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Chapter 4

Subatomic Particles
THE MAIN IDEA

Atoms are made of electrons, protons, 
and neutrons

4.2  The Electron

In 1752, Benjamin Franklin (1706–1790) learned from experi-
ments with thunderstorms that lightning is a flow of electrical 
energy through the atmosphere. This discovery prompted 
19th-century scientists to explore whether or not electrical 
energy could travel through gases other than the atmosphere. 
To find out, they passed electricity across glass tubes in which 
they had sealed various gases. 
 In every case, the result was a brightly glowing ray 
(Figure 4.4a). This meant that electrical energy was able to 
travel through different types of gases. To the surprise of these 
early investigators, a ray was also produced when the voltage 
was applied across a glass tube that had been evacuated and 
was thus empty of any gas (Figure 4.4b). This implied that 
the ray was not simply the glowing of a contained gas but 
rather an entity in and of itself.

Experiments showed that the ray emerged from the 
end of the tube that was negatively charged. Because this 
negatively charged end was called the cathode, the appara-
tus, shown in Figure 4.5a, was named a cathode ray tube. 
Magnetic fields deflected the ray, as did small electrically 
charged metal plates. When such plates were used, the ray 
was always deflected toward the positively charged plate 
and away from the negatively charged plate. Because iden-
tical charges repel each other, this meant the cathode ray 
was negatively charged. The speed of the ray was found to 

A popular myth holds that Franklin 
discovered the electrical nature of light-
ning by flying a kite during a lightning 
storm. Franklin, however, was smart 
enough to know the extreme danger 
posed by such a foolish act. As a practi-
cal application of his discovery, Franklin 
invented the lightning rod, which is a 
sharp point of metal placed on a roof-
top and connected to the ground by a 
long wire. Houses equipped with such 
rods are protected from the danger of 
lightning strikes.
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be considerably less than the speed of light. Because of these 
characteristics, it appeared that the ray behaved more like a 
beam of particles than a beam of light.

In 1897, J. J. Thomson (1856–1940) measured the deflec-
tion angles of cathode ray particles in a magnetic field, using a 
magnet positioned as shown in Figure 4.5b. He reasoned that 
the deflection of the particles depended on their mass and elec-
tric charge. The greater a particle’s mass (inertia), the greater its 
resistance to a change in motion, which gives rise to a smaller 
deflection. The greater a particle’s charge, the stronger the mag-
netic interactions, which gives rise to a larger deflection. The 

 ^  Figure 4.4
(a) Electrical energy passing through a glass tube filled with neon gas generates a bright glowing red. (b) The ray 
passing through an evacuated glass tube is not usually visible. In the tube shown here, however, the ray is high-
lighted by a fluorescent backing that glows green as the ray passes over it.

(a) (b)

<  Figure 4.5
(a) A simple cathode ray tube. The small hole in the 
positively charged end of the tube, the anode, per-
mits the passage of a narrow beam that strikes the 
end of the tube, producing a glowing dot as the 
beam interacts with the glass. (b) The cathode ray is 
deflected by a magnetic field.

The greater a particle’s 
mass, the greater its resis-
tance to what?

READING CHECK
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angle of deflection, he concluded, was proportional to the 
ratio of the particle’s charge to its mass:

Knowing only the angle of deflection, however, Thomson 
was unable to calculate either the charge or the mass of 
each particle. In order to calculate the mass, he needed to 
know the charge, but in order to calculate the charge, he 
needed to know the mass.

Joseph John Thomson, known 
to his colleagues as J. J., was 
one of the first directors of the 
famous Cavendish Laboratory 
of Cambridge University in 
England, where almost all the 
early discoveries concerning 
subatomic particles and their 
behavior were made. Seven 
of Thomson’s students went 
on to receive Nobel prizes for 
their scientific work. Thomson 
himself won a Nobel prize in 
1906 for his work with the 
cathode ray tube.

C O N C E P T   C H E C K
For which equation is it not possible to calculate one specific value for x?
4 = x/2
3 = x/y

CHECK  YOUR  ANSWER   In the first equation, it is possible to figure 
that x = 8 (because 8/2 = 4). In the second equation, one specific 
value for x cannot be determined unless the value of y is known. 
Similarly, Thomson could not calculate the electron’s mass without 
knowing its charge.

In 1909, the American physicist Robert Millikan (1868–
1953) calculated the fundamental unit of electric charge on the 
basis of the innovative experiment shown in Figure 4.6. Millikan 
sprayed tiny oil droplets into a specially designed chamber. The 
droplets picked up a negative charge after passing through 
a hole in a charged plate. Millikan then reversed the charge 
on the plate so that the droplets would be pulled upward. By 
adjusting the strength of the plate’s charge he could get droplets 
of various sizes to hover motionless. In such cases the upward 
electric force exactly balanced the downward force of gravity.

<  Figure 4.6
Millikan determined the charge of an 
electron with this oil-drop experiment.
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Repeated measurements showed that the electric charge 
on any droplet was always some multiple of a single very small 
value, 1.60 x 10-19 coulomb, which Millikan proposed to be the 
fundamental increment of all electric charge. (The coulomb is a 
unit of electric charge.) Using this value and the charge-to-mass 
ratio discovered by Thomson, Millikan calculated the mass of 
a cathode ray particle to be considerably less than that of the 
smallest known atom, hydrogen. This was startling because at 
the time the atom was thought to be the smallest particle of 
matter. Here scientists had discovered a particle smaller than 
the smallest atom.

The cathode ray particle is known today as the electron, 
a name that comes from the Greek word for amber (electrik), 
which is a material the early Greeks used to study the effects 
of static electricity. The electron is a fundamental component 
of all atoms. All electrons are identical, each having a negative 
electric charge and an incredibly small mass of 9.1 x 10-31 kilo-
grams. The arrangement of electrons in atoms determine many 
of a material’s properties, including chemical reactivity and such 
physical attributes as taste, texture, appearance, and color.

The cathode ray—a stream of electrons—has found a 
great number of applications. Most notably, the original televi-
sion sets (not the modern LCD screens) were cathode ray tubes 
with one end widened out into a phosphor- coated screen. 
Signals from the television station would cause electrically 
charged plates in the tube to control the direction of the ray in 
such a way that images were traced onto the screen.

C O N C E P T   C H E C K
What do the numbers 45, 30, 60, 75, 105, 35, 80, 55, 90, 20, and 65 have in common?

CHECK  YOUR  ANSWER  They are all multiples of 5. In a similar fashion, Millikan noted electric 
charges that were multiples of a very small number, which he calculated to be 1.60 x 10-19 coulomb.

The European science commu-
nity of the 1800s viewed most 
American scientists as inventors—
clever, but not profound in their 
thinking or discoveries. This atti-
tude began to change at the turn 
of the 20th century, principally 
because of the work of American 
scientists such as Robert Millikan, 
who excelled in his experimental 
designs and conclusions. In addi-
tion to research, he also spent 
much time preparing textbooks so 
that his students did not have to 
rely so much on lectures. He won 
a Nobel prize in 1923 and served 
as the president of Caltech from 
1921 to 1945.


