
Mr. Harwood

Updated: June 2014

Course: SPH 4U1

Unit: Quantum
Lesson 1: Title: Black Body Radiation
Preliminaries: get demos: nail melting or ceramic in hot Bunsen burner flame, carbon arc lamp?
(This lesson may take 2 periods)
Homework: 
What are the four fundamental forces of nature? 
What sort of objects does each force affect/interact with?

Lesson:

Blackbody: 

· A perfectly black object absorbs all radiation that falls on it. 

· This radiation is electromagnetic radiation – radiowaves …. gamma rays

If it absorbs radiation it will get hotter.
What happens as it cools down (e.g. when one removes it from a furnace)? It will radiate perfectly too.  
· A “blackbody” is a theoretically ideal radiator and absorber. 

When a cold blackbody is in a hot environment what happens?  It absorbs radiation

What a hot black body is in a cold environment what happens?  It dissipates heat energy as radiation.
 This is not entirely true.
· All objects are always radiating and absorbing radiation. All objects that have a temperature greater than absolute zero are always radiating heat. If they are cold, it is just that they are absorbing more heat than they are radiating. 

· A black object will radiate heat better than other coloured objects. A perfectly shiny silver one will reflect all radiation (up to UV frequencies) – it is the worst absorber.  A shiny silver object also radiates heat the worst.

Real life Blackbodies:
· One can approximate a black body by having a small hole into a hollow black object. All radiation that goes into the hole will be absorbed, none will be reflected or transmitted. 

· While a perfect black body is an ideal concept, there are enough objects that work this way that it is really useful. 

· Examples: stars, hot metal (e.g. stove, metal in a furnace)

DEMO: hot bodies. 
See also: http://www.engineeringtoolbox.com/radiation-heat-transfer-d_431.html

Blackbody Radiation

The radiation of a black body has special characteristics: it is a continuous curve of a specific shape (many of the graphs are plotted on log-log scale so the shape is different). There is a peak intensity and total area that depends directly on temperature. There is a minimum wavelength (maximum energy) emitted.
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Black body radiation is not a new type of radiation.  It is a certain distribution of electromagnetic radiation.

NOTE that this does not occur with gases (and objects where the atoms are not bound together). 
Gases emit radiation in line spectra based on the composition of the gas. 

Solids, liquids, and compressed gases emit continuous spectra when heated. These spectra are black body radiation – as far as I know.

All objects with a temperature above absolute zero (0 K or -273 °C) emit (and absorb) infrared (IR) radiation. The higher the body's temperature, the more radiation (total energy  area) emitted and the shorter the predominant or peak wavelength of the emissions. 
Peak emissions from objects at room temperature occur at 10 µm. The sun has an equivalent temperature of 5900 K and a peak wavelength of 530 nm (green light). It emits copious amounts of energy from the ultraviolet to beyond the far IR region.

Scientists came up with two laws of radiation:
Stefan-Boltzmann law: the amount of energy emitted from a body increases with higher temperature
Wien's law: the peak of emission moves to shorter wavelengths (bluer light) as temperature increases

The Stefan-Boltzman Law tells us the rate at which energy is radiated 
(Q=heat or thermal energy, Q/t = Power)

Q/t = eA T4 ;
where e = emisivity (1=black body, 0=shiny), A=area,
 and  is the Stefan-Boltzman constant
 


( Q/t is related to where the peak of the emitted radiation occurs.)
As someone heats up a piece of metal, what colours does it glow?
infra-red  red  orange  yellow  white  blue-white

Why does it never get green-hot? 
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The colours that are seen depend on the peak wavelengths of the radiation emitted. 

This is because, when the peak wavelength is just in the green region, there is a lot of Y, O, R also. From grade 11 physics, we learned that G + R = Yellow. Thus the peak in green region looks yellow to our eyes.  As the temperature increases and the peak wavelength moves towards the blue region, one sees all colours and the object looks white-hot. 

For UV and above the object still appears blue-white to the human eye – no matter how hot it is. It just looks more and more intense. (Of course the UV and X-rays emitted would cause blindness, cancer, etc.)

Wein’s Law, also based on  classical physics predicted how the peak wavelength depends on temperature. 

peak * T = 2.90 x 10-3 m·K

This law deviated from the experimental results at longer wavelengths.

 Colour temperature

Interestingly, note that the colours that a hot object glows depends only on the temperature and not at all on what the object is made of – as long as it is approximately a black body.

There is a direct correspondence between colour and temperature. <see CIE diagram>. 
This is how we know what temperature stars are.

This is how we find the temperature of things so hot that they would melt the thermometer – use an optical pyrometer.

This is why cameras (and camera film) have different settings for outdoor and indoor light:
sun = 5000K, tungsten filament = 4000K.
The UV catastrophe

In the late 1800s attempts were made to explain the distribution of wavelengths based on the idea that each atom in the solid vibrates like an oscillator and emits radiation at the same frequency as the oscillation.  This resulted in the Rayleigh-Jean’s law:

Intensity = f(,T) = 8 k T-4


where k = Boltzman’s constant = 1.38 x 10-23 J/K

The problem with this is that when  reaches the UV region it diverges from the experimental data. Furthermore, as smaller wavelengths approach zero the intensity function goes to infinity! This was given the thrilling name “ultraviolet catastrophe”.

How to explain it?
Max Planck fiddled with some numbers and came up with this equation that matched the data.
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Planck’s Law:
Energy density =  f(,T)  = 
8 k T-5



ehc/kT -1

This law fit the curve perfectly.  
(Try and graph it as a function of  (100    6000 nm),  with T = 1600 K  ** Can’t! Need log-log plot?)   (see this applet: http://csep10.phys.utk.edu/guidry/java/planck/planck.html)

Next Planck tried to find some theoretical basis for the  law.

He proposed that all material systems can absorb or give off electromagnetic radiation only in "chunks" of energy, quanta, and that these are proportional to the frequency of that radiation E = hf. (The constant of proportionality h is called Planck's constant and was originally determined by fitting theory to experimental curve.) 
 h = 6.63 E –34 J.s   It is very small. Almost all quantum things involve this constant! Because of this, quantum effects are only seen on very small scales (i.e. atomic size and smaller. The diameter of a carbon atom is 154 pm = 1.54E-10m.).

He assumed energy distributed among the molecular oscillators is not continuous, but consists instead of a finite number of very small discrete amounts - each related to the frequency of oscillation by Emin = hf.

So any oscillator can have the energy E = hf, 2hf, 3hf, ... nhf, ...  (for macroscopic things, n is huge, so we don’t see any jump between n and n+1), but there cannot be any vibration whose energy lies between these values.

A while later, Einstein said that if light is emitted from a molecular oscillator (a solid black body), it can only have a certain amount of energy - specifically, light will be emitted in packets of E=hf, reducing the energy of the solid to E = (n-1)hf. 

Important Formula:  Eph = hf

This is the energy that one photon of light has.

No one really knows why the energy of light only depends on its frequency! (is this true? Where did this quote come from?)

Another unit for energy (on the quantum scale) is electron volts … :
Summary: energy is quantized, so is light: light is emitted in little packets like particles (waves are not quantized, particles are).
quantized (discrete)  
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Homework:
These questions need to be done in order to understand this concept.

(Giancoli)  p 798 #1-4, p800 #9,

p800 #11,12, 14 (these 3 require knowing eV)
