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Blackbody Radiation


Before the 19th century, physics could easily be summed up by the applications of Newton’s three laws.  However new types of experiments were being done in the mid 1800’s that would change the way scientist thought of classical physics.  One of these experiments involved measuring the thermal radiation of a blackbody.  The conclusions of such experiments lead to the foundation of quantum mechanics and changed many of the previously conceived notions about forces, momentum, and energy.  


 In1800 the English astronomer, Sir William Herschel wished to discover which color produced the most thermal radiation.  First he split sunlight using a prism and then used a thermometer to measure the heat produced by different colored areas of the spectrum.  To his amazement he found that the most heat was produced in a region beyond the red end of the visible spectrum, which, at the time, no one had any other way of detecting.  What he discovered was an effect of thermal radiation.

 Thermal radiation is produced by any massive body with a temperature greater than 0 K.  Its medium being photons and light, thermal radiation is electro-magnetic in origin, and caused by the movement and excitation of charged particles.  After Herschel’s experiment physicist wished to be able explain this phenomena and the relations between an objects heat and the types and amounts of radiation that object emits.  However scientist found that they could not measure the thermal radiation of just any old object; if an object reflects or transmits radiation it will affect the amounts and types of thermal radiation it emits.  
It just so happens that an object either transmits (t), reflects (r), or absorbs (a), any radiation that is incident upon it.  If an object is at the same temperature as its surrounding environment then the amount of thermal radiation it absorbs (a) is equal to the radiation it emits (e).   In equation form this looks like this: 

t + r + a = 1;
 t + r + e = 1. 

Remember, for objects in equilibrium, a = e.
Therefore a mirror that reflects 100% of the light that its hit will have the following values:      t + 1 + a = 1;
a = e = t = 0.

Or a film that transmits 100% of light of all wavelengths will have the values:
     1 + r + a = 1;
a = e = r = 0.

The two above examples are essentially anti-blackbodies in that their emissivity (e) and absorptivity (a) are zero. The ideal blackbody is an object with emissivity and absorptivity equal to one, thus:   t + r + 1 = 1;
r = t = 0.  
It is seemingly impossible to make an ideal blackbody, but observing objects that are very close to being an ideal blackbody are critical to a physicist’s understanding of thermal radiation.  Doing just that, a man named Wein was able to determine that the peak wavelength produced by a blackbody at a given wavelength is:
λmax   =   2898μm/T 
However, the theory behind thermal radiation at the time could not explain the experimentally derived data.  

One way to think of a blackbody is as a box, or cavity with a small hole in it.  In a vacuum, close to 100% of the electro-magnetic waves will enter the hole and if properly emitted, nearly 100% will be re-emitted through the hole, it is in fact the hole itself that is the blackbody.  According to Maxwell’s equations, an electro-magnetic wave in a cavity must satisfy the condition of zero electric field at the cavity’s wall, therefore there exist more modes for which higher frequency radiation can exist.  In fact the number of modes is proportional to frequency squared.  

Lord Rayleigh first analyzed this phenomena and used his newfound statistical evidence to produce a theory for the thermal radiation intensity curves.  His theory predicted that the probability for occupying  a mode was equal for all frequencies.  Thus the intensity (I) of light emitted by a blackbody at a given temperature should be proportional to frequency (υ) squared:   
I  ~ υ2 
This theory works well for low frequencies, however it predicts an increase to infinity for intensity as frequency increases.  Not only does this violate the conservation of energy, but it predicts that our universe should be flooded with ultra-violet radiation, thus the fiasco was dubbed the ultra-violet catastrophe. 


In the early 1900’s the German physicist proposed a new way of explaining blackbody radiation curves.  Instead of the emission of radiation being continuous, Plank’s theory hypothesizes that the oscillators that emit and absorb thermal radiation can only do it in discrete quantities.  This means that the probability for all modes is not equal, thus the I  ~ υ2  equation needs to be multiplied by a probability curve that approaches zero as frequency increases.  Plank did not explain why energy needs to be quantized, but this “mathematical trick” provides for a theoretical intensity curve that matches the experimental derived data. Figure 1 on the next page shows how different these two curves look.
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Figure 1
As we see in figure one the two formulas apply the same concept for the number of modes being proportional to υ2, but plank’s formula applies a statistical element.  This element is based on the concept that it requires hυ energy before light of that frequency can be emitted. 

 h is plank’s constant:    
h = 6.63 x 10-34 J ۰ s
Einstein later applied this concept to that of the photo-electric effect furthering our understanding of quantum mechanics.  The name for the medium that transfers this energy is known as a photon.  Before this time a photon had always been thought of as a wave, however a new picture was beginning to emerge in which light acts as a wave in some cases, and a particle in others.

Earlier I stated that thermal radiation is caused by the movement, excitation and acceleration of charged particles within a thermal body.  The amount of such energy radiated is given by the following relation: 
E = nhυ, 
where n is a positive integer.  Thus photons of higher frequencies are only emitted if a reaction occurs that releases an amount of energy equal to an integer multiple of the energy of that photon. 


Beyond the realm of quantum mechanics, the study of blackbodies has little other application.  One field of physics that does concern themselves with blackbodies is that of astrophysics.  Measuring the radiation emitted by stars, astronomers have found that their radiation curves are very similar to that of a blackbody.  This information is very useful if one wishes to know the surface temperature of a star.  Take our sun for example:  it looks yellow, so its peak radiation has a wavelength of about 600nm, (which just so happens to be right in the middle of the visible spectrum). Using Wein’s Law, we get:
λmax   =   2898μm/T,   T = 2898μm/ λmax = 2898μm/600nm ~ 5000K
This means that the surface temperature of our sun is around 5000K.  Using this methods the temperature of other stars and cosmic bodies throughout our universe may be garnered, however, one must remember to account for red or blue shift, which ever applies.  A star that looks blue will be hotter than our sun because blue light has a shorter wavelength, while stars that shine red are cooler.  Looking at images of galaxies one cane see that center has cooler, redder, older stars, while the ones on the fringe are younger, hotter, and thus bluer.  
In the 1980’s the satellite COBE (Cosmic Observable Background Explorer), equipped with an internal reference blackbody calibrated by and external blackbody having an emissivity better than .9999 was used to measure the radiation, and thus temperature of the universe.  This was found to be around 2.726 K.  This observation is important because it matches the predictions of hot Big Bang theory.  Finding variations in the uniformity of the background radiation, scientist hope to discover how matter and energy were was distributed when the universe was still very young.  Other applications of blackbodies exist, such as their use in calibration of infra-red and other electro-magnetic sensors, but the most important are those in quantum physics and astrophysics.  
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