
Diffraction and Interference

1. Introduction


In 1801, the English scientist Thomas Young designed and performed an experiment which produced seemingly unexplainable phenomena.  At least, it was unexplainable in terms of the current “corpuscular” theory of light.  Young observed the image of light passing through first one slit, then two slits closely spaced and parallel to one another.  He used filtered light from a mercury arc to insure that he had nearly monochromatic light.  The first slit insured that light striking the double slit further on had a definite phase relationship among various points on the wave front (i.e. coherence).  The image that Young observed was a series of light and dark areas which did not represent a plain geometrical image of double slits.  Furthermore, a point on the screen which was illuminated when one of the double slits was covered became dark when both slits were uncovered.  Young turned to the wave theory of light, originally advanced by Huygens 123 years earlier, to explain this interference pattern.


Despite Youngs findings, Newton’s theory of light as a stream of particles continued to prevail.  However, in 1819 a young military engineer, Augustin Fresnel, used the wave thoery of light to predict another type of interference pattern, a diffraction pattern.  Fresnel predicted that light passing around the edges of a sharp disk would produce a series of light and dark rings, with a bright spot at the center (later known as a Fresnel bright spot).  This type of pattern could not be explained if light were not a wave.

2. Theory

2.1  Diffraction – The Single Slit


As Fresnel predicted, when light passes near the edge of an opaque object and then onto a screen, there appears to be some illumination in the area of the geometric shadow.  In other words, light fails to travel in straight lines when passing sharp edges.  This phenomenon is known as diffraction, and occurs because of the wave nature of light.  This means that there are many different path lengths from the object to the screen.  If there is sufficient difference in the path length, two waves reaching the same point may be 180( out of phase, resulting in destructive interference.  In the same way, constructive interference may also occur.


If we consider how planes waves of light of wavelength ( are diffracted by a single long narrow slit of width a in an otherwise opaque screen, as shown in Figure 1.  When the diffracted light reaches a viewing screen, waves from different points within the slit undergo interference and produce a diffraction pattern of bright and dark fringes on the screen.  To locate the dark fringes, we shall us a clever strategy that involves pairing up all the rays coming through the slit and finding what conditions cause the waves of the rays in each pair to cancel each other.  First, we divide the slit into two zones of equal widths a/2.  Then we extend a light ray from the top point of the top zone, and another from the top point of the bottom zone, to the same point on the screen.
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Figure 1


The waves of the pair of rays are in phase within the slit because they originate from the same wavefront passing through the slit.  However, tto produce he first dark fringe they must be out of phase by (/2 when they reach the viewing screen.  This phase difference is due to their path length difference.  To display this path length difference, we find a point b on the second ray such that the distance from that point to the screen is the same as the path length for the first ray.  Then the phase difference is the distance from b to the center of the slit.  The two rays are approximately parallel if the distance to the screen is much greater than the slit with, a.  This makes the triangle formed by the top of the slit, the center of the slit and point b a right triangle.  Therefore, using a little geometry, we find that one of the angles of this triangle is (.  The path length difference between the two rays is then equal to (a/2)sin(.


This will be true for any pair of rays originating from corresponding points in these two regions going to the same point.  Setting this common path length difference equal to (/2, we have

a/2 sin( = (/2,

giving us





a sin( = ( (first minimum).                                               (1)

Given the slit width a and the wavelength (, this tells us the angle ( of the first dark fringe above and (by symmetry) below the central axis.


We can find the second dark fringes above and below the central axis in the same way, except that we now divide the slit into four zones of equal widths a/4. and extend these four rays to the same point on the screen.  To produce a dark fringe, the path length difference between adjacent pairs of rays must be (/2.  So we now have

a/4 sin( = (/2,

giving us





a sin( = 2( (second minimum)                                         (2)


We can continue to locate dark fringes in the diffraction pattern by splitting up the slit into more zones of equal width.  We would always choose an even number of zones so that the waves could be paired as we have been doing.  In this way we would find that the dark fringes can be located with the following general equation:



a sin( = m(  for m = 1, 2, 3, . . . (minima – dark fringes).                        (3)

2.2 Interference – the Double Slit


A double slit, as illustrated in Figure 3, permits what remains of an incoming wave to travel to a distant screen along two different paths with different lengths.  The light waves from the two slits interfere, resulting in an interference pattern of bright (constructive) and dim (destructive) patches as viewed on the screen.


We shine light from the left onto the double slit, which allows two light waves to propagate from the two slits.  Straight-ahead they will always be in phase sicne they travel the same distance to the screen.  But whent eh two waves propagate at an angle (, they cover different distances to reach a specific point on the screen.  This is illustrated in Figure 2.
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Figure 2
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Figure 3


If we slightly modify the arguments we used to determine the dark fringes in the case of single slit diffraction, we can determine what the interference pattern will now look like.  We can again use the approximation that the light rays passing through the two slits are parallel.  Applying rules of trigonometry to the triangle in Figure 3, as we did before, the difference in paths ((l) between the two rays is then,






(l = d(sin(.                                                           (4)

So what quantitatively determines a point of maximum intensity on the screen?  Maximum intensity occurs if the two waves are precisely in phase at the point on the screen.  So the waves will be in phase when they meet at the screen if the path difference between teh two waves is an exact number of wavelengths, n, where n is an integer called the order of the maximum.  This requirement, expressed mathematically, is






(l = m((.                                                               (5)

Note that if n = 0, there is no difference in the path lengths, resulting in a maximum straght ahead, ( = 0.  Subsequent maxima occur for subsequent positive and negative integers, n = +/-1, +/-2, +/-3, ...


Combining equations 4 and 5, we get that maximal constructive interference occurs for:






d(sin( = m((.  (maxima)                                      (6)

So as with single slit diffraction, we can determine the wavelength of the light incident on the slits, or the slit seperation, from the angle to a given order of maximum.


For a dark fringe, (l must be an odd multiple of half a wavelength.  Again using equation (6), we can write the requirement as





(l = d(sin( = (odd number)(1/2 ().                                  (7)

or more generally as





d(sin( = (m + 1/2) (,  for m = 0, 1, 2, . . .







(minima – dark fringes).                            (8)

2.3 Intensity of the Interference Patterns


You will note that in the case of double slit interference the intensities for subsequent maxima are different.  What causes this?  While in this case it is the pattern formed by the two slits that we are interested in, there is still an overall diffraction pattern from each single slit.  The overall pattern shown in figure 4 is a superposition of the singel slit and double slit interference that you will actually see.  The narrow spikes are due to the double slit interference adn the envelope, or large-scale pattern, is due to the single slit diffraction caused by each slit.
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Figure 4

(The many peaks of the narrow spikes correspond to the maxima in d*sin = m*l)
2.4 Light from a Laser


In the double slit experiment we use a laser as the light source.  Laser light differs from incandescepnt or flourescent light in two important ways.  First, lasers emit intense light of a single wavelength or frequency (monochromatic).  Second, laser light is coherent, meaning that all light waves are in phase.


Let’s illustrate the differences between coherent and incoherent light through a simple familiar example.  Contrast a crowd of people cramming the city streets during rush hour with a regiment of soldiers at a parade.  In the midtown crowd, even if everybody were to step at the same frequency (which they don’t!), each pedestrian’s steps are independent of what others are doing.  But soldiers at a parade move in step, or in phase, with a similar frequency, taking their steps at exactly the same time.  Laser light is like the (coherent) soldiers at a parade, whereas light from a light bulb is like the (incoherent) civilian crowd at Times Square.


Although incandescent light sources can produce diffraction and interference patterns, a laser is better to illustrate coherent phenomena.

3  Experiments

We use laser light instead of incandescent light because it is coherent (which is important so that the rays of light will start in phase as they pass through the slits).  Passing this light through either single or double slits will produce an interference pattern of bright and dark lines on the wall or a piece of paper beyound the slit(s).

In the case of the double slit, we know that the angle, (m , at which the mth order bright spot appears is given by equation (6).  For small (m (in radians), the approximation 

sin( ≈ tan( ≈ ( is valid.  So on a screen far away from teh double slit, we observe maxima located close to the optical axis (where the 0th order maximum hits the screen) approximately given by





sin(m ≈ tan(m = xm/L                                                          (9)

where xm is the distance between the mth order maximum and the 0th order maximum, and L is the distance between the double slit and the screen.  We then find






xm/L = m(/d                                                         (10)

or for adjacent maxima






(x/L = (/d                                                           (11)

with (x equal to the distance between the maxima.  Since (x and L are easy to measure, we can straightforwardly determine d (or () given ( (or d).

4.1 Single Slit

1. The laser should already be mounted on the laser holder at the far end of the track.  Before you start, you should be sure you have read the laser safety not above. Turn on the laser.  You should see a bright spot at the other end of the table.

2. Place the circular slide containing various arrangements of double, multiple, and comparison slits midway down the bench.

3. Rotate it so that the first set of comparison slits (containing a single and double slit) is positioned for the laser light to pass through the single slit.

4. The laser may need to be realigned to pass directly through the slit.  You can alter its position by adjusting only the back legs on the laser holder.  Make sure you avoid lifting the laser and shining it in your classmate’s eyes.

5. Attach the viewing screen (the white screen with measurement increments on it) to a component carrier adn position it at the opposite end of the bench from the laser.

6. Adjust the slit position or laser alignment until the laser beam is incident on the full width of the slit.

7. Observe the diffraction pattern on the screen.  Adjust the screen position if necessary to obtain image clarity.  This is an example of Fresnel diffraction.

8. Measure the distance to the first dark fringe on either side of the central maximum.  Use this and the slit width to predict the wavelength of the laser beam light.  How accurate do you think this is?  What are the sources of error?  What would a good estimate of the uncertainty be?

9. Now replace the screen with the linear translator.  Rotate the dial on the linear translator so that so that a bright red dot appears on the wall again.

10. Now attach the fiber optic probe.  Make any necessary adjustments so that the beam strikes the center of the probe.  You can do this by looking for the spot where the intensity appears to be at a maximum.  Make a note of the position of the linear translator.

11. Form another diffraction pattern and slowly scan the pattern with the translator.  Plot the intensity versus position..  Verify that the relative intensity falls off as:

I ( (sin(/()2
12. What would happen if we held the wavelength constant and started decreasing slit width?  Increasing the slit width?

13. How would this pattern change if instead of a narrow opening, we had a narrow bar or small disc obstructing the path of the light but letting the rest out.

14. What would you expect to see from an experiment like this if light were really just a particle?

15. Remove the linear translator, and now shift the circular slide slightly so that the laser beam is now passing through the double slits next to the single slit.  What happens to the pattern?  Do we still see dark fringes where we did before?  Do we still see bright spots where we did before?


4.2 Double Slit

1. Rotate the circular slide so that the single double slit selection has the laser light passing through it.  Again, make any adjustments to the laser that are necessary. What pattern do you see on the viewing screen? Is it different from the pattern you saw in the first part of this experiment?  Why?

2. Again measure the distance from to central axis to the first minimum (or maximum) past the central maximum.  Use this and equation 10 or 11 to predict the wavelength of the laser light givent he slit separation.  How does your prediciton in this part compare to the one you made in the first part?

3. Place the linear translater on the mount again, and adjust it so that the laser light passes through the center, and you can again see a red dot at the end of the table.

4. Place the fiber optic cable back in the hole in the linear translator so that the front fo the cable sits flush with the opening.

5. Adjust the photometer sensitivity to an appropriate setting.

6. Turn the knob on the linear translator, which should cause the intensity reading on the photometer to change.

7. Record the position and intensity for each maximum until the linear translator has moved as far as possible, starting from the 0 position fo the linear translator.  As you turn the knob on the linear translator take care not to shift the position of the linear translator on the bench.

8. Where is the 0th order maximum located?  Why might it be located somewhere other than the middle position of the linear translator?

9. Plot the position of the maxima xm vs the order m.  Determine the slope of your graph and use it to calculate the wavelength of the laser light using the slit separation given on the slide.  Again, how does it compare with your previous predicitons?

10.  Construct a graph of the relative intensity, I/I0 vs xm. Explain the shape fo your graph.

11. Would the maxima be more spread out or closer together if the slit separation decreased?  Rotate the slide so that the variable slit separation slits have the laser shining on them, rotate the slide along these slits and observe what happens as the slit with changes.  Was your prediction correct?

12.  Remove the slit slide from the track and the fiberoptic calbe from the linear translator.  Remove the linear translator.

13.  Place the unknown slit apparatus on the track approximately 25cm away from the front of the laser so the laser propagates through the slit pattern marked with a pink dot.  You should see a horizontal interference pattern on the viewing screen.

14. Again measure the distance between consecutive maxima, and measure the distance from the slits to the front of the viewing screen.  Use this data and teh wavelength (or average) of the laser you determined previously to determine the slit separation.  Does it seem realistic?

15.  Now, using the circular slit slide again, rotate the slide so that the laser is shining on the three slits selection.  What do you expect to see?  What do you see?  Now try 4 and five slits, what do you expect and what do you see?

16. Is the single slit pattern still present?
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