2.3 Diffraction and wave propagation
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Optical imaging and image processing
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2.1 Complex expression of waves P, . P,
— Complex amplitude, Wavefront o ’
— Plane wave, spherical wave
2.2 Interference
— Coherence, Interferometer
2.3 Diffraction and wave propagation
— Scalar wave propagation theory
— Fresnhel diffraction, Fraunhofer diffraction
2.4 Imaging through a lens system
— Optical Fourier transform, Coherent optical filtering oo
— Image formation d .
2.5 Impulse response (PSF) and transfer function of a lens system . dsind=m A
— Pupil function, Point spread function
— Cobherent transfer function, Optical transfer function, Modulation transfer function
2.6 Resolution of a lens system
— Diffraction limit, Rayleigh criterion, Numerical aperture d s| n 0 = 0 . -+ /1
Appendix. Geometrical optics, ray-tracing, lens aberration
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If sinusoidal grating,



2-D Fourier transform
G(u,v)= ” g(x, y)exp{—j2z(xu+ yv)}dxdy

Superposition of sinusoidal gratings

Decomposition to sinusoidal gratings
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High frequency components in an image
correspond large diffraction angle.
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Scalar diffraction theory
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U, ¥o) =57 J U, vy exp( jkry, dx,dy,

Aperture X

Huygens-Fresnel Principle
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Envelope of secondary spherical waves

Wavefront



Fresnel approximation, ZL 7 JLI{Ll

If [xo = x| <<z and |y, —y,| <<z

F = = X)2 + (Yo = Y,)? +(2, - 2,)°
—z\/1+( 0 X2y (o y')
L Xy =% 7yo_y12
z{1+2( - ) +2( . )}

Spherical wave is approximated by quadratic wave:

> Paraxial approximation

IR

Spherical wave (jk2)
U (%, y,) = 05

e p{%[(xo—xl)%(yo—yl)z]}

Fresnel diffraction ‘

exp( jkz) -k 2 2
Ut y0) == jZJU(xl,yoexp{JE[(xo—xl) + (Yo = ¥) i, dy,

Rewriting the Fresnel diffraction equation

g(xoa yo) = _”h(xo =X, Yo~ yl) f (X17 yl)dxldyl
= f(xo’ yo)*h(xo’ yo)

Convolution

Xp{JkZ} xp{ji[(xo —X1)2 +(Yo — Y1)2]}

hX, axa -
(X0 Yo %1, Y1) = iz >

U(xo,yo—e"pj{ﬂ"‘” expti oo+ ¥ IU(xl,y>

_k
mxp{ 2 <x0x1+y0yl)}dx dy,

Fourier Transform of U (x,,y,)exp{j 2L(Xl2 +y,%)} * Phase Term
z

Fraunhofer Diffraction

I5O RT77—EH

Z’ 6, Far field

diffraction

Wavefront U

W [ Fourier transform of U ] * Phase term
1

Light intensity = |[Fourier transform of UJ?

2.4 Imaging through a lens system
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U(x,y,) dul(x|sy|) U|'(X|aY|)d U(X,,Y,)
1

2

P,—L, Fresnel Diffraction

Ui(x, y,) = Z2UEG) ‘j“ all )HU(xl,yl)exp{J (0 =) 0=y Tk,

L. —L Phase modulation by lens Transformation of wavefront Spherlf:al wave — Plane wave
1 2 Spherical wave — Spherical wave

Uy 091 = U104 9P Y exp = =0 + i)

L,—P, Fresnel Diffraction

jkd,) 0% K
U(xz,y2)=%1_[oU. 090 exp 3106 =)+ (4 = )Ty




Lens aperture = Pupil function Optical Fourier transform and Coherent optical filtering

HRS 4 d L P, L &
P(X, Y1) m
< f > f > f > f >
P,: Input, P,: Filter (Fourier plane), P;: Output

Whend, =fandd,=f,

T 2
U(Xy,Y2)= AI J U (X, Y1) expi] /T?[Xlxz +Y1Y, 13dx;dy;

—00

u=x,/rf,v=y,/rf
Uu,v)=C F{U(X,y)}

Wavefront at P, and P, planes

Ll L2 P2

Optical high-pass filtering
FZHNA IR T4 ILE—D

47(114»47(124»

U (%, ¥2) = Af [ h0x, y23%, YU (1, v )dxgdyy

—o0

W. T. Cathey, Optical Information Processing and
Holography, John Wiley & Sons, New York, 1974

1 . k 2 2 . k 2 2
h(Xy, Y23 X, Y1) =———exp| j—— (X5 +¥7) lexp| J—(X{ +
2> Y23 %1, Y1) ﬂzd1dz p{lzd2 2 YZ:| p{lzdl(l yl)}
7 k1 1 1.,
I&P(X,y)eXP{JZ(lerdz—f)(X +y )}

LX) X yi Y
k(AL 22y (2L 422 dxd
exp{ J {(dl+d2) +(dl+d2)y}} y




Phase contrast imaging
KAV RS ARE

* Phase shift of zero frequency component

f(x,y) =exp{jg(x,y)} ~ 1+ jg(X,y) (Axy)<<1)

g(%,y) :exp<j§>+ JB06Y) =+ 4% Y)

L%, Y) = g%, V) '~ 1+ 2¢(X, )

M. Born and E. Wolf, Principle of Optics, 6th Edition, Pergamon Press, 1980

2.5 Impulse response (PSF) and transfer function of a lens system

25 LUAZRDRESMEREEZEREH

Imaging by a lens system

Object Image

Impulse response of an lens system

Ui(X; Yy
< d, > | ' >
1 1 1 =&
—t—=— Lens formula Real Image
d, d; f
d; .
M=— Magnification
do
1 T 2
0K+ Y33 %+ Yo) = 5 []Pey exp{— S O U I Myo)y}}dxdy
i“o -m i

=) Impulse response = Fourier transform of the pupil function

Transfer function of lens system

L

P(xy)
* Coherent transfer function H.(u,v)

X: i X 7
(x.y.)=P, 1 1) * —1 _Z1y=-h SRA L _
PSF UI(X|>y|) f(/ldi’ﬂdi) uo( M’ M) C(Xl’yl) uo(

U, (u,v)=H, (u,v)U, (u,v) M]\P* |
1

* Optical transfer function (Incoherent)
Yi

Xi o Yip2s X 2
—_— u -,
ad] Adi” [Uo ( M M)I

a(Xi, Yi)=h"(xi, yi) * F(xi, ¥i)
G(u,v)=H'(u,v)F(u,v) A

H(u,v) = H'(u,v) / H'(0,0): Optical transfer function (OTF)

X0
M

N
B M)

PSF | U; (Xi, i) > =|Ps (




Modulation Transfer Function

LI IOAN

I
Contrast of output image (U,V)-f.-

MTF = : - /)
Contrast of input image(Uu,V)
!

Ideal incoherent imaging system MVW
n L
MTEF = | OTF | MMWW = A
OTF(u,v) = MTF(u,V) exp{j4(u,v)} I |

#(u,v) : Phase transfer function (PTF)
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Impulse response of a circular aperture
Xi L”Z

d; ” Ad;

Jl(ﬂDri

h'(Xi, ¥;) =|Ps (

7/1%‘2 h'(ry =0 for %:1,220
Ad

7Dr;
Ad,

2J,(nz)/ mz, | 2J,(nz)/nz? Airy Disk

2.6 Resolution of a lens system
2.6 LYXRD5TAERE

- Rayleigh criterion -

Rayleigh limit L :1.22%”“

[E1#7 PR 5 - AR 4E PR R (Diffraction limit)

Estimating the resolution of a lens system

p sin 8= A

g
- d |

Object Image

sin 9~0=D/(2d,)

U,..=1/p,;, =sin /4 ~ D/ (2Ad,)

Ad, — Object plane L = I.ZZLdi =1.22 Ad,
M DM

D

Rayleigh limit (image plane) L =1.22



Example
D
uO max =3
Ad,
* A= 05um —— L:_zzomm

d,=20m

e Lens diameter D=f/F=10mm
u =10/(0.5x103%x20x 10°)=1.0 (mm™")

0 max

Object larger than = Imm can be resolved.

Numerical Aperture (B H %)

A
NA

NA=nsin 6
'/’X p sin @ = A
LA)—RFE
Ad, =~ I.ZZL =0.61—
.\ D 2 NA
n: refractive index
N NA =0.25
0 EENEERE A = 500nm
(Working distance) |g=0.61
p p=1.22um

Objective Numerical Aperture and Working Distance

Optical Correction*

] Numerical Working Distance
Magnification Aperture (Millimeters)

ACH 10x 0.25 6.10

ACH 20x 0.40 3.00

ACH 40x 0.65 0.45

ACH 60x 0.80 0.23

60x Plan Apochromat Objective ACHIL0 () 28 o8

PL 4x 0.10 22.0

Nosepiece PL 10x 0.25 10.5

Manufacturer, M_ﬁl:ntigg PL 20x 0.40 1.20

rea

Flat-Field Lo AN 0.6
Caorrection Aberration PL 100x {0il) 1.25 0.15
Lateral Correction PLFL 4x 0.13 17.0
Magnification Numeril:al PLFL 10x 0.30 10.00
Specialized Aperture PLFL 20x 0.50 1.60
Optical Working PL FL 40x 0.75 0.5
Properties Distance PL FL 100x (0il) 1.30 010

Tube Length” {01 | ililm Magnification PL APO 1.25x 0.04 51
c Glm ﬁ';]lm Color Code PL APO 2x 0.06 620
'ﬁ;ﬁme:? Correction PL APO 4x 0.16 13.00
Range Collar PL APD 10x 0.1 340
Cover Glass Front PL APO 20x 0.70 0.65
Adjustment Fess FlCme: PL APO 40x 0.85 020
uage Figure 1 Yy PL APO 60x (0il) 1.40 140

PL APO 100x (0il) 1.40 0.10

*Abbreviations: Table 2
ACH, Achromat

PL. Plan Achromat
PL FL, Plan Fluorite
PL APO, Plan Apochromat

http://www.microscopyu.com/articles/optics/objectivespecs.html

Depth of field
HERFRE

3 [Tk BRT MIRD S RRE, L X RO 5 ERE.
CCODEHRMRBEY/NETIIE, K7 IFHERTE

5. — HEHIM
Ry 1 REEELF L S RE D
~BERRE

Circle of confusion #& &L

RE f N\ ST

http://www.medlab.com.au/cytology/
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Defocus / Depth of focus ERI(ET N ERF

Depth of field Depth of focus
BERRE R S E"J‘:'_\':’TEE o': Resolution
”””” ’_/’ \\\ \\ P
’’’’’’ _— \\\ <7 ) —
= D = >
\\\\\\\ T~ 0 /\// >~
\\\\\ . 2 /‘/ ~o
T ZZ= ~
do E di 4d
Depth of focus Ad = 349 (25)~d—( 2wy=_20 L0 O
D 2tand sin@ NA
d,’ d, & M
Depth of field Adz—°25—°_° 5_
epRoTTe ’ D( 6, 407 4 @no " NA

i i
6 : Permissible circle of confusion
determined by the diffraction limit, sensor resolution, etc.
EHRA. o —H RS IS EYRED

For &< Diffraction limit, & =0. 61i = c— =) Ad=c——— 4
Demo: htp NA (NA)*
emo: http://www.matter.org.uk/tem/depth_of_field.htm
Depth of focus
(When d, is large, i.e., d;~f)
Depth of focus
-—
T Pre
RN ~_L
N 5 -
- e
//_:/‘/ \\\\
E d; ad
—_— do
ad =% 06y~ 25) = 26F
= b ~ 5 =
F-number F = al
D
Af

For ¢ < Diffraction limit, (d;~f) &=1. 22B =1.224F

Depth of focus  Ad =2.444F*



