Ch. 23

Atomic 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, blackbody radiation, line spectra, and the photoelectric effect provided compelling 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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Blackbody radiation and Planck’s constant

· [image: image8.png]


All bodies, no matter how hot or cold, continuously radiate electromagnetic waves.  We can see the glow of very hot objects (e.g. sun @ 6000K) because they emit electromagnetic waves in the visible region of the spectrum. The human body @ 310 K does not emit enough visible light to be seen in the dark with the unaided eye, but it does emit electromagnetic waves in the infrared region and can be detected with infrared sensors. A perfect blackbody at a constant temperature absorbs and reemits all the electromagnetic radiation that falls on it.  As temperature increases, the total energy given off by the body also increases and electromagnetic waves given off shift to shorter wavelengths.  If the temperature is hot enough, then the wavelengths of the electromagnetic waves will be short enough to fall in the visible spectrum of light.  From these observations, classical physics predicts that as the wavelength approaches zero, the amount energy being radiated should become infinite.  Experimental data contradicts this argument at the ultraviolet end of the spectrum (called the ultraviolet catastrophe).  Max Planck developed a formula for blackbody radiation that was in complete agreement with experimental data at all wavelengths.  The mathematical technique he used assumed energy was quantized rather than continuous.  In development of his explanation, Max Planck calculated the emitted radiation intensity per unit wavelength as a function of wavelength.  Planck assumed that a blackbody consists of atomic oscillators, or resonators, that can have only quantized energies.  Planck’s quantized energies are given by E=nhf, where n=0,1,2,3…, h is Planck’s constant (6.63 X 10-34 J.s), and f is the vibration frequency.  The radical feature of Planck’s assumption was that the energy of an atomic oscillator could have only discrete values (hf, 2hf, 3hf, etc.), with energies in between these values being forbidden (energy is quantized).   These allowed energy states are called quantum states or energy levels.  The resonators absorb or give off energy in discrete units of light energy called quanta (now called photons) by “jumping” from one quantum state to another. 
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?

· 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 [image: image10.emf]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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· Example 1:  Electrons are ejected from a metal surface with speeds ranging up to 4.60 x 105 m/s when light with a wavelength of 625 nm is incident on it.  Calculate the work function and threshold frequency for this surface?
· Example 2: A series of measurements were taken of the maximum kinetic energy of photoelectrons emitted from a metallic surface when light of various frequencies is incident on the surface.[image: image14.emf]  The table below lists the measurements that were taken.  On the axes below, plot the kinetic energy versus light frequency for the five data points given.  Draw on the graph the line that is your estimate of the best straight‑line fit to the data points.  From this experiment, determine a value of Planck's constant h in units of electron volt-seconds and determine the threshold frequency and work function for the metal.  Briefly explain how you did this.

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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Line Spectra 
· 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

· 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.  As the electron falls back to the ground state it releases a photon of light with energy equal to the difference between the energy levels. 



· Example 3:  The energy level diagram for a hypothetical atom is shown right.

a. Assume the electron has been excited to the -1.0 eV state.  On the diagram, draw arrows indicating all the possible spontaneous transitions.  Determine the energy of each transition.

b. Which transition corresponds to a photon of light with the longest wavelength?

c. Determine the frequency of the lowest energy photon that could ionize the atom in its ground state.
The De Broglie Wavelength and the Wave Nature of Matter

· 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.

· Example 4:  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.
Energy of photon = Energy lost by electron�                            hf  = Ei - Ef   
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(=h/p=h/mv


(=de Broglie wavelength of a particle





Young's double slit experiment, performed with either light or a cathode ray (beam of electrons) leads to an interference pattern.





Frequency determines energy per photon.


Intensity determines photons per second.
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