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ABSTRACT

" The primary optical aberrations suffered by reflecting
telescopes and the effects of these aberrations on the 1maging
quality of such instrumenta are dlscussed. Methods of correcting
these aberrations and thus greaﬁly enhancing the photographic
' usefulness of telescopes are investigated. In particular,

designs for three‘correcting systems to be used on the University:
_of Alberia's new 20 inch telescope are develobed; one- to be used-
with the telescope at prime focus, and -one for each of the two

_ Cassegrain configurations. The performance pf each‘of the
correcting systeﬁs is evaluated using~a three dimensional ray
tracing program and the results displayed in the form of spot -
diagrams. The ray tracing programs used in the development of

the correcting systems are presented.
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CHAP’I‘E:R I !

INTRODUCTION

.F:or many years the University of Alberta's prinCipal.
| asttonomiCal reeearch;'in'strument has been a..ll'Z" Cassegrain .-
. telescope uiih{)all -Kifkham optics. This telescope has been-
employed mainly f:;r photometry, as the o‘tics are not elﬁ?irely
'satisfa.ctory for deep sky photography. In 1975 coxfstruqtioh was
infitiated,on a 20* telesCOpe.“ This teleeéope. being ‘constructed.
-at the Univerei.ty of Alberta., ie to repla.ca the older inatrument. .
'.The 12" teleecope has been tramferred from the‘obeerva.tory to the
university campus to facilitate 4ts use as'a teaching instrument.

The main coxhponent ‘of ‘the new telescope is a 20" f/ﬁ
parabolic mirror. To ensure maximum versat.ility of the new
telescope, it‘ has been designefl‘ito;operate in three differeﬁt
con.figurations. - ' _ \ ’ - ,
For wide field photography a.nd photogrephy of extended

deep sky objecte the telescOpe will be ueed at prine focus. In :

t

this ‘mode. the telescope uill be capa.‘ble of photoge.phing a field )

CE

" ‘\ - P '..; 1
_more thap 6 degrees in diame(:er Lo

' Some photo-etry, most vieuel work, and considerable
photogra.;iw w11l be done with. the telebco% utilized as an\£/8

' classica.l Gaesegr:a.in._ A:large ;n:oportion of the telescopob time

will be used for photographic obeerva.tions in this coni‘i@ration. —

&

The fina.l design, which will be uaed prinuily for

-.motometry and pla.neta.ry obeervations. is that of an f/18

. . » , R
A .

Ay
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classlcal Cassegrain.; In this mode, the telescope can often be
nsed when atmosphéric conditions and moon placement'do not‘permit
effective use of ‘the other teo configurations. | . .
To allow rapid in;erchange of the optical components

three separate tube ends are being constructed for the telescope
This permits rapid change of copnfiguration with a minimum of
readjustment and little chance of misalignment or damage to the
optics" ” | | ‘

= The advantage of a parabolic mirror. and ‘the classical
. Cassﬂkrain configuration, which employs a parabolic primary, is
| hat such telescopes form perfect axial images. This means that,
barring poor optical components and atmospheric turbulence, if the
. telescope is aligned on an obgect of very small angular width
(generally a star) the image formed of that obJect will be
diffraction limitedn For a 20" telescope the size of such an

o

‘image will be about .23 seconds of arc. If however, the telescope ‘
is not aligned iith the object (or if the'object is of appreciable
angular size) the image will be produ?ed off the optical axis at
the focal plane and its size will not be diffraction limited.

Such an image suffers from the off—axis aberrations.known as coma
and astigmatisn. These aberrations, which are discussed in " :
detail in Chapter 11, cause an increase in the image size and a ‘vt
deformation of the image s shape. This destruction of image
integrity increases the further off axis that the image formation

'occurs, and can: obliterate much detail at even small distances

Avfrom the axis. :



These‘offeaxis aberratlons are not important in photonetry
as. the photometric subjects are nsually of very small‘angular
widths (innt sources ) and'the telescope is }sually aligned upon
the subJect producing an axial image.

- Visual work generally only encompasses a Narrow cone of
light near the optical axis.‘ In any case, eyepleces themselves
usually introduce more aberrations than the telescope system, and
the eye 1s not sufficiently accurate to detect small amounts of
such»aberrations. |

These off~axis‘aberrations become very important, however,
in photographic work. »Since the photographic plate records the.
whole field of view of.the telescope,'and'not'just the area very
near the optical aris, these image errors'can.produce'catastrophic
4effects, severely 1imiting the amount of the plate that can be
used for accurate measurements. Hundreds or thousands of
»photographs may be necessary to cover, with good resolution, the
_same area that one well corrected photograph could The need to
-‘correct these off~axis aberrations thus becomes imperative if
scientifically useful photographs are to bé obtained from the new .
telescope.

The photographic requirements for each of* the three
‘ configurations and the solution of “the problems presented by tqe

off—axis aberrations are discussed in the following chapters. .
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CHAPTER II
: ™

ABERRATIONS OF THE CASSEGRAIN TELESCOPE

All practical designs of the Cassegrain telescope are
limited in their performance by inherent image aberrations. The
. primary image aberratlons are divided into three characteristic
forms, spherical aberration, coma, and astigmatism. !

‘ Spherical aberration is characterized by its uniform size
over the field, whereas the size of the comatic figure is 1inearly'
dependent on the distance from,tﬁe optical axis, and the slze of
‘the astigmatic figureivaries ;s the square of the distance.from,..
the axis. . | A |

In this chapter we first deveioprexpresSions for design
| 'relationships in Cassegrain telescopes, and then derive expressions

.for the aberrations in terms of the design parameters.

2.1 Design Relationships for Two Mirror Telescopes

_ The combined .focal length of a pair of thin lenses (or
reflecting surfaces) of focal lengths f1 and f respectively,
separated by a distance d is given by

1 _1,1_4 ~
A T (2.1)
A ray ehtering the telescopic system parallel to the optical

axis will, after reflection from the primary, intersect the

secondary mirror at a helght hs where:

- " .
. X . : AN

4



. : ' \\
where y is. the radial distance from the parallel incident ray ta

theﬂoptical axis. Ehuating the two expressions for h_ we have:
. f(fl-d) = fl(d+e) . . . ’ A\

Equation (2.1) can be used to form a third equality:

1 11
o a=ff |-+--—
PRSI 1 2
\f; f £
| A ]
: f(fl—d)'=»r fiefz—f1+ =&l = —fz(f-fl)

f
We therefore have three equalitiesx
~(£-5,)8, = £; (ave) = £(£-4) - (2.2)

The last two terms of_(Z.Z)Jcan.be Separated to express a
relationship between d and e: , e

fd+f

)

ﬂf;ff)d.= fl(f-e) : y - | | : o (?-3).

The radius of the secondary mirror necessary to 1ntercept
all the light incident from the primary mirror can also be determined
from Figure 1. The necessary radius will be h_ with y = y' (radius

~



of priﬁary) plus h¥ with ¢ = angular radlus of the field. Then:
h = —y' 'h&:dd

Therefore, the radlus of the secondary is glven by:

d+e ,
N
fite - ' . '
= y' +df
£+

Fig. 1. Des;gn‘relétiohshipeiéf Cassegrain telescope

i



2.2 Primary Aberrations of Cassegrain Telescopes.

The primary, or Seidei, aberrations for a two.mirror

« system can be determined by retarding lamina analysis (Allen,
1975). Although this system lends 1tself barticularly well to
numerical calaulations of specific designs, it can also be used
to derive the éenefal form df‘the primary aberrations.

: The retarding lamina method of aberfation analysis is
based on the fact that all conic surfaces can be described by
their departure from a‘spherical surface. This departure from
such a spherical surface is called the lamina,

The equation of a sphere with the origin at the pole

(the point at which the surface cuts the axis) is given by:

1) 1 | 1
x(sphere) ( )yz + (----g)yll‘L + ( )y6'+ cees
23 8Rr . .1§{‘ i

where x ls the depth of the curve, R is the radius of curvature,'

and y 1s the distance from the optical axis. For Seidel

aberration theory, only the first two terms ere required.

x(sphere) =(4L)y2-+ (—;qu (Seidel approximation)
- 23 ox” A |
'+ . The equivalent equation for a conic of revolution is
'gi?en by '

- 11 1
" x(conic of revolution) =(—;)y2 + ( 3)(1-e )y
' . 23 83
(Seidel approximation)

" where e is the eccentricity of the surface and.th the axial radius

1
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of curvature. : ¢

Thus, the departure frgm a sphere of a chic of revolution

is given by: ' - %

‘ Since this lamina is the difference between a sphere and the actual
conic figure, if such a lamine were to be physically piaced into
the system, it would convert the conic into a sphericalisurface. .
i} It is a well known fact that a spherical surface does not
suffer from any off—axis aberrations (coma and astigmatisn) but
does suffer badly from spherical eberration. This sphericalA
aberration can be corrected without affecting the coma or |

- astigmatism by placing a lamina of positive power at the centre

of curvature of the spnere. Hhen-this is actually done the lamina
1s known as a Schmidt plate. | |
‘{t would therefore be possible to correct all aberrations

by supplying each conic surface with the lamina necessary to‘

convert it into*p sphere Plus a ‘lamina of suitable strength placed
at the conic s centre of curvature As these laminae are not, .i1n’
'fact, present in the actual system it 1s possible to express the "

i~ i}ons of the actual system in terms of the "negative

introduced by all the imaginary laminae. This can be

e eebezgt

~done in temis of the retardation caused by each of the 1aminae in

the syem : | . \

ik xctra distance that a w&veﬁ!ﬂﬂident on a conic surface




(as compared to a wave incident on the corresponding spherical

surface) must travel is given by:
) 2
e 4
p = 24X =--——3— Yy . ) (2-5)

This distance p, is called the retardation due to the imagined
lamina located on the surface of the conic}

From equation (2.5), it is seen that the retardation
_caused by a lanina is proportional to yu (y = distance from the

optical axis). This retardation can therefore be written as:
" o
p = By o - (2.5)

;where B is called the lamina power.‘iﬁ is positive for a lamina
which retards a wavé-(correspohding to ; physical dépression.in
| the surface) and négative for a lamina yhiéh advances fhe wave

(corresponding to a physical bulge in the surface). Also, from
. equation (2.5) we can see that the pouer of surface laminée for

conics of revolution with eccentricity e is .'

+ © : conc;ve' - (
Bg = - wg3 for {convex surfaces , (2'6)

It can be shoyn'(Allen,»l9?5) that the power. of the céntred '
lamina of each surface 1s

1 '
- v concave ..o o . .
By T 4 R for {convex surfaces ‘ (2.7)

‘ N

Here e' is not, in general,Aequal.to'thé ecéentricity of any
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mirror but 1s given by:

oR Object to centre of curvature distance

° Object. to Pole distance

or equivalently ‘ . S ~ (2.8)

'Ri Image to cenfre'of curvature distance
1

[}

Image_to pole distance .

‘In, the speclal case where the‘surféce(s) under consideratlon form
a perfect axial image (sﬁch as a paraboloid or classical Cassegrain '
with parabolic primary and hyberbolic secondary), e =e'.
igure 2 (uhich is taken from Allen) demonstrates how.
the retardation p 1s related to spherical aberration, coma and

astigmatism.

stop L lamina

I
|

Fig. 2. Laminar retardation

If a light xay. in the(y,z) plane, inclined at an angle §
to the optical axis, 1ntersects an optical stop at the point —



cp . B PRIt

\ o . . ) . 1 1

(x,y.O), it will intersect a lamina placed a distance‘u away at
. \ .
the point (x,y+h,u). The retardation of the wave at the lamina

will therefore be given by :

-+ -

- 802 + ()2

='B(x2 + y2 + 2hy + h2)2 ,

= B (PRI + by (PyPIn + 20RO’ + by + 0% T

which can be classified into the Seidel aberrations in the felloﬁing

manner :
2. 2\2 : '
B/ (x“+y°) _7 Spherical aberration —

Bug/ by (<Py*) 7 . coma

. | ) L
Bu2¢2175(3y§;m2)_7 Astigmatism and Petzval curvature

: Bu3¢3[_4147 Distortion
Bu ] Phase change (not a true aberration)

' To deternine the aﬁerrational effect of all the laminae,
the powers und positions of all the laminae must be transferred
- into star space (the space in front of the entrance pupil in

'_which the 1ncidan¢ light is neither converging nor diverging)

Since the entranee pupil of a Cassegrain system is defined by the



primary mirror, the laminée assoclated with the primary can
be considered to .be‘in star spﬁge already. The position and
power of the laminae assoclated with the secondary mirror must,
however, be imaged through the primary. Denoting the object

positions of the secondaxy laminae by u, and the image positions

* . )
in star space by u , the simple thin lens formula % + % =A_%: can
be used to image the positlons through the:primary:
11 1 :
— = — e - . ‘ . (2.9)

u* - f u

The change to star space also requires a change in the lamina ‘

power given by:
S L . :
. u . ) N
p* = a(—* : r 4 o (2.10)

Once alt theglamina powers and positions have been imaged
into star space; they can be added together to determine the

aberrations. The various forms of aberratlon are denoted by:

Spherical aberration B

Coma A ZBu © (2.11)
. r

Astigmatism Zau2

The traditional coefficients B, F, ‘and C (Schwarschild,

1905) which express the magnitudes of the aberrations ave related

by' the formula’e :

12



T\.
?
B = -4ZB
F=-LEBu
.C = —bZBuZV

In the following derivation. the retarding lamina nethod
- 1s used to determine the aberrations of a Cassegrain system in
terms of the deslgn parameters. A ‘
The subscripts 1 and 2 refer to the primary and secondary
mirror reepectively, while the subscripts s and ¢ refer to the
surface and_centred lamina. The superscript * refers to values
.taken-in star space. o ' _ .{

"The origin of the co-ordinate system 1s taken as‘the_pole

of the~pr1mary, with distances in Figurenj being positive to the
\

righf.

- .
-

-
-
-

13

Fig. 3. ‘laminae posltione~ln'0assegrain telescopes

_ C:L a‘rd-;bz, are the centres of curvature of the primary and secondary
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mirrors. F. and F

1 are the focil of t_,he two mirrors.

2

Laminae assoclated with the primary: . *

. 2 o 2 0.2 N
1 1 1

[+] = o= =
1s 3 33 3
LRy u(zrl).‘ 32f

bl , 2
=@ 3 (b = asphericity factor = -e )
32f1 X
b
B =f. = - °
1s ls 21 3
1
1 1l
* = = - -
1lc 1lc 3' |2 3 l2
LtRl ey 32fl e,
1 Rl Rf, £y IR
=~~,—*‘*"j" since e"-'-,T—‘——-J*“-{."J‘:-fl»Fl . )
- 321, | 1
L P

: u]*:C = u10= -R =2fl

N 'Iagiﬁae associated with the secondary: -

- 11:

- 28
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Using equatlons (2.9) am (z.10) to tranpsform these into star space,

1 1 1 1N £,-d
E e N R Tl -~ M F o T I
o . . -
X, ~ fy v £ f,d |
£,4 '
ag, v
fl"d
2 4 2 4
. e u e ~d(f,-d)
ﬁg g "‘”"’gwé‘w' z -~ -L3 ( 1
6 _
| mz w3’ 6
: f(fl“d)
Using f, = ~ =77 from equation (2.2),
2L (1)
_ _ ‘ | . N
o2 (e-1,0(5,44) v, (1))
B*_ o Wﬂ“\v"‘” - -2 ,_-—»—-——-~h————-—
A A Y
‘ . &
. 1
E L® Ity &
) fz."_, L"ﬂzj‘ezlz

Rz*l; Image to centre of curvattire distance
1 ~ = -

‘2 f -~ w"‘“&-r - B - __:
. Image to Pole distance
T "(notez-fz;is.negative) N

O e,
Cuslng & te =~ b2,

1

15
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. -2fé - [ .(f-fl"‘)-.fzj/.fl
AL o 9 A/ A

e

' (o)

Thérefore, B, .= - —m
¢ 32(f‘+f1)f23

-ouy T - (df2f2) |
Transforming BZC andA Use into star spa.cie', ]
1 _ _’i'a _f;'= ) 1 . ;i_ =:f1-(dr2f2).b
g, f) Uy £y d-2f, fl(dfzgz)_.
- = £, (a-2f5)
2¢ . Ly .
£, -(d-2f,)

* b e 1 et Gan )\
- e e _ (2 1TH (d-f,) Uy ~ld=2t, )0y -
Pre =P wx s ger ) £ (a2t |
: - T2¢ , A A U ¢ 220 - F

Y ST A I A
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32\ £+f Y
-f(fl--d)
and using f2 ’
f-f
R .
1 -2 B (£, -d) -
_ = 1 1 L
o ,3_2' £+, ) £ f (f-—fl)

(f f ) d)(f*f )

31, “f3

- L3
32 £17

1 (fﬂ;)z '-(fll—d).(f--fl)j .

The results are summarized in Table 1. Combining the values

_1n this table one obtains (after considerable algebraic

-manipulation and”reduction):;

(l+b1) | i[b +(_ £4£, )2_7 (_f._?l)j(il_d‘),
32f13 -3 ? f-f o f?fl:f-

- *‘ 1 1 1 2. (ff )3d
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B =

16f 32 1 f3f
o e (‘ e
: Y 3 £-d f4f -1, )7d
B*u*gl-' -—75-———-', [Tb +( ) 3 2
8f(f-d) 32' £-f 8ff (f-d)
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Using the traditional coefficients B, F, and C, the

aberrations are given byi_

14y £+ £-f )7 (£, -d
[b N ( ( 1; (41 )
8f_1 f- fl 8f fl
_ 1+b1'_ fo +( £+ (f—fl)B(fi+e)
3 2 ; 3, 3
8,7 h 8£°f, 7 (141, )
1 R (e-£.)% N
F=—+ [bz + ) iy p—
b e |7 ee’r? ’ .
e , ) -2 - 3 (2.13)
1 £+, £-f: )7 (£-
| -1} Rt 8t fl(ffrfl)(rlm)
X e R ree 3.2
_ . (£-4) . NE R (f-fl) d
C=g—— - [t — | 55
2f (fl-d) . A\ f-fy 8; £ (fl—d).
2 g 2. 3.2
_ fiHpe s £+, 7 l.(f—fl). (ﬁe) i}
aff(spre) 2\t 8875, (£+5)) (£, %)

,,(irj" .

2.3 - Size of Aberrations at the Focal Plane )

The size of the aberrations at the focal plane (in angular

meaeure)~are given by»(Gascoigne, 1968)z ' L

n

Angular diameter of spherical aberration _%ByB

Angular length of coma figure = : 3Fy2{

2Cy¢2jl

One can therefore use the equations of the previous

Angular diameter of astigmatic blur circle

section to numerically determine the size of image aberration

* The first term in the cgrres nding equation in Gascoigne (1968)
is in error by a'factor (£<+f ?‘} (f+e) ~ ‘
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for any system. .
The size of the comatlc and astigmatic aberrations for a
system consisting of a.single-parabolic mirror are plotted as a
function of" the semi angular field in Figures 4 and 5. It is
'seen that both coma and astigmatism are very strongly dependent
on_the focal ratio‘of the mirror, being very extreme for fast
systems. It 1s also seen that,'for a single mirror, it is the coma
that 1imits the size of the usable photographic field.
Dr. W. Baade, in studles ade during preperations for the
construction.of the Hale telescope, concluded that the - usable
field of a large parabolic mirror was limited to the’ areailehdch
the comatic figure was. less than 1.5 seconds of arc in size.
This value has been considered unduly severe by many. On the basis
of a somewhat more generous figure of 2. 5 seconds of arc, the.
useful field of an f/3 paraboloid is only 4 minutes of arc in
. diameter.‘ For a 20 inch ‘diameter primary mirror, this corresponds
to an area at the focal plane only 0.063 inch in diameter.
“The aberrations for a two mirror system are dependent
on the figure of the secondary ' For a classical Cassegrain, which
forms a perfect image on the optical axis, b , =L (£+ /(5T 2
and the second terms in equations (2 13) become ZeTro. Thus, the
equation for .coma remains unchanged, and the Cassegrain system has
' the same coma as a parabola with the same effective focal .length.
- The equation for astigmatism is:
£,(r-a) '_ 2450

2 N o2fe s
gf (fl-d)‘ 2f (f1+e)
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1

cx—
2f1
which means that the ‘astigmatism of a Cassegrain system 1s

With the approximation'that e«f this can be written as

approximately the same as the astigmatism of the system's primary
alone., Thus, the astigmatism of a two mirror system is seversl
times' as 1arge as that of a single mirror of the same focal
length. | »

Spot diagrams, indicating the size and shape of the: images‘
for the uncorrected telescope systems being constructed‘ are shown
“ in Figures 6 - 8
‘ } Figure 6 shows the images formed at the prime focus. of
the 20 inch diameter /3 paraboloid. The'characteristic fan shape
of the comatic aberration'is very evidemt; Near the edge of a
L x 5 inch photographic plate (corresponding to a field offangular
"radius of about 3 degrees) the image is well over. 300 seconds of
" arc in length. |
Figure ?. shows -the images for, the f/8 Cassegrain config—
-_'uration.‘ Although coma is evident (particularly close to the
-optical axis), astigmatism and the efchts of field curvature can
mbe seen at distances away from the axis. ‘

‘Figure 8 shows the images for the f/18 system. Very .
little coma is in evidence, and most of the image spread is caused
by field curvature. o
-In all figures the spot diagrams represent the images formed
| at the edge of a fleld’ of angular radius B The diagra.ms were
produced with the aid of the ray tracing computer program described ’

© in Appendix II. T

~
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Fig. 8. Images of uncorrected

£/18 Cassegrain -
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CHAPTER IIT
: connécmlon OF ABERRATIONS

P \
‘ The aberrations described in the previous chapter place
-~

severe limits on the size of field that will produce useful

¢ images. When a-telescope is being used for photography, it is

highly desirable to extend this area of good imagery, even if it
’ ' .

entails a slight degradetion of the axial image. Many methods.
of correcting the aberrations of reflecting telescopes, as well
as alternate aberration free configurations. have been deve10ped

in the last half century.

3.1 Historical Outline of Cogrecting’Systems
| It has long been realized that the greet advantage of a
parabolic mirror is its ability to produce péxfect axial.images.
Therefore,‘much'of the early work was done with a vieu to
providing a correcting system which couldVgive reasonably good
' images over fairly 1arge fields. yet could be removed when
critical definition was required on axis. ' o -
One of the first to consider this problem was Sampson
(1913). e attempted to correct spherical aberration, coma,.

‘and field curvature by using an afocal system of three closely .

that he placed on the correcting system (close spacing of all

three 1enses and very small surface curvatures) precluded

| .i.
spaced lenses in the convergent beam The stringent requirements _
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satisfactory correction and led him to suggest the uge of a -
primary which departed Quite drastically from a parabola.
'The first correctors for parabolic mirrors actually to
- be employed were designed by Ross (1935) in the 1930's, In his
first designs, Ross used an afocal pair of lenses 0 correct the
coma. The pair consisted of one positive and one negatiVe
'element'composed of the same glass in contact. This introduced
'considerable spherical aberration'( about 1Q seconds of arc for\
‘the 200_inch:Ha1e telescope) which Ross considered a neceesary
~evil, _ | | |

Ross later introduced a third element, a stron$1j~curved
meniscus'lens placed between the mirror7and the'afoeel pair,
designed to reduce the spherical aberration. -
| In 1946 Baker (1953) devised a novel extension of Ross's
_-original solution which eliminated not only coma, but aetigmatism
and spherical aberration as well.v In place of Ross' 8 afocel pair,
Baker used an achromatic doublet of slightly positive power._
The positive power of the achromat flattened the field of the
_ parabola with the coma ‘and astigmatism being removed by the '
bending and axial placement of the doublet. The spherical
» aberration introduced by this doublet was countered by & full
aperture aspheric plate placed near the primary's fo&al plene.

-_ This design produces very good images over an extremely 1arge

field but is impractical for- very large apertures as it requires
a correcting plate almost as 1arge as the primary miﬂ&or‘ _.f'

eI
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\“: .
In the last few decades many'designs employing three or
‘more spherically surfaced elements have been proposed spd built
for exig%ing parabolic telescopes.- :The proliferation of such
correcting systems has been greatly facilitated by the advent

of large high speed computers capable of quickly and accurately

assessing the effects of the large number,of parameters introduced

by systems composed of many elements. .

In 1953 Meinel (1953) proposed the use of aspherically
figured plates in the converging beam to correct the primary
mirror s aberrations. Such systems, composed of several such

elements, have been employed in large telescopes, although usuallyf

in conJunction with a hyperbolic primary
If the requirement of perfect axial images is dropped.

_ several additional methods of COrrection are possible.-*

The simplest and most effective system yet devised Was
first produced by Bernhardt Schmidt in 1931. Although similar

*

= systems had been proposed by others, 1t was Schmidt s genius as A

an optician which allowed him to actually produce such a system. 3

The Schmidt camera is based oti- the principal that a sphere,

having no axis, has no off—axis aberrations. If a stop is placed o

at the centre of curvature, the system still has no unique axis.

Hence any element placed at this stop will not introduce coma

or astigmatism, but can be designed to eliminate spherical

' aberration.' Such a Schmidt pia.te has a fourth order g\n—ve with
the figure given by at = — At being ‘the differential

4(n-1)R3

: thickness of the plate.' A ‘second order curve,ﬁf opposite sign is

N

R N

29



’ﬁ‘

usually’superimposed_to minimize‘chromatic effects..

Despite excellent'performance overuwide fields, the
Schmidt camera suffers from several disadvantages. To prevent the
introduction of off-axis aberrations, the corrector must be .
positioned at the centre of curvature of the primary.- This means
that the tube of the Schmidt must be at least twice as long as
that of a conventional prime focus telescope, and any ‘dome
designed to house the instrument must have four times the surface"

_ . ) . - ‘
area. ‘ : : - :

* The correcting plate, which has an aperture tWO thirds as

' large as the primary,.is expensive and difficult to fabricate.

h Also, since the corrector plate is the effective entrance pupil

of the system, the system s clear aperture is only two thirds that
of the primary and the Schmidt utilizes only four ninths of the
_area (and henc light) that an equivalent primary, working alone,

1

One further difficulty with the Schmidt camera is that the

~

does.

focal plane, which is located 1n a rather inaccessible position
between the corrector plate and the mirror, is strongly curved
This necessitates either the bending ‘of the photographic plates,
gr the use of a field flattener which compromises the integrity of
the images. Because of the awkward placement of the focus the
Schmidt does not lend 1ltself to photometry — '

In spite of these problems, the Schmidt- camera is unsurpassed

in the production of well corrected’ wide field photographs, and

_ many magor Schmidt systems have been constructed

30
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; Several variatiofif of the Schmidt have been developed in
ban'attempt t :overcome its shortcomings. Particular effort has
been expended in‘flattening the focal plane and making it more .
accessi'le., Most of these designs.involve turning the Schmidt .
into a Cassegrain; which, unfortunately, introduces aberrations
anew. One effectlive solution,.knoun‘as.the hakSutov telescope
l,(1944),>replaces.theASchmidt corrector with a deeply curved
meniscus lens which‘not only solyes the focal plane problems, but
:also reduces the physical length of the telescope.»

. The solution which has been adopted for most large
telescopes constructed recently has been. to match a hyperbolic
primary mirror with a strongly eccentric hyperbolic secondary
uith the result that both spherical aberration and coma are
eliminatedlat'the Cassegrain focus;v'This system;'a variation of |
‘:which was investigated by Schwarzschild in 1905, was studied by
.Chrétien in 1922, and examples were built by Ritchey in the 1920 S.

t'One-maJor disadvantage- of‘the Ritchey-Chretien configuration is

| .,that it cannot be used at prime focus (or any but its designed

;Cassegrain focus) without correction, as the primary suffers from

'_ considerable spherical aberration. This spherical aberration ‘can -

o be corrected howeVer, and overall correction at’ prime focus can

;.,'31actually be accomplished more easily than with a paraboloid

3.2 : Aspgeric Correctors S ',L; LA
_ One method of correcting the aberrations of a. mirror or

"':system of mirrors is to place one or more aspherically surfaced



glass plates into the system.  The Schmidt correcting system is
the simplest example of such a system, In‘the following we
develop the ekpressiéns necesSar& for the designing of such
systems.,

The methods used are essentially the same as in Chaptef 1I,
"~ except that, as aberration groducing laminae are actually being |
added to the system;'the signs of all laminae powers must be
reversed. |

Since'the'speed of light is reduced in glass, somewhat
thicker elements th;n the imagined iaminag of the previous chapter

must be used. The_velocify of light in a non-magnetic transparent

_material is c/n (n = index of refraction), and the optical path
distance through a glass plate of thickness ax is n x. Therefore
a retardation p is obtained if one surface of the glass plate 1is
figured to the profile:

P

A, = ——
“4(n-1)y"

L

where (from equation (2.5a)):.
' L
p = By

As shown in the_previousbchapter, the.effeqts of spherical
aberratlion, coma, and astigmatism.éan be determined by summing' o
the powérs'(B) and positions (u) of ali.the laminae in the system. -

Using ﬁhe rrecepts of the previousvchapter and the fact

that the power of each lamlina can be expresséd in terﬁs of the

- £
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fourth order figure on each aspheric glass plate (B = = b(n-l)Au),

<<

the effect of_a,number of such plates on a system can be easlly
determined.
If several aspheric plates of strength Bi.are placed in

star‘space (in front of the system's entrance pupil) at distances’
. .- : i

1. from the entrance pupil, their effects on the primary aberrations

i
are given by (in terms of the traditional coefficients B, F, and C):

Spherical aberration B i_—i‘:u(ni-l)Au 1

Coma ‘ . F = —Zu(n l)Au 4144 (3.1)
- R YVE T2

Astigmatism - C = -;u(ni—l)Au’ﬂL

In the Schmidt camera, one such plate is employed. In
general, owever, the ‘use of several such plates 1s. undesirable,
as they must be full aperture plates, and hence are 1arge and
expensive and cause considerable vignetting. ‘ o

A much more attractive solutigh is to place them close to the
"focal plane in the convergent cone of light. This solution allows
 the diameter of the correctors to be much smaller, but involves
considerably deeper figuring of the. surfaces. '

| As indicated in Chapter II the effect of a plate located
at a point G in the convergent beam, a distance g from the focal '
'A plane of the system, will have the same effect as a plate of
strength (g/f) located at the image point of G in star space.

For a Cassegrain system. with the aspheric plates placed

between the secondary mirror and the fooal plane. the image -
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positions of the plates are given by

-f (f. + (d_fz))
a gi f2

 and thejeffects of such a system of aspheric plates on the primary

. aberrations of the system are given by the following expfessions:

(1
: . g
‘Spherical aberration B =‘—2:4(ni-l)Au 1(—19
’
f

e

-

. ) V. . gt £ d-f2 .
Coma . e F = +EUn -1)AL, et Bt (3.2)
' : ' f3 f
: 2
o : ! gb P _ 2
Astigmg.ﬁism C = -zu(ni-l)ﬁ.u L -—;(-— + _g)
: . - 't f\ey T,

., A prelimina.ry design for a correcting system can be
accomplished by combining the a.bove equations with equations (2 13)
and either solving all equations simultaneously, or, if there are
nbt énouéh free parameters, minimizing the equations to produce

the léast amount of aberration’ poséible. The three eciua{ions to .

R

be solved aret ‘ ‘ ' . _ R v &
2 3
) 1+b _ £+ \f-fl) (fl-d)
SN T
8f,7 o\, Bff; -
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) »
1 f.‘“.‘“1 ¢ (£-£, )3d
F = —-5 + [b2+ — _7 1
b -\ 8er 7.
’giu £ a-f,
+Zh(n,-1)4, 4 |-+ =0 (3.3)
Mg Uhy s 3T T A '
" \g »
fl(f—d)\. f+f1_? (f—fl)3d2
e LN o N Dutiel | Ry SRR SO
2(¢, - 2 8£r. 2 (£, -d)
- 2£7(1y-4) -5 1 -
giq f d-f2
-Xl&(n l)ALp i 2 -+—=] =0
g I

~

3.3 Spherica.ll.LSurfaced Correctors

Another method of correcting the prima.ry aberra.tions of a

.' reflecting telescope is through the use of spherica.lly surfaced
lenses.A The - Seidel aberra.tion coefficlents for such a lens system
are given by the following formula.g -(the stop of the system 1s taken

as the first surface of the first lens): -

 Spherical aberration SI =ZA

: CO@ o ' : SII' =XAB‘
Astigmatiém . S = £AB® ' (3:4)
E;ield curvature SIV =EP"

Distortion , 5y = £B(AB%+P) |



. {

M4y i
' the oonjugate focal distanoes at ‘the

where:
J}~‘
1 1\
2. 4
1 f‘qi K. s i n,s,"'
Ma®t ™%
- 1 1-1 . d 1
B, = - - = - - E
1 2 : i .
byt gy by -
‘ (3.5)
1 /1 1
P = e |- - ———
1 .
i\ M
11\ 11
Q. =n, y[---)=n[-=-—"
1 i-1 b1 '
x, s r, s
. " In the above'formulae,‘ri is the radius of_ourvature,of '
the it surface, and n, the lndices‘of;refraction;on'either

side of it and Si' Sy
surface of a paraxial ray traced through the system. h _iS»the
height at the 1" surface of ‘& marginal ray traced through the
system, and, dp 1s the axial distance between surfaces.

“A complete geometric derivation of formulae (3 5) is to
be found on pages 24 - 28 of Whittaker (190?)

Spherical elements are most effectively employed at the
'_ prime focus, usually in the form of an afocal doublet. Since,

owever, the aberrations from equations (3 4) are expressed for a

stop at the lens system, and the mirror aberrations are: expressed‘
for a stop at the mirror, the stop positions must be made to

i.coinclde before their effects can be compared. The Only variable



‘//-— ) . '_.‘ . N E .
: i S i

J

which is not stop invariant in equatibﬁs (3.5) is E, in the [
equation for Bi' and a simple change of Ei to E -dEi is all that
is involved in a change of stop position. ' Equations - (3.4) can

then be re—expressed as:

’ ) } ) 2 :
[ - X . B .
. Sqpp' = 8ppp * 2SppdE + 81(aE)T 7 (3.6)
S. ' =8

. ' - . . . .v ) . .". ) ‘ 2 . . 3
Sy' =Sy + (Spy + 3ypp)aE + 35 (dE)” + 5, (aE)
'The spherical aberration of a parabolic mirror is zero,
.and the'coha,'which'is’therefore'independent of the stop-positioﬁ,
is egual to Qth/R 2, The astigmagaem is dependent on the stop
position. and the new step\position can be chosen so that the mirror's’

astigmatism is zero,
The equatio ich must be solved to eliminate spherical

aber:etion, coma;_and,astigmatism are then: "!".
S;"=8;!=8=0
Sy" = siI“— 2n/R % = S. +SdE f“2h2/ﬁm2“? 0 ‘(3475— }A" -
Si "=8 ; =S .+ 2S-iaEl+ SI(dE)2 =.0. ._ . ‘._ . ;?:i

II1 " PIIz _II

iherevdE -R 2/2h (R 2&) for a parabolic mirror (Wynne 1949)

It is not, in fact, possible to solve all three of these



equations using only a pair of lenses, and correction for
spherical aberration, which is necessarily introduced if coma
"and astigmatism are to be completely eliminated, is usually
sacrificed. If complete correction is to be obtained at least

one additional (usually large) element must be added

3.4 Relative Advantgges of Spherical and Aspheric Elements

Both spherically and aspherically surfaced elements enjoy
some relative advantages and suffer from some disadvantages.
Spherically surfaced elements are the casiest surfaces to
produce, nd can be polished to very high tolerances. Aspheric
| surfaces, ‘on the other hand are expensive and very difficult to
"fabricate, and the exact curves necessary for optimum performance
sare almost impossible to generate. -

Spherical elements can, in some cases, be used to alter

kS
'the Petzval sum and thus flatten the focal plane. Aspheric elements,

belng essentially flat plates of zero power, do not have this:
'_..ability, and in eystems employing aspherics, an additional field

flattening lens with its intrinsic aberration, must be added to

the syetem., Thus, in general, systems employing aspherics will
Aly~requ1re one:morekelement than those using spherical elements.
R Spherical elements are also less sensitive to misalignment
'than are aspheric elements. Aspheric elements are particularly
daffected by lateral misalignment if there are several oorrectors

- in the system. - A ’, | o

| One other advantage of spherical elements is that a system
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of spherical lenses can often be placed closer to the focal plane

than an aspheric system. This reduces the diameter of the . -

corrector‘and increases the amount of 1light incident on the

primary mirror. » . »

The primary advantage of aspheric~correctors lies in the
fact that being flat and thin, they introduce. very - little chromatic
aberration. Spherical elements even 1if achromatized suffer from

quite large refractive errors, and are very wavelength dependent.

. his is particularly true if they are used in fast systems.

: Another magor advantage of aspherics is that, not needing

'achromatization, any glass may be used. Thus, the index of

refraction and dispersion need not’ be considered. and a glass.may'

be chosen for its transmission and weathering characteristics as

well as.its’ workability.

Aspherics generally suffer less from higher order aberratlons

'than do spherically surfaced elements. This is not true however.

unless -the fourth order curves on the- correctors are very shallow.
' For the reasons outlined here. an asphenic correcting

system uas-chosen for the f/8 configuration. This correcting

:‘systemfis described in detail in the following chapter.



CHAPTER IV
f

F/8 CASSEGRAIN CORRECTING SYSTEM

The classical”CasSegrain focus has attendant comatic-and
astigmatlic aberfation which'mdst be corrected if a sizable poftion
of the field 1sbto be used for photography. The problems
assoclated with the f/8 configuration and the correcting system
" which will be employed are described below.

’)\

b1 . Classical Cassegrain Configuration

The curve on the secondary mirror and‘the separation
fbetween the secondary and primary for a classical Cassegrain
<F

configuration can be determined from the equations deriVed in

'Chapter II;
1 1 1. 1. S S
S e — - (2.1)
F o £, KL, | | L
a(f+) = fl(ffe),. S T L (2.3)
fl(d+e)_= f(fl-d)‘=.-(f—f1)f2'. ‘ S (2.2)
ﬁhere:
f. = effective focai length of the system'(iéo")
£, = focal length of the primary mirror (60")
f, = focal length of the secondary BmITTOT- - i oo



L1

d

separation of the secondary from the priméry.

[}

. " \
_ e = distance behind primary of the Cassegrain focus
Choosiﬁg e = 12V5 and solving for 4 and f2 one obfains.values of

d = b0%227 and £, = 31%63,

-
= - .
- o -

- -

-

- -
. -
-

p——e—— 4 — o

Fig. 9.. Cla§sicalrcassegrain $ystén

The curve on the hype;bolic éecondary cah be found by

‘considering the formof & hyptboloid..

Fig. 10. Dimerisions of the hyperbola

(z-zo).2 ' .(X-Z*'yz) ;

2,2 T
a a ‘




b2 .

-
c=(a +a'2)2 = OF = 36"25
Toas= semi—maJor axis = OA =c - AF = 16"&7?2
a'= semi-minor axis z= (c2 2)2 —'32"288728
e = eccentricity = c/a = 2.20
b = asphericity factor = - 2Ai'-ﬁb8h
Using z, = d-a, the hyperbolic equation beeo'm'_esé -
2 2,2 | |
(z-(d-2))" (x"+°)
5 = 7'2 =
a a
. 1 \ :
and z =al—5 +1 +(d-a) = - ( +y 24at )2 +(d a) -
N ..‘a : ‘ ) a' .
o 1
e (D o &
but ~ "= = (e“-1)%
a' a’ : S b
- and for our system T 1.':.~-' 121'- i ' :
. . .. ' : ‘ . F] . ‘ ) f * .
B O S MR s w 2vioue, 562 | * S
7 = |~ +.(d-a) "={- ' 431 S

The diameter necessary for the secondary mirror can be ‘1:'!

determined by usingz
(d+e)2y(—) + 2d¢

where y is the radius of the primary and ¢ is the angnlar radius eyr‘gll

 of the field:

For our system (y=1o") using a slightly exaggerated valuejfl'f
of ¢ &= l (0 01?5 radians) one obtains a diameter of 8"00 for 8

the secondary mirror. ;-_:1
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l+_.2 o Aberra.tions of the Uncorrected System :

N

’I‘he aberrations of a Cassegrain system are g,iven byz

S'ph'ericél‘-‘ aberration: - e . L

,4l+b R  fjf+Ti (£-£ )3(f -d)
)J

o 5
| -1 8f fl

14n, o [EH (ex. )3(fl+e)
"L et ] ee3r o)
R ) . . 1‘:‘\&' l .'
Comds }. . .. 8
+f. (f-f )3d -

. I .:‘ .
~ e 1
F=—+/0, -
2 [ 2 (f_fl)J 8f3f

N

L1 (f-f )3(f-e)2
'..f7'v2; »'8fvfl(f+fl)(fl#e)

Astigmatism_‘,i_', :}:, 5'{‘77' ";fT.‘f5LJ- . ,;
: £ (£-4 f+f £-£, d
v C “ ‘__l_(___z_ 4 [b f ‘* 1 ) ( 2)
2f (f -d) 8f f (f -d)

f2+f e .‘1 ;?f f f+f1) (f £ )3(f-e)

—'Zfb?,f_ £-£ 8£ £y (f+f ) (£ +e)

T

2(f +e) N

| F‘or a classical Cassegrain the aspherié‘ty of zhe tvperbolic

o seconda.:cy b2' 1s eq'ual to - (—'— l)' and the ﬂemtion equations g
' | : | £-f A
. B e T ‘0""."-.:}('01 = -1 for a paraboioid) .

ot R .
".,“-', LT . N

e



For the system under eonsiderat;on,.f = 160", fi = 60",
and e = 12"5, Substituting these into the aberratioh‘eduations,

the numerical values of the aberration coéfficiehts are fdhnd'to '

be: ’ "
S
B=20
A _6'
F = 9,76525 x 10
c=7.o986x10'3_ oo
and using the equations from Chapter I (with d 3600 seconds) .

the size of the aberrations near the edge of al X 5 inch plate

are found to be:

-‘Anglilar diameter of sphericei.eberret;bniblhr éirelé o |

v : !‘
B = %By3'?.0.

Angular 1engtﬁ of coma figtii‘e = 13be2¢{ = 1'0.‘55 arc seconds . ..

Angula.r diameter of a.stigmatic blur circle 2Cy_g_{2_

= 8.92 arc seconds {." o ¥ﬁ4 .‘l.'i 1f@ﬂ ;i} 1fff;:'

_ There is an additional large off—axis 1mage spread due to
Curvature of the field (about 15 eeconds ‘of arc at 1° off axis)

) The total image sige at the edge of a 1 ‘radlus field 18 therefore

,».



e

about 30 seconds of arc. . . ;

4,3 Correcting System
As most photography will be done at the f/8 focus a
dependa.ble correcting system is a necessity. - -

While a correcting system composed entirely of spherical

elements is possible any such configura.tion will be accompanied

by some chroma.tic a.berration. Essentially no such a.berration is

“introduced by a system composed of a.spheric elements. Therefore.
if a simple corrector composed of a.spherics is possible, it would

»be preferable to one composad of‘ spherical elements.‘

La.rge amounts of both comatic and astigmatic aberration

must be corrected in the f/8 Cassegrain. Since correction of coma.

and astigmatism requires aspheric curVes of opposite sign, at . °" .

least - two a.spheric elements will be requi.red.

For a correcting system composed of two aspherics in the :

-convergent beam designed to eli.minate coma. a.nd astigma.tism the . o

- ___'_equations to be solved a.re: N . S o ' HU"
F‘.,=‘—--+l+n11A +——-—) R
l+l 3 Y RV

u( ) B ( & f2 o
“+ b(ny-1 A 1=+ ~.==o= .

.. ,'J

b5



fl(f+d) 8 (f d-f,
C = —5— - l»(nl—l)i\u'l - (— +
2f (fI-d) ST ey
’ : gzu f d-f2 ‘
- blny-L)Ay 5 2 (5' * . ) =0
: €2 2 .
Tof def, f d-f, . .
“Usinga = — + , B= —+ , and setting F =C = 0,
2 1, 1 > ,

one 6btains:

21, (a-£) + ﬁx(d-fl).'

A, . = :
u'l_ 16(n1—1)glu(f1-d)3(a—3)
| £+ 16(n1—1)Au lgl“
Ay2= - 26(r-1) L :
: n,-1)g;

The amount 6f spherical abérration introduced by the two
“aspheric elements (1nls§conds of arc) is given by:
o v 4
»'Angulér diameter = 2y3((n1—1)Au 1(5% + (nz—l)Au.z(Eﬂ )
B : L b 3 "\

_ The above eqﬁatiops ob#iousl& Admit'of a la{ge range of.
‘sélufipns with the positloning of the two correcting elements &
'v;ryiné ffom the.focal plane tb the sécbndary mirror. There are:, v
however, several practical limitationé to be considered. |

| Thg correctors cannot be plﬁced £oo close to the secondary
pirror; Firstly, if eifhér element 1s placed'md:e thah:a"féw;qf,;
: iﬁcheg in gront.of the'ﬂrimary mirro;,.some light incident on the
sécorﬂaz‘y from the‘prima.zjbwill'b'o; cut off by the.correc‘toi‘ —

»1altering its path and introducing a large error. If-ei%her aspheric



is placed in front of the prinary care must be taken to preelude '
this possibility. -Secongly, since spherical aberration lncreases
as the focal plane - con;ector separation increases, a practical
1limit is set by the amount of gpnerical aberration consldered
aeceptable.v Since sbherical aberration distributee zhe lignt ,
fairly uniformly, an arbitrany upper limit of one second of arc
would seem re&Sonable. | |

On the other hand; nhe correcters‘cannot be placed too
‘close to the focal plane as the depth of the fourth order Cufve .
increases rapidly with decreasing focal plane - corrector |
separation. becoming infinite at the focal plane. A deep aspheric -
curve not only introduces great df?ficulties in testing and
‘produetion of the element, but'introduces large hiéher order
aberrations, primarily due.to‘refraction and.differential“thickness.
- This 1s particularly important in the casebof the corrector on
which_tne light is first incident. This is because th; theory on
which aspheric correctors are based assumes thet‘the refraction at
each element is very small, and the point of intersection of the
light ray by subsequent aspheric surfacescie not appreciably
altered.( If this is not the case, and appreciable refraction occurs
at the first corrector, p:oblems arlse. ‘Such refraction by a
previons element can be corrected for any one angle of incident
‘1light by suﬁefimposing a suitabl"siﬁéhuorder curve on the element,
butqeorrection for all incidenf angles dees notvapfear possible.

The seperation between the two elements is also quite

important. The smaller the separation between ‘the. two elements,

: ~ o : - *

T e

k7



48

the deeper the aspheric curves become, yet an lncrease in the
'separation results in an enhancement of the spherical'aberration.
Corrector curves were calculated for_ali integral values

of g, and g, such that 52<:315'15" along with the resultant
spherical aberration of '‘each pair., The results are shown 1n
Figure 11 on the following page. | |

» On the basis of<preliminary ray tracing a.total aspheric
depth of 1.0 x lO-3 inches for the first element and 1.0 x lQ-l
inch for the second element were. chosen as the most extreme curresl
that could be expected to yield good correction relatively free of

,higher order aberrations. Assuming a dlameter of six inches for

each aspheric, hese correspond to maximum fourth order coefficients

of:

A -1.23 x 1077

4,1

By,2

1.23 x 1075

The shaded area in Figure 11 shows the values of gl and

gn for which the conditions

(i) spherical aberration £ 1 second of arc .
-5 .
((11) Ay 12 1. 23'x 10
-3 ‘ :
(111) _ ALP 2% 1. 23 x 10 | . .

are satisfied." ’ r . ,"

After ray tracing several of the solutions in and near

this region it appeared that the solution at 31 15" -
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= 933 x 10 ) and g, = 3" (A, , = 1418 x 10 -3 provided
the best potential-for image correction. This placed the first.

| element 2"5 in front of .the primary and the second 9V5 behind or
3"0 in front of the focal plane._

. Second oider curves of sign oopositeito the aspherlc curves
vwere‘supefimposed-onvthe~olenenié 1n order to.minimize refractive
and chromatic effects and_io decreaSe the differential thickness }
of the eleménts aS'much‘ae‘pocsiole. L '

Following the method used on’ Schmidt corrector. plates
- (Linfoot, 1955) a neutral zone at 65% of the plate radius was
chosen for the‘initial design. A neutral zone at this radius

minimizes the actual depth of the curve.

_ g T R :
The surface equation of the ith element is given by:
L 2 ' '

At f Ah,ir f‘Az'irv

and therefore:

d(at) ‘3 '
G T WAy Tt 2, 4T |
d(.At) E " ’ o - 2

:Setting & 0 for the'neutral gone, Az 1 © ZAu 43 n
with = 1v95 for the 65% zone on a 6” plate.

'Solving for A 2 y gives:

R

Az;l 4.5’xc10 4
110 7 1072 -

"Azz',
Since aspheric plates are incapable of altering the Petzval

sum. it is necessary to introduce -3 third spherically eurfaced

e X a



element to flatten the focal plane.
The Petzval sum over i surface ., which 1s equivalent to
the reciprocal of the radius of fleld curvature is given by:
4 4.
P=2, i —
72 "1n

) ~ th : ' -
- where ﬁj is the power of the j  surface and Ry yr Ry the

indices of refraction before and after the surface. For refiecting'

surfaces, n, ) =Ny = -land ¢ = l/fq)o Thus, for our
Cassegrain system, the Petzval sum is equal to f + % = -0,01494
1 "2

and our focal plane has a radfus of curvature of -66v92. To

correct this curvature, a plano-convex lens with P = +0, 01494 "

is necessary Assuming crown glass (n=1. 517) the power of the

'.element must bex

L]

4= ni.nz.P = 0.02266

and using ¢ = (n-l)(l - l) with x, =® the radius of the first
Tal o S -

surface must be 2298,

o EA : .
This element should be placed as close to the focal plane

as possible to-minimize aberrations introduced by.it. The aspheric"

elements could ‘be redesigned to take the sdditionsl residual

- aberrations into account, but as these image errors are relatively :

' snall. corrsction for them was offected during the final ray
traoing of the system.'
A summary of the preliminary correcting system is given

in’ Table 2 on the following psge.-

51
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Before final testing and optimization of the system can
be accomplished, suitable glass types and thicknesses for each
element must pe chosen. Since the aspherics and fleld flattener
can be designed for any<index of refractiop, crown giass of |
‘refrac”tive index 1.517 (Schott type BK7 (517642)) was chosen for .
all three elements.  This glass has good strength, weathering, and
transmission characteristics. Each element should be as thin as
dassible to- reduce absorption and higher order aberrations, yet
‘thick enough to prevent flexure and prohibitive fabrication problems.

With these criteria in mind, an axial thickness of 0"20 was chosen '

for all three elements.

4,4  Computer Opgimization of the Correcting System

| The solution described in the previous section provides
onlv a pmeliminary design, and extensive optimization must be
performed to correct for the effects of element thickness, surface
to surface refraction, and higher order aberrations. |
' . The optimization was accomplished ‘using an interactive,
| three dimensional, surface to surface ray trace program ( see : ‘ §%¥“
Appendix II) ~ On the basis of results from this Frogran, parameters
- Were semi-empirically altered until the. smallest and most uniform
image pattsrns possible were obtained. Seversl of the surface
equations were appreciahly changed '

- Specifications for the optimiged- system are shown in Table 3,

" and are followed by_alcomparison of the uncorrected and corrected



images. Finally, a profile of the correcting surface of each
aspheric surface 1s presented. Spot dlagrams of the corrected

images for various angle can be found in Appendix I.
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surface equa.tiona _

. at = <5.9 x 10 7r
. s x 1072
index of ‘refraction = 1.517
axial thickness = 0"20 :

| distance fron prima.ry 2"450

: ".distance ‘from primary =

Foca.‘l ‘
digtahcé » ﬁ":on;' primery

‘Table 3. Final £/8 Cassegrain design =
- Primaxy - Second corrector
‘Paraboloid [‘Aspheric o
diameter = 20"- _ . -dlameter =. 6"
: .foca.l 1ength = 0" L surface equa.tion:
. L =.1.359 x' 103 5
: ' . ST =909 % 10
'Second_*_a__.rl . ' .1ndex of refraction = 1.517
, - .. . axial thickness = 0¥20 -
Hyperboloid Lo e -distance from prima.ry -9"l+o
dismpter = 8" ey ‘
focgl length = —31."63 R ‘ A
ecntricity = 2,200 - - -F’ield flattener o
dista.nce from prima.ry 140"22?,' R R
S L 4:dia.meter = 6" :
First corrécior L “radius of curvature = 2310
- R - #index of refraction = 1. 517
" Aspheric . ‘axial thickness = 0920
 diameter = 6" 12"4795

= -12%6895



Fig. 13. Optimized £/8 Cassegrﬁin system ;Lmhée comparison
~0.001 inch

¢ @=0900 ‘
\ :..\: . 0 . I~
© §=0925 -

uncorrected *¥ . m el
' ’ . . A e
corrected G s seconss

- g=0°50
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~ CHAPTER V
PRIME FOCUS CORRECTING.SYSTEM

‘?‘ . C ' R
‘<%

While all rtry and much of the photography Hi

vundertaken at the £/8 Cassegrain’focus, the prime focus wiﬁ*
used for all wide field photography and photography of extended
objects. As pointed out in Chapter II the image aberrations of -

an /3 paraboloid severely limit the size of the usable field-
1

indeed, only one inch from the optical axis the, image of such an | < ;

duncorrected primary has a spread of more than ?5 seconds of arc!

To be of any practical use at’ prime focus, the telesigpe

must be Quipped with a correcting system. A simple ‘Ross corrector

(Ross 1935) in the form of an afocal doublet, while simple,and 9 ,’

econonical to construct, would be inadequate for such a fast - o '
primary. The uncorrected spherical aberration introduced_by such -t
a pair would be prohibitively. large. so as'an.afocal'doublet’,,-

'has no effect on the Petzval sum, an additional fieli flattener

N would be required. Thus, a somewhat nore" Siaborg%e s&stem is

Tl &
needed for correction.- _ . :
-

- Two possibilities resent. themselves._ One is the poss-.
ibility of correcting the aberrations by placing a number of -
'aspheric plates in the convergent beam. The other would be ‘to
':employ the Baker Reflector-Corrector (Baker, 1953) mentioned in
Ghapter III. Each of these possibilities has relative adyantages

{

~and’ disadvantages. .

B
B L



5.1 » Aspheric Prime Focus Correctors

If a number of aspheric plates are placed in the convergenf'

light cone of a primary mirror, at distances 8y from the focal
plane, the equations governing the primary aberrations are given

by combining equations (2.13)/and (3.2) and setting f, = d = oo

1+b

s
1]

u B
1 v (8 _ T

>

I | 8
" F LE + U—(n 1)A ( j)}(f-gi)
‘ Lf : '

(@]
I

’ .4( :1)A '<g>2(f )2 )
ey . |
2 1 4,1 | 1 ’

A-preliminary design may be obtalned by setting B=F=C=

_and solving for Aa 1 and gi Some practical‘kimitations must be

considered however. A plate positioned at a,dii nce g from the
focal plane must have a radius of at least fd + gy /f where y' is

the radius of the primary and ¢ is the angular radius of the fleld.

'AFor the system under consideration 4 18 about 3 degrees, £ is 60
' inches, and Yy is 10 inches.' If the first correcting-plate is placed

,bif or 15 inches in front of' the focal plane. the required radius '

will be 5 7 inches-or 157y. This will result in the blockage of

: 32 5% of the light incident on the primary“ It can be seen that a -

value of .,a.bout €= éf can be considergd a péacticaq. upper limit
e ‘,’/

. for the placement of .the correéking system.

The three eantions for spherical aberrytion, coma,.and

-,

61
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A _ .
astigmatism cannot all be set equal to zero and solved simultaneously
for the caée of ‘one a.spheric plate in the convergent beam.

F‘or two aspherics im- ﬁ'out of the focal plane’ the equa.hions

N At

to be solved are: = - T oL ..:J'

= u( el (8
-L nl—l)Au’i " - l&(nz-i)Au’z - = 0
1 :@ 'A 134 . | &5 o
w2 4(ng~Tiny, 4 o) (T8 * lnmAy Ny (f-g5) = 0

) | Y O - :
- ‘*(n (LA, 1(6) (£-g))° - “(“2'1)Au.2(§2)2(f’52)-2 =0

o -
I

'3
]

Q
wo

Solving these equations simuitaneoﬁsly yiellds the solutions: £ .

( -1) . . g \ B . . . | _
a, =2 R .
T (1) e . -
A i
- o8 -, o
2 5 . S
? ' . pbviously. 'no usa.ﬁle system is available for a con.figuration
;_S.?: . . ' ‘
#}f‘ ‘e . using two pla.tes. For the. solution in which g1 = 8, the f&th
. .oxrder ﬁ&ffic:.ent of the second pla.te goes to 1nf1nity. In‘the :
Lt ‘,‘ gs?-— 152 one 1is fa.ced*ith the rather intractable necessity
. F" ﬁt,’ -~
',».'é',;?r‘ ' , of pla.cing Ef the ouﬁectors in the light bean behind. the focal
CoT - P .. :\ . '
7 planet ., WA |
- . ’Sﬁ L R
E s, o’ i : '
Py » e o f ':-_“-‘ .
> - f/ ‘ o ‘
{ ‘~ ‘.\\_‘ 3
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It would therefore seem: that the minimum number of aspheric

.plates necessary for complete correction is three. | sy
In a system encompassing three aspheric surfaces in tﬁe

L' .
~convergent. beam, the relevant equations necessary for aberration.

elimindtion are:

o
n

1
n

, : R , X
u_f_. + q(ni_l)Au 1£ ) (f-gi) + lb(n l)Au 2( (f'gz)
4 . o - =
+ 4(n -1)141+ 3(46 g3) = 0_ o
T g, 2
- -_4(91-1)“4.1( ) (f&) - “(“ ‘1)% z( z) (£- g2) |

2t
’ . 2 | . ., o
‘i(f-KB) ,—!"i W ;
. ! ‘ g ". .o

Q
1}

WL
L4

" +The solution of the three equatioms foy A,‘ .0 Ah g» ond A, 5 yields:
. » ' ,‘; ’ ’

,“ 3 ,&6("3‘1’53 [3233(32 s3> P (sz 53 2) + 312<g2-g3>J

gl el el
“(“i'i)Au;i(f) + b(n 1)Ab 2( a + b(n 1)A4 3<;a =0 ‘

.63,

| SR O : A - u_
..Au"’i. = - -(:—1—3 A’{,Z(nz-i)v . + AL} 3(!‘l -l) . |
| e (,né"-i.). ) & (32-51) 2 ' |
" ’%« LT 31.2 : 822"
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" _ order cuxrve coefficients become: ‘

g

:d‘

AN
'

‘We therefore ha.ve three free pa.ra.meters. corresponding to

the positioning of each of the three- elements. The s@cing of

" these element_s is not completely arbitrgry. but is subject‘to ~¢eome '

restrictions. In particular, ‘the closer any two elemenwéor any
elemént and the foca.l plane, apz}roa.’ch each other, the more extreme
becomes the figuring of the fourth order curve. 'l‘his results in -
la.rger higher order aberrations and less effective correction, It‘
has been suggested (Schulte, 1966b) that equal element sp&cing '
produces the optimum correction. Some ray tracing performed on’
the system under consideration, ueing other than equa.l spa.cing,.
seens to. confirm this. | “- - : '
 With this assumption, and the‘previously a.ssumed res ‘ on
A M deeign iits one with th& elements placed at
g = 15", g, = 10", &, = 5 ey

With the choice of crown glass (n=1. 517), the fourth
Va

‘of gsif e"o’_

"

Ayq = 1.612 x 107 o L
A ‘--9671x10u
4,2

The re‘qun-‘ed 're.dii of these plates age 5" 4,8, atd 4.0

inchee. respectiVely. . ' ' o
. 3

In a.ddition to these aspheric pla.tes, a field flat‘tener of .

crown glass uith a ra.dius of curvature of 20"1#&8 is necessary to
& o

[

flatten the ; ?ocal pla.ne.



Fig. 16, Aspheric prime focus corrector
Attempts to: dptimize this system met with limited succass.

Image sizes a.cross the. field were reduced. to sev‘"' seconds of

| arc in size. This represents a.n hprovement of ‘a ';E‘ew or&ers of
magnitude R bht not. as much mprovement asg. desire&\. ';' -
The difficulty 1n achieving very smaJ:l mages 15 attributed

65

{o théﬁfhigher order’ aberrations introduced by the large fourth ‘1 - e

..order figures on the paates. ji” e
: Thi aspheric dapths of the plates are o 16 o 515 and o 62

1nches, respectively. and the a.nales betwaen the noma.l t0: the |

optical axis and the rronx faoe of each plate (at the plate s

edge) are 6 6 23 2' "“d 31 8 desrees. These a:r:e hu'dly :the'-l;-‘:fi’ o
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‘idealiged flat plates supposed by retarded lamina theory. It 1s

quite easy to envision higher order aberrations, as described in’

Section 4.3, limiting the amount of correction possible‘

It 1s interesting to note that the cause of these higher

order aberrations is dependent on the physical size of the

‘telescope system. Thus, although sufficient correction for the

20" f/3 parabolic mirror undér cansideration does not seem possible

uéing a éystem of three aspherdc plates in the convargent beam, it |

nay be possible for a larger £/3 system with exactly the same

proportidns. Design paigmeters of two systems, a 20" £/3 telescope

‘and a 100" f/3 telescope, with exactly the same proportlons are

cémpared‘in Table 4.

iy Table 4

_Aspher&c parameters of correcting systema for 20" and. 100" telescopes

o 82 U "500. :
&
Ay s B F 1,612 % 1ok
'At’é o 15"9 671 x 10—u; N
‘-Alf.} - .  . 2, 318 x 10,
- oi . ~‘,_. 606

14289 x 10]
,-k? 737 x 10
10°

Coe 3:1 v'_.,‘i"[‘;_-._‘i}'. _'""""‘f:.t"f_',ﬂf.f;,"viis"’s

‘100" Telescogg
300 [{] .

s ?5”&1‘1 "72
- 50" {x=11Y5

R 25? r= 7"“
=6 -
-6
934 x 107"

R R _,f.“

7
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The quantity which is most responsible for higher order
. aberrations is 91, the angle at the edge of the’ plate, between
the.plate»face-and,the,normal to the optical axis. In particular,

91 and 92 are. the most critical.. It 1s noted that both 91 and 92

_are more than an order of magnitude smaller in the 100" system

than they are in the 20" system. In both systems, the plate sizes

14

‘were ohosen to completely 11luminate a 4 x 5 inch plate at the focal

plane.
} One other form’of three plate corrector was considered.
C‘ This consisted of one full aperture correoting plate placed near

the-fooal_plane, nd two smaller plates in the convergent bean.

For such a system the equations for correction are:

ey

e

S . & €2 . i W
. ‘ B v - u(nl"'l )A“"i(; '. u(nz"i )Au'z(;) - L"(nf"l )Au;’f _* 0 ",.“

Sar. -
u‘&)'

o .

o]
n

o - I coe
o7 e, A5 r"'si) Ha, 2(8)9 L

R ,"(',“f'i;),“u'.‘féf' = 0

".—" - u(lll‘i)A“ 1( ﬁ (f'gi) ;' l"(nz'i)Au 2(62 (f‘.gz")z

.o:
v

- 2f

: 2
- ““k'?)Au,fﬁf =0

' ‘where the subscript f refers to’ the full aperture corrector and éf

e



1s the distance of the full aperture corrector from the frimary,

Simultaneous solution of the three equations‘yields:

C 22, 2., 22 .k 2, 4
Ay o = (8"8:" - 26,81 + g “f -f )/{16(n2—1)52 (g, & f

2.2

3 3 2.2 2 2 _ 2.2
f * g °e2 + g6, T + gfgz 8 8f - &8y T

2 2 2 2 2 2
" 28c818, T+ 2808y 8T - 8.6 "8, * 8. 88, )}

[
i

1 {lulz(nz—i)(gZsz - gzuf +’g£g24) + f; g

- 2 L n
Wl (1) 821 - g, ' Ye.8,
L y
1, L R g . .
1
A = e ——— A (‘;x ..1)(- + A, .(n
W) U f) H272

’ Choosing crown glass (n = 1.517) and arbifrary element
'4po§1tions of gp.= £ = - 60%0, 51 10v0, and'gé = 5V0, one obtains

" fdr the fourth ordér coefficientsz ' %&
B S . |
¢ SR o7 )
AN PP
, C‘"" (ii) .Ah}f = :'_2,.418 x 107
‘ L b |

(11) A = PPC I T
(%ii) ‘Au.zv‘ 9-671 x 10 o 3 3

G:

. ; In this system. ‘the full aperture corrector is mainly ‘%
~”responsible for the removal of the spherical aberration introduced .~ -

'by the two plates 1n the convergent bqam. The two plates 1n the '
f convergent bean* remove the coma and astigmatisn. An additlonal

_field flattening lens with a radius of curvature of 20"45 is
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required near the focal plane, - .

‘e

Ty

Fig. 17. Prime focus éo;'rector with full aperture plate

Some preliminary ray ’ti‘acihg of this deeign svggeated that,
falirly good correction could be obtained. Fingl optimization of :
this design was not however attempted. The"rea.eoh th.atthis was £
not done 1s thet a simpler, more ea.sily const'ructed eystem', _the
.::-,-_Ba.ker Reflector-Corrector, 18 already in existence.

- While the la.st system proposed could achleve. good con:'ection,

“1ts value is la:r:gely compromised by the vignettiné caused by the
full aperture plate. Althqxugh the Baker design is attended by the



, ) ?ﬁfsgﬁs"'7°'r;;

s same problem, the cdwaandastigmatism are removed by nn achromatic

-

"" and axial‘thickneeses. This difficulty can be overcome by

5.2 v The Baker Hefleotor—Corrector

doublet, not by two aspheric pletes.v This doublet ie much simpler ' {;:~,f'
;. and less exPensive to construct, and is less sensitive to
‘ misalignment and temperature expansion.i In addition. the Baker

: design does not require a field flattening lenn. thus reducing

the numbe# of elements (and light loss) required

AP . P e . ‘

Construction details of eggbr 5. design are given in

' volume III of Amateur Telescope Makigg (Baker. 1953); Although

instructions are given for scaling, difficulties are encountered if

large. fast systems are contemplated For such systeme. direot Il‘(i{ .

scaling of Baker s syetem results in elements wlth negative edge _é
[.%,g. TR
assigning adequate thicknesses to all elements and then perforning f.

- minor nodifications during the final optimlzation."

The Refleotor-Corrector is essentially a non»afocal Ross
corrector with an additional element (the full aperture aspheric .

plate) added to eliminate the spherical aberration.i By giving

. the doublet a slight positive power.‘it is poesible to negate the-_

';‘_ Petzval curvature of the primary Sinoe the lens eystam.is né ;jf’

longer afocal however. the peir must be achromatized This is fT.

“ﬂ accompliehed by the choice of glasses and relative power of each ~:.;ﬁ

o lens 1n the system. ’;;‘.;f . .'_'n-’;"f"i ”.1*.f' 'T v\

The coma and astigmatism of ‘the. prim&ry are ;emovad oy the n“
bending of the douhlet and its axial placement. The positive .



L of thin lensés is’ 31Ven byz ,”“ j.f"';‘L'f“‘fﬂé]*'

N LW Cy 2
3 H 1
: S U
{ R
¢ I
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. power of the doublet has the effect of reducing the system s focal

length._ The focal ratio of the system being conpidered is reduced

from f/} to0. f/2 65. o
Baker, in his original design, used a cemented douhlet. ‘T

prevent difficulties arising from different noefficients of .

exaension in the larger system being~constructed, a separated

doublet is- used. L

NI

| Fig: 18, Refl :

The conditlon to he‘Tulfllled for aqpromatization of e pair

RS L :~“': -’ _. ,Q o
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. where ;& ,1.& the pouen of ‘each lens and vi is a. quantlty known

i ) sv the constringency or dispersion of the glassx ‘
V"n“}*l—“ * R "\ P

In the equa.tion for v, kl is the wavelength about wh;!ch the pairg N ot
s to be;achromatized and )t2 a.nd A3 are th;&ng and, shor’c |

waveﬁ?engths at which chroma.tism is to be co

IS

:“ -9

ted. ‘

The wavelengths chosen for a.chromatiza.tion ‘werer . - .‘.' _' A :

43502.'.(}; -",:"hlueﬁmercury li'ne.) - . ' e

A

" .'_12

Il

5;5502 (midpoint of x , green s.rcury line, a.nd A
R ®a . e

y‘ellow hgmnn nne)»e R S
, i ,‘r._;' . &' . : LR g . Y 'f:
" '_k3,l=‘ 3650& (kI. ultra violet mericury li v S Ay
‘ The gla.sses ghoseh were Schott ,,type FLI» for “the flint ’,’ o

element and Sch : v pe BK? 1‘01‘ the c own elemem. The indic -3 of
. SN ’? ?

'\l.

refra.ction for the ~ P sses at the wavelengths chosen for

. achromatiza.tion e shown !Ln 'I‘able 5.& . o
, . . S

Ta.ble 5 P

Indlces of Rei‘raction for Doublet Glasses ~

© Wavelength (R) 1 - Index of Refra.ction

| |  Flint (Fu) o Crown- (BK?)
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dy,
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Using the va.lues fron Table 5, = .14.‘640'a'nd v = 28.470.

o .

ﬂ‘he ratio of Wers of the two elements neeessas:.y for a.chromatization

“.*..;“ "3{".‘ S
B Sy ﬁ»‘ .
&y 2 f‘z“lnsertine .

the, equalty # z --614252 mmolvins. ox?vwi S e

- ,y‘

- . ) o ,;.‘ & -
S

' ':,withS‘ i SII&SIII’

3

L M
.

(1) ¢1 oz T R

L] - = - . o
Y ‘h

~- bendirg Of‘s the '-lena qﬁl

\;S o

L Section 3’ 31

3’

—

s@grieu».asenmmﬁ; FIE [ SnS

[y

. comg.)._’_. ce +2SIdE ahz/az (3 7)

g
o Astigmatism: - * III ZSIIdE*SI'(dE

2
)

a,nd d;E be% determined from equa.tions- (3 4):

-~

1.
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' ¢ ":‘,;_’3 .. . '.,,
-" . -"‘?‘ = n
C B . ,‘7‘.’; .';‘ - ’
&, oo :
L J;"” L% | , :
,éf "‘ The notatlon 1s the‘&e ‘ that used in (.‘.he.pter Il’%Ia o oy :
- ”‘T‘»“'. I !
o ‘t‘- j,-_..‘ W _--' The posit‘iond:ng and ra.diwf cv&\\eture of %e element
: o sgrfa.ceeimjet . be chqeen so that coma a.r@'qstignatism are zero. N e
1} .K. ’ -" )
“:' w Altho&gh &xe abo,ve eqpations could, in prrinciple. teve&}’in oo
L closed form,, the most pra.ctica.l fors of solutrbn. 8 graphi&’ ‘{
e E A;pos"ltion for the oo lertent ig chosen, apd the - ;v
;.1,'." 4 efficient of co’ma a.nd ast tiem oa.lcula.ted for eevera.l -
yooe t -~

A ,._:f‘erent‘ lens cmbvatures. If this pmoced\rre is repeated. for i 8.
. several different a.xia.l poeitions of the ler‘ eyé'tem and.. the
) e ® W .

'-_"_ results then plotted, the correct poe tioning of the doublet »
end ra.dii of ctn've.ture of ‘the lene surfa{:es ee.n be found by U

ins pection. . L . ) Lo
o L,f In Figu::e 19 the astlgma.tic and come.tlc coefficiente - ,.
e::e p}otted a.s functi.pns of the re.dius of cu:r:ve.tm'e of the ﬁ.ret
1ene snrfa.ce. . Three different poeitions ef the lene syeten e:r:e =



.‘ .

Fig. 19.-

Comae";:.nd agtigmatism of @chiromatized doublet
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shown in the figure; sl ll"O 13"0, and 15"0. Sl represents

the distance tha.t the correcting lens system is placed from the

paraboloid's origidal focal plane, ' . _ ‘._'
The horizontal dashed -li'ne"in’ Figure 19 represents zero

* : coma ,and astigmatism, For correction, both coma and estigmeti.sm

!
must becone zexro at the same position. Interpolation af the
‘;- . .
Y values presented in the gra.ph siggest that this will happen for "

)
. by

,‘. Y ﬁ 8, = 12"2 and a ra,diue of curvature for the first lens surface _
. \ . 6,1
of a.bout 2176, Since we powers of ea.cb lens ha.ve been previoﬁ
determined the curva.ture of the first lens surfece uniquely

specified* the curvature of all- subsequent surfaces, | .
Evaluation 9f “p .coma.ti%and a.stigmatic coefficients i’or

©a system corresﬂogdi.pg“to ‘the va.lues of 8y 12"2 and rl ‘= 21'.'6
o

yieldn sﬂal‘mlwee* b&ﬁn Although t.hesé values are-

‘ f ‘ ,..“‘.;t"‘??f

prelimina.ry design.

The Seidel coef icient of the r.;esidua.l spfaerical a.berration, :

L o SI' for this “preélimim.ry design 6. 67 x 10 3 "To correct this )
W - B an a.spherﬁ plate plsced at the prim.;:y s focal plqnehmust ca.use _f
a retardation (at_the plaie's edge) gﬁ SI/B. _The differential /
1 ’thicknees. of tﬁis":spherio. plé.te ‘cav.'n be _,efngpressed,-:;gfs at = A fY

;" .t(n-JJ = Ayt (n-J.) - (y' systen apertu:‘é)

’ ‘.‘f.&‘&"g.’ -(f, . ”', “‘* % . : ‘.A.-‘l A
N . \f : \;e‘ Q.-‘.' 4f=a’[(gyﬁ(‘h_l)) _.309x'10-?

v . :
. : S X
re ol

Ty

,) . . : . )
"’ -+« . 3ince the reterdetion' of uch a pla.te is given by Qt(h-l) ue he.vet <
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3’? ‘ - In actual performance. ihe system will suffer less N
ffc, = v;.gnetting 1f the full a.perture 'pla.te is placed at approximately : o
S o the same position as the lens system. rather than at the focal ) !'- } .';""j
plane of the Qme.ry T-:is will rﬁult 1na cha.nge in t fourth | u’&yh‘
Q. '

order figure on the full aperture plate, but this change" T8 8mall %7

and can ‘be accomplished during the optimiza. 3 n of Ehe syetem. EX q aM oL
di

, The particulars of; the preliminary % as. derived fnom e
4 Seide]; eberration theory, ‘are eumﬂerized Pelow, . . RN !
. e _ 5 h oL & v
o : ‘e
' 4\'& F‘ourth order cur“ Sn e.sphégic _platez o, "Au £ -u-3~09 X 10 7 Ty
SR . RN & Tt
” u\d . »:.,’“0., " . --" ‘,.n . »

D,iste.nce ofgiens eystem from prim.ryx L f-si ‘4'7.'5'8 ) i"“ .
. F . : : - LT

) &t . ‘ 4 : . %

. 21"6 B .

e Lt ha.d f curvature of flelnwelemmt surfa.ces: " ri = -' .
' ‘75. * SR I ) ot *" .
e Rgdii of cmrva.ture of ci’owh element surfacee [ 4 -3 -"."5 B
- ; o . : .,. | ':T"‘, . o . '!n L) .
IR A R g, =‘-127"8 N
Sy : - . . . S » , o
. - " “Distance of focal plane. from lens sye."tem;.‘ o l é ' 9”’4—; : ' »
. .
‘ F,‘oca;l length of complei‘,e' eystem f-e 5 57425
. - . . T v . ‘ ., - - . : | - ,
- . A compe.rison of this prelimtnary deeign to the final optimized - ; ," o
o deei' (Table 6) reVe‘s ﬂmt the* changee nec,heeery to. com:ect L '
; o for the lene thicknisees e.nd hl@ir order a‘bemtione ere N
R oo [ S S e Tan _.' _ '} SR
et remka.‘oly Bmﬁ.li ) e . e T
| ‘,' 4 3" . - ‘ “‘ ] O ‘.." ) _. . S .o ..-_ R N
4 . ' . ‘l‘ N ‘. N .'- ) .
H v-l ) m - h | 1
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' The 1nitla.], Meign used in the optimization procedure was

« . a. sca.led model of Ba.kafis published design. larger lens’ ' o :
A"'\" ‘ thiekneeses a.nd sepa.ra.tion between the components of the lens .
T . : ‘pa.j,r neeeﬁsitaf.ed changing eevera.l of the surfaces a.nd dieta.nces. "»'
A small second ord%x:&cu\;\ed;ge; guperimgoeed on the a.spheric -
‘;'1% o corrector to mlaj.mize chroma.tic effecia %d further optimize
5 -f’“?;.; o Optimizo.tion ofx tharéy%teu énql geneara‘tion of sPot, d;.agra.n@
L

| | “ere a.oocfmpliehed using‘ a. r&y trace- {progrm% descﬁbgd 1n Appendi'II - : .

"% o - Th§ . fin&nzed design *giges bxtremel.r ggod monochromatic '
g ' , "$ ‘ . . :
' ,—A”‘;‘:‘u. corﬁtioni ﬁt mdesgped wavglength 1&358x (n v blue meréu:ry ey

line) the ?yat.em, produiea mafgeg sma.llei‘ th.g.n one apconcb of” a.ré.& S .

over# 3 degree f#el'd*‘a This represents & »reduction in the az‘ea. of
BT

' N _' 1ma.ge: ne&r the edge u@'the field by a fa.ctqr of almost 100 000.. J,
. | Good n’g‘n'ectton Is achieved at a.li wa.velengths from’ 'below
Y 35002 to ebon ;soeoﬁ Hm?eVer, there 1s & sntﬁ;”with u?‘“hngth .f" o
T . of the focal plane poeition. The ::ta.l shift between 36502 and . o

. "l

5&633 1s 0, 008 inches.: '.Qus. optimum pez-fomnce will be achieved.

. 4 ‘if thi’s system is used in conjunct‘ion with filters. ‘o o
Specifica.tione of the fina.lized design a.re given :Ln Ta.ble 6 v

A compu'ison of the morrected and co' ctad ima;ge sizes is ehown . N

1,:1 Figm:e a.nd t&e pz'ofile of the ’

a.perttme corrector :l.s L

, spof. dia@:ane of t‘he oorrectéd hna,sgs m F-'ecented -in S ‘

e . . et - o ERET RS SN
. . v o L _ 5

R K - - s -
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Ta.ble 6 Fina.l Prime Pocus Design

Y

SRR

F‘uJ.l a rt e o ecti Dlate

: Aspherio . L e . ' '
- . diameter & 18" B ) ol -5,2
- surface equa.tiom at = 3 2 \x 10 'r " - 4.5336 x 10

0 index of ‘refraction = 1, 522nd (epthomalic -crown)

- -axial thicknesa =-0V50"" ‘ X
':distanoe of correct!.ng (ha.ck) surfa.ce from prima.ry 3 48"60“ @

(Y]

| 3ffhraboloia ’ ﬁ:.:»; |
- diameter = 20"
) focal 1ex)gth = 6001 .
.;:}j o F 1nt ele ent FAEL I

| Sphertoal sifaces . k. &

| ’;”diameter = §%8.

radius of curvature. of ﬁ:ont surfa,pe 3 2

.. radius of- cirvature of rear.swurfaceé = 1

. index of refraction = 1. 61659nd (Schptt glass type F4 (617366))

- axial thickness = 07275
) ,jldista.nce from prima.ry 146"766

| Qzezﬂ_elsmeei ‘ 'a‘- ~‘”-, -
. Y ‘ ;.i R |
: Spherica.l stmt‘aces e P R _
| diameter =808 " - —sv.'v»é" ot «
radius of purvature of front. surfa.ce " 11"61" ,
radius of curveture of rear/sm:fa.ce ~13090

- index of ‘refraction = 1, 51680;,d (Schott slass type Bxy (5176&2))
axial thickness = 1700 .
distq.nce ftom p:imy 47"042 (0"001 spa.c’ing bgtween elements)

t 4
s . .

-,

: Diata.nce f:‘rom prinary 57"232 (43588.) o .
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Fig. 22, Profile of full aperlure agpheric correcting plate
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. CHAPTER VI

F/18 CASSEGRAIN CORRECTING SYSTEM

The £/18 Qf.séeérdin configuration will be used primarily -
for lunar ‘and planetary obse.rva.tionsQ In this context the'. | ‘
neces‘snity of an. éla.bora.te cdrrec-tigo'n sys’te’m is 3uestionab19. - ;
At such a la.rge focal ratio, the off-axis aberra.tiona are small,

and as the planets subtend very small a.ngles. they can be placed o,
nea.r the cﬁntre of the field for photographic purpones. -Lum-
obeerva.tions represent the only o casion chting which a la.rge

portion of the field wouJ.d be considered necessary. Thus a _ \

.‘
correcting system. would om be@gt:,ﬁ\a,ble if 1t ‘eould be,
coﬂstructed simp,ly a.nd inexpens1Ve1y a.nd could | 'bincorporated
[ ] v . o
'in & single’ element.y .- .7 # - 3 " ,
. - . .‘ . ’ ‘-" . | .‘ . \ . .
! ‘ f
- v L] . L.
The f/18 system will hwve a focal length, f, of 360'“ o
a.nd a sepa:ra.tion between the pmimary mirror and foca.l pla.ne. e, -
°f120l5. : .". ’,‘. % ‘., ‘ ‘. - -‘."?, ‘...  ’: - ¥
- ) S SR T, "'_“
Using the equa,tions of. Section l& 1 the pa.ra.matera of R 4
. L L . T
i the system cdn’ be found: '~:¥' \!. o R A ]
' . Sepsration between ;n-mgy and second.a.ry =4 = 4gueNzes -

‘

- . Foca.l langth of the’ saconda:r:y mm:or : --1,2"1&2857

ca

. The equation of the smr:faoe of the hyperbolic seoondary

- can also be found using the equa.tions of tha.t section. ‘ SR



b I
.-

= 251892857 S
'.')’ R ' o ; ‘ ’ B
a' = 25V369715 - ’

Semi—ma.jon axis

v ) . Iy .<.
o Semi—minor axis

.ﬂ"

E&éentr1c1£y %7g = (a%+a'?)¥/a = 100
Aspﬁeriqity facéqr =b, = -g? =.e1.96 - -
. \ 5 . e . - ‘ o

and%he equation of the hyperbolic surfa.ce 1s given by

f2 «2% o e
=S}t @ar -
e SR SN
‘ ) .Q‘..: ' ' ..' v .

B

T ’ 4«”@4 e22\ v N
B - a', "' . .‘ ?‘: ‘. 24 . +23 75 y : .
R ,, S

: Th% d.ia.meter necessary for the secondary mir:mr given by
D = (d*e)Zy(l/f) + 2d¢ where y is the system s apertv@e (10") and‘; :
¢ is the radius of the field (o 5 degrees or 0, 008?3 radians). is"‘

'i'“.

&nut b, 52 anhes. ‘,’ge actual obetruction wﬂl be considerab)ly
. g “
' la;:ger howev\sr, ia.s necessa.ry light baffling will cause the

' ‘ei‘fective‘ light blocka,ge to be enha.nced greatly over tha.t which

t‘e size of the seconda.ry would indica.ta. R




v

Where F and C'are given'by (for. s classical Cassegrein configuration):

.

£ (£-d) R -', -_. T
R RN G SRR

¢ s N

-8

At ‘he edge of the field (a.bout 0 5 ﬁ:m the optlcal axis)
-this corresponds to a comatic figu.re of about 1 O second of a.rc

in length a.nd an a,stigmatic figm'e of 2 2 secOnds of a:rc in ﬁ.iametpr. .
B .
: Ex&mbn&%on of F‘ig.ure 8 8t the end of Chap\&r II reveals that the

Lm* a.re much la,i'geru tha.n in&ica.ted by the a,berratione. The ca.use

a ’ .,of these large 1ma.ges is the extreme Petzva.l curvature ot‘ the system.

“ .
4
.
!

R (?
0 nghe foca.l pla.ne ha.s a ra.dius of Curva.tm'e of only -15"65?5. : g

" : Since tbe ra.dius of cmature of the foca.l pla.ne 1s, the

ey

< -
9 most serious d@fect of the system, a.mr correction attem must e « o B

"Qg“: aimed primarily at the elimination qr this curvatureg‘rhe npquisite"‘_' £ ]
: ',;for a flat field ‘of foous il a Petzva.l sum of geros" S o
l A '_4 O

N 1 1'""-' ".:'v:,“. ‘ e . \‘ . o . :
P= —4-e=lslo L E:Ax;ﬁ, e T
. ! »52 ) n_-_ t S Yoo E , el
.where d is °t.he pouer and nJ the 1nd.ex of rafraction of a field ," M

. L o

U /b L

flattening lqns pla.ced near‘.,‘bheffoca.l plane. Choosing crown gla.sg

C 5 'P'. RE S
, .(!1 = l 51?)1&!!1 making the shcond,. Btﬂ-‘fa.cg 5of the lens pla.ne to
.ginj.u.ze the 1ntroduction of ad.ditiona.l abema:t;o,ig,y‘ firs ‘

s‘urfaeé rad.ius of c\mva.ture oi‘ 5"342 1s necessary ‘UO flatten the T )

R fie;d.i_ g 1*1'7"




Since astigmatism 1s closely related to field curvature,
1t was considered possible that the astigmatism could be removed
by altering the radius of curvature of the fleld flatfening
element. Computer investigation of several different radil of
curvature showed this to be so. Maximum overall correction was
obtained for a radius of curvature of 4Y79. It was found necessary
to make tﬁe axial thickness of the lens small (0Y10) and the
lens-focal plane separation Very small (0v0l1) for optimum images.
Further computer ray tracing showed that good corregtion was
kobtainable for 1ens;focal plane separationé‘of up to 0V10, but
that cor:ection fell off rapidly for larger separations. Similarly,
it was fqug that the lens thickness could be increased by a factor

L -
" of two without severe 1image degradation, although thls necessitated

@:§§hnge in the radius of curvature.
Design specifications are given in Table ? ahd a comparison

of the corrected and uncorrected images 1s shown in figure 23.-
Spot'diagramé of the cofrected images are presented in

Appendix I. Examination of these images reveals that a large

proportion of the residual aberration is comatic. Due to the

speci;lized requirements of the £/18 system, the images are not

uniform over the entire field, but increase in size wit.. distance

‘from the optical axls. The central image 1s stillrdiffraction

limited in size, This allows critical work ) under fine'seeing

. conditions, to be done.without the necessity of rembving the

cqrrector. The images near the edge of the figld, already under

&



one second of arc in dlameter, can be somewhat further reduced in

size, at the expense of the central. image, by a change in focus.

,

e
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Table 7. Final F/18 Cassegrain Design

Primary mirror
Paraboloid ,

diameter = 20"
focal length = 60" Y

Secogg§£x~

Hyberboloid

diameter = 4.5" .

focal length = -12742857
eccentricity = 1.40

distance from primary = 497V643

Field flattener

Spherical

diameter = 6" ‘
~radius of curvature = 4V79
index of refraction = 1,517
axlal thickness = 0710

distance from primary = 127432

Focal plane
distance from primary = -129533

89



¢ Fig. 24, Optimized f/18 Cassegrain
system image conparison

~uncorrected -:. 0.001 inch

corrected v D
@ Sy 1 Second

#=0°250
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CHAPTER VII

-

SUMMARY

The aberrations suffered t‘>y classical forms of reflec'ting

'_ telescopes have been investigated.and means of achlieving large
photographic filelds relatively free of égese aberrations discussed.‘

In particular, designs for corrective optical systems hj?e been | |

' developed for the University of Alberta's new 20" teles/ope. ///’
These systems, when constructed,‘should greatly eng;ﬁéé the

| telescope's value as a photographic instrumené% /

The.advances in corrécting systems for large telescopes
have been many since the first Ross correctors were constructed,
and today most large telescopes are equipped with some form of ’
photographic fleld corrector. In recentbyears advances in optical
technology hsve allowed the production of precision non-spperical
and non- parabolic surfaces, with the result that non-classical
configurations of telescopes with highly aspheric mirrors, resulting
in well-corrected photographic fields, have been possible. Most’ of ~
) the large teleSCOpes constructed recently have, in fact beenxof
such designs with the Ritchey-Chrétien orjmodified‘Ritchey—Cﬁrétien
being the most common.’ N 3 . F

Most moderately sized telescopes, however;:ere sEili§§u1I$£ oy
in the more versetile and more easily constructed-classiggf fog%.

Moreover, there are very many moderately sized §ystems‘é§tant which

do not pgssess any form of photographic correcting system. The

91

4



92

majorit& of these telescopes could benefit greatly from the -
additlon of a corrective system. Such systems can be'designed

using the methods discussed in this work. The expense and

difficulty of constructing such a corrector 1is more than offset

by the increased usefulness of the new systen. R

-~
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APPENDIX I

IMAGES OF THE FINALIZED DESIGNS

In this appendix, spot diagrams of the images produced
by the finalized designs are presented.
Figure 25 shows the images of the Reflector-Corrector
at the designed wavelength of 43588 over'a 6 degree fleld.
At the edge of a 6 degree field, the image 1is 2 8 inches from
the centre of the photographic plate. " In Figure 26, a comparison
iis made between the images produced at three different wavelengths;
36508, u3582 and 54618, The effect of changing focus is shown
in Figuré 27, with the images at 54618 being shown for three
‘different focal plane positions, 57.233, %7. 234, and 57 235 inches.
The images- of the corrected £/8 Cassegrain system over a
1.50 degree field are shown 1n Figure 28, K
Figure 29 ‘shows the corg?cted images of the /18 Cassegrain
system over a 0,75 degreesfleld. » ‘
Each of the dots in the spot diagrams représents»an equal

area, or equivalently, an equal amount of’light,.at the entrance

pupil of the system. S
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APPENDIX II

1]

'\COMPUTER PROGRAMS

- Optimization of the corfecting systems and generation\of

4 \

spot diagrams were.done using computer programs. Although a \

\
. “sefarate Program was used for each telescope system, it wonld As‘
bé'qnite posslible to create a general pfogrem‘capable of e;aluaiiné
almost any system. L ¢ \

Two types of programs were used. The first type, used
ffor optimizing a correcting system, is an interactive program
which allows the operator to test any system by tracing light rays
enﬂering the system from any origin point and at any angle to the
optical axis. Since several variables are changeable within the
program, a system may be tested quickly by‘tracing a few marginal
rays atnvarious anéles.: On the basis of the tesults, the system
,can be changed slightly’and refested. The second type of program,
used for‘the generationiof spot diagrams, uses a predetermined set
of 1light ray origin pointsy"These origin ooinﬁs_are arranged
around a set of concentric?rings centred on the, opticsifaxis in
such a manner that each point represents an’ equal area of the disc
defining the telescope s entrance ,pupil, | _

The programs ‘trace a light rax-through the system from
surface td surface by using the surface intersection points and
A.the directional cosines_of ‘the light ray. The three basic ~operations
.performed on the traced ray are trsnsiation, ref;action, and_ref-

lection. A short summary of the equstions used for eacn of these

102 .
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operations is given below.

e, e' are the vectors defined by the incident and refracted
(reflected) light ray ﬁ

&, B, v are the directional cosines of the 1ight ray

8, 0' are the incident and refracfed (refleéted) angles

n, n' are the indices of refraction on the incident and

refractive side of a surface

Translation: _ : ’ .

2
: L/ optical axis .
x S

Fig. 30. 'I‘faqsla.tion of light ray -

a'=a; B' =B, Yy'=y

xt = x ol (ex)? 4 ey )P ¢ (z2t)2 T F '
y'A"-', y + 8/ (xx")% + (y-y')% + (z-Z')2_7
z' = f(x" "y ) >

If the su:rfa,ce to which the v:ansla.tion is bein& taken 1s rela.tively
simple, \h.s in the case of a sphere, the three equations can be
solved m\closed form. For more complica.ted sxmfa,ces. ‘such as -

-a,spheric curves, it 1is often simpler to employ a re-iterative

‘ process within the progra.m.



Refractioh;

n n
X e.!
=1
[
- - e,’
z - =2
e .
2 N
v--
.2
optlcal axls

Fig. 31. Refraction of light ray

v = normal vector to' the surface at the point of inte:seétion
For refraction,
'y
n'%' =ng +bv
and taking the dot product of this equation with v,

') m(ey) + b,

but e'+v = cos@! e*v = cos, and v+v = 1.
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Therefore, : " »
¢ '
. P “
n'cosd' ='h cos@ + b > b*= n'cosd' - n cosd

&
Y ’
Kl

Using this substitution for b, and taking the dross product of

the original equation with' vi

n'sinO'.= n siné )
> n!z(l—cosze') = nzeinég

> »n'cosO;'= (n'z- nzsinze)%
(n,z_nz +n2’

. L
> n'cosd' = cosze)2

As an example, consider the application of these formulae

to the fefraction of a light ray with directional cosines a, B,
and v, incident on an aspheric surface at a point (x,y,z); The
equation of the aspheric surface is given by: .

2, 242 (.2, 2

=4, (E9%)? + 4, (%),

and the equa@ion of the normal vector at this point 1s given by

[L*Au(x axy?) + 2% 7 1+ [Mb,(y3+x y) + 2A2y_.7 J+ko
The directional cosines are therefore: |
UAu(x3+xy2) + 24X ' - _

= - : B - T _ -

o [uh, (POry®) + 2ax + UAu(yB*-xzy) +2hy +1)°7

H

"*Au (Y Y) + 2A2y ,
zg%au(x3+xy2) *2hx + uA (y3+x Y) + 24,y + 1)%J7

a?')%‘ .' \

&




Taking the dot product of the incident light ray and the normal

vector of the surface,

gev = coé@ = aqa + B+sB + y.y
\ . -aa+85+[(1-a -8%)(1-a 92)_75
We also héfé C -

Py
n'cos@' = (n'25n2+n200s20)2

(n'2rPon?(aed + o8 + [ (1-02-82) (1-G2-B2)_TH)D)}

and from n'e' = ne + by,

a' = /m + (n'cos®’ - n cose)d_//n'

= — [na+i(n 2 n2+n2(0. @ + BB + [(1-(1 Bz Y- 52)_7_) )%‘

n(ad + BB + [(1?-82) 152 B%) T 7T

4

B' = [718 + (n'cose’ - n cos@)B_//n

1 .‘ . N ’ '
. _'[na + {(n'2 n+n? (0@ + BB + [(1-(1 -B )(1 32)_7—)2)2.

L]

—n(a'a+ﬁ5+[(1-0. B)(l 52)_7‘3)?_7
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"Reflection:

The equations for reflection are identical to those of
refraction with the substitutions n' = -n and n = 1;

Following are two of the progfaﬁs-used'in the development
of the correcting systems described in this work. The first is
the interactive progran used in ihe development of the £/8
Cassegrain corrector, gnd the second 1s the spot diagram genefating -
program for the prime focus deéign. ‘ '

‘ Following'the two programs is an example of numerical

computer output generated by the programs.

+
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