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F. L. Pedrotti and L. S. Pedrotti, Introduction to Optics, 2" Ed., Prentice Hall, 1993.

Prof. Elias N. Glytsis, School of ECE, NTUA



Aberrations
(374 order — Seidel)

Chromatic Monochromatic
Unclear Deformation
( ) Image of Image
-
| o3 g i e Spherical
smxzz—g—%g—l—O(m) e Coma
— Y — e Astigmatism
3" order e Field Curvature
2 4 . .
cost =1 — i T +O(2°)  Distortion
ool A
3rd o;der

optics.hanyang.ac.kr/~shsong/20-Aberration%20theory.pdf

Prof. Elias N. Glytsis, School of ECE, NTUA



Spherical Aberration
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Spherical Aberration (continue)
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Spherical Aberration (continue)
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Spherical Aberration (3™ order — Seidel)
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3rd order — Seidel
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Spherical Aberration (3™ order — Seidel)
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Spherical Aberration (3™ order — Seidel)
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Spherical Aberration (3™ order — Seidel)

o
o

S ELRECEEEEEPEE Yo !

e == = ) —

3-order Approximation:

ny N9 no —ny  h2

5 | s’ R 2

Ruf (1 1\*(L mine 1
Jpna \R s R ny S

Prof. Elias N. Glytsis, School of ECE, NTUA

10



Spherical Aberration (3™ order — Seidel)
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Image Distance, s' (mm}
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Aberrations (3" order — Seidel)

,\;;‘ //,.

Detail

CL(Q) — 00407"4 + 1031’1’?"3 cosf + QCQQh’2T2 COS2 0 + QCQOh,QTQ + 3011]1,3?" cos 6

r* . Spherical Aberration
hricosf : Coma
h*r?cos®f : Astigmatism
h*r* . Field Curvature
Rrcos® : Distortion

F. L. Pedrotti et al., “Introduction to Optics”, 3" Ed., Prentice Hall, New Jersey,2006

Prof. Elias N. Glytsis, School of ECE, NTUA

14




Aberrations (3" order — Seidel)
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Aberrations (3" order — Seidel)
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Lens Aberrations and Common Corrections

Aberration

Character

Correction

1. Spherical aberration

Monochromatic, on- and off-

axis, image blur

Bending, high index,
aspherics, gradient index,
doublet

2. Coma

Monochromatic, off-axis only,

blur

Bending, spaced doublet
with central stop

3. Oblique astigmatism

Monochromatic, off-axis blur

Spaced doublet with stop

4. Curvature of field

Monochromatic, off-axis

Spaced doublet

5. Distortion

Monochromatic, off-axis

Spaced doublet with stop

6. Chromatic aberration

Heterochromatic, on- and off-

axis, blur

Contact doublet, spaced
doublet

http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/aberrcon.html
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Lens Aberrations and Corrections Approaches

Transverse aberration
5 mm

(@)

e Lens Bending
e Power Splitting

e Power Combination

Improvement

(b)

e Distances
e Refractive Index
* Dispersion

] N (a)=(b): 1/4

] 5 mm
* Gradient Index Materials © SR S improvement
] 9 (b)=(c): 1/2
 Cemented Surfaces ]
e Aspherical Surfaces :
e Diffractive Surfaces gemm
I Improvement
(d) U B (c)=(d): 1/4
Example: Splitting and bending. In the examples :0005
shown f * = 100 mm, the aperture is f/1.4, the T "
refractive index n = 1.5. Note the change in the scale : I : :
for the transverse aberration diagram in case (e) with (e) T =) (d;n_i:(rz;f?m??ﬁ
four elements. The transverse aberration is shown ] T :

with respect to the Gaussian image plane.
Handbook of Optical Systems, Ed. H. Gross, vol. 3, 2007

Prof. Elias N. Glytsis, School of ECE, NTUA



Spherical Aberration

Viewer sees a
blurry image

Spherical lens Many focal points

Viewer would
. seea !:ri5|:l_r
: j clear image
T ’
—

The “perfect” lens One focal point

Incoming parallel
light rays

http://en.wikipedia.org/wiki/Lens_(optics)

Incoming parallel
light rays

http://amazing-space.stsci.edu/resources/explorations/groundup/lesson/basics/g11/

Chromatic
White Blue Light
Light ) | Lo

Red Light

Optical ¢
lll FWEI P_Qinl
Simple Green (Red Light)
Thin Lens Light
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Spherical Aberration Example

2z

Average amount of
spherical aberration

& No spherical abepration

https://www.wehelpchicagosee.com/blog/2015/01/28/high-definition-hd-vision-154460
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Plano-Convex Lens

A plano-convex lens has a radius of curvature of R and an index of refraction, n.
A collimated beam of light is incident upon the plano side of this lens in air as shown
in the figure. Accounting for the plano-convex shape of the lens, the focal distance as

defined in the figure, for an axial ray of displacement h from the principal axis is

h
v f— — i 2— 2
S [._](mh) ._1(h)] Ro+ 1/ R3 — h2.
tan [sin — sin

Nno RQ RQ

circle of least

confusion 7
h(mm)  f(mm)

T 1T 1T 1
>
N

: = = =3 5.0 47.7
7.5 44.7
10.0 40.2

fa \ 12.5 33.8
15.0 24.1

Smm

Fig. 1. Focusing of rays by plano-convex lens showing significant spherical aberration.

Notes from Prof. T. K. Gaylord in “Optical Engineering” Class (Georgia Tech)

Prof. Elias N. Glytsis, School of ECE, NTUA
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Plano-Convex Lens

Plano-Convex Lens, R1 =00, R2 =25mm
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10 20 30 40 50 60
X (mm)

y (mm)

Plano-Convex Lens, R1 =00, R2 = 25mm

f, . =50mm,f
n
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Convex-Plano Lens

A convex-plano lens has a radius of curvature of R, a thickness d, and an index of
refraction, n. A collimated beam of light is incident upon the convex side of this lens in
air as shown in the figure. Accounting for the convex-plano shape of the lens, the focal

distance as defined in the figure, for an axial ray of displacement h from the principal

axis is
h nih
h—(d—Ry+/R}—h?)tan |sin™! [ — | —sin™!
1 ny, Rl
fo =
.| [P . [ mh
tan < sin Sin | sin — | —sin~
no 1 nLRl
ny
h(mm) f(mm)
5.0 46.1
’ 7.5 45.3
10.0 44.3
| 12.5 42.8
5ma 15.0 40.8
» f
|
R, 2
Fig. 1. Focusing of rays by convex-plano lens showing relatively small spherical aberra-
tion. Notes from Prof. T. K. Gaylord in “Optical Engineering” Class (Georgia Tech)
Prof. Elias N. Glytsis, School of ECE, NTUA 23



Comparison of the Spherical Aberration
of a Plano-Convex Lens and a Convex-Plano Lens

fpu(mm) = 50,f (mm)=46.6656, R, (mm)=25, R, (mm)=1000000(cc), d(mm)=5, n=15

45

Focal Length, f (mm)
w B
a =)

(]
=1

= = =Convex-Plano
Plano-Convex

25

20 1 1
0 5 10 15

Height from Optical Axis, h (mm)
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Focal Length, f (mm)
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4] = n = n = o =

—
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Convex-Plano Lens

Biconvex Lens, R1 = 1000000mm, Ft't2 = 25mm

, = 49.9988mm, f

thick = 49.9988mm, d = 7.5mm, n,

=n2=1,n|_=1.5

Plano-Convex
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=
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Height from Optical Axis, h (mm)
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Convex-Plano Lens

Biconvex Lens, R1 = 25mm, Frt2 =1000000mm

1‘thin = 49.9988mm, fthick = 44.999mm, d = 7.5mm, n,=n,= 1, n = 1.5
25 - 1
20 r T
4
15 é i
==
— 5 —]
€
E 0
h I
-5 —
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y (mm)
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f

thin

= 49.9988mm, f

Convex-Plano Lens
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Biconvex Lens

A biconvex lens has radii of curvature of R; and Rg, a center thickness of d, and

an index of refraction n. If R; and Rg are taken to be magnitudes, the focal distance of

this biconvex lens in air for an axial ray of distance h from the principal axis is

= {n{(Rl Ry = d)sinfoin™ () - sin”t ()] + %}/
() o () - () )
oo () i)

h(mm)  f(mm)
5.0 48.3
7.5 47.3
10.0 45.8
- 12.5 43.8
15.0 41.1

Fig. 1. Focusing of rays by biconvex lens showing spherical aberration.

Notes from Prof. T. K. Gaylord in “Optical Engineering” Class (Georgia Tech)
Prof. Elias N. Glytsis, School of ECE, NTUA
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Spherical Aberration of a Biconvex Lens

Biconvex Lens, R1 = 50mm, R2 = 50mm

fthi" = 50mm, fthh:k =49.1525mm, d = 5mm, n,=n,= 1, n = 1.5
T T

25|
20
15
10
5
£
E 0
>
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=20 1
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E
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e
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=2}
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Q
i
42 .
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4 6 8 10 12 14 16
Height from Optical Axis, h (mm)
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Sphere Lens

A sphere of radius R and an index of refraction n may be used as a lens. The fo-

cal distance of this lens in air for an axial ray of distance h from the principal axis is

s = #{[()/ i () - oo ] )

Notes from Prof. T. K. Gaylord in “Optical Engineering” Class (Georgia Tech)

Prof. Elias N. Glytsis, School of ECE, NTUA
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f=Y
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Focal Length, f (mm)
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—&
=
T

=

Spherical Aberration of a Dielectric Sphere

f in= 75.7576mm, fthi_::'t = 50.7576mm, d = 100mm, n,=n,= 1, n_= 1.33

thi

5 50.4
10 49.4
15 47.6
20 45.0
25 416
30 37.3
35 31.8
40 24.8
0 I5 1Iﬂ 1I5 Zlﬂ' 2I5 3Iﬂ' 3I5 4:0 4I5 50 45 15.8

Height from Optical Axis, h (mm)
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Spherical Aberration of a Dielectric Sphere

Biconvex Lens, R1 = 50mm, F{2 = 50mm
fthi n= 75.7576mm, f

thick = 50.7576mm, d = 100mm, n,=n,= 1, n = 1.33
T T T
80 7
60 7
40 7
20 / i
E
E o
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-20 X
-40 ~
-60 -
-80 I _
| | |
50 0 50 100 150
X (mm)
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Spherical Aberration of a Dielectric Sphere

Biconvex Lens, R1 = 50mm, R2 = 50mm

fthin = 75.7576mm, fthick = 50.7576mm, d = 100mm, n,=n,= 1, n = 1.33

200 | . : | . | | .

150

100
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-100 1

-150 1

_200 | | | | | | | |
-50 0 50 100 150 200 250 300
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Spherical Aberration of a Positive Meniscus

Prof. Elias N. Glytsis, School of ECE, NTUA
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Spherical Aberration of a Positive Meniscus

Positive Meniscus
f hin = 200mm, fthk:l:= 175mm, d = 10mm, m g=ting = 1.5, Ny= 1
| |
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Prof. Elias N. Glytsis, School of ECE, NTUA 35



y (mm)

80

60

40

20

-20

-40

-60

-80

R1 = 50mm, Rz =100mm, d = 10mm
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Spherical Aberration of a Positive Meniscus

R1 =100mm, R2 = 50mm, d =10mm
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Spherical Aberration of a Biconcave Lens

iy )

0.4a.

G

ny n;

Biconcave Lens, R1 = 50mm, R2 = 50mm

Biconcave Lens, R1 = 50mm, R2 = 50mm
f n= -50mm, f = -50.8197mm, d = 5mm, n
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A
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A A

o
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Spherical Aberration of a Negative Meniscus

Prof. Elias N. Glytsis, School of ECE, NTUA
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Focal Length, fz(mm)

Spherical Aberration of a Negative Meniscus

Negative Meniscus

d =10mm, n, =1, nL=1.5, n2=1
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y (mm}
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Spherical Aberration of a Negative Meniscus

Negative Meniscus, R1 = 250mm, R2 = 50mm
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Spherical Aberration

light
direction >
Focal length on optic axis = 10.0 cm. Shape affects f for off-axis rays.
Optimum Shape Factor
Shape !'
9.8 — T~
X - = —
5 ! R, — R
5 \ |/ \ 2
2 gy ! )
- L v
g ] Vi \ ) Focal length for a ray 1 cm \ i
u away from the optic axis for
9.2 / / j ( a lens with axial focal length
n=1517 f=10 cm. Data from Jenkins &
White, 4th Ed.
9.0
-2.0 -1.0 -0 +1.0 +2.0
Shape Factor 4
http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/imggo/meniscus.gif
g=-200 -100  -050 0 +0.50 +100 +2.00
‘\ (a)
25 q=-2.0 -0 =05 0 +05 +[0 +2.0
f2,0 ,
15 .
hio
05
‘St T O @ e ® O

o ) (b)

Fic. 9C (a) Lenses of different shapes but with the same power.
of “bending.” (b) Focal length vs. radius for these lenses.

The difference is one

Jenkins and White, “Fundamentals of Optics”, 4t Ed., McGraw-Hill, 2001
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Spherical Aberration —Shape Factor

f=50mm

o0=-2.5 oc=-2.0 o=-1.5 0=-1.0 o0=-0.5 0=00 o0=4+05 o0=4+10 o0=+15 o0=+2.0 o=+2.5

f=-50mm
o0=-2.5 0=-2.0 0=-15 o0=-1.0 o0=-0.5 =00 o0=+05 0=+1.0 o0=+15 o=+2.0 o=+2.5

| |
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Spherical Aberration — Shape Factor

f =50mm
0=-2.5 o0=-2.0 o=-15 0=-1.0 o0=-05 0=00 o0=405 o0=+10 o0=+415 o0=+20 o=+2.5

‘ a G
| L]

f=-50mm

0=-25 0=-20 o0=-15 0=-10 0=-05 0=00 o0=+05 o0=+1.0 o0=+15 0=+20 o0=+2.5

| || >\
| || |
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Axial difference in focal length

Spherical Aberration (37 order)

! L _» ! nte 2+4m+Dpo+ Bn+2)(n—1)p? + e
s'(h) s'(0) 8finm—_1)|n—1° T SR et n—up

n—1
2 J \
s'—s R, + Ry 5 2 1) §+s
p= , 0= ot = -
SF+S RE_RI ﬂ+2 S §
1.0
O.S\B Positive Lens, flhin =100mm, d = 20mm
\\ b n,=n,=1,n =1517,h=10mm
0.8 £ T T T T T T T
N\
\ :
0.7 A s

o
<]
’.l'/‘
A
v’
v
-
S
- T %_é?
]
2,par

[=]
o
3
a

o
H
T

o]
o
T
1
Focal Length Difference, f

o e V
\ e “L” 0 I I I I I I I
0.1 -2 -1.5 -1 -0.5 0 . .

Shape factor Shape Factor, o

Oopt,3rd = 0.74 Topt = 0.655

Jenkins and White, “Fundamentals of Optics”, 4 Ed., McGraw-Hill, 2001
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-f 2(h,ﬂ'](mm]

’ 2, par

Focal Length Difference, f

Spherical Aberration for Negative Lenses

Negative Lens, f, . =-100mm, d = 20mm

n, =n2=1,n|_=1.517,h=10mm

-1 -0.5 0 0.5 1

Shape Factor, o
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Spherical

Aberration Correction
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Astigmatism

Airy | Tangential
Diffraction | Meridional)
Pattern ocal Plane

Astigmatism Aberration

Airy Sagittal ‘Optical
Diffraction - Focal ~ xis
Pattern Plane
Circle
of Least .
Confusion
Airy
Diffraction
X Pattern
z
\,\ "
Object Point Figure 2

https://www.olympus-lifescience.com/en/microscope-
resource/primer/java/aberrations/astigmatism/#:~:text=Astigmatism%20aberrations%20are%20found%20at,location%200f%20the%20focal%20plane.

e ===
Lo

Cay (b)Y (e

-
LTy
T awmwme e g
- -

ta) b2 {c [
tangential sagitial
astigmatism astigmatism

http://www.handprint.com/ASTRO/ae4.html
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Astigmatism

Horizontal Focus

no astigmatism Tangential Focus

https://en.wikipedia.org/wiki/Astigmatism_(optical_systems)
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Sagittal Focus
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Astigmatism (Examples)

Original Compromise

Astigmaltism causes blur along one direction

210 | Q10 Asco

Vertical lines may be more blurred

Horizontal Focus Vertical Focus
» . ABCD
410 | 410

http://acuitylaservision.com/category/all-about-eyes/medical-blog-acuity/page/3/

https://en.wikipedia.org/wiki/Astigmatism_(optical_systems)
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Astigmatism Causes Blurring of the Image

Un-aberrated Image Tangential Focus Medial Focus Sagittal Focus

http://eckop.com/wp-content/uploads/2017/05/Fig-1.14-Tangential-and-Sagittal-Foci.png
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Coma

Ragion 1
RAegion 3

(c)

http://mww.cheyennezjphotographer.com/photography/lenses-2/

location in aperture area location in comatic image

https://www.handprint.com/ASTRO/ae4.html
http://en.wikipedia.org/wiki/Lens_(optics)
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Coma (Examples)

« 4 9 ¥ ¥ P,
% % 3 ¥ ¥ ¥ P oo
& B B ¥ ¥ 9 @& @ 8
& % " & 8 §F @ @& & a
B R & B &5 & ¢ ¥ & & @
B % B & & & # § ¥ & & a
PR R @ % 4+ @ 8 &
2o R x F & R oW W
oo = 2 F F B 5 5 & &
> 8 ® & & & B W@
& % & & & & & & ¥
82 & & & & B B
. BB I R R

O

http://mww.handprint.com/ASTRO/ae4.html
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Field Curvature

Field curvature: the image "plane" (the arc) Cisrvatiite of Field
deviates from a flat surface (the vertical line).

Figure 1

http://www.microscopyu.com/tutorials/java/aberrations/curvatureoffield/

https://en.wikipedia.org/wiki/Petzval_field_curvature

o
Gy

B A

()

(a)

https://sites.astro.caltech.edu/~dmawet/teaching/2018-2019/ay105-lab-experiment_7-1.pdf

Prof. Elias N. Glytsis, School of ECE, NTUA 53



L3

L]

Field Curvature

s« ® B8 8 = « ® &% ¥ w
4 B B 8 8 &8 8 = & & & & & & ¥ &
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" ® ® ® ®* ® ® ® ® ® ¥ P B & & & & & ® ® ® @ 2
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curvature of field

http://mwww.handprint.com/ASTRO/ae4.html
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Field Curvature

Notice that with a closed iris the distortion is
greatly reduced, however the light gathering power
of the lens is also reduced. Under dim fluorescence
conditions the decrease in pixel intensity may be

unacceptable.

https://microscopy.berkeley.edu/Resources/aberrations/curvature.html
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Distortion

Barrel Distortion Pincushion Distortion Moustache Distortion

https://www.bhphotovideo.com/explora/photography/tips-and-solutions/optical-anomalies-and-lens-corrections-explained

Irmage plane Dhtorﬁﬂn

Barrel distartion

. ] Fincushion
- distortion
Optical i 5 = )

Subject

Barrel Distortion Pincushion Distortion
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Pincushion Distortion Aberration

E r'li- 1] .

Prof. Elias N. Glytsis, School of ECE, NTUA




Barrel and Pincushion Distortion Aberrations

https://www.bhphotovideo.com/explora/photography/tips-and-solutions/optical-anomalies-and-lens-corrections-explained
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Barrel Distortion Aberration

__ i
m“ “__w

i

=

59
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Distortion

Pincushion distortion Barrel distortion
aberration aberration

http://www.azurephotonics.com/22.files/image010.jpg
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Distortion Aberrations

Barrel distortion

aberration

Pincushion distortion

aberration

61
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White
light

Chromatic Aberration

" Chromatic aberration

http://en.wikipedia.org/wiki/Lens_(optics)

'Red focus
Blue focus s

rerT A R

Copyright © 2005 Pearson Prentice -I-iall, Inc.
http://pages.uoregon.edu/jimbrau/BraulmNew/Chap05/FG05_05.jpg
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Chromatic Aberration Correction

/Fﬁm

/4

Z

Achromatic doublet

http://en.wikipedia.org/wiki/Lens_(optics)

DRefractive lens

’ IE"'"--M Blue green red
Combination of @ and &

L ' ,...-r“”' Chmmatlc
aberration F:‘
""--\_\_

@00 lens A % % ——
=1 |
ﬁ T Fled green blue f
e Cancels out chromatic aberration
l\gg Fleverse
chromatic aberration
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Chromatic Aberration
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Chromatic Aberration
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Chromatic Aberration

https://en.wikipedia.org/wiki/Chromatic_aberration

https://photographylife.com/what-is-chromatic-aberration
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Chromatic Aberration

https://digital-photography-school.com/chromatic-aberration-what-is-it-and-how-to-avoid-it/
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Lateral chrormatic aberration
{Transverse chromatic

aberration)
-- Blua
- Yellow
Parallal rays " Red
Optical axis
~
o po
Orffaxis object paint Blue vellow Red

Auial chromatic aberration

(Longitudinal chromatic
aberration)

meridional plane

Parallel rays Facus does not form at
one point on the optical axis

Optical
R

Oblique ravs donot focus at
one point on the image plane

Offaziz parallel rays

Coptical axis
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Circle of
least confusion

location in aperture area location in comatic image

b}

Figure 56 The relationship between the position of a ray
in the lens aperture and its position in the coma patch.
{a) View of the lens aperture with rays indicated by letters,
i(b) The letters indicate the positions of the corresponding
rays in the image figure. Note that the diameters of the
circles in the image are proportional to the square of the
diameters in the aperture.

https://www.handprint.com/ASTRO/ae4.html
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