Publications
The PSD School

Section 11 by Lars Stenberg, ESDE AB

How to reduce the aberations in the lens systems

In section 10 we studied the shift in the position of the ’light gravity
center’ due to the aberrations introduced when we used a simple
biconvex lens as main lens. In this section we shall investigate how we
can reduce the shift of the light gravity centre by changing the form of
the biconvex lens and thereafter investigate what occurs when we use a
main lens that comprises more than one lens. The reader is
recommended to have at hand section 10 of the PSD school when reading
this section.For all the examples below the parameters are used which
were calculated in section 3 of the PSD school X

such as the focal length of the main lens being f_

= 33,5 mm, DE = 156,649 mm, o = 40° and 3 =
5,25°.

Figure A shows where the different image field
points lie for the image field angles that are used
in this section of the PSD school, namely -5,25, -
2,625, 0, 2,65 and 5,25 degrees. Figure 2 from
section 10 defines what is the chief ray and what
are axial rays.

Single lenses

The shift in the position of the “light gravity centre” for different lens
types is presented with the aid of tables according to the example below
that relates to one simple biconvex lens. The spot radii that are specified
relate to the radius of the smallest circle that covers the spot diagram
and has the chief ray as reference. It is always true that this radius is
greater than the radius of the smallest circle that covers the spot diagram
that has the centre point of the centroid * as reference point. Table 1
shows the data for a simple biconvex lens. To each table there is a figure
that shows the lens or lens system”™s appearance.

Image fizlds angels  Geomebicspotradius  Voposiion:  V-position: Differential
[Hm] main keam Cerfroid  main beam-setioid
[degraes] [mm] [mmj]

5,25 T46 -3,882 -3,887 0,404
2,623 448 -1,805 -1,857 0,052

a 205 a -0,00z 0,002

Z62a 384 1,847 1,894 +0,047

5,25 BZZ 3,647 3,744 +0,087

Table 1. Simple biconvex lens of BK7 glass.
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= Figure, table 1.

Let us now investigate what happens if we allow the optical program to
optimise the form of the lens. The result appears from the figure and
table 2 below.



Image fields angels Geomehic spotradius Y-posifiorn:  Y-position: Differerdial
[Hm] mait beam Centroid  main beam-cerdoid
[Hegrees) [mm] [mm]

-2 Ha 3,033 -5,946 0,013
-2,B25 267 -1,924 -1936 0,007

i} 200 i} -0,004 -0,006

2823 214 1,863 1,874 +0,006

8,20 336 3,638 3,704 +0,016

Table 2. Simple BK7 lens with optimised form.

Figure, table 2.

From table 2 it is clear that both the spot radius and the distortion have
been reduced considerably when we had the computer optimise the form
of the lens.

We shall now investigate what happens if we replace the glass that in
the first two cases were BK7 with SFL6 and the same time optimise the
form of the lens. The result appears from the figure and table 3 below.

Imagefields angels  Geometric spotradius - Y-position:  Y-position: [iffererdial
[Hm] main keam Cerfroid  main beam-centoid
[degraes] [mm] [mm]
525 246 4013 4014 0,004
2,625 122 1,968 A, 063 0,004
0 Ta 0 0 0
2625 101 1,606 1,608 +0,002
525 208 3763 3770 +0,007

Table 3. Simple SFL6 with optimised form.

Figure, table 3.

From table 3 it appears that both the spot radius and the distortion were
further reduced when we used a high refractive index glass and had the
computer optimise the form of the lens.

In order to reduce the distortion and further enhance the image
definition we have to make use of a composite lens sytem.

Lens system
A lens system comprising two lenses is called a duplex. If there is an air
gap between the lenses the duplex is termed separated and if the lenses
are stuck together the duplex is called cemented. A duplex that is
corrected so that the image location for two wawe-lengths coincide and -
at the same time - meet the aplanatic requirements ** is called
achromatic ***.

The next system that we should examine is therefore a separated
duplex. The result appears from the figure and table 4 below.

Image fizlds angels  Geomebic spotradius  Y-posiion:  -position: Diffierential
[Hm] main baam Cerfroid  main heam-cetdid
[degraes) [mm] [mm]

525 227 -3,854 3,864 0,090
2,525 140 -1,390 -1,595 0,005

0 a8 0 0,004 0,004

2,625 g4 1,525 1,535 +0,003

5,25 122 5,632 5,632 +0,008

Table 4. Separated duplex comprising 2 SFL6 lenses.




Figure, table 4.

It appears from the table that the distortion is greater but the spot radii
are somewhat smaller than for the optimised SFL6-lens.

* For expl anation of the termcentroid,

see section 10

** A lens neets the aplanatic requirement if it
is corrected for spherical aberration and

neets Abbe’s sinus requirenents.

*** |t was the English | awer Chester M Hall
who wor ked out an achromatic |lens for

the first tine in 1729.

We shall now test a cemented duplex that consists of two cemented
lenses of two different optical glass types i.e. in principle an achromatic
lens system. Since a triangulation probe operates most frequently on a
single wave-length this means that we do not need to think of carrying
out colour correction of the achromatic lens system when having the
computer optimise it. The result appears from figure and table 5 below.

Imagefields angals  Geomefic spotradius - Y-posiion:  Y-position: Differertial
[Hm] mait beam Centroid  Maik beam-cardoid
[degraes] [mm] [mm]

5,25 a0 408z 4070 +0,042

.2625 Hr 2,000 4,585 +0,005

0 14 0 0,004 +0,004

2,625 107 1,825 1,934 0,00

5,25 75 3,820 3818 0,002

Table 5. Cemented achromatic lens comprising glass types BK10 and
SF5.
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Figure, table 5.

From table 5 it appears that the distortion is relatively small but the
different spot radii are still very large.

Cooke triplet

We shall now examine a three-lens system - to be more precise a so-
called Cooke triplet. The Cooke triplet is by no means the only
conceivable three-lens lens system. There are in fact some thirty or so
different three-lens systems described in the technical literature relating
to optics. | have only chosen it as being a very commonly occuring lens.
The Cooke triplet was designed in 1893 by Dennis Taylor who was
employed as chief engineer by Cooke of York. Since this company was
not interested in manufacturing photographic lenses Taylor arranged for
another optical company to produce the lens but out of respect for
Taylor”s employer the lens has frequently been called a Cooke triplet
ever since. The Cooke triplet is the simplest lens system that allows - at
the same time - the correction of third order aberrations but this does not
meanthat the aberrations can be reduced right down to zero. A Cooke
triplet comprises a negativ flint glass lens in the centre with a crown glass
lens on each side. The aperture is most frequently placed as in figure 6.
The result for a Cooke triplet appears in the figure and from the table 6



below.

Image fizlds angels  Geomebicspotradius  Voposiion:  V-position: Differential
[Hm] main beam Cerfroid  main beam-setioid
[Hegress) [mm] [mm]

5,23 204 - 22 -2 0,000
2525 023 2,065 2,065 0,000

0 T8 o 0,004 0,001

2625 nza 1,990 1,990 0,000

5,25 213 3,920 3915 0,005

Table 6. Cooke triplet comprising SK16, F2 and SK16 lenses.
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Figure, table 6.

It appears from table 6 that the distortion is low except at the field angle
+ 5,25° but it is also evident that the Cooke triplet is overstrained due to
the requirement that the entrance aperture shall be 15 mm.

Let us therefore reduce the entrance aperture to 10 mm and examine
what happens. The result appears from the figure and table 7 below.

Image fizlds angels  Geomebicspotradius  Veposiion:  V-position: Cifferential
[Hm] main heam Cerfroid  main beam-gerdoid
[Hegraes) [mm] [mm]
5,25 40 4,408 4410 0,002
2,625 # 2,445 2,143 +0,002
i} 15 i} i} i}
2625 42 2055 2055 0,002
525 40 4055 4,055 +,001

Table 7. The same Cookie triplet as in table 6 but the solution is
optimised for an entrance apertur of 10 mm.

Figure, table 7.

We now see that both the spot radii and the distortion have been
considerably reduced. We now have spot diameters of the magnitude of
80 um and the distortion has been reduced to approx. 2 pm.

If we wish to retain the requirement that the entrance aperture shall be
15 mm we must introduce a lens system that comprises at least 4 lenses.

In section 12 of the PSDschool we will investigate a few other lens
systems and also give some general considerations regarding mechanics.





