

 
Introduction:  

                       (I )  The index of refraction of a glass plate will be determined by measuring the path of light rays through the plate and by using 

                                 Snell’s law of refraction, n1 sin1 = n2 sin2. 

               (ii) The focal lengths f of a spherical mirror and of lenses will be determined by measuring object distance p and image distance q and by using the thin lens (spherical mirror) equation,

                                   1/p + 1/q = 1/f.                   

         (iii)   Properties of images (real or virtual, erect or inverted) will be observed. 

                       The image magnification   m = h’/h will be measured and compared with the lateral magnification predicted by the equation m = -q/p. 

For this experiment, all distances should be measured in centimeters.  NOTE: Deciding whether an image is in focus can be quite difficult.  Throughout this experiment, all measurements should be repeated; two different lab partners must decide when the image is in focus.   Lenses and mirrors are labeled.  ALWAYS RECORD ON YOUR DATA SHEET THE I.D.’s of the lenses and mirrors you use.
Equipment: Glass plate, cork board, pins, ruler, protractor, large optical bench, hand-held optical bench, concave(converging) mirror, converging lenses (T lens longer f, MU lens shorter f),diverging D lens, light sources (crossed arrow and bare filament), screens, and mirror, lens and screen holders.

Procedure: Estimate errors for all measurements based on measurements by two independent  partners.

A. Snell’s Law
Measure the index of refraction of the glass plate.  Place it on a piece of white paper on top of the cork board as in Fig. 1.  On one side of the plate, position two pins ~5 to 8 cm apart to define the direction of a light ray entering the plate.  Place two more pins on the opposite side so that all four pins appear to be in a straight line when sighted through the glass. Use large angles ( > 45o) to optimize accuracy.  On the paper, draw the outline of the plate and the paths of the light rays inside and outside the glass.  Measure the angles of incidence and refraction, labelled as  and  in Fig. 1, at both air-glass interfaces.  Record the values on the paper and on your data sheet.



B.
Concave (Converging) Spherical Mirror
1.
Measure the (positive) focal length f of the concave spherical mirror.  Mount the crossed arrow light source near one end of the large optical bench.  Mount the spherical mirror in the spring holder on the bench with the concave side facing the light source.  Hold the larger white screen above the crossed arrow of the light source as shown in Fig. 2.  Have one lab partner adjust the source - mirror distance by moving the mirror until a sharp image of the crossed arrow is  obtained on the screen. The screen should be positioned directly above the crossed arrow pattern (not exactly at the end of the light source) so the object distance p and image distance q are equal.  Measure and record this distance, p = q.  Let a different lab partner adjust the mirror position and repeat the measurement.


2.
Determine f for the mirror by using it to produce a real image on the screen of some distant (compared to the focal length) object such as a light across the room.  Mount the white screen on the optical bench in place of the light source and move the large optical bench to a location where you can form an image of the distant object on the screen.  Have one lab partner adjust the distance between the mirror and the screen until the image is as sharp as possible.  Measure and record the distance q between the mirror and screen.  If the object distance p is much greater than f, the image distance q is, to a good approximation, equal to the focal length.  [But substituting values into 1/p +1/q = 1/f will show that even for p = 20f, q differs from f by about 5%.  Not until p > 100f is q within 1% of f.]  Roughly measure and record the object distance p for your measurement of q.  Let another lab partner adjust the mirror-screen distance and repeat the measurements. 

C. Converging Lenses: T Lens with relatively long positive focal length
1.
Measure the focal length f of the T lens by using it to form a real image of a distant object on a screen.  Mount the T lens near the open end of the hand-held optical bench.  Place the small white plastic screen in holder S on the bench.  Form an image of a distant object on the screen and adjust the screen position until the image is as sharp as possible.  Measure and record the lens-screen distance q.  Roughly measure and record the object distance p.  Let another lab partner adjust the lens-screen distance and repeat the measurements. 

2.
Measure the focal length f of the T lens and the magnification of the image it forms in the case where neither p nor q is >> f.  In general, if the sum of object and image distances (p + q) for a converging lens is greater than 4f, there will be two lens positions (with p and q interchanged) which will produce a focused real image on the screen.  [This can be demonstrated by letting d = (p + q), substituting (d - p) for q in the thin lens equation, 1/p + 1/q = 1/f, and solving for p.  You get a quadratic equation for p in terms of d and f with two real solutions if d > 4f.  If d < 4f, then it is impossible to find any lens position which will produce a focused real image on the screen.]  



Mount the crossed arrow light source near one end of the large optical bench.  Mount the larger white screen about 5 times the distance q you measured in C. 1. away from the light source.  Now mount the T lens between the screen and light source.  Move the T lens along the optical bench until you find a position for the lens so that a sharp real image of the illuminated object (crossed arrow) is produced on the screen.  (If no such position can be found, then the object and screen are too close together.)  Measure and record the object and image distances, p and q.  Measure and record the heights h of the object arrow and h’ of the image arrow (or of part of the graph paper around the arrow).  Note and record whether the image is erect or inverted.  If the image is inverted, h’ is negative.  Now find a second position for the lens which gives a sharp image of the object on the screen.   Measure and record p and q, and h and h’ for this second lens position.  Since positioning the lens to produce the sharpest focus requires judgement as to when the image is sharpest, two partners should independently adjust the lens position and carry out these measurements.  Make and record estimates of the uncertainties in how well you can determine the various distances.

3.
Directly observe a real image with your eye.  With the smaller real image in C. 2. focused sharply on the screen, remove the screen and view the image with your eye from a point about 25 cm beyond the original position of the screen.  Note and record whether the image you see is erect or inverted.  By moving your head from side to side and comparing the apparent shift of position of the image and of the screen holder (parallax), determine whether the image is located at the original position of the screen.  (No shift in relative position means the image and screen holder are the same distance from your eye.)  Record your conclusions.

D.
Converging Lenses: MU Lens with relatively short positive focal length
1.
Measure the focal length f of the MU lens by using it to form a real image of a distant object on a screen.  Repeat the procedure of C. 1. with the MU lens instead of the T lens.

2.   Measure the focal length f of the MU lens in the case where neither p nor q is >> f. Repeat the procedure of C. 2. with the MU lens instead of the T lens.  If you have a MU lens of very short focal length, you may be unable to move the lens close enough to the screen or the light source to produce a sharp image when the lens is mounted directly on the optical bench.  If this occurs, one lab partner should try to hand hold the lens in the proper positions while another partner makes the measurements.  It will not be easy to make accurate measurements.  Do the best you can.  See if you can get reasonably similar results when a different partner positions the lens.
E.
Diverging Lens: D Lens with negative focal length
      Measure the focal length f of the D lens by using it to form a real image of a virtual object on a screen.  This method depends on the fact that  a real image can be formed by a diverging lens when a virtual object is used if the magnitude of the (negative) object distance is less than the magnitude of the (negative) focal length.  [1/q = 1/f - 1/p  is positive if both f and p are negative but |p| < |f|.]  

      Mount the bare filament light source at one end of the large optical bench and mount the T lens and the white screen on the bench as shown in Fig. 3 with the screen at a distance a little more than 4f (for the T lens) away from the light source.  Move the T lens until a sharp real image of the filament in the light source is formed on the screen.  THIS real image will serve as the virtual object for the diverging lens.  Measure and record the distance x1 between the T lens and the screen so you know the location of the virtual object.  Now move the screen further away from the T lens without moving the T lens or the light source.  (Try moving it about 10 cm.)  You should see a fuzzy image of the filament on the screen.  Measure and record the new distance x2 between the T lens and the screen.  Mount the diverging D lens between the T lens and the original screen position so that the light coming through the T lens passes through the D lens to the screen as shown in Fig. 3.  The image toward which the light from T was converging now is a virtual object (p is negative) for the D lens.  Move the D lens until a sharp real image of the filament is formed on the screen.  Measure and record the object distance q between the D lens and the screen   As a check, measure the distance between the D lens and the T lens; it should equal (x2 - q).  Let another lab partner adjust the positions of the screen and the lenses and repeat the measurements.  Make and record estimates of the uncertainties in your measurements.  
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Analysis:
A.
      Use Snell’s Law and your measured values of  and  to compute the index of refraction of the glass for each air-glass interface.  The index of refraction of air is 1.0003.  Compare your two values. 
C
1. Use your measurements of p and q for the distant object to compute the focal length f of the T lens.  Compare the values of f for the two different partners and compute a mean value for f

2. Use your measurements of p and q for each position of the lens which provided a sharp real image to compute the focal length f of the T lens.  Compare the values for the two different partners and for the two lens positions.  Compute a mean value for f.  Compare the mean values of f from C. 1. and C. 2..  Compute values of the linear magnification of the image, m = h’/h  from your direct measurements and from the relation m = -q/p.  Compare the values from the two different calculations.  Are they in reasonable agreement?
D

1.
Use your measurements of p and q for the distant object to compute the focal length f of the MU lens.  Compare the values of f for the two different partners and compute a mean value for f.

2.  Use your measurements of p and q for each position of the lens which provided a sharp real image to compute the focal length f of the MU lens.  Compare the values for the two different partners and for the two lens positions.  Compute a mean value for f.  Compare the mean values of f from D. 1. and D. 2..  Try varying your values for p and q by your estimates of their uncertainty.  Does it make much difference in f?

E.  Use your measurements of q and of p = - (q - x2 + x1) to calculate the focal length f of the D lens.  Compare the values of f for the two different partners and compute a mean value for f.  Try varying your values for p and q by their estimated uncertainties.  Does it make much difference in f?

Questions: 
For the report:


In your own words, comment on the difficulties of making accurate measurements of image and object distances in this experiment.
DATA TABLES GEOMETRICAL OPTICS 1
A.  Glass Plate: Snell’s Law
         angle of incidence     ( =                                , angle of refraction   ( =

B. Concave (Converging) Spherical Mirror. 

     1.  f  from equal  p and q

            object /image distance  p =              q =        

    2.  f  from distant  object

           object distance  p=                                           image distance   q =

C.  Converging T lens
   1.  f   from distant object

         p=                                             ,            q=

   2.  focal length  f  and magnification   m

         p=                                              ,           q=

       object height   h =                      ,           image height  


   3.  observe a real object with eye.

D. CONVERGING MU LENS

   1.  f from distant object

              p =                                         ,             q = 

   2.  f using finite  p and q

              p =                                           ,            q =

E. DIVERGING D LENS

 distance between T lens and screen (without diverging lens)      


distance between T lens and the moved screen (without D lens) 


distance between D lens and the screen                                         q  =
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Figure 2: Concave Mirror
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