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1 Discovery of atom’s composition.
The composition of atoms was determined mostly in late XIX - early XX century by

British and German physicists. This discoveriy became possible due to the progress in study
of electric discharge in vacuum tubes (actually, the tubes filled with rarified gases, similar
to modern luminiscent lamps) and the radioactivity phenomenon.

1.1 Discovery of electron.

Figure 1: Sir Joseph John
Thomson (1856-1940)
a discoverer of electron

Intense studies of an electric discharge in vacuum tubes
(which would later lead to the discovery of X-rays by
Rudolph Roentgen) revealed that such discharges gener-
ate so called cathode rays, which are a stream of some
light negatively charged particles, electrons. In 1896, the
British physicist J. J. Thomson, along with his colleagues
John S. Townsend and H. A. Wilson, established that elec-
trons that form cathode rays are the result of decompo-
sition of the atoms of the gas which was present in their
apparatus in trace amount. Thompson proposed that elec-
trons, which are two thousand times lighter that the light-
est atom, hydrogen, and which have smallest possible elec-
tric charge, are essential components of all atoms. Based
on that assumption, he proposed the first model of atom,
which we can call a “muffin model”: according to him, an
atom (which, as we know is electrically neutral) is a loose
positively charged sphere, where small compact electrons
are uniformly distributed like raisins in a muffin.

The significance of this model was that it was the first
rational model of atom. By no means that model could
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explain any chemical properties of the elements. However, it was a good starting point for
further experiments, which were done by Thompson’s student, Ernts Rutherford.

1.2 Rutherford’s experiment.

Figure 2: “We haven’t money, so
we’ve got to think”
Ernst Rutherford (1871-1937), a
discoverer of atomic structure.

By the moment Rutherford conceived his groundbreak-
ing experiment, the radioactivity phenomenon had already
been discovered. Scientist already knew that some ra-
dioactive materials irradiate some rays, which are com-
posed of some very small particles with high energy.
Rutherford’s idea was to use those high energy parti-
cles (people called them “alpha”-particles, although they
didn’t know yet what they are) to probe the atomic struc-
ture. His rationale was as follows: “if atoms are loose
spheres, an alpha particle will easy fly through atoms,
and their trajectory will not change significantly. How-
ever, if an alpha-particle hits an electron, its trajectory will
change more significantly. Therefore, by monitoring the
average dispersion of an alpha particles passing through
some material1 it is possible to see how concretely the
electrons are distributed within atoms.”

In other words, Rutherford expected that a narrow
alpha-particles beam passing through thin gold foil would
undergo slight dispersion: according to Thomson’s model,
almost every alpha-particle would deviate slightly from its
original trajectory, so instead of seeing a small bright spot in the screen Rutherford expected
to see a larger and diffuse spot.

Figure 3: Rutherford’s experi-
ment

However, what he observed was totally unexpected.
During Rutherford’s experiment, overwhelming
majority of alpha-particles passed through the foil
as if there was no foil at all. Only a tiny fraction
of alpha-particles deviated from its original trajec-
tory, however, this deviation was very significant:
some of them even bounced back. The only pos-
sible explanation for such observation was that Thomp-
son’s model is absolutely wrong. Rutherford concluded
that some very compact object exists in atoms where vir-
tually all atom’s mass in concentrated. Based on the ratio
between the number of alpha-particles that had not been deflected by the foil, and the
number of particles that were strongly deflected, Rutherford was able to estimate the size
of this small object (which he dubbed “a nucleus”). The size of a nucleus appeared to be
astonishingly small: atomic nucleus is one hundred thousand times smaller than the atom
itself.

1Rutherford used thin gold foil as a target.
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However, if all material atoms are composed of are concentrated in the tiny atom’s
nucleus, which force prevents electrons from falling on the nucleus? Rutherford proposed
that force is a centrifugal force. According to him, atoms resemble our Sun system: light
electrons, like planets, are rotating around a massive nucleus, which plays a role the Sun.
Accordingly, this model was called a planetary model of atom.

2 Which material atomic nucleus is composed of?
Thomson’s and Rutherford’s studies allowed them to identify one type of particles (i.e.

electrons) atoms are composed of, and to establish overall architecture of atoms. However,
according to the planetary model, the lion’s share of the material atoms are composed of was
concentrated in the nucleus, a strange object situated in the center of each atom, whose size
was unbelievably small (10−15 m, a hundred thousand times smaller than the size of the atom
itself), and, accordingly, whose density was incredibly high. The first step to understanding
of the composition of atomic nuclei was made by Rutherford in his experiments with anode
rays.

2.1 Anode rays, and discovery of a proton.
During the previous class, we learned about cathode rays, i.e. accelerated electrons that

form when the atoms of rarefied gas are being torn apart in a strong electric field. Obviously,
when atoms break apart, their electrons fly from the cathode (which is negatively charged)
towards the anode (which is charged positively), hence the name cathode rays. However,
what happens to the nuclei of the atoms when the electrons fly away? Isn’t it logical to
suggest they will fly in the opposite direction, i.e. from the anode to the cathode? And if
that is the case, is it possible to detect them?

Figure 4: Anode tube. Anode
rays are seen in the right part of
the tube, behind the anode.

Detection of nuclei (especially, the nuclei of the lightest
element, hydrogen) was done in the apparatus named an-
ode tube. This tube represents a modification of the cath-
ode tube. The anode tube had a perforated anode, which
made observation of positively charged particles possible.
The holes in the anode allowed accelerated positive par-
ticles, which were falling onto the anode, to continue its
flight further after they reached the anode. As a result,
they were seen as a glowing beams behind the anode (Fig.
1, the right part of the tube.) Since they anode rays particles are charged, their were de-
flected in magnetic field. The deflection angle allowed Rutherford to calculate the mass of
such particles.

Rutherford found that, when the anode tube was filled with hydrogen, the mass of anode
rays particles generated in such a tube was almost equal to the mass of a hydrogen atom. In
a series of elegant experiments, Rutherford demonstrated this type particles are not possible
to break apart further. He called this particle a proton, after the Greek word for “first", or
“primary”2

2Compare with “proteins” (a “first” or “primary” biological molecule), “prototype” (or a first represen-
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2.2 Hydrogen atom
Based on his findings, Rutherford proposed the hydrogen atom is composed of two par-

ticles, a proton and an electron. A heavy proton, whose mass is almost exactly equal to
1 Da (the mass of the hydrogen atom) is situated in the center of the atom, whereas the
electron is rotating around it in the same manner the Moon is rotating around our Earth.
The p+ and e− are currently the standard symbols for protons and electrons, accordingly.

Figure 5: Rutherford’s model of
a hydrogen atom.

2.3 Other atoms. Moseley’s law
Unfortunately, discovery of the proton did not fully

clarified the composition of other atoms. Indeed, whereas
the mass of hydrogen is 1 Da, the mass of the next element,
helium, is 4 Da. Does it mean helium is composed of
four protons and four electrons? If yes, why there are
no elements between hydrogen and helium? To answer
this question, it was absolutely necessary to measure the
charge of nuclei of various elements. This had been done
in early XX century by Henry Moseley, a brilliant British
physicist. In a series of X-ray spectroscopy experiments
(we cannot go into the details of those experiments yet)
Moseley demonstrated the profound linkage between the element’s position number in the
Periodic table and the charge of its nucleus. Concretely,

Moseley’s law says: “The charge of the element’s nucleus is equal to
the proton charge times the element’s number in the Periodic table.”

A discovery of this law by Moseley was a major breakthrough towards understanding
of the structure of atoms bigger than a hydrogen atom. Interestingly, Moseley made this
groundbreaking discovery on the eve of his scientific career. He could have become one
of the greatest XX century physicists, however, outbreak of the First World War changed
everything.

When the World War I broke out in August 1914, Moseley enlisted in the Royal
Engineers of the British Army and was killed in action 10 August 1915 during
the Battle of Gallipoli in Turkey. Isaac Asimov once wrote, “In view of what he
[Moseley] might still have accomplished ... his death might well have been the
most costly single death of the War to mankind generally."

Since the atomic number is equal to the charge of the nucleus, it is also equal to the
number of electrons in each element (this is so because atoms are electrically neutral, so
the positive charge of the nucleus must be fully compensated by electrons around it). In
other words, there is one electron in a hydrogen atom, two electrons in a helium atom, three
electron in a lithium atom, and so on.

tative of some class), etc.
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Figure 6: Henry Mose-
ley (1887-1915), a British
physicist who measured the
charge of atomic nuclei.

However, the next conclusion one has to draw from the
Moseley’s law is the following: the nuclei of elements other
than hydrogen are composed of protons and some other heavy
and electrically neutral particles. Indeed, the electric charge of
the nucleus of helium is 2 (two times bigger than the charge
of hydrogen’s nucleus) , but its mass is 4 (four times heavier
than hydrogen’s nucleus). What material is responsible for
that mass difference?

2.4 “Beryllium rays” and discovery of a neu-
tron.

This missing particle was discovered only in 1932 by James
Chadwick, who studied so called “beryllium rays”, strange rays
that were observed earlier by German physicists Bothe and
Becker during the bombardment of beryllium targets by alpha-
particles (particles similar to those used by Rutherford). Chad-
wick demonstrated those “rays” consisted of uncharged parti-
cles of the mass roughly equal to the mass of proton. These
particles were called neutrons, from the Latin root for “neutral” and the Greek ending -on
(to preserve the same naming style as for electron and proton). Soon after that, it was
demonstrated neutrons, along with protons are the only components of atomic nuclei. Based
on this, the proton-neutron model of atomic nucleus had been proposed by Chadwick. The
combined electron-proton-neutron concept of atom says:

Atoms are composed of a nucleus and electrons orbiting around it (see
Fig. 5). A nucleus is composed of protons and neutrons. The number
of protons is equal to the nucleic charge (i.e. the atomic number). The
number of neutrons and protons is roughly equal to the atom’s mass
(in Daltons).

3 Atomic number and atomic mass. Isotopes.
Although the electron-proton-neutron model of atom is elegant and beautiful, there is

something that it seems to fail to explain. Indeed, when you look at the Periodic table, you
can see the masses of most elements are not multiple of the mass hydrogen. For example,
mass of chlorine is 35.45, mass of magnesium is 24.31. How can that be possible if every atom
is composed of the integer number of nucleons (i.e. protons and neutrons) and electrons?
To explain that, scientists proposed the hypothesis that for each element, different types
of atoms are possible. These atoms have the same number of protons and electrons, but
the amount of neutrons can be different. For example, three different variants of hydrogen
atom exist in nature. The most abundant type of hydrogen atom whose nucleus is composed
of just one proton. Its atomic weight is almost equal to 1 Da. The second atom variant
contains one proton and one neutron in its nucleus. Its weight is ca 2 Da. The third variant
has two neutrons and one proton. Its mass is 3 Da. Since all of them have identical chemical
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properties and identical atomic charge, all of them occupy the same cell in the Periodic table.
Accordingly, such variants of the same elements are called “isotopes”.

“Isotopes” (from Greek words “isos” (equal) and “topos” (place, po-
sition)) are the different variants of the certain element. Different
isotopes of some elements have the same amount of protons and elec-
trons, but different amount of neutrons (hence the difference in their
masses).
Isotopes of the same elements are denoted by the same symbol. To
discriminate between different isotopes, their mass is added left to the
element symbol as a superscript number, e.g. 16O, 23Na, 2H.

Figure 7: Three different isotopes of
hydrogen. Protons are depicted as
red balls, neutrons as blue balls.

Different isotopes of the same element have identi-
cal (or almost identical) chemical properties, but their
physical properties (boiling point, density, etc) may
be slightly different. Due to the difference in physi-
cal properties, they can be separated from each other
(although it is a very laborious process).

The existence of isotopes explains the non-integer
masses of some elements. Thus, the observed mass
of chlorine (35.45 Da) is due to the fact that natural
chlorine exists in a form of two isotopes, 35Cl (76%)
and 37Cl (24%).

In contrast, some elements, such as oxygen or car-
bon, exist in nature mostly in a form of one isotope (12C and 16O, accordingly.) Such elements
are called monoisotopic.

Homework
Read the CW materials and answer the following question. Imagine Rutherford, during

his experiment, observed that alpha-particles passed through the foil were distributed as
follows: 95% of all particles were not deflected at all, and 5% of particles were deflected very
strongly. The density of gold is 19.30 g /cm3, foil thickness is 100 nm3, the atomic weight of
gold is 197, which means 197 grams of gold contain 6× 1023 gold atoms. What can you say
about the structure of the atoms that foil was composed of? Concretely, what is the ratio
between the atom’s size and the nucleus’s size, according to those data?

4 Why don’t nuclei break apart?
Although the electron-proton-neutron model of atoms answered many questions, two new

questions emerged, which this model failed to explain. Those questions are:
31 nm = 10-9 m.
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1. Why doesn’t a nucleus break apart?

2. Why don’t electrons fall onto an atomic nuclei?

By no means these two questions were idle, because they could not be answered in terms
of XIX century physics. Let’s forget for a while about the second question, and focus on the
question number 1. Indeed, as we all know, the interaction between two charged particles
obeys Coulomb law. In other words, its strength is inversely proportional to the square of
the distance between two charges. Now imagine two protons separated by a distance which
is 100,000 (one hundred thousand) times smaller than the size of an atom. Do you realize,
how strong the repulsion between those protons will be? (please, calculate this repulsion
force at home).

Obviously, such a tremendous repulsion force needs to be compensated by some other,
equally powerful force. However, only two forces exist in our world (i.e. in our big, macro-
scopic world), gravity and Coulomb forces, and none of them is capable of holding protons in
the nucleus. That is why physicists hypothesized some new force exists in nature that holds
protons and neutrons in atomic nuclei. They called it a “strong force”. It is really strong, but
it acts only at very short distance, the distance comparable with the size of atomic nuclei.
That is why we cannot feel it, and cannot detect it using our conventional instruments. This
force acts only upon protons and neutrons4. Electrons are not affected by this force at all.
In nuclei, strong forces act both on protons and on neutrons, and Coulomb repulsion oc-
curs only between protons. As a result, strong forces are capable of compensating repulsion
between protons.

5 Decay of a neutron
Although neutrons, like protons and electrons, can be considered fundamental building

blocks all matter is composed of, they are not stable in free from. A freely flying neutron
undergoes a fast decay onto a proton, an electron and a neutrono, a massless and neutral
particle, which is very hard to detect.

n −−→ p+ + e− + ν (1)

From this equation, one may conclude neutron is composed of a proton, electron and
neutrino. However, protons also may undergo a decay when they are inside some nuclei.
The equation of this decay is astonishing:

p+ −−→ n + e+ + ν (2)

In other wards, when proton falls apart, it generate a neutron, a neutrino, and a new
particle called positron, a particle totally identical to electron, except its charge is posi-
tive. We cannot devote much time to this apparent paradox, however these two equations
demonstrate the elementary particles world differs from our “big” world.

4...and other particles called hadrons. Several hadrons exist in nature, but only neutrons and protons are
stabe. Other hadrons have a very short life time, they form in high energy collisions of accelerated particles.
We do not discuss them.
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6 Three types of radioactive rays
When scientists discovered the radioactivity phenomenon, they observed radioactive rays

can be separated onto three different fractions. Two of them were deflected by magnetic
field in opposite directions, which meant those rays actually were some accelerated particles
with opposite charges. The positive particles were heavy5, its charge was equal to the charge
of two protons, and its mass was equal to the mass of four protons. In other words, those
particles (alpha-particles) were the nuclei of helium atoms.

The second type particles (bets-particles) were negatively charged, their charge and mass
were equal to the charge of electron (and physicists concluded they are electrons).

The third type rays were not affected by magnetic field. They were true rays of light,
although it was a very high energy light.

7 Nuclear reactions
Which processes lead to generation of radioactive rays? Obviously, the easiest question

was the question about the origin of beta-particles. If you look at the equation 1, you
will see, that electrons (beta-particles) are generated as a result of neutron decay. That
means one neutron in some nucleus became a proton, so the atomic number of that atom
increased by one, but its mass remained the same. Indeed, physicists established that the
radioactive decay that generates beta-particles leads to conversion of a radioactive element
into an element in the next cell of the Periodic table. For example, radioactive decay of 3H
leads to formation of a helium isotope with atomic mass of 3.

3H −−→ 3He + e− + ν (3)
In contrast, when an alpha-particle is generated during the decay, the atomic number of

the atom decreases by 2, and its atomic mass decreases by 4. For example, alpha-decay of
uranium (atomic number 92) leads to formation of thorium (atomic number 90):

238U −−→ 234Th + α (4)

Homework
1. Calculate the repulsion force (in newtons) between two individual protons in a helium

nucleus. The values of Coulomb constant, proton charge and nucleus diameter can be
found on Internet.

2. Three different isotopes of oxygen and three different isotopes of hydrogen exist in
nature (although some of them are much less abundant). How many different water
molecules can be found in a glass of water?

3. Natural copper exists as a mixture of two isotopes, 63Cu and 65Cu. Based on the
atomic mass of the natural copper, calculate a relative abundance of its isotopes.

5Scientists realized that because their deflection angle was comparatively small
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4. Radon, the heaviest know noble gas, was named after radium (Ra), a metal that
produces a radon gas as a result of radioactive decay. Which type of nuclear reactions
this process belongs to?

5. Tritium (3H) is a radioactive isotope of hydrogen. During its undergoes radioactive
decay beta-particle is being emitted. Which element is a product of that reaction?

My e-mail is mark.lukin@gmail.com
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