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Abstract

We measured the focal length of two converging lenses and a diverging lens.
Moreover, we determined the grating constant of two net wires of coarse and fine
grating, respectively. Lastly, we verified Abbe’s imaging theory. Our results are
quite accurate, however they do not lie within the range of their calculated errors.
This has to do with the fact that we had to estimate, for one, the point at which the
images were focused and, for another, the slit width, at which the vertical lines of
the grating vanished. By improving the determination of these points better values
can be gained.
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1 Introduction

Geometrical optics is based on the assumption of light rays that propagate linearly in
homogeneous and isotropic media and follow the law of reflection as well as Snell’s law of
refraction. For optical imaging, every light beam in the first medium has to be correlated
with a light beam in the final medium. In addition, all the rays emanating from one
point might have to re-unite at one point. For spherical lenses, this is the case for small
opening angles of the beam and monochromatic light. In addition, the merging light
beams cannot cancel each other by interference and the different light rays all have to
be in phase at the image point. This condition is automatically satisfied by Fermat’s
principle, which states that the different light paths of an image have to be at equal length
for them to simultaneously be an extremum. As shown in figure 1, the image created by
a spherical lens will be refracted twice d is the outgoing beam of a thin lens and is given
as d = a; +ay = (n— 1)(f1 + 52), where ay, as, 1 and (35 are the angles indicated in the
figure.

Figure 1: Setup for the lens equation. O is the object, B is the image of the object, ay, aq, £y
and fy are angles, n is the refractive index of the lens, r; and ry are the curvature radii, a
is the distance between the object and the lens, and b is the image distance (source: [1])

Considering a thin lens and an infinite distance to point O, we get the lens equation
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The magnification scale v is further given through
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If the image appears in image space, it is called a real image and if it arises in object space,
it is called a virtual image. We can create a centered lens system by setting multiple lenses
behind each other such that their optical axes coincide. In this case, the focal length of
the system is given as
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where f; and fy are the focal lengths of the individual lenses.

Bessel had another method of determining the focal length of a lens. For d the fixed
distance between object and image, the lens will produce a magnified image from position
1 and a demagnified image from position 2. Using the displacement e of the lens, we get
the focal length through
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For diverging lenses with f < 0, the focal length can be determined by adding a converging
length of known focal length and creating a centered lens system.

Abbe’s imaging theory looks at the influence of diffraction in optical imaging. Consider
figure 2. An object G (such as a wire netting) is imaged to a screen S through a lens L.
When inserting an aperture B, the image will be modified, contrary to what one would
deduce from geometrical optics. This has to do with the grating caused by the wire netting.
At certain angles «, the intensity maxima can also be observed behind the grating. Each
oy, is related to a bright spot in the focal plane of L. The distance d between two adjacent
points can thus be determined through

d =~ f)g, (5)

where g ([g] = -=) is the grating constant and A the wavelength of the light beam. If the
aperture introduced is smaller than d, the image disappears.
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Figure 2: Setup for the verification of Abbe’s theorem (source: [1])



2 Experiment

The experiment consisted of four parts. We used a LED light source of wavelength 525nm,
a ruler, two converging lenses, a diverging lens, and two wire nets - one with a coarse
grating and one with a fine grating.

Part 1: Focal length of converging lenses We measured the focal length of two
converging lenses in two different ways. For the first method we set up an object, the
lens and a screen, such that the lens focuses the image of the object onto the screen. We
then considered the object distance b and image distance a and calculated the lenses’ focal
length f using 1. As a second method, we used Bessel, i.e. equation 4.

Part 2: Focal length of diverging lenses We determined the focal length of a di-
verging lens. For this, we stuck the diverging lens together with the two converging lenses
whose focal length we measured previously and did the same procedure as in part 1. Using
equation 3 we then calculated the diverging lenses’ focal length.

Part 3: Grating constant We imaged two wire nets on a screen using the long-focus
converging lens. After measuring the grating constant ¢’ of the image, we calculated the
grating constant g via its magnification given by 2.

Part 4: Abbe’s imaging theory We verified Abbe’s imaging theory. For this, we,
again, imaged two wire nets on a screen using the long-focus converging lens. Then, we
introduced a vertical slit in the focal plane, for which the width was adjusted until the
vertical lines in the figure disappeared. The critical slit width was then measured, by
magnifying the slit with the long-focus lens, and measuring its image. We then compared
it to the calculated value from equation 5.

3 Results

Part 1: Focal length of converging lenses The measured lengths a and b and the
calculated focal length f are shown in table 1. For each lens we measured two setups, their
averages (f) are also shown. For the Bessel method, the results are shown in table 2.

Lens Nr. a [cm] b [cm] f [em] (f) [cm]
2.85£0.05 | 64.15+£0.05 | 5.36 £0.04
L 6.85+=0.05 | 23.15+=0.05 | 5.29£0.03 5-32:+0.03
24.50 £0.05 | 35.50 £0.05 | 14.50 £ 0.02
2 19.80 £ 0.05 | 60.20 £ 0.05 | 14.90 £ 0.03 14.70 £0.02

Table 1: Object distance a, image distance b and focal length f calculated with 1 for two

lenses. The measurements were done for two setups, (f) is their average.




Lens Nr. d [cm] e [cm)] f [cm]
1 40.00 £ 0.05 | 27.10 = 0.05 | 5.41 £0.03
2 80.00 £ 0.05 | 40.70 £ 0.05 | 14.82 £ 0.02

Table 2: Measurements for the Bessel method. Focal length f is calculated with 4.

Part 2: Focal length of diverging lenses We measured the focal length of a diverging
lens twice, once using lens 1 from part 1 and once using lens 2:

faiva = —63.0 £ 6.0cm
faive = —58.4 & 0.4cm.

Part 3: Grating constant In both the measurements of the grating constants of the
wire nets 1 and 2, we used the long-focus lens 2. For wire net 1, we measured the image
grating to be g; = 2.00 + 0.02%. The second wire net has an image grating of ¢, =
4.8+ 1.1%. Using the magnification given by 2 we obtained the grating constants:

1
g1 = 6.53 +0.01—
cm

1
g2 = 15.66 £ 0.03—.
cm

Part 4: Abbe’s imaging theory We measured the widths of the critical slit widths
of the two gratings to be d} = 0.18 & 0.05cm and df, = 0.20 & 0.05c¢cm. By calculating the
magnification with 2 we the calculated the real width of the slits dyc.s. and using 5 we
calculated a theoretical value. The values can be seen in table 3.

Net no. ‘ dexp. [/flm} ‘ dtheor. [,LLI'H]
1 10 + 30 50+ 5

2 110 £30 | 120+ 30

Table 3: Experimental and theoretical critical slit width of wire nets 1 and 2.

4 Data analysis

The error in the experiment comes from the uncertainty of the length measurements. Given
that the ruler had a precision of 1mm, we took an uncertainty of 0.5mm on every reading
of the image and object distances. Propagation errors were calculated using Gaussian error
propagation. Another error appeared in part four of the experiment. While adjusting the
slit width to make the vertical lines disappear, it was rather difficult to determine the exact
point at which the vertical lines could no longer be seen. Hence, the slit width might be
slightly wider or narrower than it should be.



5 Discussion

Overall all measurements and calculations yielded fairly accurate and correct results. In
part 1 both methods resulted in very similar values for the focal lengths of the converging
lenses, well within the margin of error given by focusing the images by eye.

In the second part, when measuring the focal length of the diverging lens, using the long-
focus length lens resulted in a much smaller error, as object and screen were way further
apart, which allowed for a much more precise placement of the lens.

The grating constants ¢g; and g, determined in part 3 gave us theoretical values for the
critical slit width dipeor., which were in the same order of magnitude as determined exper-
imentally in part 4, but they were still about 100 to 200% bigger. Most of the error most
certainly lies in the experimentally determined values deyp, . It was very hard to see exactly
when the vertical lines in the image disappeared, which lead to a big error.

6 Conclusion

We successfully determined the focal length of two converging lenses and a diverging lens,
although the results do not exactly within their calculated errors, which is due to the fact
that we had to focus the image by eye. For the verification of Abbe’s theorem, we have
values of the correct magnitudes, but the errors are too big since determining the point
at which the vertical lines disappear was rather difficult. The results could be improved
by, for example, auto-focusing the images instead of doing it by eye. Further, making it
easier to see when the vertical lines disappear in the verification of Abbe’s theory, the
corresponding values could be better.
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