Wave description of
optical imaging systems
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Thin transparencies

coherent
illumination:
plane Transmission function:
wave
= I >~ gin(x,y):t(x,y)exp{l¢(X,y)}
> Field before transparency:
=0
—_— a_(x,y,5)= eM
=y
Field after transparency:
= =0 z
a+(xayam=gin(xay)ex DY
assumptions: transparency at z=0

<500 transparency thickness can be ignored
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Diffraction: Huygens principle

incident Field at distance d:
plane //v contains contributions
wave — from all spherical waves

E—> S emitted at the transparency,

\ summed coherently
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Field after transparency:

a (x,y,z)=g;,(x,y)
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Huygens principle: one point source

X
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. spherical
wave
> XTX))
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plane wave /
opaque
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Simple interference: two point sources
opaque .
screen

>

=D x=q/2

incoming
plane wave

>

=] =,/

>

5 ; x72+i+y/2 o
Amplitude: e(x’,y") = —expli2nr—+ix—————COS| T— |.
P R TR ) il ( u)

. N N 4 2 ax’ _ 2 a ,
MIT 2.71/2.710 Optics Intensity : /(x', y") = ‘e(x Y )‘ = Woos [ﬂﬂ) = (ll)z [1 + cos{2/z[ﬂ)x }]
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Diffraction: many point sources

X x
]
many spherical waves,
> ey, tightly packed
== x=x,
> XTX;
x=.
]
) —
incoming
plane wave /
opaque
screen
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Diffraction: many point sources,
attenuated & phase-delayed

x=x;
t, exp{i ¢,} I
x=x,
t, exp{i ¢2}
x=x,
[ exp{i ¢3} 1

X=..e

UL

incoming
plane wave

thin

X

transparency
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Diffraction: many point sources
attenuated & phase-delayed, math
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Thin transparencyI x x’
transmission function
‘ g (%, 2) = spherical spherical spherical
= t(st/)eXp{i¢(X, y)} field(x')=| wave |+| wave |+| wave |+..=
. from x, from x, ! fmr:l X, )
= _t—'cxp{fqﬁ, +i2ﬂi+inm}+
iAl A M
=y R
_t—zcxp{tﬁz +i2ﬂi+iﬂm} +
il A Al
‘ t—sexp{iyﬁ +i27zi+iﬂ7(x’_x3)z+y’z}
/ iAl T il
‘ conFinljlous
incoming fimit
plane wave
! ! (' =) +(/'~»)
field(x', y')= —expi2z — || t(x, y) expiid(x, y) jexps iz 22 tdxdy.
()= p{ l}ﬂ( yyexplig(x, )} p{ = y
gin (x’ y)




Fresnel diffraction

y) }dxdy‘

’ 2 ’
W =x)
Al

} ff gm<x,y)exp{
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p{i2ﬂ'
The diffracted field is the convolution of the

1

=—¢ex
il

goul (x" y,)
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transparency with a spherical wave
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i—exp{iZﬂ'

Al

(X, 1) *

" —
T Sin '\

Zou(¥,3")
/

amplitude distribution transparency

CONSTANT:
NOT interesting

FUNCTION OF LATERAL COORDINATES:

Interesting!!!

>4

spherical wave

=/

(aka Green’s function)

transmission

at output plane

function
(complex zeit)
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Diffraction from an obscuration
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Diffraction from a small obscuration
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Example: circular aperture

1ol o
P

y

input field g; (x,y) Zou(X,y;5m) Zou(X,y;8m) ZoulX,y;10m)
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Example: circular aperture

i} ) -

r,=10mm =

input field g (x,y) Zou(X,y;12m) ZoulX,y;15m) Zou(x,y;18m)

<
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Example: circular aperture

=
Bhe

input field g (x,y) Zoul(x,y;20m) Zoul(X,y;25m) Zou¥,y;30m)
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The blinking spot (Poisson spot)
50
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y'()
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-50
-50
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Example: circular aperture

X X

Zoul®33)

input field g, ,(x.y)

L1 T : Ll {HES T el 2 ool | Jical L 1 1 3
MIT 2.71/2.710 Optics 0 0.5 1 (from Hécht, Opiits, 4" édition, page 494)
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Fraunhofer diffraction

propagation distance / is “very large”

Goux *eXp{IZﬁ |ENESY eXp{ =i} }dxdy,

Fex -2+ (V') + v =2
EMCY f*exp{ﬂﬁ Hgm (x, y)expyi O #7207 |y g,

Al
x' —ex 27— ! +z7r H (x,y)ex X expl—i2r xx'+yy dd
g\\ut y p 2 &in (X, ) eXp p 2 y,
f+yy/
—ex 2r—+ 7r ex dxd

Zoul¥ p{l i }Hgm (x,7) p o } y

(2 437 )
2

approximation valid if x*+ )’ <<l < 1>>
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Fraunhofer diffraction

Gul¥ 5D [ g, (3 )e"p{ 'ﬂ”[ G2 ﬂﬂ}d’“‘”

The “far-field” (i.c. the diffraction pattern at a large
longitudinal distance / equals the Fourier transform
of the original transparency

calculated at spatial frequencies
’ ’

fo= =2
M tM
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Fraunhofer diffraction

X
y
>0
n(x.7) Zou(¥3)
herical [—>o0 | i
spherical wave ; plane wave propagating
originating at x at angle —x/I/

<> spatial frequency —x/(4/)
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Fraunhofer diffraction

>0
gin (X, y) gout (X,, y,)
superposition of . superposition of
spherical waves _m)l plane waves propagating
originating at at corresponding angles —x//
various points & spatial frequencies —x/(A])

along x
D S
Gou (X, 55 1) o J.gv (x,y)exp -2 x(x'j+ y(y,j dxdy
oul m ﬂ’l ﬂl
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Example: rectangular aperture

free space
propagation by
>0
input field far field
i27l/2 r\2 r\2
2. (x, ) =rect L rect] 2 2o (0, 7)= © exp &) +()
Xo Yo iAl Al

(xpx" Y. vy
X X, SInC| —— (S1IncC
oo ( Jl ) ( Al j
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Example: circular aperture

free space
propagation by
l—o0
input field
' 2 + 2 e 2 +(v' 2
gin(xvy):CIrCLxFOyJ gout(xﬂy): iAl exp{(X) ﬂ,l(y) }
also known as J 2m (&) + ()
Airy pattern, or , 1 Al

"2 AY Xy 2 , ,
JlnC[ m &) + () J 2 () + ()

Al - Al
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Gratings
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Diffraction from periodic array of holes

. Period: A
incident . Spatial frequency: 1/A
plane
wave A spherical wave is generated
EEEE at each hole;

we need to figure out how the
periodically-spaced spherical waves
interfere
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Diffraction from periodic array of holes

Period: A
Spatial frequency: 1/A

incident

Interference is constructive in the
/ direction pointed by the parallel rays
if the optical path difference
between successive rays
equals an integral multiple of A
(equivalently, the phase delay
equals an integral multiple of 27r)

‘> Optical path differences
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Diffraction from periodic array of holes

Period: A
Spatial frequency: 1/A

From the geometry

we find
\ 0 d= A sinf

Therefore, interference is
constructive iff

Asinfd =ml <

d <::>sin¢9:mi
A
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Diffraction from periodic array of holes

incident .

plane

Grating spatial frequency: 1/A
Angular separation between diffracted orders: AG@=MA

20d diffracted
m=3 order

m=2
st 44
m=1 «— 1% diffracted
order

'_”_=9_v_\_ ____________

“straight-through”
m=-1 \order (aka DC term)
m=-1 — 1 diffracted

m=-3 order

several diffracted plane waves
“diffraction orders”
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Fraunhofer diffraction
from periodic array of holes

\ sint9z¢9zmi
A

Y e e et e e e e e e e e e e @ — =
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Sinusoidal amplitude grating

Y V=Y
= —

A //

7

7 S
1
gm(X,y)=%[1+cos(27r(u0x+v0y))] A=m, tanz//:z—z
B e[27zz/l (x!)2+(y;)2

guut(x’y)_ lﬂZ exp{ ﬂZ
X[;é(x')é‘(y,)“‘ié(x’_ﬂzuo)é'(y'—ﬁ.zvo)—i—ié’(x’—i—ﬁ.zuo)é’(y#ﬁ.zvo)}
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Sinusoidal amplitude grating

incident " &in (x,y) = l[ 1+ cos(Z;z uox) ]=
plane ] 2
wave ™ _ le+[27r u0x+ l + le—[Zﬂunx
L
L
L
-
I -
1 v ™
A=— 1
U, || O~-—= ﬂvuo
™ A
" Only the Ot and £15t
[ orders are visible
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Sinusoidal amplitude grating

one L three far field
plane N plane
wave ™ waves
™ +1st order
L
™ 0t order [>w
> > [
L
-
L
—1st order
-
L
-

1

three
converging
spherical waves

T

P —
° 77+1

diffraction efficiencies

VAN

1
770:1:25%, Na=1, :B:6.25%
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Dispersion
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Diffraction from a grating

il /_'l"@_
N

g
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Dispersion from a grating

H(red)

A(green)

e H(green) m
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Prism dispersion vs grating dispersion

—7

air / glass

Blue light is refracted at
larger angle than red:

normal dispersion
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Lle

S

Blue light is diffracted at
smaller angle than red:

anomalous dispersion
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