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Lecture 02:
Optical systems for observations

Geometrical optics (I)



Collimating/Focusing : Optical surface

» Hyperboloidal / Ellipsoidal optical surfaces
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Figure 5.4 (a) and (b) Hyperboloidal and (¢) and (d) ellipsoidal

refracting surfaces (n, > ny) in cross section.

Hecht “Optics”




Focus with Hyperbolic / Elliptical Mirrors

(<) Concave hyperbolic {d) Concave elliptical

Hecht “Optics”



Collimating / Focusing : Mirror

« Ellipse / Parabola / Hyperbola

plane
Incoming D#
plane wave : -
AF =e AD, e: eccentricity
> K=-e72, K:conicconstant
yA2 —2Rx + (K+1) x*2 =0
n=| <
D,
)2

Hecht “Optics”



Collimating / focusing with parabolic mirrors

« Parabolic and off-axis parabolic mirror

Hecht “Optics”

From Edmund optics



Parabola (ideal) to the third order approximation

Expanding the equation for a sphere
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Parabola

Elliptical and hyperbolic surfaces are described with
c.2 . N 2 N
o — =
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All of them are the same in the first term (first order), different from the
second term (third order).

All of them can be described by the Schwarzschild (conic) constant bs

bs - _52
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Geometry

 Shape of a surface and corresponding Schwarzschild
(conic) constant

e=1: Parabola e>1: Hyperbola

=0, g=1, circle (sphere)
s = —1, g=11, parabola
-1<b; <0, 0<ex<l, ellipse

by < —1, e hyperbola

O<e<1 : ellipse




Spherical mirrors
(Spherical) aberration of a spherical mirror

"Paraxial" focus Focus of "marginal” rays
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Fig. 1.2. Spherical aberration of a spherical concave telescope
mirror. “Paraxial” rays are nominally at a negligible height

from the axis

Wilson “Reflecting Telescope Optics |”
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Reflective telescope (0) :

« Newtonian telescope (M1:~Parabolic)

i

Newton form

Wilson “Reflecting Telescope Optics I”



Reflective telescope (1) : Gregorian

 The concept

, Parabola
\

1Y

, (b)

Wilson “Reflecting Telescope Optics I”



Reflective telescope (1) : Gregorian

« M1:Parabolic +M2:Ellipsoidal

Real image here
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Fig. 2.11. Gaussian optics of a Gregory telescope

Wilson “Reflecting Telescope Optics I”



Reflective telescope (1) : Gregorian

 Large Binocular Telescope
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Reflective telescope (2) : Cassegrain

« The concept

. Parabola
%

», Hyperbola Hyperbolaf,-' )

Wilson “Reflecting Telescope Optics I”



Reflective telescope (2) : Cassegrain

« M1:Parabolic + M2:Hyperbolic
Imaginary image here
~~~~~~~~~~~ >
Pl

Fig. 2.12. Gaussian optics of a Cassegrain telescope
Wilson “Reflecting Telescope Optics I”



Reflective telescope (3) : Ritchey-Chretien (Cassegrain)

« M1:Hyperbolic + M2: Hyperbolic
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Fig. 3.11. Geometrical construction from the sine condition of the form of an RC
telescope compared with a classical Cassegrain (from Danjon and Couder [3.24(a)])

Wilson “Reflecting Telescope Optics I”



Reflective telescope (3) : Ritchey-Chretien (Cassegrain)

« Subaru Telescope

From mtk.nao.ac.jp




Wavefront and image aberration

« Spherical wavefront forms an ideal image.

 Distorted wavefront (W’) results in the aberration in the image
plane.

Fig. 3.1. Wavefront, longitudinal and lateral aberration



Describing the wavefront distortion

« Coordinate for an on-axis optics
— y:the aperture radius
— eta: the field/image radius
— phi:azimuth angle




The Seidel description of the wavefront error

 Third order aberrations :
(spherical) + (coma) + (astigmatism) + (field curvature) + (field distortion)
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 Coefficient for a multi-mirror system can be evaluated by
summing a coefficient of each mirror. (nu : id of a surface)
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Spherical aberration (SI) : BREIUN Z=
()

Ym1

« The size of the aberration does not depend on the
image height (n)
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Coma (SI) : O<UNE
3 () () Sweens

+ Dependent on O :asymmetric

 The size of the aberration depends on the image height
(n), no-coma aberration at the center of FoV.
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Astigmatism (SII) : FEUNE
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« Depends on 20:180deg symmetry : horizontal vs. vertical
« Depends on image radius (n). il :
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\ / Fig. 3.20. Third order astigmatism: astigmatic surfaces and

$=0 (t-section) ¢ =Tt/2(s-section) lines
Fig. 8.19. Third order astigmatism: wavefront aberration
reversal in the #- and s-sections due to the cos2¢ term
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Field curvature (SIV) : (&R mEZ

/
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« Off-focus (yA2) depends on the image radius ().



Distortion (SV) : (RmE=

« Tilted wavefront (y*cos(phi)) = image shift
« Depends onimage radius (nA3)
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Fig. 5.8 (a) Object. (b) Image in the presence of barrel distortion ( £ = 0). (c) Image
in the presence of pincushion distortion (£ < 0),



Seidel coefficient of T-mirror system

bs: Schwarzschild (conic) constant

y1: mirror radius

f1: mirror focal length

uprl:field radius

spr1: distance between mirror and aperture stop (=0)
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Seidel coefficient for some basic telescopes

Table 3.3. Seidel coefficients for some basic telescope systems. The asterisk denotes the aspheric contribution

Case Surface (Sp)w Srnv (Srirv (S;viv = —(Pe)w Effective field
v curvature
2(Srrde + (Spvdv
1. Spherical mirror 1 +0.25 -0.5 +1.0 -1.0 +1.0
(EP at primary)
2. Parabolic mirror 1 +0.25 -0.5 +41.0 -1.0 +1.0
(EP at primary) s B -0.25 0 o 0 0
Sum (9] -0.5 +1.0 -1.0 +1.0
3. Classical Cassegrain telescope p +16.0 -8.0 +4.0 -4.0 +4.0
(EP at primary) ¥ -16.0 0 0 0 0
mg = —4 2 —4.21875 +3.86719 -3.54493 +13.33333 +6.24347
2% 44.218756 +3.63281 +3.12825 0 <+ 6.25650
Sum 0 —0.50000 +3.58332 +9.33333 +16.49097
4. Ritchey—Chrétien (RC) Cassegrain telescope 1 +16.0 -8.0 +4.0 -4.0 +4.0
(EP at primary) 1= -16.58054 0 4] 0 0
mg = —4 2 ~4,21875 +3.86719 ~3.64493 +13.33333 +6.24347
2% +4-4.79940 +4.13281 +3.55881 0 +7.11762
Sum 4] 0 +4.01388 +9.33333 +4-17.36109
5. Dall-Kirkham (DK) Cassegrain telescope 1 +16.0 -8.0 +4.0 ~4.0 +4.0
(EP at primary) 1* -11.78125 0 0 (1] 0
mg = -4 2 -4.21875 +3.86719 ~3.54493 +13.33333 +6.24347
a* [0} ] (1] 0 0
Sum 0 ~4.13281 +0.45507 +56.33333 +10.24347
6. Spherical primary (SP) Cassegrain telescope 1 +16.0 -8.0 +4.0 -4.0 +4.0
(EP at primary) 1* 8] 0 0 0 0
mp = —4 2 ~4.218756 +3.86719 -3.54493 +13.33333 +6.24547
2% —-11.78125 -10.14495 ~8.73592 0 —17.47184
Sum 0 -14.27776 ~8.28085 +0.33333 -7.22837
7. Classical Gregory telescope 1 +16.0 —8.0 +4.0 —4.0 +4.0
(EP at primary) : L -16.0 0 0 0 0
mg = +4 2 +2.53125 +4.05469 +6.49502 —-22.22222 —9.23218
2% -2.563126 +-3.44531 -4.68045 0 -9.37890
Sum 0 ~0.50000 +5.80557 -26.22222 -14.61108
8. Aplanatic Gregory telescope 1 +16.0 -8.0 +4.0 -4.0 +4.0
(EP at primary) 1> -15.63265 0 0 0 [+]
my = +4 2 +2.53125 +4.05469 +6.49502 —-22.22222 -9.,23218
2* -2.89860 +3.94531 ~5.37000 0 -10.74000
Sum 0 0 +5.12502 -26.22222 -15.97218
9. 3-mirror system 1 +0.843750 -1.125000 +4-1.500000 ~1.500000 +1.500000
of Korsch—Design [ i ~1.065604 4] 0 (] (]
(EP at primary) 2 -0.229711 +0.654328 —1.863844 +5.400000 +1.672312
myp = —10 2" 4+0.437211 +0.874422 +1.748844 0 4-3.407688
mg = —0.15 3 +0.061250 -0.126052 +0.259411 ~3.600000 —-3.381178
3* -0.046896 —0.277699 —1.644412 0 -3.288824
Sum O 0 0 0 0




Spot diagram for a Cassegrain telescope

Prasoription Data

Flle o C)\ZENAC-EE\CATINGR RAY
Title: CLASE.CASSEORAIN
Cate - ¥ri Mar 33 1335
Pp—— 1 arcsec @
Buxfases . 3 = (D_
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Goussisn Peater . 0.900000 L2 =
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Y 5.000000 ©.250000 1.000400
3 #.000000 ©.1350000 1.c00800
3 2.860008 ©.000000 3.0034900
Wavelengtha [
Unice: Miczoas
. Value Neight
1 5.500000 1.040000
SURFACE DATA BUMMANY | ﬁ
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oy b i - 4000 -2000 ) 2000 4B0B
Conff on ¥ 10 - v = = ——r= - =y
Seett on ¢ 13 ° THROUCH FOCUS =POT DIAGRAM
< on x id¢ ¢ P ———e—— -
Josttemxis - 0 CLASS . CASSEGRALIN
THL MA 395 SENT SIZE UNITS RE MICROMNS

INDEE OF REPRACTION TATA: F?FLIAD’“‘F? 16 1 ATy i 3 SPOT SIZE UNITS ARE MICRONS.
Sure Olaee 0.346000 = = ; o -

- g a RHS RADIUS @ 117.71 @.11

1 IR 1.0091C000 ~C F," (T IS . q‘- - Al [y Y 15 T

2 wramow 100000040 GEQ RADIUS 322.81 2.25 a.36

g e CROSS WIDTH: 1@Ees REFERENCE : CHIEF RA:

Fig. 3.4. (a) Spot-diagrams for a classical Cassegrain telescope with the geometry of the ESO 3.5 m NTT (f/11; mz = —5) for
an optimum field curvature r. = —1955 mm (concave to the incident light)



Spot diagram for a Ritchey-Chretian telescope

Prescription Data

Flle : C:\ZMMAX-EE\RC.RAY
riele: RITCHEY: =
Date : Fri Mar 03 193§

GENERAL LENS DATA:

Surfaces 1 3
Srap 3 1
System Pupdl DY
i ot
Caussian Pactor | 0.000000 1
ol arcsec
Total Track : BH13.85
fpace Fif . 11,0005

Working ¥/4 11.0005
obj. Space N.A, i 1.75e-007
Stop Radiur t 175
Farax, lma, HgU 167.997
Farax. Mag. '
Entx. Pup, Dia. i 3son
Entr, Pup. FPos
Exit Pupil Dia 43,348
Exit pupil Pos ~10443.2
Maxiwum Fleld o 0.25
Frimary Wave i a.500000
Lens Units i Millizeters
Angular Mag. : 3. 68676
Fialds + 3
Pleld Type: Angle in degxess
+ X-Value Y-Value Weighs
1 0.000000 0.250000 1.000000
i 9.000000 0.150000 1.000000
3 9.000000 0.000000 1,000000
Wavelangtha : 3
Units: Microns
' Value Wwight
i &.500000 1.000600
SURPACE DATA SUMMARY:
surf Type Radius Talckness Glass Dhmuuo' Conic
e o
10 EVEMASPH -15400 -5933.3 MIRRCR 3500.868 -1

3 EVENASFH =4416.7 8333895 MIFROR 857.9522 -1
IMA STANDARD -1880.66 ° 335.9057 0
SIPTATE AR DETAZLI
Surface 0BT : ETANDARD
Burface STO 1 EVENASPE
Coeff enxr 2 : (]
Coeff an ¥ 4 : 8.1518)e-015
Coetf on x 6 1 ©
Cosff on r 8 °
Cowff on r 10 - °
Coeff on r 12 - o
Cooff en x 14 e
Coeff on r 16 : 0
Surface 2 : EVENASEH
Coeff on r 2 : °
Coaff on r 4 : 2.10756e-012
Coeff on ¥ 6 -7.768-020
Coeff on x 0 o
Coeff on r 10 : v
coeff on ¥ 12 1
Coeff on ¥ 14 0
Ccaff on ¥ 16 ©
Suxface IMA : STANDARD

IKDEX OF WEFRACTION DATA:
surf Glars 0.500000 b
o 1.,00000000

1 KIRROR 1.08000000
3 HISUOR 1.99000000
3 1.00000000

Fig. 3.4. (b) Spot-diagrams for an RC aplanatic telescope with the geometry of the ESO 3.5 m NTT (f/11; ma

optimum field curvature r. = —1881 mm
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Reflective telescope (4) : Three-mirrror anastigmat

« European-Extremely Large Telescope

, Quaternary ||
) mirror (M4) 111
INoz %
\ e s - 'jA_’,;v Fifth
] & D ~ ¥ !
e, m-rror(MS)I' s
N S e, 8 D7 17 23 F T £
Tertiary it
mirror (M3)

Primary mirror (M1) Nasmyth focal surface

From eso.org



Reflective telescope (4) : Three-mirrror anastigmat

« James-Webb Space telescope

v3 r'\ ote hsm
\\ I
V1.Vv3) ong|t|’| S - I
|
V1 N \, \
V2 Secondary Focus \ '{ || I Tertiary Mirror
e - \
[
/ U
/ S—" Fine Steer \rror I N\
SecondaryMuror | | F;caISMace
)
]
|
Pnmary Mirror j ||{ I
J
I
{/ |
Component RoC Surface Conic Vi V2 V3 Phys. Size
(mm) (mm) (mm) {(mm) (mm)
Primary 15879 7 concave -0 9967 0 0 0 6605 2
Secondwy 17789 convex -1 6598 71690 0 0 738
Tertimy 3016 2 concave -0 6595 -796 3 0 019 728 x 517
Fine Steeting Mirtor flat 1047 8 0 -2 36 1725

PM SMEFL - 59400 mm
OTE EFL - 131400 mm

From SPIE digital library




Reflective telescope (5) : Three-mirrror anastigmat

« GAIA: combine two FoVs with 106.5deg separation. 1.45x0.5m
aperture with 35m focal length. 60mas x 180 mas sampling with

0.7deg x 0.7deqg FoV.
\\

FPA

Exit pupil

From sci.esa.int




Reflective telescope (4) : Three mirrror Korsch

» Euclid mission

NIS
From euclid.cnes.fr




Reflective telescope (4) : Three mirrrors

« Large Synoptic Survey telescope

M2 3.4m f/1.00 Flat 3.5 deg. FOV

0.64m dia. @ f/1.23

1.03m

M184m f/1.18 '
- " N From Isst.org




Schmidt telescope

« Catoptric (reflecting) + Dioptric (refracting) = Catadioptric
« Schmidt design for a wide-field telescope
« Correction plate correcting the spherical aberration (b)
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Hecht “Optics”



Curved focal plane of a Schmidt telescope

« Kepler mission telescope is a Schmidt telescope to cover
wide field of view.

Photometer Aft Lower
Mount Bulkhead Housi
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Flattener Lenses
(21 Science)
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Important concept (1) : pupil

« Pupil =image of the aperture stop
« Entrance pupil : Aperture Stop seen from object side
« Exit pupil : Aperture Stop seen from image side

« Chiefray : any ray from an off-axis object point pass through the
center of the aperture stop

Entrance

pupil
/

——

/

| A
Hecht “Optics”

Figure 5.34 Entrance pupil and exit pupil.



Important concept (1) : pupil

 Pupil in a three lens system

Exit

o T
—
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pupil
Entrance
X pupil
s
~
e
e Py s -
~ £
~ i} — —_—
G’
-~ e S =
o e \
Marginal ray i
Chief ray F [

Hecht “Optics”




Important concept (2) : Vignetting

« Vignetting in a two lens system

| Figure 5.37 Vignetting.

L, L,
Effective |
aperture |
stop

Hecht “Optics”



Important concept (3) : Telecentricity

« Telecentricimaging system

— Telecentricity is important for Astrometry, Multi-
object spectroscopy etc.

 Exit pupil is at infinity

Fig. 2.7. Telecentric aperture stop
Wilson “Reflecting Telescope Optics |”



