INTERACTIONS OF LIGHT AND MATTER

Light before the 20th Century

Light has been described as a particle and as a wave.  The electron has wave-like properties too.  This has led to new ways of thinking, not only about light, but also about matter.

A Brief Introduction
In the last 1600’s the observed behaviour of light were :

1.
Rectilinear Propagation:  Light travels in straight lines.

2.
Reflection:  Angle of Incidence equals Angle of Reflection. 

3. Refraction:  Snell's Law - (Sine of Angle of Incidence / Sine of Angle of Refraction) is a constant for any two media.

4. Dispersion: Light breaks up into colours when it refracts.

5.
Polarisation:  A property of transverse waves.  When light enters two polaroid filters it is either blocked out or passes through depending on the orientation of the two filters.

6.
Pressure of Light: An intense beam of light can exert pressure in the same way as water from a fire hose or being dumped by a wave.

The story began with two opposing models for the behaviour of light - The Wave Model and the Particle Model.  Both models explained all observations.  In Newton's time and for some time after, the Particle Model was accepted.

Interpret the pattern produced by light when it passes through a gap or past an obstacle in terms of the diffraction of waves and the significance of the magnitude of the /w ratio;

Over 100 years after Newton Light was observed by Young to bend around a sharp edge and to spread out as it passed through a narrow gap.  This phenomenon is called Diffraction.  It is a property of waves, something that the particle model could not explain.  The Wave model re-emerged as the only model that could explain this behaviour.

Waves spread as they pass through a narrow gap.  The amount of spreading depends on two factors: the width of the gap and the wavelength.

The longer the wavelength the greater the spreading

The narrower the gap width, the greater the spreading

So the amount of spreading 
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This means that red light spreads more than blue light.

The diffraction pattern of light consists of a wide bright central maximum with bright and dark lines either side.

Explain the results of Young’s double slit experiment as evidence for the wave-like nature of light including

· constructive and destructive interference of waves in terms of path differences

· qualitative effect of wavelength on interference patterns;
Young’s double slit experiment also supported the Wave model.  The experiment is another example of wave behaviour: interference.  A wave consists of periodic changes; crests and troughs in water waves, compressions and rarefactions in sound waves.  In Young’s time the answer to the question, “What is waving for light?’ had no answer.
Interference is the appearance of light and dark lines when light from a single source passes through two narrow closely spaced slits and hits a screen.  The light and dark lines are caused by cancellation and reinforcement between the waves that have come from the two narrow slits.  The distances from each of the slits to a point on the screen are different.  So for the wave model, when beams of light from the two slits meet at the screen, one beam will have travelled further than the other leading to either cancellation or reinforcement.

If the path difference was an odd number of half wavelengths, the cancellation would occur, the screen would appear dark and the point would be a node.  Whereas if the path difference was an even number of half wavelengths, the screen would appear bright and the point would be an antinode.
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The path difference between the two beams can be calculated from the geometry of the apparatus.  The central spot will be bright at the path difference will be zero.  The first dark band either left or right of the central spot will have a path difference of /2, the bright band after that will have a path difference of 2/2, the next dark band will have a path difference of 3/2, etc.

If the light source was changed to one of a longer wavelength, the first dark band would be further out and so would the rest of the bands, so the pattern would appear more spread out.

The Interference pattern for light is a series of equally spaced light and dark lines, there is no central maximum as with the Diffraction pattern.

Explain the production of incoherent light from wide spectrum light sources, including the Sun, light bulbs, and candles (descriptive), in terms of thermal motion of electrons;

Light as Electromagnetic Waves 

In the mid 19th century, Maxwell developed the theoretical and mathematical basis for the observed properties of electricity and magnetism.  He noted that Faraday had discovered that a changing magnetic field produces a current, that is, an electric field.

Maxwell proposed that the relationship between electric fields and magnetic fields should be symmetrical.  He therefore assumed that a changing electric field should produce a magnetic field.  He then concluded that it should be possible to obtain a travelling electromagnetic wave, where a changing (sinusoidal) magnetic field produces a changing (sinusoidal) electric field which produces a changing (sinusoidal) magnetic field which produces ..... .

The speed of the wave would depend on the two physical constants that determine i) the strength of the electric force between stationary charges, and ii) the strength of the magnetic force between currents.  When Maxwell calculated the value of the speed his answer was identical to the known speed of light.  It confirmed the wave model with light as a transverse electromagnetic wave with colour related to frequency.

Maxwell’s explanation of light explains how light sources actually produce light.  Accelerating charges produce electromagnetic radiation.  In a hot object the electrons, which are charged are being constantly being knocked around by the vibrating nuclei.  This random, but excited movement on the part of electrons produces a range of frequencies of electromagnetic radiation.  The hotter the material, the greater the acceleration of the electrons and the higher the frequency of the radiation emitted.  Eventually the material will be so hot that the frequency of the radiation will be in the visible region and the object will glow.

Light in the 20th Century

Interpret the photoelectric effect as evidence for the particle-like nature of light, including

· kinetic energy of emitted photoelectrons in terms of the energy of incident photons

 Ekmax = hf – W using energy units of both joule and electron-volt,

· effects of intensity of incident irradiation on the emission of photoelectrons;

Particle-like Behaviour of Light - The Photoelectric Effect
When high frequency light is shone on some metals, electrons were ejected from the surface of the metal.  Investigation focussed on the maximum kinetic energy of the ejected electrons as the intensity and frequency of the light were changed.  The Max K.E. is measured by recording the largest retarding voltage which stops the fastest electron getting across to the collecting electrode.

This maximum KE could be measured in joules using the relationship W = Vq, where q is the charge on the electron, 1.6 x 10-19 Coulomb.  The energy of the electron was therefore a very small quantity.  An alternative unit was needed.

The new unit was called the “Electron-volt” and was equivalent to the energy in joules gained by an electron when it was accelerated by a voltage of 1 V.

That is, 1 electron-volt = 1.6 x 10-19 joules.  “1 electron volt” is abbreviated as 1 eV.

What did the experimental investigations show:

*
The more intense light, the greater the number of photoelectrons emitted, but no increase in Max K.E.,

*
The Max K.E. of the photoelectrons is independent of the intensity of the light,

*
The Max K.E. of the photoelectrons depends on the frequency of the light,

*
For each metal, there is a threshold frequency below which no electrons are emitted regardless of intensity.
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What does the Wave Model predict?
· The more intense the light, the larger the amplitude of the wave, the more energy that is available to each electron, the higher the Max K.E.  INCORRECT.

· The frequency does not affect the energy of the wave, so there should be no dependence on the frequency.  INCORRECT

· With low intensity light, it should take some time for the energy to build up to a sufficient level for an electron to ejected.  INCORRECT

Einstein's Photon Model
In 1901, Max Planck in attempting to explain the spectrum of radiation emitted by a hot object proposed the concept of a fixed packet, or quantum, of energy by which energy was emitted or absorbed.  He suggested that the energy, E, in the quantum was proportional to the frequency, f, of the light.

E = h f, where h is Planck's constant (6.63 x 10-34 J.s)

Einstein used this concept to explain the photoelectric effect.  He specified four assumptions or postulates:

1.
Light not only is emitted and absorbed as a quantum, but also travels through space as a packet of energy.  This packet of energy is called a PHOTON.

2.
Each photon gives up all its energy to one electron.

3.
Electrons require a certain minimum of energy, W, to remove an electron from the surface of the metal.  This minimum energy is called the Work Function.

4.
The Max K.E. of the Electron   = 
Photon Energy - Work Function


                               Max K.E.
=
hf - W

What does the Photon Model Predict?
· Increased intensity means more photons of the same energy, hence more electrons of the same energy. CORRECT

· Increased frequency means increased energy in each photon, which results in more energetic electrons.  CORRECT

· The threshold frequency, f0, occurs when Max K.E. equals zero, i.e. f0= W/h. CORRECT

Compare the momentum of photons and of particles of the same wavelength including calculations using , p = h/,

Interpret electron diffraction patterns as evidence for the wave-like nature of matter expressed as the de Broglie wavelength  = h/p;

Momentum of A Photon 

In the Photon model, photons have energy like a particle, can a photon have momentum?  Maxwell had said that an electromagnetic wave which was carrying energy, E, also had momentum, p = E/c where c was the speed of light.  So, substituting E = hf, the momentum of a photon is given by p = hf/c = h/(.

The De Broglie Wavelength 
De Broglie suggested that the relationship between wavelength and momentum for photons could also apply to matter.  That is, every mass that has momentum also has an associated wavelength.  Electrons have a wavelength, cricket balls have a wavelength and planets have a wavelength!  Light and matter share particle and wave characteristics - "Particle-Wave Duality".

The wavelength is given by ( = h/p.  But since h is so incredibly small a value, the momentum also has to be incredibly small for an observable wave effect.  This is only achieved by the electron, whose momentum is very small, even when it is travelling close to the speed of light.

In 1927 high energy electrons were fired at the regular patterned surface of a nickel crystal.  A diffraction pattern was observed, identical to that produced by X-rays of the same calculated wavelength.

Explain a model of quantised energy levels of the atom in which electrons are found in standing wave states;

The Bohr Model of the Atom

Bohr proposed that since electrons had a wavelength associated with their momentum, then like sound waves could form standing waves in an enclosed space like an atom.

Standing sound waves means that only certain frequencies or wavelengths are allowed in the confined space.  Since Einstein and Planck had postulated that energy was related to frequency, then Bohr was able to determine at what wavelength, and therefore at what frequency and energy values electrons could exist in the atom.

This meant that energy of electrons in the atom only exist at certain values, called quantised energy levels.

An electron can move to a higher energy level when a photon hits the atom.  The electron can then drop down an energy level and emit a photon.

In both instances the energy difference ((E) between the initial and final levels is related to the frequency (f) of the photon by (E = hf.

Interpret atomic absorption and emission spectra including those from metal vapour lamps in terms of a quantised energy level model of the atom, including calculations of the energy of photons absorbed or emitted, E = hf;

Spectra

The electromagnetic radiation that is emitted from a free atom only occurs at a number of discrete or separate wavelengths or frequencies.  This is usually represented as a set of lines.

Visible spectrum of hydrogen spectrum
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Blue
Violet
Near Ultraviolet

Interpretation of Spectra
After Einstein, frequency is now linked to energy by E = hf.  Each line in the spectra now corresponds to a transition of an electron from one energy level to another level.

In fact, the discrete lines in the spectra must mean that electrons in atoms can only exist at specific energy levels, and the spectral lines represent transitions between these levels.

When an atom is excited electrons are sent to a higher energy level.  From there, the electron drops back to the ground state by any of the possible paths, each drop emitting a photon of specific energy and freq.
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