed, and momentum. A wave 
packet is an alternative, some-
what more complex, idealized 
object which we use instead of a 
particle in constructing models 
in the micro domain.  
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8.6 The atomic nucleus 
In the preceding section, the atomic nucleus was described as a mas-

sive, positively charged particle whose electric field refracted the elec-
trons into a standing wave around the nucleus. As a matter of fact, 
scientists have formulated models for the nucleus itself as a complex 
system of interacting parts, a system capable of acting as energy source 
or energy receiver by changing its state. 

Radioactivity. Already before Rutherford's invention of the nuclear 
atom, mysterious rays (including Rutherford's alpha rays) had been ob-
served by Henri Becquerel to affect photographic plates near certain 
materials, especially compounds containing uranium, and had been 
given the name radioactivity. These rays were soon identified by their 
interaction with a magnetic field as having three components (Fig. 
8.17): massive, positively charged alpha rays (Rutherford's tool for dis-
covering the nucleus); light, negatively charged beta rays (later identi-
fied as electrons); and electrically uncharged gamma rays, which acted 
similarly to X rays (later identified as electromagnetic radiation). Sci-
entists studied the rays and the sources intensively, finding that certain 
elements must be the source of the rays and that, amazingly enough, 
these elements seemed to be "decaying" into new elements (the objec-
tive of the alchemists' centuries-old, but unsuccessful, quest). Initially, 
because the rate of all known chemical reactions depended on tempera-
ture, it also seemed obvious that the rate at which the rays were emitted 
should depend on temperature, or on the specific other elements with 
which the radioactive elements were combined. However, many studies 
established conclusively the opposite: the rate of radioactivity de-
pended only on the amount of the particular radioactive elements pre-
sent, and neither on the temperature nor anything else. 

Radioactive elements each 
have a characteristic half-
life (the time it takes for 
half of a sample of the ele-
ment to decay into another 
element, leaving one half of 
the original element). The 
half-life of radium is about 
1600 years, and uranium's 
is almost five billion years! 
On the other hand, the 
half-life of other radioac-
tive elements is a tiny frac-
tion of a second. 
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The discovery of helium in radioactive ores and the experimental 
similarity of alpha rays to electrically charged helium atoms led Ruth-
erford in 1903 to the conclusion that radioactivity was a breakdown of 
an atom of one element into an atom of another element. Uranium was 
gradually converted to radium and finally to lead, with alpha rays being 
emitted. The alpha rays then form helium atoms, which accumulate in 
the material. 

This was the first serious attack on the concept that atoms were indi-
visible and immutable. (The next major step was Rutherford's invention 
of the nuclear atom.) The electric charges, masses, and energies ob-
served in radioactivity quickly led Rutherford to the further conviction 
that radioactivity was a breakdown of the nucleus itself and did not in-
volve the atomic electrons in a significant way. From the very begin-
ning of the nuclear model it was clear that the nucleus was divisible and 
changeable. It was natural, therefore, for Rutherford to be puzzled that 
the positive charges in the nucleus held together as well as they did. 
Because of the mutual electrical repulsion of the positive charges, he 
wondered why every atomic nucleus did not disintegrate, as radioactive 
nuclei in fact do when they emit alpha rays. 

Modern nuclear models. According to the currently accepted model, 
the atomic nucleus consists of positively charged constituents called 
protons and electrically neutral constituents called neutrons, all re-
fracted into a standing wave pattern by their interaction. Neutrons and 
protons have approximately the same mass, but each is about 2000 
times as massive as an electron. The nucleus of a hydrogen atom is one 
proton, an alpha ray consists of two protons and two neutrons, an oxy-
gen nucleus includes eight protons and eight neutrons, and a uranium 
nucleus contains 92 protons and 143 to 146 neutrons. 

Atomic number. The positive electric charge of the proton is 

Henri Becquerel (1852-1908) 
studied at the Ecole Poly-
technique, where he was ap-
pointed a demonstrator in 
1875 and a professor in 1895.
His accidental discovery of 
radioactivity in 1896 trig-
gered an avalanche of re-
search into radioactivity and 
its source in the atomic nu-
cleus. 
 
" I particularly insist on the 
following fact, which appears 
to me exceedingly important 
and not in accord with the 
phenomena which one might 
expect to observe: the same 
encrusted crystals placed 
with respect to the photo-
graphic plates in the same 
conditions and acting 
through the same screens, but 
protected from the excitation 
of incident rays and kept in 
the dark, still produce the 
same photographic effects."  

Henri Becquerel
Comptes Rendus, 1896

Figure 8.17  Becquerel's separation of alpha, beta, and gamma rays by using a 
magnetic field. Compare the deflections with those of cathode rays in Figure 
8.4. 
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equal in magnitude to the negative electric charge of the electron. 
Therefore, the hydrogen atom composed of one proton and one electron 
is electrically neutral. The number of protons determines the total posi-
tive electric charge of the nucleus, and this, in turn, determines the 
number of electrons that are bound in the neutral atom (Fig. 8.18). The 
number of electrons, finally, determines the chemical properties of an 
element (Section 8.2). The chemical properties, in this model, are there-
fore traceable to the number of protons in an atomic nucleus of the 
element. The number of neutrons in the nucleus does not play a role in 
an element's chemical properties but it does contribute to the mass of 
the nucleus and to its stability. 

Figure 8.18 (above)  
The composition of 
four electrically neu-
tral atoms. The num-
bers of electrons and 
protons are always 
equal. 

Figure 8.19  Diagram-
matic representation of 
isotopes.  
(a) Isotopes of hydrogen. 
(b) Isotopes of carbon. 
(c) Isotopes of uranium. 
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Isotopes. The name "isotope" is given to atoms of one element whose 
nuclei differ only in their number of neutrons (Fig. 8.19). Most ele-
ments have one or a few known stable isotopes and a few radioactive 
isotopes, which emit beta rays. The radioactive isotopes are thereby 
transformed into stable isotopes of another element. Isotopes have 
found many uses in industry, science, and medicine (Fig. 8.20). 

Nuclear stability. Like electrons, both neutrons and protons exhibit 
wave-particle duality and obey the uncertainty principle. Most impor-
tant, protons and neutrons participate in a non-electrical attractive in-
teraction-at-a-distance, which binds them to form stable nuclei. The 
interaction, called the nuclear interaction, is much stronger than the 
electrical repulsion for inter-particle distances less than about 10-15 me-
ters, but it becomes exceedingly weak for larger distances. The nuclear 
interaction acts over such extremely small distances that not even the 
nuclei of adjacent atoms in solids or liquids are affected. Consequently, 
there are no macro-domain manifestations of the nuclear interaction 
and it does not play a role in everyday phenomena. 

The role of the neutrons in the nucleus appears to be one of stabilizing 
the nuclear system. They participate in the strong attractive 

Figure 8.20  Application of radioactive isotopes.  
(a) Radioactive carbon is being used in this drug metabolism study. 
Drugs labeled with radioactive materials yield information about 
concentration of compounds in tissue and about molecular struc-
tures, and provide clues to biosynthesis and interactions of normal 
body chemicals.  
(b) The first "radio autograph" made in the dark with an artificial 
isotope of phosphorus. The isotope, produced in E. O. Lawrence's 
cyclotron, shows its presence in the leaf by affecting the photo-
graphic plate on which the leaf was placed.  
(c) Radio autograph of a sliced tomato fed with a trace of radioac-
tive zinc. The lightest spots show where the radioactivity is strong-
est. What can you infer about the role of zinc in growing tomatoes?

In the high temperatures at 
the center of stars atomic 
nuclei become separated 
from their electrons. Thus, 
the nuclei are not surrounded 
by mutually repelling elec-
tron waves; therefore, the 
nuclei can interact with each 
other when they collide. In 
fact, such collisions result in 
the large nuclear energy re-
lease that, in turn, maintains 
the high temperature of the 
sun and stars. 
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nuclear interaction and not in the mutual electrical repulsion of the pro-
tons. Stable nuclei contain a number of neutrons about equal to or 
somewhat larger than the number of protons (Figs. 8.19 and 8.20). Nu-
clei that deviate from the ideal are radioactive and disintegrate by the 
emission of alpha or beta rays to form more stable nuclei. 

Nuclear reactions. The accelerator is a research tool that has made 
possible the systematic study of atomic nuclei and their properties. An 
accelerator produces a beam of protons, electrons, or alpha rays with 
very high kinetic energy. The first of these machines was the cyclotron 
invented by E. O. Lawrence in 1931 (Fig. 8.21). Since then, new fami-
lies of accelerators have been designed and built to study the properties 
of nuclei during highly energetic collisions. 

When the energetic rays produced by an accelerator interact with the 
nuclei in a target such as thin aluminum foil, they set off a series of 
changes in the state of the target nucleus. These changes are called nu-
clear reactions (analogous to chemical reactions). The result is the for-
mation of new nuclei with a changed number of neutrons and protons. 
Frequently these nuclei are radioactive isotopes and are useful in scien-
tific research and in medicine. 

Energy transfer. One of the most important practical outcomes of the 
study of radioactivity and nuclear reactions was the discovery that nu-
clear transformations involve very a large energy transfer from nuclear 
field energy to kinetic energy of the reaction products. This is easy to 
understand in the light of the model we have presented above. The nu-
cleus consists of very strongly interacting neutrons and protons. When 
the standing wave pattern of these is changed, the nuclear energy stored 
in the system is changed, with the energy difference being transferred  

Ernest O. Lawrence (1902-
1958), the father of the mod-
ern accelerator, was profes-
sor of physics at the 
University of California at 
Berkeley and the first director 
of the university's famed Ra-
diation Laboratory. For his 
researches in atomic struc-
ture, development of the cy-
clotron, and its use in 
artificially induced radioac-
tivity, Lawrence won the No-
bel Prize in 1939. During 
World War II, he was one of 
the chief participants in the 
race to develop the atomic 
bomb before the Germans 

Figure 8.21  The cyclotron. 
(a) Lawrence's first cyclotron 
chambers, 1930. 
(b) The 184-inch cyclotron at the 
Lawrence Radiation Laboratory, 
Berkeley, in about 1969. 
Note the difference in size! 
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to other forms, such as kinetic energy of the nuclear reaction products. 
Interestingly enough, the change in energy of a nucleus (as deter-

mined by the energy transfer to other forms) also manifests itself as a 
change in the mass of the nucleus. The energy transfer and the mass 
change are directly proportional (Eq. 8-11), as predicted by Einstein in 
his special theory of relativity in 1905. 

 
Nuclear fission. A nuclear reaction in which an especially large 

amount of nuclear energy is released is the process of fission. Very 
large nuclei, such as uranium, are capable of fission when they are 
bombarded by neutrons. In the fission process, a neutron interacts with 
the uranium nucleus, which then disintegrates into two very energetic 
nuclear fragments (of about half the mass of uranium) and two or three 
neutrons (Fig. 8.22). The nuclear fragments transfer their kinetic energy 
to atoms with which they collide and thereby increase the temperature 
of the material in which the fissioning nucleus was embedded. In this 
process, nuclear energy is transformed into thermal energy, with the 
fission fragments acting as intermediate energy receivers and sources. 

Nuclear chain reactions. The utilization of nuclear fission for macro-
scopic energy transfer requires the fissioning of large numbers of ura-
nium nuclei. This has been accomplished successfully by using the 
principle of the chain reaction. One neutron is required to trigger the 
fission process, and two or three neutrons are produced. If one of the 
latter neutrons is allowed to fission a second uranium nucleus, 

Figure 8.22 Diagram 
of the nuclear fission 
process. The isotope 
uranium-235 is espe-
cially susceptible to 
fission after being 
struck by a neutron.  

Equation 8.11  
energy transfer  = ∆E  
change in mass  = ∆MI 
speed of light  = c  
 
 ∆E= ∆MI c2 
 
"If a body gives off the energy E 
in the form of radiation, its 
mass diminishes by E/ c2. The 
fact that the energy withdrawn 
from the body becomes energy 
of radiation evidently makes no 
difference, so that we are led to 
the more general conclusion 
that the mass of a body is a 
measure of its energy-content."  
 

Albert Einstein
Annalen der Physik, 1905
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and one of those produced then fissions a third, and so on, the process 
continues with the result that much nuclear energy is converted to 
thermal energy (Fig. 8.23a). 

The chain reaction can lead to a nuclear explosion, as in an atomic 
bomb, if two of the neutrons produced during a fission process trigger 
another fission process (Fig. 8.23b). Then one fission is followed by 

Figure 8.23  Self-sustaining 
chain reaction. The neu-
trons are represented by 
the small black dots. After 
a neutron strikes a uranium 
nucleus, the nucleus is 
likely to split (fission) into 
two smaller nuclei and emit 
other neutrons. These neu-
trons can be lost (leave the 
sample or be absorbed by 
impurities), or they can 
strike another uranium 
nucleus. 
 
(a) Non-explosive chain 
reaction, as in a nuclear 
power reactor.  If some 
neutrons are lost, so that 
exactly one neutron from 
each fission causes another 
fission, the number of chain 
reactions is maintained, 
and the amount of energy 
released stays constant.  
 
(b) Explosive chain reac-
tion, as in a bomb. If the 
loss of neutrons is mini-
mized, so that more than 
one neutron from each fis-
sion causes another fission, 
the number of fission reac-
tions multiplies, and the 
energy released grows rap-
idly without stopping. In 
this diagram, two neutrons 
from each fission are 
shown, each of which 
causes another fission re-
action. Thus the number of 
reactions doubles in each 
"generation." To see how 
extraordinarily fast such 
growth can be, calculate 
how much money you 
would have after a month if 
you earned one penny on 
the first day, two pennies 
on the second day, and so 
on. 
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two, the two by four, the four by eight, and so on, until (after about 70 
steps) all remaining nuclei fission at once with an enormous energy 
release equivalent to thousands of tons of TNT (Fig. 8.24).  

Nuclear reactors. To harness the chain reaction, it is necessary to 
have exactly one neutron propagate the process, not more and not less. 
An excess of neutrons leads to an explosion, a deficiency to extinction 
of the chain reaction. A nuclear reactor is a system in which a steady 
chain reaction is achieved by careful control of the neutron economy 
(Fig. 8.25). Some neutrons escape from the system, some neutrons are 
absorbed by structural members of the reactor, and some neutrons are 
absorbed without causing fission by cadmium or boron control rods. 
Everything is placed so that exactly one neutron per fission process 
sustains the reaction. As uranium in the reactor is depleted, the control 
rods are gradually withdrawn to compensate for the remaining ura-
nium's lowered efficiency. When the reactor is to be shut down, the 
control rods are inserted more deeply. A control mechanism that care-
fully monitors the level of neutron production supplies negative feed-
back via the control rods to counteract any deviations from the desired 
operating level. 

Summary 
The many-interacting-particle model for matter had been proposed, 

discarded, and resurrected several times since the days of the Greek 
philosophers, when Dalton directed attention at the ratios of weights 
and volumes in which elements combine to form compounds. Dalton's 
model was so useful in correlating chemical data that it was accepted 
after a few decades. Scientists could then turn to the question of the 
structure of the atoms themselves. 

Figure 8.24 Nuclear explosion, Ne-
vada, 1955. 

Figure 8.25 In this nuclear reactor for 
laboratory research, the uranium-
containing reactor core is at the bot-
tom of a 24-foot deep tank filled with 
water. Control rods and measuring 
devices extend down from the top. 
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The investigations of electrolysis and spectra gave evidence that mat-
ter had an electrical nature and that atoms themselves must be complex 
systems rather than indivisible entities. The building of models for at-
oms has revolutionized the physics of the twentieth century. Early at-
tempts involved models made up of particles (electrically negative 
electrons and the positive nucleus) in electrical interaction with one 
another. Bohr concluded that the known laws of physics did not apply 
to atoms, because systems of electrically charged particles could not 
have the permanence that atoms obviously did have. He therefore as-
sumed new laws, called quantum rules, to supplement the laws of New-
ton and Maxwell. This approach, while partially successful, soon had to 
be replaced by a completely new point of view, in which the particle 
model for matter was abandoned. 

The new concept, introduced by de Broglie and Schrödinger, was to 
represent the constituents of matter as wave packets instead of as parti-
cles. The matter waves are refracted by their interactions with one an-
other, just as particles are deflected by their mutual interactions. Stable 
atoms are tuned systems in which the electron wave packets oscillate 
with a characteristic frequency. When the state of the atom changes 
because radiation is emitted or absorbed, the frequency of the radiation 
is related to the energy transfer by Bohr's frequency condition (Eq. 8.1). 

Further developments have led to the recognition that the nucleus of 
the atom is not indivisible but can undergo spontaneous disintegration 
in the process called radioactivity. In presently accepted models for the 
nucleus, protons and neutrons are refracted into a stable standing wave 
pattern of exceedingly minute physical dimensions by an enormously 
strong nuclear interaction of very short range. When the state of the 
nucleus changes, something that happens only during radioactive decay 
under ordinary conditions on earth, the energy transfer is very much 
larger than during a change in the electron standing wave pattern in an 
atom. The technological exploitation of nuclear energy release has led 
to nuclear reactors for power production as well as to "atomic" (nu-
clear) bombs. 

List of new terms 
electrolysis Planck's constant gamma rays 
electrode energy level proton 
cathode ground state neutron 
anode quantum atomic number 
cathode rays photoelectric effect isotope 
electron quantum number nuclear interaction 
electron waves electron diffraction nuclear reaction 
Thomson's model wave mechanics accelerator

"The new discoveries made in 
physics in the last few years, 
and the ideas and potentialities 
suggested by them, have had an 
effect upon the workers in that 
subject akin to that produced in 
literature by the Renaissance... 
In the distance tower still 
higher peaks, which will yield 
to those who ascend them still 
wider prospects, and deepen the 
feeling, whose truth is empha-
sized by every advance in sci-
ence, that `Great are the Works 
of the Lord."' 

J. J. Thomson, 1909
 

Equation 8.1  
energy transferred  = ∆E  
frequency of light  = f 
Planck's constant  = h 
 
 ∆E = hf 
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alpha rays valence electron cyclotron 
nucleus probability nuclear fission 
nuclear model electron wave packet chain reaction 
planetary model radioactivity nuclear reactor 
quantum rules beta rays control rod 

List of symbols 
E  energy M momentum 
∆E  energy transfer k wave number 
f  frequency MI  inertial mass 
h Planck's constant v speed 
∆s  size of wave packet ∆M uncertainty of momentum  
  (or uncertainty of ∆k  uncertainty of wave number 
  position) 

Problems 
1. Compare the many-interacting-particles models for matter proposed 

by Greek philosophers, eighteenth-century scientists, and John Dal-
ton. Make reference to: (a) variety in the kinds of particles; (b) in-
teraction among the particles; (c) quantitative relations among the 
particles. 

 
2. Review and comment upon the evidence that matter has electrically 

charged constitutents. Which piece of evidence do you find most 
compelling? 

 
3. Electrons have been described as particles and as waves. Explain 

briefly what you understand by these terms and how they were ap-
propriate and/or inappropriate. 

 
4. What were some of the problems Bohr was trying to resolve when he 

introduced his quantum rules? Appraise his success in solving them. 
(Refer to the Bibliography for additional reading on this subject.) 

 
5. Electron waves are used to study the structure of molecules in a 

technique called electron diffraction. The inertial mass of electrons 
is approximately 1 x 10-30 kilogram. Find the wavelength of the elec-
tron waves in an electron beam when the electron speed is (a) 1.0 x 
106 meters per second; (b) 4.5 x 106 meters per second. 

 
6. Would you expect the diffraction of the electron waves in Problem 5 

to give evidence of structure on a scale of sizes equal to, larger than, 
or smaller than visible light? Explain. 
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7. George Gamow's Mr. Tompkins Explores the Atom (published in 
1993 as part of Mr. Tompkins in Paperback). describes a world 
where Planck's constant has a numerical value in the macro domain. 
Read and comment on this science fiction story. 

 
8. Suppose that Planck's constant had the numerical value of 1 kilo-

gram-(meter)2 per second, which is a numerical value in the macro 
domain. Estimate the consequences of this supposition for the be-
havior of a few macro-domain objects. 

 
9. Estimate the largest possible value of Planck's constant that is com-

patible with your everyday experience. 
 
10. Prepare a chronology of events in the development of models for 

atoms and atomic nuclei between 1900 and 1930. 
 
11. Identify one or more explanations or discussions in this chapter that 

you find inadequate. Describe the general reasons for your judg-
ment (conclusions contradict your ideas, steps in the reasoning 
have been omitted, words or phrases are meaningless, equations are 
hard to follow, . . .), and make your criticism as specific as you can. 
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