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What image quality Is all about

Static/dynamical Application sets the criterion on quality

Object in space Imaged feature
3D 3D
2D 2D
1D 1D
(plus time) (plus time)
Object Concerns/ Object Concerns/ Object Concerns/
to applications to applications _ to applications
image image Image
3D->3D Virtual image 3D ->2D Extended depth of field 3D-> 1D | Concentration
Virtual reality (imaging)
2D -> 3D 3D projection 2D -> 2D Imaging 2D->1D | Image compression
1D ->3D Dynamical 3D projection | 1D -> 2D Dynamical projection 1D-> 1D | Point to point
Virtual reality Laser projection Point to line
Scanning Line to point
Line to line
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Numerical illustration (point to point)

singlet (only on—axis rays)
FOCAL LENGTH =

10.03 MNA = 0.299

1.82
—

With spherical aberration

Paak, = 00090 (om.0m) singlet [only on-oxis rays) FaT &
UDNEISTS:JLN(IZ\A Poloane 1D Eam B D G0 e D 888 Direct Integraoticn—hosed PSF FOGLE ©

0. 08568 I

I
\ Paak = 0,30@ {omm, Omm)

=t [onl
FoCAL LENGTH =

v on—axis rays)
10.03 NA = Q.29

R Cantroid (—32.319e-32m, 1. 0B6=—1Bmm)
\J UDNEIST:S‘J thé\ﬂ Polychr, Wii: ©.538 WWa: C.48E WAT: 0.855

singlet (only on—axis rays)
Direct Integraticn—based PSF

Aspheric surface

Airy disc

/

No location change on image plane
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Numerical illustration: point to line

point—ta—linse mirrar UMNIT=: Ch
OFPTICAL SYSTEM LAYOUT DES: H and S

2,431

Spherical mirror
R=10

Point source

Line image

~

Backward

Forward
0.5 i 0.5mm
OB HT :
C.01em E 1 | ! g
OB HT
2. 007em 1 | ! g
OB HT . 1 | ! ;
Imaging a Point to a Line with a Single Gem _ : . . :
Spherical Mirror, J. M. Howard and B. D. 0.5 .25 o 0.25 0.5
Stone, Applied Optics, 37, pp. 1826-1834 FOCUSs SHIFT
1998 SFOT SIZE & FOCUS EHIFT: UNITS = em aint—to—1line mirror H and 5
( ) TS dPOT DTAGRAM ANALYSTS dmoas P

07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image Quality



Lecture Note on Optical System Design JLC

Numerical illustration: plane to plane

Object

2=1II I|I|I|:1

3 = I I I III E aspheric surface I m ag e ‘I

IIIE4

— I I I = 5
=
ginglet demo Scale: 24,00 JLC  04-Jul-03
=l
=i _

© Optical Res
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What are geometrical aberrations and
where do they come from?

A ‘

U On-axis aberration = spherical aberration
Why spherical surface?

Manufacturing spherical lenses may be
probably the simplest

Above two photos are from
http://www.fdtimes.com/articles/cooke/Cooke%20Book6 Web150dpi.pdf
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Geometrical aberration

Violation of perfect imaging = aberration

Perfect imaging:

On-axis Spherical aberration

1. Point to point =—————

: . - . Coma
2 Lineto line Field curvature Off-axis -
3. Surface to surface pistortion
Maxwell’s Perfect lens (imaging): Stigmatic
Statement Violation Nature of imaging

1 | All the rays from object point O after passing through
the lens must go through the image point O’

Image degradation
(image aberration)

Point to point

Spherical aberration
Coma
Astigmatism

2 | Every segment of the object plane normal to the
optical axis that contains the point O must be imaged
as a segment of a plane normal to the optical axis
which contains O’

Image curvature
(field curvature)

Line to line

Field curvature

3 | The image height h’ must be a constant multiple of
the object height h no matter where O is located in
the object plane

Image distortion

Surface to surface

Distortion
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Condition of perfect imaging:.

Herschel condition
n*dz*sin?(u/2)=n’*dz*'sin?(u’/2)

Index n Index n’

Image

Axial ray

Axial ray

Abbe sine condition
n*dy*sin(u)=n’*dy’*sin(u’)
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Violation of the Abbe sine condition
n*dy*sin(u)=n’*dy’*sin(u’)

We can set the criterion as the following D1 or D2 to
judge the derivation

Al=n*dy*sin(u)-n’*dy*sin(u’)
A2=n*dy*sin(u)/n’*dy*sin(u’)-1

Magnification M=dy’/dy is fixed

07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image Quality 10
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Numerical illustration

0OSC Operand

JLC

o =
' x [ =l s
0S5O Premium 0810 Standard 2 e
spreadsheet style: & Basic (O adwvanced d
FPT CFG FEY FEX

Offense against the sine condition (O5C) is a dimensionless measure of o IEENTECE 0.000000

the total amount of linear coma present in a lens. OSC only takes linear -z : e s
coma into account, i.e., coma that is proportional to the first power of the ]

field coordinate; it is an exact measure in the aperture coordinate. The
following definition of OSC is valid for rotationally symmetric systems,

Qs - smU_ u

-

In the above equation, u and u?4> are the initial and final slopes of the

w  snU’ L-1°

ascifpt, ray, wvn, cfg) offense against the sine condition {use for
meridional rays and on-axis field point for
rotationally-symmetric systems only)

07092009 (version 1.0)

paraxial ray, Uand UZA> are the initial and final convergence angles of ESRay et Date Editor <
the real ray, 124> and L?4= are the distances from the last lens surface o 2.0 | -
to the intersections of the paraxial and real ravs, respectively, with the % .;.
. . L . . L5
optical axis, and I Js the distance from the last lens surface to the exit RAY TVPE Fy Fx WaT =
oo 0. 0o0000] 0. 000000 1.000000
' 0.500000 0. 000000 1. 000000
0.700000 0.000000 1.000000
In the absence of sphernical abarration (174> = L24=), zero OSC s seen to 4] [ordinary | 1.000000 0.0200000 1.000000 [~

be equivalent to satisfing the Abbe sine condition. Also, when spherical
aberration Is present, O5C s 3 function of aperture stop position [through
the I' term 2, as would be expected from the Seldel aberration stop shift
equations,

Mare details on OSC and denvations of the abowve equation may be found
in Smith, Kingslake, and Welford,
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FFT CFG FE™ FEx
" o 0.000000 0.000000
llustration R
0 0.707107 0.000000
( 5 4] o 0, 900000 0.000000
singlet D=0 dema LINITS b
FOCAL LENGTH = 10.03 NA = 0.177%9 DES: JLC =1 u 1.000000 0.000000
184
P RAY T+FE Fv Fi WGT
Object [ 1] [ordinary | 0.000000 0.000000 0.016667
(field points) [ z | [ordinary | 0. 100000 0. 000000 0.094613
| 3 | [ordinary | 0. z00000 0. 000000 0.138715
| 4| [ordinary | 0.3200000 0. 000000 0.138715
| c | [ordinary | 0. 400000 0. 000000 0.094613
[ s | [ordinary | 0.500000 0. 000000 0.016667
| 7 | [ordinary | 0. &00000 0. 000000 0. 041667
| s | [ordinary | 0. 700000 0. 000000 0.208333
L. . a | [ ordinary | 0. 800000 0.455296 0.208333
Magn|f|cat|0n ~ -0834 WALUE  MCMTRE DEFINITION 10 | [ordinary | 0.300000 0.455296 0.208233
0.002%22 100,00 05S(1,11) =
[ 11 ] [ordinary | 1. 000000 0. 000000 0.208333
Object height 1.0 mm Object height 3.0 mm Object height 5.0 mm
WallJE %INTRE DEFIMITION walllE =CNTRE DEFIMITION WALUE  %INTRE DEFIMITION
- -— 0sCi1,1) -- -— 0sC(1,1) - -— 0sci1,1)
1.71%1e-05 0.00 OSC(1,2) 1.7191e-05 0.00 O5C(1,27 1.7121e-05% 0,00 05C(1,2)
F.0546e-05 0.00 05C(1,3) F.08d4Ee-085 0.00 05C(1,32) F.0546e-085 0.00 05C(1,3)
0,0001s5 0.00 OSC(1,4) 0,0001&5 0.00 OSC(1, 4] 0,0001&65 0,00 05C(1,4)
0,000210 0.00 05C(1,5) 0,000210 0.00 05C(1,5) 0,000210 0.00 05C(1,5)
0.,000514 0.00 OSC(1,8]) 0,000514 0.00 OSC(1,87 0,000514 0,00 05C(1,8)
0,000732 0.00 05C(1,7) 0,000732 0.00 05C(1,7) 0,000792 0.00 05C(1,7)
0,00115& 0.00 OSC(1,5) 0,0011%5& 0.00 O5C(1,5) 0,00115& 0,00 05C(1,5)
0,002333 0.00 05C(1,9) 0,002239 0.00 05C(1,2) 0,002239 0.00 05C(1,2)
0,002531 0.00 O0SC(1,10) 0,00z2991 0.00 05C(1,10) 0,002331 0,00 05C(1,10)
-- -— 05C(5,1] -- -- 0SC(5,1] - -- 05C(5,1]
-0.748076 31.50 0O5C(5,2) -0.893301 20.70 0S5C(5,2) -0.92775%3 18.1% 05C(5,2)
-0.534220 19.9% 0OSC(5,3) -0.808950 1&.57 0OSC(5,32) -0.853492 1E.76 OSC5,32)]
-0.45925876 13.75 05C(5,4) -0.734081 13.96 05C(5,4) -0.805554 12.71 OSC(5,4)
—0.420169 9.99 05C(5,5) -0.67176l 1l1.69 OSC(E5,E)] -0.752572 11.97F OSC(5,E)]
-0.385220 F.B5 OSC(5,8] -0.617535 9.5% 05C(5,8] -0.70282¢ 10.47 0OSC(5,&)
-0.32z2003 5,87 05C(5,7) -0.569771 S.41 05C(5,7) -0.658227 2.1¢ OSC(E,7)
-0.288302 4.66 OSC(5,5] -0.526943 F.1% 05C(5,5) -0.615161 5.00 05C(5,5)
-0.255421 3.82 05C(5,9) -0.484538 &.08 05C(5,3) -0.588738 G.84 0SC[E,9)
-0.230342 2.00 O0SC(5,10) -0.4453598 £.21 0OS5C(5,10) -0.528588 £.20 05C(5,10)
12

07092009 (version 1.0)

Optical System Design: 3.Diffraction, Aberrations, and Image Quality



Lecture Note on Optical System Design JLC

Violation of the Herchel condition

Herschel condition
n*dz*sin?(u/2)=n’*dz*'sin?(u’/2)

We can set the criterion as the following D1 or D2 to
judge the derivation
H1= n*dz*sin2(u/2)-n"*dz’*sin2(u’/2)
H2= n*dz*sin2(u/2)/n'*dz'*sin2(u’/2)-1
=(n/n")(1/M,)(sin?(u/2)/sin?(u’/2))

Magnification M,=dz'/dz is fixed
n and n’ are also fixed (given)

07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image Quality 13
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What 1s diffraction?

“Diffraction is a phenomenon or effect resulting from
the interaction of light with the sharp limiting
edge or aperture of an optical system.”

JLC

B Y ‘

; T |
Solar glory at the steam from haot springs. & .
glory is an optical phenomenon produced by light

. . y . backscattered hinati f diffraction,
Historical (Young’s double slit) L am e

reflection and refraction) toweards its source by a

Star (CI rcu I ar ap ertu I"e) cloud of uniformly-sized water droplets.
and Airy disc

Thomas Young's sketch of two-slit diffraction, which he presented &
to the Royal Society in 1803

Colors seen in & spider web are partially due to i
diffraction, according to some analyses.m

Square
aperture

The &iry disk around each of the stars from
the 2 .56m telescope aperture can be seenin
thiz focky image of the binary star zeta
Bodtiz.

The intensity pattern formed on & screen by diffraction &
from & square aperture

More illustrations can be found at http://en.wikipedia.org/wiki/Diffraction

. Phatograph of single-shit diffraction in & i
Above six photos are taken from there

citculat ripple tank

07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image Quality 14
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Numerical illustration —on image plane

On axis

Finglet demo

Off-axis
Field (0.48, 0.48)

Off-axis
Field (1.0,1.0)

v

e ,/% _.

{r
i
i

A
yer.

- -
Singlet demo DIFFRACTION INTENSITY WAVELENGTH UE IGHT
T — WRVELENGTH UEIGHT SPREAD FUNCTION B
SFREAD FITHCT m i M
A : POSITION 1 FLD( 0.4, 0.43)Max;( 10.0, 1o offic
FLD( IMEN ;[ 0.0, Z0_0)DE> ° JLC 04-Jul-03 DEFOCTTEING: Q.000000 MM
JL DEF! o000 MM
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Numerical illustration — beam

propagation

Only on-axis is shown

aperture stop

-5
—_—————————————————————= -
» e K
» o .
Image plane -
0,081 ma)
02133 mm [— —_—
L m TAngive Sar To F— Singlet deme ie::._ ?n:eau\:ulj ac gu:;:cn 5 w0 s
el 0.000, 0.000 ) Foluiive Field { 0.000, 0.
I Wan, 3 [ Mavalangth 406 13 na
Singlfc demo Scale: \24.00 JLC 04-Jul-09 Jositiow 3
ane 04 uL-09 e 04-Tul-0%

Singler deuo Beau Intensity at Surface 3 Singlet demo Beam Intensity at Surface 4
;ala;ivs ;ia :aé lgrnﬂn, 0. ' Relative Field { 0.000, 0.000 )
avelengt] -13 nm. Wavelength — 486.13 nm.
DDDDDDDDD POSITION 1
- - JLC 04-Jul-09|
e 04-Jul-08 " JLC 04-Jul-02
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Diffraction-limited performance

In the case of “point to point”

Physical diameter of the Airy disc=2.44* 1* f/# fl#=efl/D

Visible light A =0.5 um
On focal plane
-------------- | ) =1.22*{/# (um)
D V\E = 1.22 efl/D (um)

/ efl  Physical diameter

Angular diameter
Angular diameter of the Airy disk
=Physical diameter/efl~ &
(in the unit of rad or mrad)
~2.44* 1 /D ~ 1.22/D (for visible)

07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image Quality
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Derivation of system specifications

 “Deriving the basic optical system parameter based on the functional
system performance requirements” (p. 45 of textbook)

Example: LWIR (long-wave infrared: 8-12 um spectral band)
Task: what is the best f/# and clear aperture diameter

1. To determine the best f/# (min. f/#)
Physical diameter of the Airy disc=2.44* 4 * f/#=
limited by sensor pixel
Wavelength is given at 10 um, hence
50 um=2.44*10 um*f/# -> f/#=5/2.44~2.05~2.0

2. To resolve an object with 0.25 mrad, we have
0.25 mrad= 2.44* 1/D=2.44*10 um/D
Hence, we can determine the clear aperture D
- D=24.4 um/0.25 mrd ~97.6 mm ~ 100 mm

07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image Quality 18
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Numerical illustration

IR NIE NIE NIR-red | wisible

wavelength (um) 10 1.5 0.94 085 0.5
common title 10 wm Loum | 940 nm | 850 nm | 500 nm

detector element size (um) min. I# (the best £/4#)

50 205 1366 21.80 24.11 40,95

40 1.64 10.93 1744 19,29 3279

a0 1.23 g.20 13.08 1446 24.59

2 .52 546 g.72 964 16,29

10 0.41 273 4.36 482 8.20

e 0.37 246 3.92 4.34 7.38

g 0.33 2.19 349 3.86 6.6

i 0.29 1.91 205 3.38 5.7

6 0.25 1.64 262 2.89 4.92

5 0.20 1.37 2.18 241 4.10

4 0.16 1.09 1.74 1.93 3.28

3 0.12 0,52 1.31 145 246

2 0.08 0.55 057 0.96 1.64

1 0.04 0.27 0.44 0.48 .82

07092009 (version 1.0)
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F-number p

Practic
(f#=1.0

— — — — s — ——— — —_———— ——

Theoretic II limit (f/#=0.5)

Blur diameter

U

Sensor
Pixel size

@
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Numerical illustration

JLC

@ Clear aperture size
A

3

G

suitable for astronomy application IE NIE NIE NIEaed | visible
wavelength (um) 10 1.5 .94 0EL 0.5
common title 10 um Loum | 940 nm | 850 nm | 500 nm
Field of
obzerving obiject size Fiew Clear aperure size
in mrad (egree) (rnm)
1 0.057 24 .40 366 2.29 2007 1.22
0.9 (.05 2711 407 2.05 2.30 1.36
0.8 0,046 20,50 4,58 287 2.09 1.53
0.7 (0.040 24,86 5.2 3.28 2596 1.74
0.6 (0.034 4067 6.10 382 246 203
0.5 (0.029 45.50 732 4.59 4.15 244
0.4 0.023 61.00) 9.15 5.73 5.19 305
0.3 0017 g1.33 12.20 i) 6.91 407
0.2 0.011 122.00 18.20 1147 10,237 6.10
0.1 0006 244.00 36,60 294 2074 12.20

More information about infrared astronomy can be found in
http://en.wikipedia.org/wiki/Infrared_astronomy

07092009 (version 1.0)
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Angular blur diameter

U

Requiring
angular
resolution

@
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Homework 1

* Design a mirror system to project a line
source to a rectangular image

07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image Quality 21
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Homework 2

 How the degree of violation of the Abbe
sine condition could be identified?

— This Is so called OSC (offense sine condition)
In the operands of optimization for perfect
Imaging of an 2D object
 How the degree of violation of the
Herschel condition could be identified?
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