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The speed of light, in meters per second, has been measured by splitting a light beam into two paths and measuring the time difference for different optical distances.  The speed of light was measured to be 2.86017e8 +/- 1.03e-10 m/s.  

The purpose of the experiment was to measure the speed of light using a laser and a system of mirrors which split one light beam into two light beams of different path lengths.  By splitting the two and measuring the time difference between them we were able to determine the speed of light in meters per second.

We know that the speed in general is expressed by the equation 

dx/dt = v

where dx is the change in position and dt is the change in time.  This equation makes the experiment relatively mathematically simple.  Because light can be expressed as a wave function with a modulated amplitude on an oscilloscope, we send light over two different paths and record the phase differences of the two beams.  This gives us the speed.  The difference in path over the difference in phase (in seconds) will be the speed of light.  

Olaus Roemer performed the first succesful measurement of the speed of light in 1676.  By observing an eclipse of one of Jupiter’s moons, Olaus was able to measure the speed of light within 71% of the accepted value today.  The first successful measurement of the speed of light in Earth’s atmosphere was performed by Armand  Fizeau in 1849 [1].  His experiment involved the used of a light beam aimed on a mirror at a distance of eight kilometers.  A wheel with holes in it was placed in the light beam.  As the light passed through it, the rotation of the wheel was increased until the returning light could be seen passing through the next gap.  Fizeau measured the constant within .6% of the current accepted value.  Albert Michelson began his experiments to measure the speed of light in 1926.  Michelson devised a system using an eight sided rotating mirror, obtaining results to within +/-  50 km/s.  Later he improved on this by measuring the speed of light over a 35 km pathway, bringing the accuracy down to +/- 4 km/s [3].  Evanson determined the accepted value of the speed of light, 299,792.4574 +-0.001 km/s, in 1973 using lasers.


The first apparatus in our experiment was the laser (see Appendix 3 for diagrams).  Mounted on a rolling platform, the laser served as an intense source of light, easily pointed and aligned.  The laser beam passed through a semi-silvered mirror that reflected half the beam and let the other half pass through.  The beam that was reflected had the short path and was directed back to a photoelectric cell.  The second beam traveled on to a reflection post that reflected the beam back to a second photoelectric cell.  Both cells were coupled to an oscilloscope.  In order to double the path with minimal effort, the second light beam was relayed back and fourth twice from the same position: a second mirror was placed on the laser end and reflected the beam back to a third mirror on the reflection post.  This beam in turn was reflected back on to the second photoelectric cell.  Thus, the original path was doubled without moving the reflection post.  A magnifying lens was used in order to focus the light beam on the photoelectric cell when the path length was long.  The laser, three of the mirrors, and the photoelectric cells were bolted onto a cart that made for easy setup and adjustment.  Two oscilloscopes were used, the first one being an analog and a second more modern digital oscilloscope.

We began by squaring the edge of the cart to the tiles that lined the second floor of Corcoran Hall.  The tiles, incidentally are exactly single feet in length.  We took advantage of this in measuring the path length: we merely counted out the tiles between the laser and the reflection post.  The reflection post was initially placed at eight feet.  One physicist manned the reflection post and adjusted the position and orientation of the mirror in order to reflect the beam back onto the photoelectric cell.  The oscilloscope was adjusted so that the inflection point of the wave was on the x-axis.  The scope was set to microsecond increments and the reading was taken by measuring the distance between the intersections of the two separate waves.  The original scope might account for a large bit of the systematic error.  A significant source of error resulted from the primitive oscilloscope.  After the first reading was taken, the path was doubled using the technique described above.  For each position of the reflection post two readings were recorded: the distance and twice the distance.  


As the path length became increasingly larger, the laser beam became less intense.  In order to get a good reading at some of the farther distances, a magnifying glass was used to focus the beam back onto the photo-cell.  The glass was also useful in directing beam.  At far distances, slight nudges of the mirror result in large displacements of the beam on the receiving end.  Therefore it became increasingly hard to merely aim the laser directly on the cell. 


About halfway through the experiment we began using a digital oscilloscope.  The modern oscilloscope had a feature where one could control the x position of two vertical lines.  One line was placed on the inflection point of the short beam and the second was placed on the inflection of the long beam.  The oscilloscope would calculate the difference between the two points, thus giving a far more accurate reading.  


The data was tabulated and the path lengths were converted from feet to meters.  Data was plotted using the Gnuplot program on a graph of Time Difference vs. Path Difference.  The “fit” function was used on the Gnuplot (ver 3.7 Windows) to give an accurate best-fit line.  Theoretically, the line should have passed through the origin.  The value of b in the equation of a line represents systematic error.  The slope of the line represented the inverse of the speed of light.
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GNU Plot calculated a slope of 3.49926e-009 +/-1.006327e7 m/s.  Inverting this number gives us the speed of light: 2.86017e8 +/- 1.006327e7 m/s.  The largest source of error was the oscilloscope.  Because the first oscilloscope was analog, there might have been discrepancies in the readings.  Furthermore, the change in scopes would naturally have produced some systematic error due to the innate differences in the instruments.  Finally, using the digital oscilloscope gave more accurate results because of a digital function for measuring the differences between asymptotes.  Other sources or error, albeit small, arise from vibrations in the building and the inaccuracies when measuring the path distance.  

By splitting a beam of light, directing the two beams over different path-lengths, and measuring the shift in the signals on an oscilloscope, we found that the speed of light is 2.86012 e 8 +/- 1.006327e7 m/s.  In the event of continuation or modification of this experiment, it would behoove the physicist to use a stronger beam, a more stable building, and a digital oscilloscope. 

One method we developed would be useful to those who want to repeat or extend this experiment. At such large distances (from about 100-300 feet), minor movements in the mirrors caused large displacements of the beam on the target.  It was essential to utilize a magnifying glass to direct the laser onto the sensor. Using our method, the laser beam would be placed within a couple of centimeters of the sensor and directed onto the sensor from there.  This method saved much time and enabled us to take data at large distances.  
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Appendix 1:  Gnuplot Fit Data Printout

gnuplot> fit f(x) 'Phys_2.dat' via m, b

Iteration 0

WSSR        : 1.38662e-015      delta(WSSR)/WSSR   : 0

delta(WSSR) : 0                 limit for stopping : 1e-005

lambda    : 29.1888

initial set of free parameter values

m               = 3.56012e-009

b               = 1.87798e-008

/

Iteration 1

WSSR        : 1.38662e-015      delta(WSSR)/WSSR   : -2.84455e-016

delta(WSSR) : -3.9443e-031      limit for stopping : 1e-005

lambda    : 2.91888

resultant parameter values

m               = 3.56012e-009

b               = 1.87798e-008

After 1 iterations the fit converged.

final sum of squares of residuals : 1.38662e-015

rel. change during last iteration : -2.84455e-016

degrees of freedom (ndf) : 17

rms of residuals      (stdfit) = sqrt(WSSR/ndf)      : 9.03137e-009

variance of residuals (reduced chisquare) = WSSR/ndf : 8.15657e-017

Final set of parameters            Asymptotic Standard Error

=======================            ==========================

m               = 3.56012e-009     +/- 1.03e-010    (2.893%)

b               = 1.87798e-008     +/- 4.25e-009    (22.63%)

correlation matrix of the fit parameters:

               m      b

m               1.000

b              -0.873  1.000  

Appendix 3: Diagrams of Apparatus







