                                      Bifocal  Optical  System of the Schmidt Camera.

                            (Design of the Corrector Ring)

                                                                                     M. Palatka  , M. Hrabovsky,  P. Schovanek

                                     Joint Laboratory of Optics of Palacky University

                                   and  Institute of Physics of the Academy of Sciences

                                                      of the Czech Republic

                                                J. Ridky, J. Gr ygar, L.Soukup

                                     Institute of Physics of the Academy of Sciences

                                                      of the Czech Republic

                                                            GAP - 2000 - 002

Abstract  .

In this paper we have analyzed the optical system of the AUGER Fluorescence Detector (FD)

with the aim to improve the speed of the exist ing setup based on the Schmidt camera wit hout

corrector plate. The goal is to design suitable optical element in the shape of an annulus. This

approach has been discussed several t imes wit hin the FD task group .

The inclusio n of the corrector ring must not deteriorate the properties o f the who le optical

system. The main cr iter ion is preservation of maximu m spot size in picture plane. The spot

has to be contained within diameter d = 15 mm (0.5 deg in angular measure).

The issue of the correcting element boiled down to the design of the optimal shape of the fir st

corrector ring sur face. We descr ibe possible so lut ions together with presentation of the

corrector ring influence on the characterist ics of the light spot in the picture plane. Finally we

present a design of the realist ic optical element as an example o f the shape whose production

techno logy will be eventually necessar y to master.

1  Introduction

We shall br iefly recall the technique of the optical system design generally in order to show

that the final solut ion of the correction element under study will always have similar result

regardless of the used method.

The design of any optical system has to stem fro m condit ions imposed by the desired qualit y

of project ion, space and operation condit ions and available material and techno logy.

 The basic design is done using thin optical elements with the aim to find optimal maximum

diameters of individual elements and their positions, apertures included. During this stage one

has to follow reasonable optical power of individual elements, i.e. the value of relat ive

aperture and the size of the field of view has to be kept so that the desired optical qualit y stays

preserved.

The next step is replacement of ideal thin elements by realist ic ones. The individual elements

acquire now real thickness and the mater ial of refract ive elements has to be chosen. In this

phase one corrects primar y aberrations in the space of the 3
rd
 order by shaping o f lenses,

change of thickness of the elements and distances among them or eventually by change of

mater ial o f the refract ive elements. Sometimes it is necessar y to substitute some optical
element by two new ones so that its optical power is divided among more optical sur faces or

to subst itute the spher ical sur faces by aspher ic ones.

 Then fo llow the trigono metric calculat ions of the correction state of the optical system in

order to asses the necessit y to change its construction parameters.

The last step of the design is the eliminat ion of residual aberrations o f higher orders by subtle

change of the above mentioned parameters.

The possible subt le changes improving the qualit y of the optical system are:

-  the change of one or more curvature radii o f individual optical sur faces,

-  the change of one or more distances alo ng the optical axis (thickness of elements or their

            distances),

-  change of the refract ion index by using different mater ial o f refract ive elements.

Should not such corrections lead to desired goal, i.e. improvement of the projection properties

of the system, it is necessar y to reconstruct the who le setup.

In the fo llowing Fig. 1 is shown the optical scheme of the current Schmidt camera with the

correction plate included. In realit y we suppose to use the correction plate in the shape of an

annulus only. For the fo llowing discussio n this is inessent ial.

Fig. 1: Optical scheme of the Schmidt camera.

At present the design o f the FD Schmidt camera optical system has passed the first two points

ment ioned above and it remains to do only the last step ˘ the correction of the residual

aberrat ions. The two preceding steps, when one can st ill strongly influence the optical qualit y

of the setup have been already surpassed.

The construction parameters of the current optical system are thus alr eady fixed and it is

impossible to use them for sake of aberration corrections. Their values are as fo llows:

The second system shown in the Fig. 3 has relat ive aperture about 0.77  and the focal length

cca f = 1743 mm.

Our approach is to correct the system II  in such a way that its spher ical aberrat ion beco mes

comparable wit h the spher ical aberration of the system I  in the who le FOV fro m 0

0
 to 20

0
 in

the given picture plane. Finally we merge both two systems into one and check whether the

maximum light spot stays st ill in the picture plane within a r ing with diameter dmax = 15 mm.

In the fo llowing Fig. 4 [2] is shown the ray envelope in the vicinit y of focal plane of the

optical system I . The best picture plane is shift ed from the paraxial focal plane by 42.34 mm

towards the mirror of the system. The camera body wit h the photomult ipliers will be placed in

this plane and the light spot size here in ideal case has the diameter up to 15 mm.

Fig. 4: The ray envelope in the vicinity of focal plane of the optical system I.

The properties of the optical system  I are thus known and we have now to find the parameters

of the optical system  II  in such a way that at fir st approximat ion its focal plane will lay in the

best picture plane of the optical system I . Then its focal plane will acquir e just the value

f  =  1700 + 42.34 = 1742.34 mm.  This basic design uses the same method we have used

ear lier, which fo llows fro m the Fer mat principle on light propagation of axial ray and the ray

in the neutral zone which is determined by the given posit ion of the picture plane.

We have looked for the equation of the corrector plate in the for m:

                                                 Z  =   A y

2
 +  B y

4
  +  C y

6
                                                    (1)

where    Z  is the depth of the profile cur ve,

              y is the distance from the optical axis,

              A,B,C are constants depending on the refraction index of the mater ial, f-number,

                          aperture and the posit ion of the neutral zone.

Already in our previous paper [2] we have noted that the designed system of the FD Schmidt

camera is too fast to allow us utilization of the corrector plate given by the equat ion with two

terms only. This equat ion has been der ived for the space of the III order ( Seidel space) and

outside this space it looses the precisio n. As the limit of validit y is in the literature given the

relat ive aperture f / 3 . Therefore we have chosen the so lution wit h three terms in the equation.

In case of relative aperture f / 1  we have obtained the result with the light spot of the axial

beam (FOV 0

                                              0
                                                 ) near ing the `point´ size.

In the case of studied Schmidt system wit h the corrector plate the value of the relat ive

aperture decreases even more to cca f / 0.77 . This is already ver y fast system and one can

suppose that in this case even the equation of the corrector plate with three terms will be not

satisfactory. It is also apparent from the fo llowing figures 5 and 6.

Fig. 5: Spot diagrams of the Schmidt camera with corrector plate with the diameter

               D = 1700 mm [2].

Fig. 6: Spot diagrams of the Schmidt camera with  the corrector annulus (system II.)

The given spot diagrams show the sizes of light spots of the Schmidt camera with the

corrector plate with the diameter 1700 mm (Fig. 5) and with the corrector annulus (Fig. 6).

The diagrams are calculated for the who le assumed range of wavelengths 300 nm ˘ 400 nm.

The bar in the upper left corner shows the scale of maximum allowed spher ical aberration size

15 mm. Individual co lumns show the shapes of the light spots in five differ ent  picture planes.

The middle co lumn corresponds to the exact picture plane and the side columns correspond to

the planes shifted by step of 2.5 mm, 2.5mm and 5 mm in both two direct ions. The individual

rows then show light spots for FOV angles 0, 10, 15 and 20 degrees (from top down).

One can see in Fig. 5 that all the spots can be circumscr ibed by a cir cle with diameter 15 mm

and this setup completely satisfies the necessar y condit io n on projection qualit y. The light

spot of the axial beam is close to point size and even in the 20

0
 limit of the FOV it is st ill

satisfactory.

However, if we keep the equation of the corrector plate profile and increase only it s diameter

to the value D = 2200 mm, one can see from Fig. 6 that the correction state deteriorates

considerably.

The spot diameter increases not only for FOV 0

0
, which results fro m the imprecisio n of the

profile equat ion limited to three terms only. However, the most prominent increase of the spot

size is apparent for FOV more then roughly 15

0
. The skew beams thus fall beyo nd the

demanded limit 15 mm.

Naturally we could slight ly change the shape of the corrector annulus profile so that we could

obtain the light spot as small as possible for FOV 0

0
as shown in Fig. 5. This is the usual goal

of the design of standard system of Schmidt camera.

The corrector plate of the standard Schmidt camera is calculated so that it eliminates

completely the spher ical aberrat ion of the setup. The light spot then has to have size

comparable wit h the so called diffraction limit, which is the phys ical limit of the optical

system qualit y. But one can reach this correction state only for FOV 0

0
. The corrector plate is

a refract ive element, which introduces an asymmetr y into the system. In the case of skew ray

beams the influence of the aberrat ions of higher orders is apparent. It gets bigger with the

increase of the FOV angle and wit h the increase of system aperture. The standard Schmidt

systems are thus designed to minimize aberrat ions of higher orders. The cameras with big

aperture have limited FOV contrary to cameras with large FOV, which are designed with

smaller relative aperture.

In our case both two parameters are extreme and hence the space for the aberrations

corrections is quite narrow.

It is possible to decrease the large off-axis aberrat ions only at the price of worsening the axial

aberrat ions. From this fo llows the above mentioned method of the system II  design. The

transversal size of the light spots at the optical axis and at the limit of FOV at 20

0
 will be thus

roughly equal.

3.  Two methods for shaping of the surface of the corrector annulus profile.

We have decided in our analys is to shape the profile of the first surface of the corrector

annulus so that the light spots of the system II  could be circumscr ibed by the circle with the

diameter 15 mm for FOV between 0

0
 and 20

0
. We have started fro m the ear lier ment ioned

analyt ical so lut ion of the corrector plate profile equat ion (1). To shape this init ial profile we

have used the two fo llowing methods:

The First Method.

Recalling the Fig. 6 one can see that in the case of the shift of the picture plane by ˘5 mm (the

left column) the maximal transverse dimensio ns of light spots are comparable within the

who le range of the FOV fro m 0

                                                                                                          0
                                                                                                              to 20

0
. Although the spots have different shapes they all stay

within circumscr ibed circle with diameter up to 15 mm. Of course it is impossible to unify the

shapes of the spots.

Hence the needed correction state of the system II  can be reached by slight change of the

posit ion of the focal plane of the system II , i.e. by the shift fro m the best picture plane

determined by the system I .

We shall shift the focal plane by approximately 5 mm but this cannot be done by simple

change of the distance of the picture plane. Because the corrector plate makes together with

the mirror single optical system it is necessar y to change slight ly the profile of the corrector

plate in order to reach the desired effect. We have to recalculate the coeffic ients of the profile

equation for the new focal posit ion. Together with the change of the sur face shape also the

posit ion of the neutral zone changes, i.e. the height above the system optical axis where the

tangent of the corrector plate sur face is perpendicular to optical sur face. In other terms it is the

height where the optical rays do not change their direct ion after passing the corrector.

Fig. 7 shows three shapes o f the first surface of the corrector plate of the system II . The

middle curve corresponds to the profile of the init ial design where the focal length of the

system II  is equal to f = 1742.34 mm. The focal plane lays in the optimal picture plane o f the

system I  as shown in Fig. 4. The result ing spot diagrams are given in the Fig. 6.

The upper curve corresponds to the situation when the focal length is recalculated to the value

f  =  1748 mm and the lower curve corresponds to f = 1738 mm. The se values have been

chosen to show the change of the sur face shape induced by difference 10 mm o f focal plane

posit ion.

The value f = 1738 mm `shift s´ the focal plane by 5.66 mm and the result are light spots of

approximately same size over the who le FOV from 0

0
 to 20

0
as shown in the left column of

Fig 6.

Fig. 7: Profiles of the corrector plate of the system II. The outer diameter is 2200 mm.

           The two points mark the inner diameter of the annulus 1700 mm.

           The scale of the profile depth is not realistic.

- upper curve            focal length f = 1748 mm ( shift by  -4.34 mm )

- middle curve          focal length f = 1742.34 mm ( original posit ion )

- lower curve            focal length f = 1738 mm ( shift by + 5.66 mm )

The fo llowing Fig. 8 is the detail from Fig. 7 marked by the box on the left side. We present it

to give better idea of how much the shape of the correction element changes after change of

the focal length by 10 mm. Apparent ly this change is ver y subt le.

Fig. 8: Detail from Fig.  7.  Profile between the radii 2200 mm and 1700 mm.

It is possible to compare Fig. 7 with the pictures usually given in the literature which deals

with Schmidt camera and the profile shapes of the corrector plate for different heights of the

neutral zone, i.e. for different cho ices of picture plane for which the system is corrected. The

method is similar.

The left column in Fig. 6 is an example of a reasonable so lut ion where the light spots of

comparable size are over the whole FOV of the system II . For FOV 0

0
 the light spot has the

annular shape while e.g. for 20

                                                                                                       0
                                                                                                           the shape of the spot resembles a tall human figure.

At the radiat ion detection it is usually desirable to have unifor m illuminat ion of the photo-

sensit ive area to eliminate nonlinear it y. Therefore we have considered the possibilit y to spline

the sharp edges of light spots so that their size would not change significant ly.

The Second Method

The ideas about smear ing the light spots led us to emplo yment of the second method of the

sur face shaping of the corrector annulus. Using the first method one changes the posit ion of

the neutral zone. The second method consists of changing the optical power of the corrector

plate in such a manner that we change the depth of the surface profile but the height of the

neutral zone remains constant. Naturally the position o f the focal plane is shifted by this

change from its original state. As the starting shape we have again used the profile calculated

for the optimal picture plane of the system I .

This procedure is schemat ically shown in Fig. 9.

Fig. 9: The profile depth of the corrector plate changes towards planar shape.

            The original shape corresponds to the middle curve in  Fig. 7.

In our analysis of the system II we have co mbined both two above ment ioned shaping

methods in order to get the optimal profile of the corrector plate. By optimal we mean the

shape which leads to system corrections and leaves the result ing light spots in picture plane

within circumscr ibed circles wit h diameter 15 mm for FOV between 0

0
 and 20

0
.

The changes of the shape we done by changing the values of the coefficients A ,B,C in the

equation of the corrector plate profile (1). These changes were done ’by hand’ as the search of

direct analyt ical solut ion is more or less restricted to the aberration space of the 3
rd
 order

( Seidl space). This space is limited by angles up to 15

0
 or in other words it is relevant for

optical systems with the relat ive aperture up to the value cca f / 3 . The expressions for

calculat ion of higher order aberrations beco me too complicated. We have found several

similar so lutions of the optimal shape of the first surface of the correction element and two of

them are listed in the for m of the spot diagrams in fo llowing Fig. 10 and Fig. 11.

The shape of the profile is descr ibed by the already listed equat ion  :

                                               Z  =   A y

2
 +  B y

4
  +  C y

6

The two ment ioned so lutions have these coefficient values:

1,

                           A  =     1.2438489   10

  -  5

                           B  =  -  9.9372234   10

- 12

                           C  =  - 1.5237456    10

  -  18

 2,

                            A  =     9.9481644   10

- 6

                            B  =  -  8.9382619   10

- 12

                            C  =  - 1.3472051   10

 - 18

It is obvious fro m the following two spot diagrams that in the picture plane descr ibed by the

middle column the condit ion of maximal size of the light spot up to 15 mm is valid. The spot

of the axial beam has no longer annular shape but it is ho mogenized. Similar ly in the case of

the extreme FOV 20

                                                                           0
                                                                               the shape resembling human figure is thicker. This confir ms the

expected result of the second shaping method.

Note:

The unavo idable property o f the chosen optical system is the change of the light spot shape in

the picture plane wit h the increasing angle of FOV between 0

0
 and 20

0
. The cho ice of the set

of shapes might be somewhat individual. We have chosen for the extreme FOV 20

0
 the shape

of human figure. However, after more detailed inspect ion of spot diagrams it is clear that the

case where the light spot for the extreme FOV resembles e.g. a cross could be chosen as well.

The changes of the shapes are induced by change of the picture plane posit ion already by

about 2 mm. This does not change significant ly the shape of the corrector plate profile.

Fig. 10: Spot diagram of the system II with corrector annulus - 1
st
 solution.

Fig. 11: Spot diagram of the system II with correction annulus - 2
nd
 solution.

The listed two possible so lut ions o f the corrector annulus profile are ver y similar. It apparent

fro m the fo llowing ser ies of Fig. 12, 13, 14.

The two surface shapes are sketched in Fig. 12 with exaggerated scale of profile depth. The

outer diameter is 2200 mm. The inner diameter of the annulus is 1700 mm and it is marked by

two points. For sake of better illustration the profile o f the who le corrector plate is drawn.

Fig. 12: Two possible solutions for the profile shape of the corrector plate.

The fo llowing picture shows the same two curves as in Fig. 12. They are both shift ed so that

the two end points over lap on the horizontal axis. This picture just illustrates to which extent

the shapes of both two solutions coincide. It is evident that the differ ences are minimal - in

particular in the important outer part.

Fig. 13: The curves from Fig.  12 shifted vertically.

Fig. 14: The detail from Fig. 13.  The scale is apparent from the numbers in mm.

The compar ison o f the two possible annulus profile so lutions is in enlarged detail in Fig. 14.

The maximum depth of the profile is between the outer diameter of the annulus 2200 mm and

its inner diameter 1700 mm. Hence the width of the annular part is 250 mm as marked in the

upper middle part of the picture. The maximum depth of the profile is about 5.5 mm ( in case

of the chosen mater ial ˘ Acr ylite).

Thus we have found the solut ion of the possible shape of the first corrector annulus sur face

and we have shown that it complies with the condit ion on maximum spot size in the picture

plane of the camera .

The next step is ver ificat ion of this so lut ion of the system II  in such a way that we shall

calculate the spot diagrams of the bifocal system of the Schmidt camera as a who le, i.e. the

system I  together with the system II .

Let us fir st recall the original design of the optical s ystem of the Schmidt camera without

correction element and with the radius of the aperture diaphragm 1700 mm. The

corresponding spot diagram is in Fig. 15

Fig. 15: Spot diagram of the Schmidt camera without corrector ring with the aperture

              diaphragm of the diameter 1700 mm ( GAP-99-025 )

Spot diagram o f the Schmidt camera without the corrector plate shows that in the optima l

picture plane (the middle co lumn) one can circumscr ibe all the light spots with a circle o f

diameter 15 mm.

The shapes of the spots change with the increasing FOV angel as a result of the shadowing by

the photomult iplier camera body. Wit hout this shadowing all the spots would be the same.

Looking at the middle column evident ly bigger amount of energy is deposed in the middle of

the spot at FOV angel 0

                                                                                     o
                                                                                        . This effect has been discussed in GAP-99-025. This is also the

reason why we have tried to smear the energy of the axial ray o f the system II  using the

second shaping method.

To simulate the whole bifocal system we have chosen the first fro m the two above ment ioned

solut ions of the system II. Corresponding spot diagram is shown in Fig. 16.

Fig. 16: Spot diagram of the whole bifocal system of the Schmidt camera with

             the corrector annulus with the outer diameter  2200 mm.

It is evident fro m the given picture that in the optima l picture plane the imposed condit ion on

the spot size wit hin 15 mm cir cle is fulfilled. This simultaneously corroborates the validit y of

the chosen design method, i.e. the divisio n of the so lution into two systems and their

consecut ive merging.

The energy distribut ion inside light spots is relat ively ho mogenous within the who le range of

the FOV from 0

                                                     0
                                                         to 20

                                                                           0
                                                                              , which was our goal.

It can be also seen fro m the picture, that slight defocusation o f the who le system in units of

mm does not deteriorate significant ly it s qualit y.

Conclusions

The given results depend also on the cho ice of the corrector annulus mater ial. We have

supposed the use of acr ylate, which is transparent in the ultravio let part of the spectrum. The

other mater ials seem to us expensive and even more difficult to machine in the case o f

supposed aspher ic sur face. Unfortunately we were not able to find exact values o f the

refraction index of the available mater ial. Hence we have used the values given in the mater ial

database of the optical  program KIDGER

These values were as fo llows:

wavelength                                       refraction index

300 nm                                                    1.53294

350 nm                                                    1.517036

400 nm                                                    1.50731

We have calculated the optical aberrat ions for all listed wavelengths, i.e. for the whole

supposed spectral region. It turned out that the chro mat ic aberrations do not play in the

studied system any significant role.

We have supposed in our calculat ions the maximum width of the correction element 15 mm

but this element can be made thinner ˘ up to the theoretical limit. The changes of the corrector

plate thickness do not influence the qualit y o f the system. By theoretical limit we mean the

state when the thinner side changes to sharp edge.

The presented calculat ions have been made without considerat ion of imprecisio n of the

optical sur faces. We shall proceed in this dir ect ion dur ing investigations of possibilit ies to

manufacture the correction element. The final design of the sur face shape will be possible

only after the exact refraction index of perspect ive mater ial will be given direct ly by

manufacturer .

Concerning the production of the corrector annulus one has to bear in mind its size and

therefore we stick to the accepted solut ion to divide the annulus into trapezoidal segments. An

example of such divisio n is given in Fig. 17.

Fig. 17: An example of the corrector annulus segmentation.

Remark:

Part of this note is an individual page (file) with possible shape of one segment section in the

scale 1 : 1. The thickness of this element is chosen just for orientation purpose and it depends

on the necessar y st iffness o f the element and on the techno logy of its production.

Theoretically one side can be reduced to sharp edge.

References :

[ 1 ] R.Sato, J.A.Bellido C.,H.C.Reis, C.O.Escobar, Corrector Plate with an Annulus Shape,

        GAP-99-14

[ 2 ]  M.Hrabovsky, M.Palatka,P.Schovanek,J.Gr ygar,J.Ridky,L.Soukup, The optical analys is

         of the proposed Schmidt camera design, GAP-99-025

[ 3 ] W.T.Welford, Aberrat ion of the Symmetr ical Opt ical System, Academic Press, 1974

[ 4 ] H. Haferkorn, Optik, VEB Deutcher Verlag der Wissenschafen, Ber lin , 1980

[ 5 ] H.Rutten and M.v.Venrooij, Telescope optics,Willman-Bell,I nc., 1989

[ 6 ] M.I.Apenko and A.C.Dubovik, Applied optics, Moscow,  1982, ( in Russian )

[7 ] The Photonics Design & Applicat ions Handbook, 1992

[ 8 ] M.Born and E.Wolf, Pr inciples of Optics, Pergamon Press, 1980

[ 9 ] G.M.Popov, Aspher ical sur faces in astromo my opt ics, Moskva, 1980 ( in Russian )

[ 10 ] W.J.Smit h, Modern optical engineer ing , McGraw-Hill Book Company, 1966

[ 11] E.H.Linfoot, Recent advances in optics, Oxford, 1955

[12 ] SIGMA 2100  optical design so ftware, KIDGER OPTICS