Ch. 29-32 – Atomic and Nuclear Physics
Wave-particle duality and the dual nature of light

· Wave-particle duality refers to the fact that things that were traditionally thought of as waves can exhibit particle-like behavior and that objects that were traditionally thought of as particles can exhibit wavelike behavior.  Diffraction and interference are characteristic of wave behavior.  After Thomas Young in 1801 performed his famous double slit experiment with light (shown below) the age old question about the nature of light (whether it’s a particle or a wave) was settled in favor of the wave model.  But at the turn of the twentieth century, the photoelectric effect provided evidence for the particle nature of light. Today most physicists accept both models and believe that the true nature of light is not describable in terms of a single classical picture.  Furthermore, it was found in the twentieth century that ordinary material particles (electrons, protons, atoms, molecules, etc.) underwent diffraction and would produce interference patterns characteristic of waves.
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· Experimental evidence supporting particle nature of light
1. Photoelectric effect

2. Compton effect (Compton scattering of X-rays)
· Experimental evidence supporting the wave nature of matter

1. Electron diffraction

2. Double-slit interference with a cathode ray

Photons and the Photoelectric effect

· Electromagnetic waves are composed of particle-like entities called photons.  The energy of a photon is directly proportional to the frequency of the radiation and inversely proportional to the wavelength.
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Planck’s constant, symbolized with  h and having a value of 6.63 E –34 J s = 4.14 X 10-15 eV s, is the proportionality constant that makes the first relationship into an equation which in conjunction with the speed of light can make the last relationship into an equation.
E = hf
and since
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· So, which colored light bulb, red, orange, yellow, green, or blue, emits photons with (a) the least energy (b) the greatest energy?  Does a photon emitted by a 100 W red bulb have more energy than a photon emitted by a 40 W red bulb?  Does a photon emitted by a 100 W red light bulb have more energy than a photon emitted by a 40 W blue bulb?
· [image: image12.png]


Experimental evidence that light consists of photons comes from the phenomenon called the photoelectric effect, in which electrons (called photoelectrons because they are ejected with the aid of light) are emitted from a metal surface when light shines on it.  The electrons are emitted if the light being used has a sufficiently high frequency.  Not all radiation results in ejected electrons.  Electrons are ejected only if the frequency of the radiation is above a certain minimum value called the threshold frequency (fo), which varies with different metals.  For example, all wavelengths of visible light except red will eject electrons from cesium, while ultraviolet is needed for zinc.  Radiation below the threshold frequency does not eject electrons, no matter how intense (bright) the radiation is.  But radiation at or above the threshold frequency will eject electrons no matter the intensity (how dim) of the light.  Furthermore, as the intensity of a specific frequency is increased the number of ejected electrons increases, but not the maximum kinetic energy of the ejected electrons.  But if the frequency of the radiation is increased then the maximum kinetic energy of the ejected electrons increases (graph below).  Wave theory cannot explain these facts.  In the wave theory, a more intense radiation, regardless of the frequency has stronger electric and magnetic fields, and therefore should eject electrons.  
· As stated above, when light shines on a metal, a photon can give up its energy to an electron in the metal.  If the photon has enough energy to do the work of removing the electron from the metal, the electron can be ejected.  The work required depends on how strongly the electron is held.  For the least strongly held electrons, the necessary work has a minimum value ( and is called the work function of the metal.  If a photon has energy in excess of the work needed to remove an electron, the excess energy appears as kinetic energy of the ejected electron.
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· The work function of silver is (=4.73 eV.  Find the minimum (threshold) frequency that light must have to eject electrons from this surface.

· The work function of iron is 4.7 eV.  Iron is exposed to radiation of wavelength 150 nm.  What is the maximum kinetic energy of the ejected electrons?

The Momentum of a Photon and the Compton Effect

· The Compton effect is the scattering of a photon by an electron in a material, the scattered photon having a smaller frequency (thus less energy, E=hf) than the incident photon.  The diagram below illustrates what happens when an X-ray photon (high-frequency electromagnetic wave) strikes an electron in a piece of graphite.  Like two billiard balls colliding on a pool table, the X-ray photon bounces in one direction and the electron in the other direction (conservation of momentum).  Compton observed that the frequency of the photon after the collision is smaller than the incident photon, thus it lost energy to the electron in the collision.
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The De Broglie Wavelength and the Wave Nature of Matter

· [image: image20.emf]Louis de Broglie made the astounding suggestion in 1923 that since light waves could exhibit particle-like behavior, particles of matter should exhibit wave-like behavior (de Broglie wavelength of a particle can be calculated by (=h/p=h/mv).  Confirmation of de Broglie’s suggestion came in 1927 from experiments by Davisson and Germer.  A beam of electrons was directed onto a crystal of nickel and observed that the electrons exhibited a diffraction analogous to that seen when X-rays are refracted by a crystal.  The wavelength of the electrons revealed by the diffraction pattern matched that predicted by de Broglie’s hypothesis, (=h/p.  More recently, Young’s double-slit experiment has been performed with electrons revealing interference pattern.  Although all moving particles have a de Broglie wavelength, since Planck’s constant is so small the effects of this wavelength are observable only for particles whose masses are very small.
· Determine the de Broglie wavelength for (a) an electron moving at a speed of 6.0 E 6 m/s and (b) a baseball (mass = 0.15 kg) moving at a speed of 13 m/s.

Heisenberg Uncertainty Principle

· It is fundamentally impossible to make simultaneous measurements of a particle’s position and velocity with infinite accuracy.  Look at diagram on the first page of these notes.  The bright fringes indicate the places where there is a high probability of an electron striking the screen.  And since there are a number of bright fringes, there is more than one place where each electron has some probability of hitting.  Because the wave nature of particles is important in such circumstances, we lose the ability to predict with 100% certainty the path that a single particle will follow.  Instead, only the average behavior of large numbers of particles is predictable, and the behavior of any individual particle is uncertain.

Line Spectra 
· [image: image21.emf]All objects emit electromagnetic waves.  For a solid object, such as the hot filament of a light bulb, these waves have a continuous range of wavelengths, some of which are in the visible region of the spectrum.  The continuous range of wavelengths is characteristic of the entire collection of atoms in the solid and the electrostatic interactions between those atoms in the solid.  In contrast, individual atoms, free of the strong interactions that are present in a solid, emit only certain specific wavelengths rather than a continuous range.  By using a grating spectroscope, a line spectrum (series of discrete lines that are characteristic to the wavelength of light passing through the diffraction grating) can be used to identify the atom and provide important clues about its structure.  These discrete lines in the emission spectrum (diagram (a) below) correspond to the difference in energy between energy levels in an atom and therefore the energy of the photon emitted when the electron falls from a higher energy level to a lower one.  The dark lines in an absorption spectrum (diagram (b) below) correspond to the amount of energy gained by an electron as it is excited to a higher energy level.
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Energy Level Diagrams

[image: image23.emf][image: image24.emf][image: image25.emf]Energy level diagrams depict the energy associated with each principal quantum number (n).  The lowest energy level is called the ground state, to distinguish it from the higher levels, which are called excited states.  The energy level diagram below is for hydrogen.  The electron in a hydrogen atom spends most of its time in the ground state but can be excited to a higher energy level either by absorption of a photon or by gaining energy when colliding with other atoms.  The ionization energy (minimum amount of energy required to remove the most loosely bound electron from an atom) for hydrogen is 13.6 eV.
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Properties of the Nucleus 
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The nucleus of an atom consists of protons and neutrons, which are collectively referred to as nucleons.  A neutron is an electrically neutral particle whose mass is approximately the same as a proton.  The atomic number Z is the number of protons in the nucleus which determines the element.  The atomic mass number or nucleon number (A) is the total number of protons and neutrons in the nucleus (A = Z + N, where N is the number of neutrons).  Nuclei that contain the same number of protons (same element) but different number of neutrons are called isotopes.  The strong nuclear force is the force of attraction between nucleons and is one of the three fundamental forces of nature.  This force balances the electrostatic force of repulsion between protons and holds the nucleus together.  The strong nuclear force has a very short range of action.  The binding energy of a nucleus is the energy required to separate the nucleus into its constituent protons and neutrons.  The binding energy is equal to ((m)c2 where (m is the mass defect of the nucleus ((E=((m)c2).  When specifying nuclear masses, it is customary to use the atomic mass unit (u), which is 1/12 of the mass of a carbon-12 atom (u= 1.6605 E –27 kg).  Alternatively, the mass of the nucleus is often expressed in terms of rest energy which is calculated by Eo=mc2 (1 u = 931.5 MeV/c2).
Nuclear Stability

· For a nucleus to be stable, the repulsion between the positively charged protons must be balanced by the strong nuclear force’s attraction between the nucleons.  For light nuclei, the number of protons is typically equal to the number of neutrons.  Heavy nuclei are stable only when they have more neutrons than protons.  Unstable nuclei spontaneously decay by breaking apart or rearranging their internal structures in a process called radioactivity.  The particles released are collectively called “rays”.  Three kinds of rays are produced by naturally occurring radioactivity:  ( rays, (rays, and ( rays.  They are named according to the first three letters of the Greek alphabet and by their extent to penetrate matter.  Alpha rays (He nucleus) are the least penetrating, being blocked by a thin (.01 mm) sheet of lead, while beta rays (electrons or positrons) penetrate lead a much greater distance (.1 mm).  Gamma rays (high-energy photons) are the most penetrating of the three and can pass through an appreciable thickness (100 mm) of lead.  A neutrino (() is an electrically neutral particle that is emitted along with beta particles and has a mass that is much smaller than the mass of an electron.  Neutrinos penetrate matter much farther than gamma rays.  In fact, a neutrino may penetrate one-light year (9.5E15 m) of lead without interacting with it.
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· Example: Complete the following nuclear reactions:

(a)
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Nuclear Reactions – Fission and Fusion

· Nuclear fission occurs when a massive nucleus splits into two less-massive fragments.  Fission can be induced by the absorption of a thermal neutron.  When a massive nucleus fissions, energy is released (the total rest mass of the products is less than the original rest mass of the heavy nucleus).  Neutrons may also be released during nuclear fission, which can in turn induce other nuclei to fission and lead to a process known as a chain reaction.  A nuclear reactor is a device that generates energy by a controlled chain reaction.
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· Nuclear fusion is a process in which less massive nuclei combine to form a nucleus with a larger mass (occurs in stars).  For the fusion of nuclei less massive than iron, the rest mass of the final products is less than the rest masses of the original nuclei (mass converted into energy; E=mc2).  Because fusion reactions release so much energy without the radioactive waste of fission, there is considerable interest in fusion reactors for the production of electricity, although to date no viable commercial units are being used.  Man-made fusion reactions have been carried out in thermonuclear reactors and in hydrogen bombs.  In a hydrogen bomb, the fusion reaction is ignited by a fission reaction.
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Example: Determine the total number of free neutrons in the products of this reaction.  Is the reaction a fission or fusion reaction?  
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Young's double slit experiment, performed with either light or a cathode ray (beam of electrons) leads to an interference pattern.





Energy of photon = Energy lost by electron�                            hf  = Ei - Ef   
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A is mass #


Z is atomic #
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Tritium (Isotope of hydrogen)  
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Alpha  decay – mass # decrease by 4; atomic # decreases by 2
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Beta minus decay – atomic # increases by 1	
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Beta plus decay – atomic # decreases by 1
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Gamma decay – no change in mass # or atomic #























p=h/(=E/c


p = momentum of a photon





(=h/p=h/mv


(=de Broglie wavelength of a particle





Kmax=hf -(


(=hfo


( = work function ( minimum amount of energy required to remove the most loosely bound electron from a metal


fo = threshold frequency ( minimum frequency that will eject electrons from a specific metal
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