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Atomic and Nuclear Structure

OBJECTIVES:

1. Describe a model of the atom that features a small nucleus surrounded by electrons.

2. Outline the evidence that supports a nuclear model of the atom.

3. Outline evidence for the existence of atomic energy levels.

4. Describe the existence of isotopes as evidence for neutrons.

5. Explain the terms nuclide, isotope and nucleon.

6. Define mass number and atomic number.

7. Describe the interactions in the nucleus.

In chemistry and physics, an atom is the smallest particle still characterizing a chemical element. Until the discovery of quantum mechanics, dividing a material object was the same thing as cutting it. Whereas the word atom originally meant a particle that cannot be cut into smaller particles, the atoms of today are composed of subatomic particles:

· electrons, which have a negative charge, a size which is so small as to be currently unmeasurable, and which are the least heavy of the three; 

· protons, which have a positive charge, and are about 1836 times more massive than electrons; and 

· neutrons, which have no charge, and are the same size as protons. 

Protons and neutrons make up a dense, massive atomic nucleus, and are collectively called nucleons. The electrons form the much larger electron cloud surrounding the nucleus. Within the nucleus, there is a Coulomb of charge interaction between the protons and a strong, short-ranged nuclear interaction between the nucleons.
Atoms can differ in the number of each of the subatomic particles they contain. Atoms of the same element have the same number of protons (called the atomic number). Combining the number of protons and neutrons gives the mass number. Within a single element, the number of neutrons may vary, determining the isotope of that element. The number of electrons associated with an atom is most easily changed, due to the lower energy of binding of electrons. The number of protons (and neutrons) in the atomic nucleus may also change, via nuclear fusion, nuclear fission, bombardment by high energy subatomic particles or photons, or certain (but not all) types of radioactive decay. In such processes which change the number of protons in a nucleus, the atom becomes an atom of a different chemical element.

Each atomic orbital can hold one or two electrons, but no more. The orbitals are organized into shells and subshells, based on their overall energy and angular momentum. Generally speaking, higher energy shells (in which the electrons are less tightly bound to the atom) can hold more electrons and are located farther from the nucleus. The electrons in the outermost shell or shells, called the valence electrons, have the greatest influence on chemical behavior. 
In the most stable ground state, an atom's electrons will fill up its orbitals in order of increasing energy. Under some circumstances, an electron may be excited to a higher energy level (that is, it absorbs energy from an external source and moves to a "higher" shell (one less tightly bound to the nucleus), leaving a space in a lower, more tightly bound, shell. An excited atom's electrons will spontaneously fall back to lower levels, emitting the energy it had gained, as a photon. This behavior is the root of a substance's absorption spectrum and emission spectrum.
Since each element in the periodic table consists of an atom in a unique configuration with different numbers of protons and electrons, each element can also be uniquely described by the energies of its atomic orbitals and the number of electrons within them. Normally, an atom is found in its lowest-energy ground state; states with higher energy are called excited states. An electron may move from a lower-energy orbital to a higher-energy orbital by absorbing a photon with energy equal to the difference between the energies of the two levels. An electron in a higher-energy orbital may drop to a lower-energy orbital by emitting a photon. Since each element has a unique set of energy levels, each creates its own light pattern unique to itself: its own spectral signature.
If a set of atoms is heated, their electrons will move into excited states. When these atoms fall back toward the ground state, they will produce an emission spectrum. If a set of atoms is illuminated by a continuous spectrum, it will only absorb specific wavelengths (energies) of photon that correspond to the differences in its energy levels. The resulting pattern of gaps is called the absorption spectrum.

[image: image5.png]Rutherford’s nuclear model

beam of movable
alpha particles detector

S

vacuum

% undeflected

Iarge\ slight
deflection deflection

Rutherford's explanation

2

atom

®
P

Most alpha
particles are
undeflected

A few alpha
particles are
deflected
slightly

A few alpha

particles
bounce
off nucleus




Atoms are classified into chemical elements by their atomic number Z, which corresponds to the number of protons in the atom. The mass number A, or nucleon number of an element is the total number of protons and neutrons in an atom of that element, so-called because each proton and neutron has a mass of about 1 unified atomic mass unit (u). A particular collection of a certain number of protons Z, and neutrons A-Z, is called a nuclide.
For a short-hand designation of the nuclide, one writes the mass number (number of nucleons) in the upper left corner and the atomic number (number of protons) in the lower left corner of the chemical symbol, for example: [image: image2.png]12
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C for the most common isotope of carbon. 

Each element can have numerous different nuclides with the same Z (number of protons or number of electrons) but varying numbers of neutrons. Such a family of nuclides are called the isotopes of the element (isotope = "same place", because these nuclides share the same chemical symbol and place on the periodic table). When writing the name of a particular nuclide, the element name (which specifies the Z) is preceded by the mass number if written as a superscript, or else followed by the mass number if not a superscript. For example, the nuclide carbon-14, which may also be written 14C, is one of the isotopes of carbon, and it contains 6 protons and 8 neutrons in each atom, for a total mass number of 14.

The atomic mass listed for each element in the periodic table is an average of the isotope masses found in nature, weighted by their abundance.
Thomson and the Electron

The discovery that the electron was a subatomic particle was made in 1897 by J.J. Thomson at the Cavendish Laboratory at Cambridge University, while he was studying cathode ray tubes. A cathode ray tube is a sealed glass cylinder in which two electrodes are separated by a vacuum. When a voltage is applied across the electrodes, cathode rays are generated, causing the tube to glow. Through experimentation, Thomson discovered that the negative charge could not be separated from the rays (by the application of magnetism), and that the rays could be deflected by an electric field. He concluded that these rays, rather than being waves, were composed of negatively charged particles he called "corpuscles". He measured their mass-to-charge ratio and found it to be over a thousand times smaller than that of a hydrogen ion, suggesting that they were either very highly charged or very small in mass. Later experiments by other scientists upheld the latter conclusion. 

The Rutherford Model of the Atom

In 1911 Rutherford proposed the nuclear model of atomic structure. He suggested that an atom consists of a central nucleus (where most of the mass of the atom is concentrated) having a positive charge, surrounded by moving electrons carrying negative charge. Geiger and Marsden carried out an experiment to verify his proposal.

The Geiger/Marsden a Particle Scattering Experiment

The apparatus is illustrated in the diagram below.
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The apparatus was in an evacuated container. The detector was a ZnS screen observed through a low power microscope. Each time an alpha particle hit the screen, a small flash of light was produced.

The detector was mounted on a support such that it could be rotated to measure the angular deflection of the alpha particles as they passed through a very thin sheet of gold. 

They measured the numbers of particles deflected through various angles.

It was found that most of the  particles pass through the gold undeflected; only a relatively small number are deflected (scattered).
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Their results were considered to confirm Rutherford’s model and allowed them to estimate the size of the nucleus (»10-14m) and the size of the atom (»10-10m), thus producing the slightly surprising conclusion the most of the space occupied by an atom is empty space.
Millikan’s Experiment to Measure the Charge on one Electron

The diagram below is a very simplified representation of Millikan’s apparatus.
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Small drops of oil were allowed to fall into a region between two metal plates, (the top plate had a hole in it).

Some of the drops became charged by friction. Further ionisation was caused by a beam of x rays.

Millikan measured the terminal speed of a drop as it fell through the air, with V = 0. From this he could calculate the radius of the drop (and hence its mass). He then applied a voltage, V, to the plates and measured the new terminal speed of the same drop.

The change in the terminal speed of the drop was used to calculate the magnitude of the charge on the drop.

	When many measurements had been done, all the charges were found to be integral multiples of a basic unit of charge, assumed to be the charge on one electron.

The value, e, is approximately -1·6×10-19C.


By knowing the strength of the field between the plates, it was possible to calculate the amount of force being applied per charge on the drop, which, if it was floating, would be exactly the same as the force of gravity downwards. From this, it is possible to find the mass to charge ratio of the drops. 

The results showed that the minimum difference between charges was 1.6 x 10-19 C and so this must be the smallest unit of charge possible. 

This means that charge must be quantized (only comes in discrete chunks rather than being continuous), and the quantum of charge was 1.6 x 10-19 C. 
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