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The lens is a collimator.  It gives a parallel beam from an f/6 input, such as might be launched by an optical fibre.  Symbols h1, u1 etc are for paraxial ray heights and angles; c1, d1 etc are lens dimensions.  Only two numbers are given by the end user:  f/6 and 50 mm.  More numbers seem to be needed to determine the details of the lens design!  The end-user also wants a short lens tube, so a telephoto-type lens will be necessary.  See below. 

The first task facing the designer is to generate some ray-traceable ideas.  Once this is done, the apparent aberrations, space problems etc. so disclosed will show what fundamental optical design task will need to be solved in the particular case.  This note gives a detailed description listing relatively small steps in a practical example of the paraxial approach.  As noted, the data quantities given in the specification are many fewer than the number of lens dimensions to determine.  The example therefore attempts to show informed guesses that enable dimensions to be filled in.  These lens dimensions as assumed or calculated would be marked up onto a sketch.  

We may notice that many practical examples will be less complicated than this one.  For example, we may wish to find just one surface curvature when the necessary ray data is already available at that surface.  Also, there are alternative approaches in lens design, notably adapting existing designs, which are outlined in the slides.  However, we shall see here that paraxial calculation leads to a preliminary lens design from first principles and notably from only an outline specification.  

Given values:  h5 = 25 mm  (beam diameter 50 mm); u1 = 1/12  (to give f/6 input)

Guessable trial values to insert in calculation:

Refractive index (n) of lens glass, say, 1.6.  Lens thicknesses (glass), say, d2 = 5 mm, d4 = 12 mm.

The purpose of the telephoto effect is to make the overall length less than the focal length.  This lens will be a telephoto collimator, and so needs to be usefully shortened.  It has focal length 50 x 6 = 300 mm.  A practical telephoto shortening is often about 30 per cent of the focal length, so the designed total length from the focus to the exit surface will be >~ 200mm.  Also, the sketch looks feasible, in that it seems not to require very large angles of incidence.  So, if the negative element is roughly in the middle as sketched and the total length is ~200mm, then

    d1 ~ d3 ~ 100mm.  (Refined values for d1 and d3 are given later).
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Calculations using the paraxial ray-tracing formulae.  Starting rough and firming up.  There is some freedom to choose the dimensions, but we end up with self-consistent data.

• It is going to be relatively easy to deal with the two surfaces that are flat in the sketch.  We have to fix some dimensions and work to them.  I shall show how I would choose reasonable starting values for dimensions on and between the flat surfaces, i.e. h3, u3 and h4.  We already guessed the rough values d1 ~ d3 ~ 100mm (to be refined for a self-consistent solution).

• The first paraxial ray-tracing equation is h1 =   h  +  d'u'.
  Ray height h2 is d1.u1 ~ 100.u1 = 100/12, so h1 ~ 8.333 mm.  This is not final, but from the diagram, we can fix h3 slightly larger, at say 9 mm.

• Similarly at the collimated beam (right-hand) end, a first guess ray height 

   h4 ~ h5 (h4 can be refined later).  

   Thus u3 ~ (h4 – h3)/d3  ~  (25 –  9)/100 = 0.16.  Fix this.
• The ray angle in glass, inside either lens element, can be calculated from u3 via the flat surfaces.  One of the paraxial equations is n'u' –  nu   =   – hK.   Power K = 0 for a flat surface.  

So in the notation of that equation, n'u' = nu at the flat surfaces.

This is a paraxial version of Snell’s law.
  Thus ray angle in glass = u2 = u4 = u3/n = 0.16/1.6 = 0.1 

• We can compute our final paraxial values for h3 and h4.

   h5 = 25 mm (given).  The refined value of h4 is given by: h4 = h5 – d4.u4 = 25 – 12.u4  = 23.8.

   Similarly, the refined value of h2 = h3 –  d2.u2 = h3 –  5.u2  = 9 – 0.5 = 8.5.

•Now we are in a position to compute final values for the two separations d1 and d3 previously assumed to be roughly 100mm.

 d3 = (h4 – h3) /u3 = (23.8 – 9) /0.16 = 92.5 mm. 

For d1, we compute the value that has the effect of focusing the collimator exactly.  Compute the length d1 from the focus (h1 = 0) to the first lens element.  We can do this because h2 = d1.u1,

  so d1 = h2/u1 = 8.5 / (1/12)  = 102 mm. 

Let the powers of the two curved surfaces be K1 and K2.  Again, we have

n'u' –  nu   =   – hK.    So K = – (n'u' –  nu)/h.  Thus:

K1 = – (1.6 x u2 – u1 ) / h2  = – (1.6 x 0.1 – (1/12) ) / 8.5 = – 0.0090196

K2 = – (0  –  1.6 x u4 ) / h5  = – (– 1.6 x 0.1) / 25 = 0.0064

Also, we had r = (n' – n)/K, so the radii of curvature of the two lens surfaces are:

   r1 = 0.6 / K1 = – 66.522 mm.

   r2 = -0.6 / K2 = – 93.75 mm.  Both curvatures are in the same sense.
See ZEMAX file Ex21-Parax_example.zmx.  This shows the lens we have designed.  The OPD plot is flat near the centre because it is at the ‘exact’ paraxial focus.  The overall curvature of the plot is due to large spherical aberration.  Optimising the lens curves and the position of focus will reduce or even correct it, as a subsequent step in the design.  See the notes in the ZEMAX file.

This kind of calculation could be done with a spreadsheet.  Various workers have tried that.  A spreadsheet could also incorporate paraxial angles of incidence at curved surfaces.  I guess that it is difficult to incorporate the necessary versatility and all the various ways in which we may need to handle the grey areas of a design. 

_________________________________________________________

Rough sketch of telephoto collimator, f/6 input, 50 mm beam output diameter
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