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12.6: Discovery of the Atomic Nucleus

Learning Objectives

o Describe how electrons were discovered.
o Describe Rutherford’s gold foil experiment and its role in the discovery of atomic nucleus.
o Describe Rutherford’s planetary model of the atom.

Many students of physics today take for granted that atoms make up all matter and that these atoms are made up of subatomic
particles, electrons, protons, and neutrons. In this section we look at the discovery of these parts, in order to look at the quantum
mechanical concepts that were developed to build a self-consistent model of the atom.

The Electron

Although we have already been using the idea (and physical object) of electron to discuss electricity and some fundamental
concepts of quantum mechanics, we have not yet looked at how the electrons were first discovered, well before the discovery of
other subatomic particles. Electrons were discovered and their properties were measured in gas discharge tubes, similar to those
shown in Figure 12.6.1 which was also known as cathode-ray tubes. It consists of an evacuated glass tube containing two metal
electrodes and a rarefied gas. When a high voltage is applied to the electrodes, the gas glows. They were first studied seriously by
Heinrich Geissler, a German inventor and glassblower, starting in the 1860s. The English scientist William Crookes, among others,
continued to study them (sometimes cathode-ray tubes are called "Crookes tubes"). The gas glows because of the interaction of the
“cathode rays” and the rarefied gas. The cathode ray particles (we call them now "electrons") are accelerated away from the
negatively charged cathode by the high voltage being applied to it. As the electrons collide with the gas atoms and molecules (most
commonly argon is used, but other types of inert gas can be used), the gas atoms and molecules fluoresce and glow, making the
electrons' path visible as a ray that spreads and fades as it moves away from the cathode.

Figure 12.6.1: A gas discharge tube glows when a high voltage is applied to it. Electrons emitted from the cathode are accelerated
toward the anode; they excite atoms and molecules in the gas, which glow in response. Once called Geissler tubes and later
Crookes tubes, they are now known as cathode-ray tubes (CRTs) and are found in older TVs, computer screens, and X-ray
machines. When a magnetic field is applied, the beam bends in the direction expected for negative charge. (credit: Paul Downey,
Flickr)
The English physicist J. J. Thomson (1856-1940) improved and expanded the scope of experiments with gas discharge tubes.
(See Figure 12.6.2and Figure 12.6.3) He verified the negative charge of the cathode rays with both magnetic and electric fields.
Additionally, he collected the rays in a metal cup and found an excess of negative charge. Thomson was also able to measure the
ratio of the charge of the electron to its mass, g, /m.—an important step to finding the actual values of both g, and m,. Figure
12.6.4 shows a cathode-ray tube, which produces a narrow beam of electrons that passes through charging plates connected to a
high-voltage power supply. An electric field E is produced between the charging plates, and the cathode-ray tube is placed between
the poles of a magnet so that the electric field E is perpendicular to the magnetic field B of the magnet. These fields, being
perpendicular to each other, produce opposing forces on the electrons, with the two forces balancing each other out when the
velocity of the charged particle is v = E/B. In this manner, Thomson determined the velocity of the electrons and then moved the
beam up and down by adjusting the electric field.
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Figure 12.6.3: Diagram of Thomson’s CRT. (credit: Kurzon, Wikimedia Commons)
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Figure 12.6.4: This schematic shows the electron beam in a CRT passing through crossed electric and magnetic fields and causing
phosphor to glow when striking the end of the tube.
This deflection with the additional application of electric field can be used to measure and calculate the charge-to-mass ratio,
ge/Me, by considering the electric force and the kinematics of the charged particle moving while being accelerated at a constant
rate by an electric force. Another way to measure the charge-to-mass ratio is by applying a magnetic field and analyzing the
circular motion that results from the centripetal magnetic force.

What is so important about g. /m., the ratio of the electron’s charge to its mass? The value obtained is

ge
me

= —1.76 x 10" C/kg (electron).

This is a huge number, as Thomson realized, and it implies that the electron has a very small mass. It was known from
electroplating that about 108 C/kg is needed to plate a material, a factor of about 1000 less than the charge per kilogram of
electrons. Thomson went on to do the same experiment for positively charged hydrogen ions (now known to be bare protons) and
found a charge per kilogram about 1000 times smaller than that for the electron, implying that the proton is about 1000 times more
massive than the electron. Today, we know more precisely that

L _9.58x 10"C /kg (proton) ,

myp
where g, is the charge of the proton and m,, is its mass. This ratio (to four significant figures) is 1836 times less charge per
kilogram than for the electron. Since the charges of electrons and protons are equal in magnitude, this implies m, = 1836m,.

Thomson performed a variety of experiments using differing gases in discharge tubes and employing other methods, such as the
photoelectric effect, for freeing electrons from atoms. He always found the same properties for the electron, proving it to be an
independent particle. For his work, the important pieces of which he began to publish in 1897, Thomson was awarded the 1906
Nobel Prize in Physics. In retrospect, it is difficult to appreciate how astonishing it was to find that the atom has a substructure.
Thomson himself said, “It was only when I was convinced that the experiment left no escape from it that I published my belief in
the existence of bodies smaller than atoms.”
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Today, numerical values of electron and proton charge (whose magnitude is also known as "elementary charge" and denoted with
symbol ee) and electron and proton masses are measured and known to very high precision. Their values (only up to three
significant figures) are,

e=1.60 x 1071° C (elementary charge),
me =9.11 x 10! kg (electron’s mass),
and
m,, = 1.67 x 1072 kg (proton’s mass).

Given the extremely small mass of the electron, the proton mass is nearly identical to the mass of a hydrogen atom. What Thomson
(and others who measured the properties of the electron) had done was to prove the existence of one substructure of atoms, the
electron, and further to show that it had only a tiny fraction of the mass of an atom. What we now know as the atomic nucleus
contains most of the atom's mass, and the nature of the nucleus was completely unanticipated, as we will see.

The Nucleus

Here, we examine the first direct evidence of the size and mass of the nucleus.

Nuclear radioactivity was discovered in 1896, and it was soon the subject of intense study by a number of the best scientists in the
world. Among them was New Zealander Lord Ernest Rutherford, who made numerous fundamental discoveries and earned the title
of “father of nuclear physics.” Born in Nelson, Rutherford did his postgraduate studies at the Cavendish Laboratories in England
before taking up a position at McGill University in Canada where he did the work that earned him a Nobel Prize in Chemistry in
1908. In the area of atomic and nuclear physics, there is much overlap between chemistry and physics, with physics providing the
fundamental enabling theories. He returned to England in later years and had six future Nobel Prize winners as students. Rutherford
used nuclear radiation to directly examine the size and mass of the atomic nucleus. The experiment he devised is shown in Figure
12.6.5. A radioactive source that emits alpha radiation was placed in a lead container with a hole in one side to produce a beam of
alpha particles, which are a type of ionizing radiation ejected by the nuclei of a radioactive source. A thin gold foil was placed in
the beam, and the scattering of the alpha particles was observed by the glow they caused when they struck a phosphor screen.
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Figure 12.6.5: Rutherford’s experiment gave direct evidence for the size and mass of the nucleus by scattering alpha particles from

a thin gold foil. Alpha particles with energies of about 5 MeV are emitted from a radioactive source (which is a small metal

container in which a specific amount of a radioactive material is sealed), are collimated into a beam, and fall upon the foil. The

number of particles that penetrate the foil or scatter to various angles indicates that gold nuclei are very small and contain nearly all

of the gold atom’s mass. This is particularly indicated by the alpha particles that scatter to very large angles, much like a soccer ball

bouncing off a goalie’s head.
Alpha particles were known to be the doubly charged positive nuclei of helium atoms that had kinetic energies on the order of
5 MeV when emitted in nuclear decay, which is the disintegration of the nucleus of an unstable nuclide by the spontaneous
emission of charged particles. These particles interact with matter mostly via the Coulomb force, and the manner in which they
scatter from nuclei can reveal nuclear size and mass. This is analogous to observing how a bowling ball is scattered by an object
you cannot see directly. Because the alpha particle’s energy is so large compared with the typical energies associated with atoms (
MeV versus €V), you would expect the alpha particles to simply crash through a thin foil much like a supersonic bowling ball
would crash through a few dozen rows of bowling pins. Thomson had envisioned the atom to be a small sphere in which equal
amounts of positive and negative charge were distributed evenly. The incident massive alpha particles would suffer only small
deflections in such a model. Instead, Rutherford and his collaborators found that alpha particles occasionally were scattered to large
angles, some even back in the direction from which they came! Detailed analysis using conservation of momentum and energy—
particularly of the small number that came straight back—implied that there was a tightly bound, very small substructure of the
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gold atom that contains nearly all of the atom's mass (we now call this gold nucleus). Since the gold nucleus is several times more
massive than the alpha particle, a head-on collision would scatter the alpha particle straight back toward the source.

Although the results of the experiment were published by his colleagues in 19009, it took Rutherford two years to convince himself
of their meaning. Like Thomson before him, Rutherford was reluctant to accept such radical results. Nature on a small scale is so
unlike our classical world that even those at the forefront of discovery are sometimes surprised. Rutherford later wrote: “It was
almost as incredible as if you fired a 15-inch shell at a piece of tissue paper and it came back and hit you. On consideration, I
realized that this scattering backwards ... [meant] ... the greatest part of the mass of the atom was concentrated in a tiny nucleus.” In
1911, Rutherford published his analysis together with a proposed model of the atom. The size of the nucleus was determined to be
about 10™*° m, or 100,000 times smaller than the atom. This implies a huge density, on the order of 10 g/cm3, vastly unlike any
macroscopic matter. Also implied is the existence of previously unknown nuclear forces to counteract the huge repulsive Coulomb
forces among the positive charges in the nucleus. Huge forces would also be consistent with the large energies emitted in nuclear
radiation.

The small size of the nucleus also implies that the atom is mostly empty inside—today we use the "electron cloud" to describe how
much of the volume of the atom is filled with the electrons, but since electrons have such small masses, energetic alpha particles
pass through them mostly unaffected. There were already hints of this at the time Rutherford performed his experiments, since
energetic electrons had been observed to penetrate thin foils more easily than expected. Figure 12.6.6 shows a schematic of the
atoms in a thin foil with circles representing the size of the atoms (about 107° m) and dots representing the nuclei. (The dots are
not to scale—if they were, you would need a microscope to see them.) Most alpha particles miss the small nuclei and are only
slightly scattered by the long-range Coulomb force. Occasionally, (about once in 8000 times in Rutherford’s experiment), an alpha
hits a nucleus head-on and is scattered straight backward.

107"°m

Figure 12.6.6: An expanded view of the atoms in the gold foil in Rutherford’s experiment. Circles represent the atoms (about

10~'° m in diameter), while the dots represent the nuclei (about 10~'* m in diameter). To be visible, the dots are much larger than

scale. Most alpha particles crash through but are relatively unaffected because of their high energy and the electron’s small mass.

Some, however, head straight toward a nucleus and are scattered straight back. A detailed analysis gives the size and mass of the

nucleus.
Based on the size and mass of the nucleus revealed by his experiment, as well as the mass of electrons, Rutherford proposed
the planetary model of the atom. The planetary model of the atom pictures low-mass electrons orbiting a large-mass nucleus. The
sizes of the electron orbits are large compared with the size of the nucleus, with mostly vacuum inside the atom. This picture is
analogous to how low-mass planets in our solar system orbit the large-mass Sun at distances large compared with the size of the
sun. In the atom, the attractive Coulomb force is analogous to gravitation in the planetary system. Figure 12.6.7is an illustration of
this model, or a mental picture.

Figure 12.6.7: Rutherford’s planetary model of the atom incorporates the characteristics of the nucleus, electrons, and the size of

the atom. This model was the first to recognize the structure of atoms, in which low-mass electrons orbit a very small, massive

nucleus in orbits much larger than the nucleus. The atom is mostly empty and is analogous to our planetary system.
Rutherford’s planetary model of the atom was crucial to understanding the characteristics of atoms, and their interactions and
energies. Also, it was an indication of how different nature is from the familiar classical world on the small, quantum mechanical
scale. The discovery of a substructure to all matter in the form of atoms and molecules was now being taken a step further to reveal
a substructure of atoms that was simpler than the 92 elements then known. We have continued to search for deeper substructures,
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such as those inside the nucleus, with some success. In a later chapter, we will follow this quest in the discussion of quarks and
other elementary particles, and we will look at the direction the search seems now to be heading.

Section Summary
e Atoms are composed of negatively charged electrons, first proved to exist in cathode-ray-tube experiments, and a positively
charged nucleus.
o All electrons are identical and have a charge-to-mass ratio of
de
me

=—1.76 x 10" C/kg.
e The positive charge in the nuclei is carried by particles called protons, which have a charge-to-mass ratio of

dp
myp

—9.57 x 107 C/kg.

e Mass of electron,
me =9.11 x 10731 kg.
e Mass of proton,
my =1.67 x107*" kg.
o The planetary model of the atom pictures electrons orbiting the nucleus in the same way that planets orbit the sun.
Glossary

cathode-ray tube
a vacuum tube containing a source of electrons and a screen to view images

planetary model of the atom
the most familiar model or illustration of the structure of the atom
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