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What image quality is all aboutWhat image quality is all about

Object in spaceObject in space
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Numerical illustration (point to point)Numerical illustration (point to point)

No location change on image plane

Airy discAiry disc

With spherical aberrationWith spherical aberration

Image planeImage plane

Aspheric surfaceAspheric surface
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Numerical illustration: point to line Numerical illustration: point to line 

Imaging a Point to a Line with a Single Imaging a Point to a Line with a Single 
Spherical Mirror, Spherical Mirror, J. M. HowardJ. M. Howard and and B. D. B. D. 
StoneStone, Applied Optics, 37, pp. 1826, Applied Optics, 37, pp. 1826--1834 1834 
(1998)(1998)

Spherical mirrorSpherical mirror
R=10R=10

Point sourcePoint source
Line imageLine image

Forward Forward 
0.5 mm0.5 mm

BackwardBackward
0.5 mm0.5 mm
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Numerical illustration: plane to planeNumerical illustration: plane to plane

Object Object 

Object Object 

Image Image 

Image Image 
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What are geometrical aberrations and What are geometrical aberrations and 
where do they come from?where do they come from?

Manufacturing spherical lenses may be Manufacturing spherical lenses may be 
probably the simplest  probably the simplest  

Above two photos are from Above two photos are from 
http://www.fdtimes.com/articles/cooke/Cooke%20Book6_Web150dpi.pdhttp://www.fdtimes.com/articles/cooke/Cooke%20Book6_Web150dpi.pdff

OnOn--axis aberration axis aberration spherical aberration spherical aberration 
Why spherical surface?Why spherical surface?
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Geometrical aberration Geometrical aberration 
Violation of perfect imaging Violation of perfect imaging aberration aberration 

Point to pointImage degradation 
(image aberration)

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

1

Distortion

Field curvature

Spherical aberration
Coma
Astigmatism

Surface to surface

Line to line

Nature of imagingNature of imaging

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

3

Image curvature 
(field curvature)

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’

2

Violation Violation Statement Statement 

MaxwellMaxwell’’s Perfect lens (imaging): Stigmatics Perfect lens (imaging): Stigmatic

Perfect imaging:Perfect imaging:
1. Point to point1. Point to point
2. Line to line2. Line to line
3. Surface to surface 3. Surface to surface 

OnOn--axisaxis

OffOff--axisaxis ComaComa
Astigmatism Astigmatism 

Spherical aberration Spherical aberration 

Field curvatureField curvature

Distortion Distortion 
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Condition of perfect imaging:Condition of perfect imaging:
Herschel conditionHerschel condition
n*n*dzdz*sin*sin22(u/2)=n(u/2)=n’’**dzdz**’’sinsin22(u(u’’/2)/2)

Abbe sine conditionAbbe sine condition
n*n*dydy**sin(usin(u)=n)=n’’**dydy’’**sin(usin(u’’))

objectobject ImageImage

O O’

Index nIndex n Index nIndex n’’

u u’QQ

dy’

dz’dz

dy

PP PP’’
QQ’’

Axial rayAxial ray
Axial rayAxial ray



07092009 (version 1.0)07092009 (version 1.0) Optical System Design: 3.Diffraction, Aberrations, and Image QuaOptical System Design: 3.Diffraction, Aberrations, and Image Qualitylity 1010

Lecture Note on Optical System Design JLCJLC

Violation of the Abbe sine conditionViolation of the Abbe sine condition
n*n*dydy**sin(usin(u)=n)=n’’**dydy’’**sin(usin(u’’))

We can set the criterion as the following D1 or D2 to We can set the criterion as the following D1 or D2 to 
judge the derivation judge the derivation 
A1=n*A1=n*dydy**sin(u)sin(u)--nn’’**dydy**sin(usin(u’’) ) 
A2=n*A2=n*dydy**sin(u)/nsin(u)/n’’**dydy*sin(u*sin(u’’))--11

Magnification M=Magnification M=dydy’’/dy/dy is fixedis fixed
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Numerical illustrationNumerical illustration
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Illustration Illustration 

Object height 1.0 mmObject height 1.0 mm Object height 3.0 mmObject height 3.0 mm Object height 5.0 mmObject height 5.0 mm

Magnification ~ Magnification ~ --0.8340.834

Object Object 
(field points)(field points)
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Violation of the Violation of the HerchelHerchel conditioncondition

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

H1= H1= n*n*dzdz*sin*sin22(u/2)(u/2)--nn’’**dzdz’’*sin*sin22(u(u’’/2)/2)
H2= H2= n*n*dzdz*sin*sin22(u/2)/n(u/2)/n’’**dzdz’’*sin*sin22(u(u’’/2)/2)--11

=(n/n=(n/n’’)(1/M)(1/Mzz)(sin)(sin22(u/2)/sin(u/2)/sin22(u(u’’/2))/2))

Herschel conditionHerschel condition
n*n*dzdz*sin*sin22(u/2)=n(u/2)=n’’**dzdz**’’sinsin22(u(u’’/2)/2)

Magnification Magnification MMzz==dzdz’’/dz/dz is fixedis fixed
n and nn and n’’ are also fixed (given)are also fixed (given)
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What is diffraction?What is diffraction?
““Diffraction is a phenomenon or effect resulting from Diffraction is a phenomenon or effect resulting from 

the interaction of light with the sharp limiting the interaction of light with the sharp limiting 
edge or aperture of an optical system.edge or aperture of an optical system.””

More illustrations can be found at More illustrations can be found at http://en.wikipedia.org/wiki/Diffractionhttp://en.wikipedia.org/wiki/Diffraction
Above six photos are taken from thereAbove six photos are taken from there

Historical (YoungHistorical (Young’’s double slit)s double slit)

Square Square 
aperture aperture 

Star (Circular aperture) Star (Circular aperture) 
and Airy discand Airy disc
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Numerical illustration Numerical illustration –– on image plane on image plane 
On axisOn axis
(0,0)(0,0)

OffOff--axisaxis
Field (1.0,1.0)Field (1.0,1.0)

OffOff--axisaxis
Field (0.48, 0.48)Field (0.48, 0.48)

3.84mm3.84mm
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Numerical illustration Numerical illustration –– beam beam 
propagationpropagation

Only onOnly on--axis is shownaxis is shown
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DiffractionDiffraction--limited performancelimited performance

In the case of In the case of ““point to pointpoint to point””
Physical diameter of the Airy disc=2.44*Physical diameter of the Airy disc=2.44*λλ* f/#* f/# f/#=f/#=eflefl/D/D

Visible light λ=0.5 um

=1.22* f/#  (um)=1.22* f/#  (um)
= 1.22 = 1.22 eflefl/D (um)/D (um)

Angular diameter of the Airy diskAngular diameter of the Airy disk
=Physical diameter/=Physical diameter/eflefl~ ~ θθ

(in the unit of (in the unit of radrad or or mradmrad))
~ 2.44*~ 2.44*λλ/D ~ 1.22/D (for visible)/D ~ 1.22/D (for visible)

DD

eflefl Physical diameterPhysical diameter

Angular diameterAngular diameter

On focal planeOn focal plane

DD
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Derivation of system specificationsDerivation of system specifications

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

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

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

2. To resolve an object with 0.25 2. To resolve an object with 0.25 mradmrad, we have , we have 
0.25 0.25 mradmrad= 2.44*= 2.44*λλ/D=2.44*10 um/D /D=2.44*10 um/D 
Hence, we can determine the clear aperture DHence, we can determine the clear aperture D

D=24.4 um/0.25 D=24.4 um/0.25 mrdmrd ~97.6 mm ~ 100 mm~97.6 mm ~ 100 mm
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Numerical illustrationNumerical illustration

Blur diameterBlur diameter

FF--numbernumber

Sensor Sensor 
Pixel sizePixel size

Practical limit Practical limit 
(f/#=1.0)(f/#=1.0)

Theoretical limit (f/#=0.5)Theoretical limit (f/#=0.5)

1

2

34
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Numerical illustration Numerical illustration 
Clear aperture sizeClear aperture size

Requiring Requiring 
angular angular 

resolutionresolution
1

2

3

4

Angular blur diameterAngular blur diameter

More information about infrared astronomy can be found in More information about infrared astronomy can be found in 
http://http://en.wikipedia.org/wiki/Infrared_astronomyen.wikipedia.org/wiki/Infrared_astronomy
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Homework 1Homework 1

• Design a mirror system to project a line 
source to a rectangular image 
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Homework 2Homework 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?


