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1. INTRODUCTION

This report presents the results of geometrical-optical
investigations of the 2.5 m Nordic Optical Telescope which is
now under construction and will be placed at the Roque de 1los

Muchachos Observatory on the island, La Palma, Spain.

The report comprises three previous reports to the NOT-STC
Committee (Andersen 1982d, 1984a, 1984b) and resorts extensively
to a method and notation developed by the author (Andersen 1980,
1981a, 1981b, 1982a, 1982b, 1982c, 1985) for automatic computation
of optical aberration coefficients and their system parameter

derivatives.

For a general introduction -to modern astronomical optics,
telescopes and auxiliéry instruments, we refer to papers by Bowen
(1967) and Gascoigne (1973). For more systematic treatments on
the theory of astronomical telescopes, we refer to Schwarzschild
(1905), Chrétien (1922), Wetherell and Rimmer (1972), and Wyman
and Korsch (1974a, 1974b, 1975).

Section 2 presents the notation used and outlines the basic
formulas for describing the imagirg in an optical system. Section
3 gives the general formulés for wvarious important -quantities
in Ritchey-Chrétien telescopes expressed in terms of basic design
parameters. Section 4 gives the specifications for the 2.5 m NOT,
whereas Section 5 presents the results of investigations of the
imaging performance of the telescope. In Section 6 it is investi-
gated if a translational shift of the secondary mirror can be
compensated by a controlled tilt of the secondary, and the result
is affirmative. Finally, Section 7 presents a first-order assess-
ment of the effects on the geometric image quality due to defor-

mations of the telescope mirrors.



The design of a correcting element for wide-field photo-
graphy is not discussed in the present report but will be the
subject of a future report. We refer here to papers by Wynne
(1965, 1968,'1972) on the design of field correctors for astro-
nomical telescopes. For the 1.54 m Danish Ritchey-Chrétien tele-
scope (£/8.76) located at ESO, La Silla, Chile, a one-element
corrector with a symmetric Schmidt corrector profile has been
constructed (Andersen and Reiz, 1983). A design of this type is
not feasible, however, for the 2.5 m NOT due to a very different

value of the difference between the mirror curvatures.
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2. NOTATION USED IN THE GEOMETRICAL DESCRIPTION OF RAYS AND
. SURFACES

In this Section we will briefly present the notation used
in the description of rays and optical surfaces. For a more de-
tailed description and for the derivation of many of the expres-
sions we refer to Andersen (1980, 1981a, 1981b, 1982a).

We describe the optical system and the propagation of rays
in a coordinate system (x,y,2z) where the z-axis is chosen to cor-
respond with the optical axis for a system with rotational sym-

metry.

The surfaces are numbered according to the order in which

they are met by the light from 1 through T.
The surfaces are described by functional expressions:

z =z, + fi(x,y)
where fi(0,0) = 0. Hence, for ordinary surfaces with rotational
stmetry, fi measures the deviation from the polar tangential

plane.

We define the axial surface separations

The optical materials between the surfaces are considered
homogeneous. If, for a refracting surface the refractive indices
of the medium before and after refraction at surface i are n;_,
and n;, respectively, we define the relative refractive index

as

A3 for a refracting surface
1

Hi
-1 for a reflecting surface
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Rays are specified by the intersection (x,y) with a plane
perpendicular to the =z-axis and by a unit direction vector 3 =
(L,M,N) with N > 0. Since L2+M2+N2 = 1, it is sufficient to speci-

fy the direction tangents

The path of a ray from the initial specification (xo,yo,
Eo,no) at a plane z = z, in the object space to the final interxr-
section (XP+1'YF+1'EP+1'TH#1) with a plane z = zI¥1 in the image
space 1is wuniquely determined by the specification (fi,di, ui)

of the optical system.

For a system with rotational symmetry, we can determine
functions S,T,V,W so that

Xrs1 Yre1

Ere1l Ml v W & Mo

The abberation functions S,T,V,W are functions only of the
rotation variables
2 2 - 2 2
Pg = Xo ¥ . Vg = & tMg . Ko = XgEpt¥oTy-
Also, the optical path length of a ray incident on the plane

z = 2z to the image plane z2=2 can be computed

+1

O.P.L. = K(XolYOI EOI no)'

For a system with rotational symmetry the optical path
length K is a function only of po,wo,KO:

O0.P.L. = K({ po,tpo, K‘O).
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The functions S,T,V,W, and K are not in general expressible
in closed form. For many purposes, the functions may be expanded
in power series which converge reasonably fast. We shall make

use of such expansions, for which a general form is

©on i i-3 .
n J

n-i
¥ 0

oo
G( 90:1110, KO) = n; z ZO Gn ) l—j J po o

0 i%o j=

G000 * G1100°0 * €1010% * ©1001%0

2 2
Gys00f * %2110°0% * 210190 % * C2020%

2
G2002%0

+

+ +

Gy011%0%0

We refer to Andersen (1980,1981b) for details on the compu-

tation of power series expansion of the functions s,T7,V,W,K.

For a point object at infinity in the direction (Eo, no)
it is of interesft to consider the center of gravity of the geo-
metric image. The coordinates (xg,yg) in the image plane Z2=2p,.1

of the center of gravity is defined as

JI(XP+1'Yr+1)dxodYo

w
X , =
( g yg)_
II dxodyO
w
where w is the effective entrance pupil in the plane z = zq-

Also of great importance is the rms image radius kg defined

by

2 2
IJ{(Xg—xF+l) + (Yg-YP+l) }dxodyo
2 _ W

g
JJ dxodyO

W
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For systems with rotational symmetry and a circular entrance
pupil with radius R, functions Cl,C2 of o= R2 and wo exist so
that at the image plane z = Zpe t A

Furthermore, functions LY ﬂl,ﬂz(c, wo) may be determined

so that at the image plane z = 2z , + A

2
kg =1r0+TflA+ 1r2A .
The functions Cl,Cz,no,ﬂl,nz may be computed from the know-
ledge of the functions S,T,V,W.

+ A

Finally, the location of the image surface z = Zr,1 min

where kg2 is a minimum may be determined as

PO
min 2ﬂ2

We refer to Andersen (198la) for details on the computation

of the functions Cl,Cz,no,nl,ﬂz.
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3. RITCHEY-CHRETIEN TELESCOPES; GENERAL FORMULAS

Two-mirror telescopes have been widely used in Astronomy;
in particular the Cassegrainian configuration where the distance
between the mirrors is shorter than the focal length of the pri-

mary mirror.

We refer to papers by Schwarzschild (1905), Wetherell and
Rimmer (1972), and Wyman and Korsch (1974a,b,1975) for a general
treatment on two-mirror telescopes. Chrétien (1922) found and
solved two differential equations for the mirror surface func-
tions f1 and f2 satisfying the condition that spherical aberration
and coma be zero. This requirement is very important to astro-
nomical applications, providing for symmetric images and reducing
magnitude-dependent effects on stellar positions.

The entrance pupil is usually considered coinciding with
the primary mirror, thus assuming that all light incident on the
primary mirror (excépt for the secondary shadow) also reaches
the image plane. To 3rd-order aberration theory, the two-mirror
system is uniquely specified by the distance dl from the primary
to the secondary, the paraxial surface curv;tures ry.Ty and the
aspherical parameters bl'bZ' and the diameter Dl of the primary
mirror aperture. With this notation the surface functions are

zZ - zZ., = —l;-(x2+y2) + l+bi (x2+y2)2.

1 2ri 8r.3
i

The zero spherical aberration and zero coma conditions de-
termine the aspherical parameters bl and b2, leaving Dl'dl'rl'rZ
as free parameters. From the designing point of view it is, how-
ever, more convenient to specify Dl’ the f-ratio F1 of the primary
mirror, the equivalent f-ratio F of the entire telescope, and
the back-focal distance db which is here to be understood as the
distance from the primary mirror plane to the paraxial image
plane, 4, = z23-2,. For practical reasons, d, is thought of as

b b
being positive.
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The dimensions of the secondary are determined by specifying

that the telescope should have an unvignetted field of angular
radius 60.

We give a 1list of important quantities of the telescope
expressed in terms of the design parameters (Dl,Fl,F,db,eo):

telescope equivalent focal length: fRC = T0000 = DlF .
primary mirror paraxial curvature radius: ry = -2D1F1
db—DlF
distance from primary to secondary: d1 = —F
l+=—
B
2FF, (4, +D.F.)
. . . 1'"b 7171
secondary mirror paraxial curvature radius: r, = - 5 5
F™=F
1
D, (F3+2F, 3)+d, (2F, 2~F2)
. . 1 1 b 1
primary aspheric parameter: b1 =

2
F (db-DlF)

(F+F, ) [D F(F2+F,2)+d, (F,2-F%)}
. 1 1 1 b* 1
secondary aspheric parameter: b

2~ 3
(db—DlF)(F—Fl)
db+DlFl DlF—db
diameter of secondary mirror: D2 = —— 2 — tan 60
F+F 14—
1 2

coefficients of 3rd order field-curvature and astigmatism:

2 2
< B (2F —Fl )(db—DlP)
1010 ~
4FFl(db+DlFl)
T o DlF(2F+F1)+del
1001 ~

2F(db+DlFl)
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- 10 -
sagittal focal curvature: 1.2 g
- r £ 1010
s RC
tangential focal curvature: L. 2. (s +T )
) r - £ 1010 "1001
t RC
compromised focal curvature: S l(;L + QL) = —l—(ZS +T )
. r 2'c =l f 1010 "1001
£ s RC

Due to the curvature of the field only a very limited plane
field of good definition is achieved in the Gaussian focal plane.
To obtain a plane field of angular diameter 2 6 the focal plane
must be shifted the amount Adb until the image aberration at the
field centre equals that at the edge. Wynne (1968) has given very
useful formulas for the shift ‘Ad
du (in radians) over the field:

b and the maximum image spread

2
£
_ “RC 2 _ 1 2
Adb = 4rt tan“6 =3 fRC(51010+T1001) tan 6.
D
- 1 _ 1 2
Su ‘ 2Adb = - §§(51010+T1001)tan 6.
fRC

Usually, the focus position on astronomical two-mirror tele-
scopes is controlled by shifting the secondary mirror rather than
shifting the focal plane itself. A shift Adb of the focal plane

corresponds to a shift Adl of the secondary determined by
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4. SPECIFICATIONS OF THE 2.5 M NORDIC OPTICAL TELESCOPE

The 2.5 m Nordic Optical Telescope is specified as a strict

Ritchey-Chrétien system with design parameters

— . - - - [}
(Dl,Fl,F,db,GO) = (2560 mm,l2.0, 11.0; 962 mm; 1215).

From these basic parameters we can derive the quantities

discussed in Section 3. We get

Focal length of telescope: ch = T0000 = 28160 mm/rad
= 136.52 um/"
Reciprocal plate scale: fRC—l = 7.325 "/mm

Distance from primary to secondary: dl - 4184.308 mm

Paraxial radii of curvature of mirrors:

r. = - 10240 mm ; r

1 ~ 2287.248 mm

2

Aspheric parameters of mirrors:

b, = - 1.014785 ; b

1 5 = = 2.234127
Secondary‘mirror diameter D2 = 498.28 mm
(on-axis illuminated diameter = 467.85 mm).

Coefficients of field-curvature and astigmatism:

81010 = - 12.0944 ; T1001 = - 5.0653.
Field curvatures:
r = - 1164.2 mm ; r, = — 820.5 mm ; r. = - 962.6 mm.
s t £
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Coefficient of distortion:

T1010.= 150735.9 mm

The polynomial expressions for the mirror surface functions

are (expressed in mm-units):

15 _4

Primary: f1 = - 4.8828125x10_5r2 + 1.721171778x10 ~r
- 1.213412266x102°r®
-4 2 -11_4
Secondary: f2 = - 2.186033303x10 "r® + 1.289229214x10 r
18_6

1.520664817x10 ~“r

where r is the radial distance from the optic axis in the mirror
vertex tangential plane. We note that the 3rd term of the primary
surface equation contributes only 5x10_7 mm to the surface devi-
ation at the r = 1280 mm edge and is hence generally negligible.
The 3rd term of the secondary surface equation contributes
3.6x10"% mm at the edge of the r = 249.1 mm zone.

-Appendix A presents the aberration coefficients for the
telescope, i.e., the expansion coefficients for the functions
S,T,V,W to the 5th order. Also given are the derivatives of the
aberration coefficients with respect to the design parameters

-l 1 v b

= ) 1°°2



5. IMAGING PERFORMANCE OF THE 2.5 M TELESCOPE

We have studied the geometric-optical imaging properties
of the 2.5 m Nordic Optical Telescope. To present a general over-
view of the effects of field-curvature and astigmatism, we give
in Table I the amounts Adb (or Adl) which the image plane (or
the secondary mirror) must be shifted in order to achieve an opti-
mized fiéld of angular radius 6. Also given are the maximum image
blur 6u, the radius Yg of thé field, and the vignetting Vg at
the edge of the field (i.e., the relative amount of 1light from

the primary which misses the secondary).

Table 1.
) 26 Adb Adl Su Yo Vo
o' o' 0.0COOmm 0.0000mm 07000 0.0um 0.000mm O %
2.5 5 -0.1278 +0.0041 0.085 11.6 20.479 0
5.0 10 -0.5111 0.0164 0.340 46.5 40.957 0
7.5 15 -1.1500 0.0368 0.766 104.5 61.436 0
10.0 20 -2.0444 0.0654 1.361 185.9 81.914 0
12.5 25 -3.1944 0.1022 2.127 290.4 102.393 0
15.0 30 -4.6000 0.1472 3.063 418.2 122.872° 0.30%
17.5 35 -6.2611 0.2004 4,169 569.2 143.351 0.80%
1.38%

20.0 40 -8.1778 0.2617 5.445 743.4 163.830

In order to study the imaging properties in more detail,
we used the calculated aberration functions to compute rms image
radii kg for different positions of the secondary mirror corre-
sponding to various optimized field sizes also covered by Table
1. The results are presented in Table 2 which also gives gquanti-
ties related to the focal surface minimizing kgz, and the func-

tions Cl,Cz,nd,nl,nz.
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We notice, that‘at the moderate aperture ratio (f/11) and
field sizes ( 6 ~ 0°25) 3rd ordervaberration theory provide a very
adequate description of the imaging properties. Including also
5th order aberration coefficients gives a complete description.
Aberration coefficients of 7th and higher orders are completely

negligible.
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6. TILT-COMPENSATION OF TRANSLATIONAL SHIFT OF THE SECONDARY
MIRROR

6.1. Introduction and presentation of notation

During the design of the mounting and control system for
the secondary mirror for the 2.5 m Nordic Optical Telesdope, the
question was raised 'if a translational displacement of the second-
ary of the order 0.3 mm to 0.5 mm, perpeﬁdicular to the optic
axis, could eventually be compensated by a controlled tilt of
the secondary mirror axis of symmetry, thus to a high degree re-
storing the imaging properties of the Ritchey-Chrétien telescope.
This principle is well-known in optical engineering, c¢.f., e.g.,
Meinel and Meinel (1984), and Wetherell and Rimmer (1972).

' With this purpose in mind the 2.5 m telescope mirror con-
figuration was investigated by means of a ray tracing computer
program, using 3-dimensional ray tracing for generally skew rays.
The computer program was designed so as to allow for a displace-
ment of the secondary in a plane perpendicular to the axis of
the primary, and to allow for a tilt of the secondary mirror.
The displacement is specified by coordinates (xs,ys) of the vector
in the plane of displacement from the primary axis to the second-
ary vertex. The tilt of the secondary is specified by the direc-
tion tangents (gs,InS) of the tilted secondary mirror axis with
respect to the primary axis, and the vector

2 -1

(1+8 % +n 577 (€ 1)

S

is a unit vector on the secondary mirror axis referred to the

primary coordinate system. Furthermore

cos ¢ = (1 + gsz +1n. %) (6-1)

S

where ¢ is the angle between the mirror axes.



For reasons of symmetry it is clear that a tilt aimed at
compensating a given displacement must be in the same direction
as the displacement, i.e., the vectors (xs,ys) and (Cs,ns) must
be linearly dependent. Hence, it is sufficient to describe the

displacement by Y and the tilt by Ng -

6.2. Paraxial analysis

Before proceeding to the ray trace results we perform an
analytic first-order description to obtain a rough idea of what

to expect when displacing and tilting the secondary mirror. We

shall assume that the desplacement (xs,ys) and tilt (Es,n ) are

s
small quantities, and we consider rays in the paraxial 1limit.

The analysis is based on a paper by Andersen (1986) giving equa-

tions for the detailed analysis of decentering and tilt of sur-
faces in a rotationally symmetric system.

With (xl'yl7€lnl) we denote ray coordinates (intersections
and direction tangents) of a ray incident on the primary mirror
tangent plane. Similarly, we let (x3,y3; §3, n3) denote the ray

coordinates at the image plane. Then, in the paraxial limit, we

have
B 2d
X4 Y3 2d2 r;
- ERAE (% 7]
£3 N, 2 2
(6-2)
e S I P R
P 2 T 1 1 N1
+
2 2
| T -1 i T T -1 i & M

where the parameters (rl,rz;dl,dz) of the telescope enter in an

obvious notation. The last matrix product of Eg. (6-2) 1is the



paraxial contribution from the ideally centered telescope.
Clearly, Egq. (6-2) supports the above conclusion that the vectors
(xs,ys) and (gs,rg) be proportional in order to compensate dis-
placement with tilt. Furthermore, we get a first approximation
to the tilt:

Ags X
= - L
= - 2 . (6-3)

2
s ¥

With the present telescope configuration we have
(rl,rz;dl,dz) = (-10240,-2287.248;-4184.308,5146.308) (6-4)
measured in mm units, and hence

- === 4.372x10"* rad/mm = 90.2 arcsec/mm . (6-5)
2
Also, from Egq. (6-2) we see that a linear displacement

(xs,ys) causes the images all over the field to move an amount

3 24 S S N A -
= -4.500 , . ~ (6-6)

-2
r
Ay3 2

and a tilt (gs,ns) causes the images to move an amount

Es
0.0499 mm/arcsec . (6-7)

N
N
o}

1]
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6.3. Ray trace results

The detailed results from the ray tracing cémputations first
slightly modify the figures presented above. Thus, a displacement

(xs,ys)causes the images to move an amount

= ~4,416 (6-8)

whereas a tilt (gs,ns) causes the images to move

3 , ES .

= 0.0495 mm/arcsec ' . (6-9)
AY3 . Ng
Thus, the tilt compensating a certain displacement (xs,ys)

is

= 4.322x10—4rad/mm = 89.1 arcsec/mm

n y Y

S S

(6-10)

Furthermore, the ray trace results show that a displacement

of 0.5 mm or less does not severely disturb the imaging in the
far-field region. The very good on-axis imaging of the RC-tele-
scope is, however, disturbed with an rms image radius of 0.48
arcsec/mm displacement. The major obstacle is, of course, the

displacement of the images according to Eg. (6-8).

In the following we present results of ray tracing calcu-
lations for various values of the displacement Y with a compen-
sating tilt ng adopted according Eq. (6-10). The field of view
was scanned along both the El—axis and the nl—axis from -20' to

+20' with l'Aétep for both object axes. The image plane was fixed
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as the paraxial image plane for the ideal telescope, and the dis-
tance d1 between the mirrors was fixed to the ideal value. for
paraxial imagery. The computer program calculated the center of
gravity (xg,yg) of the geometric image and the rms image radius
kg of the ray dist:ibution according to methods developed by An-
dersen (1981a,1982a). Denoting by

1 ' '
Iw(F) = E; J}‘ F(xl,yl) dx1 dyl (6-11)

W

the average value of 'a quantity F over the entrance pupil w, the

following quantities were computed numerically:

(x3)

(€3)

(Y3) |

(n3) (6-12)
(x3€ + Y%?3)

(€3 + N3 )

(%32 + ¥4 %)

0N n nn lhh h nn n
N oy U W

SEEEEE-:S

where x3,y3,€3,n3 are evaluated at the paraxial image plane. The
center of gravity (xg,yg) and the rms image radius kg for the

image at this plane are then

]
Q
]
0
o
Q
]
9]
w

. (6-13)

For and arbitrary image plane shifted the amount A from

the image plane under consideration, we have

1

xg(A) = S. + S, A : yg(A) = S3 + S4A

2 2 2 2
7 1 37+ 2(S5-S;5,-53S,)4 + (S5,-5S
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It is seen, that kg2 is a quadratic function of A, and thus
avalueAmin exists for which kg2 is a minimum. The corresponding
values of xg, yg and kg are denoted xgmln gnun and kgmln The
following Tables 3-11 display the value of El or ny, xg, g Kge
Amin' g min’ ygmln kgnuxﬂ and the quantities SZ’ S4, SS' SG' Table
3 presents data for the idealized telescope (y = 0, ng= 0). In

v k

order to make a just comparison with Table 2, it is noted that
the present averages are carried out over the annular pupil (240,

1270) whereas the averages in Table 2 are over the full circular
pupil. Tables 4 through 11 present the data for values of Yg from
0.1 mm to 0.8 mm with tilt values Ny adopted from Eq. (6 10).

6.4. Conclusions

From Tables 3-11 it is seen that it is possible virtually
to restore the imaging within a field of radius 5 arcmin without
any change in focal length, and within the defocussing range of
interest. It is stressed, ‘however, that the excellent imaging
of the on-axis image is somewhat smeared out. Also, for larger
field sizes, the effects of decentering and tilt are almost insig-
nificant. Thus, we conclude that it is indeed possible to compen-
sate secondary mirror displacement with tilt of the secondary,
at least for displacements up to about 0.5 mm.

We emphasize, however, that the tilt depends on the magni-
tude of the displacement. Therefore, in order to control the tilt
continuously by computer, in particular when guiding during a
long exposure, the mechanical repeatability of the secondary dis-
placement must be considered in mechanical investigations of the
secondary mounting and be found at an acceptable level. Also,
temperature effects on the secondary mirror displacement must
be at an absolute minimum.
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Further effects of this secondary displacement and tilt
on the telescope alignment system have to be investigated separ-
ately, p0531bly' implying that alignment of the mlrrors must be
carried out w1th the telescope p01nt1ng at zenith.

I S BN B SN B BN AN N BN A A A BN B B B | X i




Table 3. y. = 0.0 mm . ng = 0.0000000
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Table 7. Yo = 0.4 mm . ng = 0.0001729
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Table 8. Yo = 0.5 mm . n_ = 0.0002161
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Table 9. vy. = 0.6 mm . ng = 0.0002592
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7. ASSESSMENT OF THE EFFECTS ON THE GEOMETRIC IMAGE QUALITY
DUE TO DEFORMATIONS OF THE TELESCOPE MIRRORS

7.1. Introduction

In the mechanical design of support systems for large astro-
nomical telescope mirrors it is of importance to evaluate the
influence on the imaging properties by deformations of the optical
surfaces in different pointing positions of the telescope so

as to assure that the prescribed image error budget can be ful—
filled.

We shall consider the deformations as differential (small
first-order) corrections to the ideélized optical surfaces and
develop formulas for calculating corrections to geometrical rays
through the system as well as corrections to the optical path
length. We use the notation of Section 2.

7.2. Derivation of equations

In Fig. 7.1 we consider a ray incident on the idealized
optical surface S described by the surface equation

zZ - 2z, = f(x,y). (7-1)

The ray is specified by the intersection P(x,y) with the
polar plane z = z, and a unit direction vector & = (L,M,N). The

intersection point §(§,§) with the surface is determined by

X

X + ££(X,y)
, (7-2)
Y + nf(x,y)

(>
It
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where

E=3% .+ n=1% (7-3)

are the direction tangents of the ray.

A unit vector on the surface normal through P is

=g

L4

. 1 : .
= (0B, y) = (1+(&H2 o (3Eeyz (_ 3E 0 3E 4y gy,
ax Qy' Qx oy

The angle 6 between ¢ and h is determined by

cos §=0 °0Q . (7-5)
and the angle 6' between the refracted ray ' and B is determined
by

1 .
cos 6' = (1l-u2+yu?cos ?9)2 (7-6)

where u 1is the relative index of refraction. A unit vector on
the refracted ray is then

-O').' = ug + (COSG'-LICOS@)H= (L'IMI1N|) . (7—7)

Finally, the intersection of the refracted ray with the

polar plane z = z, + d at the next surface is determined as
x' }E g'
= + (a-f) . (7-8)
y' y n'

Consider now the deformed surface S' given by

zZ - zo = f(x,y) + Af(x,Y) (7-9)

where the deformation |Af| is considered to be small compared
to |f|, and the gradient ( 3Af/3x, 0dAf/3y) is considered to be
small compared to the gradient (3f/9x, 9f/9dy).
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Let the ray intersection point with the deformed surface
S' be P' (x+Ax, y+Ay, £(X,y)+Af'). Then we have

]
+
%
1
1
LR

x + E(£(x,y) + Af') + EAF!

. (7-10)

~ ~

y + Ay

I

§ + nAf!

v + n(f(x,y) + Af')

The surface normal to S' in P' is denoted by B + Ah. In
order to determine A§, A§, and Af! in terms of Af and AE, we as-
sume that we can accurately approximate the surfaces S and S°
by their tangential planes in P and P', respectively. This is
equivalent to including only terms to the first order in the quan-

tities Af and M. We then get, to this accuracy,

Afr = MY af

cosé ’ (7=14)
Ax = EAf"
’ (7—12)
A = nAE? '
Acos® = G - AR
s (7-13)
Acosf'= —Eg%%—Acose
cos '
A = <,J¥¥§%._.g> (& - AB)R + (cos6' - upcos6)AR
cos (7-14)
ag" a-yE" Ba-E ' by
N' 8'- 8
Anl _JN_ AB-U'AY
. (7-15)
and
Ax? ‘ ) gE-¢"' AE!
- _Exg Af + (a-f) . ' (7-16)
cos
Ay' n-n' An'
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Since Af and AR are small quantities, we may set N, N!

’

Y, cosf, and cos 8! equal to 1, and f equal to 0, their paraxial
limits. Furthermore, Ay = 0 so that

G+ AR = N(EAa+nAB+AY) =~ EAa + nAg ‘ (7-17)
Moreover, :
of of
Olz—ﬁ R Bz——a§ . (7-18)

If the idealized surface function f has rotational symmetry,

' 2 2
£ = £+y%) = £(0) = agp + ay : (7-19)
and we have
| = —px4f = _p54f -
a = 2xdp ; B = 2ydp . (7-20)
which in the paraxial limit reduce to
a = -2xal . B .= -2yaL, . (7-21)

With these approximations Egns. (7-15) and (7-16) reduce

to
AE! 2alx+£ Aa
= =(1-n)(&Aa+nAB) + (1-p) ~ (7-22)
An? 2a1y+n AB
and
Ax? £E-g - 2a1x+g
= Af - d(1l-u)(EAe+nAR)
Ay' n-n' 2a,y+1
(7-23)
Aa
+ d(1l-n) .
AB

respectively.
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Denoting by n and n' the refractive indices before and after
refraction, the optical path length of a ray from the polar plane
z = z_ through the idealized surface to the next polar plane is

nf n'{(d-£)

K= =+

N L . (7-24)

For refraction at the deformed surface and applying the

same approximations as above, the optical path length is changed
to K + AK where

MK = n'(p-1) (Af + A(EAa+nAB)) o (7-25)

7.3. Applications to 2.5 m telescope deformation calculations

We will now apply the formulas of Section 7.2 to estimate

upper limits of the effects of deformations of the mirror sur-

. faces. We shall make use of very recent deformation calculations

by Andersen and Jessen (1985).

The displacement of avray (xl,yi,gl,nl) due to deformations

(Afl, Aql, ABl) of the primary mirror is imaged by the secondary
on the image plane z = z3. Using paraxial formulas for the ray

paths we obtain for the displacement at the image plane

F Ax3 Ay3 l—4d2a12 —d2 sz Ay2
= , (7-26)
A£3 An3 —4a12 -1 _Agz Anz
where
sz 51 Xy Aal
= 2Afl + 2allAfl + 2dl
Y3 " Y1 |
L . (7-27)
2allxl + El

+ 24y (gyay+n128y)
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and ,
AEZ 2a11x1'+ gl Ad
= 2(€1Aa1 + nlAsl) + 2 .
An, 2a;4y, + Ny AB,
(7-28)

To obtain an upper limit to ]Ax3| we used Fig.s 8 (zenith
ppinting), 15 (horizon pointing), and 18 ( 30° zenith distance)

of Andersen and Jessen to obtain upper (extreme) limits to Af

Aal, and ABl' To be conservative, we then set t
|af,] < 131 am  ; |aey|, |48,] < 4.0x2077 raa . (7-29)
Furthermore

|1 < 1280 mm  ;  |g,| < 7.3x107° raa . (7-30)

From this we estimate

lax,| < 3.37x107 mm lag | < 8.02x1077 raa, (7-31)

and then

lax,| < 22.7x1073 mm = 0166 . (7-32)

To a very good approximation, the displacements are given

by the simple expression
=1 —2f ’ (7"'33)

indicating that deformations of the surface are negligible com-

pared to deformations of the surface normals.
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The quoted figure of 0Y166 for Ax, covers the worst-case

displacement of any ray over the full a;Lrture and 50'-diameter
field. Thus, it is reasonably safe to state that the deformations
of the primary mirror will not contribute to the image blur with
more than 0935, and that this figure for specific pointings” is
considerably smaller. Furthermore, it can be reduced significantly

by refocusing.

For deformations of the secondary, Afz, Aaz, ABZ, the dis-
placement of a ray (xl,yl,gl,nl) is given by

Ax3 £2 X, Aa
= 2Af2 1 + 2a12Af2 + 24
. (7-34)
| 2a;,%; * &)
+ 2d2(€2Aa2+n2A62)
23757 + My
where (xz,yz,gz,nz) are given by paraxial expressions in (xl,yl,

gllnl)'
Using Fig.s 27, 34 and 36 of Andersen and Jessen we set

7

|af,] < 70 nm | &, ], [8B,] ¢ 3x107" rad . (7-35)
This leads, in a worst-case estimate,.to
IAx3|'< 3.74x10_3 mm = 09027 . (7-36)

Thus, the deformations of the secondary mirror will not

contribute to the total image blur with more than 0%05.
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APPENDIX A. ABERRATION COEFFICIENTS

In this Appendix we present, in tabular forrﬁ, the powér
series expanvsvion coefficients of the four aberration functions
s, T,vV,W. A coeffi.ciept, e.g., Snijk’ is the coefficient to the
expansion term _poltpojKok, i+j+k = n. We also give the derivatives
8/_8 Cqv 9/9 Coe 'a/abl, 3/ 8b2 with respect to paraxial curvatures
and aspheric parameters. We present terms only to the 5th order,
since terms of 7th and higher orders are negligible for this opti-
cal system.
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