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Chapter 12
Effects of Partial coherence on imaging systems

Read Goodman, Satistical Optics, Chapter 7

Coherence effects are described by the mutual intensity function J(x, V4; Xo, ¥2). (under quasi-
monochromatic conditions) We now have the tools to describe the evolution of mutual intensity.

The propagation law for mutual intensity:
. _é o . VD2 2 2y,
(T2) 11z b
y
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o[ Ixx; + y2h2—xlxl—ylhl]dxldhldxzdhzg
|

Transmission through the object:

(12.2)

Can (12.2) be used to describe the effect of alens on mutual intensity? Or on another strong
phase object?
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The delay through this structure, neglecting the constant, is

_ [ny(xy) - ny]d(x y)
c

d

Assuming a possible amplitude transmission factor B(X, Y),

u(xy;t) = B(X y)u[x yi(t—d(x y))]
Now we eval uate the mutual coherence of the transmitted field:
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Here, we assume no deviation of rays, only a phase shift. Then,
Thus
G (Pq, P,it)= B(P))B(P,)G,(Py, Pyt —d(Py) + d(P,)) . (12.4)

With narrowband light, we can write:

(12.5)
So,
G(P, P,it) = B(P,)d """ "p(p,)e 2P (12.6)
" U, (P, t+E —d(Py) +d(P)) U (P, e P
If [d(Py —d(Py)| «t» D_ln then the time average isindependent of d(P,), d(P,) , so
G(P, P,it) = B(PYE """ "B(p eI (P, P,it) (12.7)
Gy(Py, Poit) = ta(P)ta" (PR)G(Py, Pyit) (12.8)

with t,(P) ° B( P)eijﬁd(P) . Thisisthe same result we had for mutual intensity for a thin aper-
ture.

Thisis strictly valid only when the delay differences induced by the object are much less than the
coherence time. The relation holds even when the time delays through the object fail the quasi-
monochromatic condition, as long as the condition holds for net time delay differencesin the full
system.

Recall the thin lens transmission function:

(% y) = epr‘lif—’f(xzwz) gp(x ) (129)

Obj ect-lmage coherence relation

We assume the quasi-monochromatic condition. Our interest isin the relationship between
the mutual intensities in the object and image planes.

First, assume that the mutual intensity of the object is known.
(1) Propagate to thelens

(2) Transmit through the lens.
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(3) Propagate to the object plane.

< %o > < Z >
(x, h) (xy) (u,v)
object lens pupil image
plane plane plane

We use the propagation law for mutua intensity, in the paraxial approximation.
J (X4, hyX,, hy) - mutual intensity leaving object plane

J/'(Xq, Y1:X0, Y5) - mutual intensity leaving lens

F Y2, ¥2) = — POy V)P 0 yo) ey ﬂf-’ael—-l"[(xzwz) (x1+y1)1g

(r zo> Mz

' “‘Olo(xlh X, )exp.—JJ’—[(x2+h2) (1+h1)1% (12.10)
¥

i.2 ]
expi) |-_p_[X2X2 +Yohy =X X — Y1h1]gdxldh 1dx,dh,
i

Zo

Now propagate to the image plane

1 1 [ 2 2 2 2.0
3i(Up, vy, Uy Vp) = —=— —=—expi —j L= [(U5 +V3) — (U + V)] (12.11)
2 -2 7 g
(I'zy) (I'z) | i
¥
" OGN dxdh, (X, X, 2)exp. -JJE’—[(x2+h2) (x1+h1)]E\;
¥ 0
¥
DO P, Y1) P (X2, ¥2) 6P —J:‘—’gj #2200 +3) - (X1+y1)][\;
_y (0] 1
. ,-_E[aé‘zizo aé(_z_Zo_aé‘_l Ly ]
ex =L+ +y +
p,:\l |_ Xzezi ZOg Z ZOg X eZ Z ﬂ eZ Zoﬂ g
Go to the usual image plane zl+zl_% = 0. Definethe amplitude point spread function. Thisis

(0]

basically the same as before:
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h(u,v:x, h) = %exp”—p—(u #VA)y exp|J—p—(x +hd)Y (12.12)
(z)z) 11z b %3
" O (x vexpi —1—9[ o F 'hoy}gdxdy
—¥
The result now simplifies considerably to look like this:
¥
Ji(Up Vi, Vo) = X dh1dx,(dhy)d (X, hyixo, hy) (12.13)
¥
h(uy, vixg, h)h* (U, VaiXg, hy)
Image intensity
li(u,v) = C\I\)] o (X3, h 13X, h)h(u, vixy, hy) " (U, vix,, hy)dx;dh;dx,dh, (12.14)

It'seasy to verlfy that for incoherent light coming from the object, we recover our previous result
that the image intensity is given by a convolution of the object intensity with the square magni-
tude of the point spread function.

Note that the quasi-monochromatic requirement hereis:

2 2
L .
— 4+ 4—' «l. TheobjectfieldisL,” L,;theimagefieldisL;” L

0 i

For L, L; isinthe centimeter range; z,, z; isin thetens of centimetersrange, and |, isin the mil-

] Ol

limeter range.
We now attempt to analyze the complete system for imaging
(a, b) (x,h) (X, y)
— illumination imaging
souree § optics optics
object image
plane plane

Thismodel of an imaging system is applicable to practical applications:
- Microlithography
- Slide and vugraph projector
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- Microscope

- Projection TV

- Photo-enlarger

We need to combine our understanding of propagation of coherence from source to object, with
the object-image coherence formulation just completed to get the full theory for this system. We
will develop avery powerful linear systems approach for this, which isalso very general:

- The coherence of the source illumination will be ssmply characterized by the illuminator
pupil function.

- The imaging system is characterized by the point spread function, or the imaging pupil
function.

First - amore conceptually intuitive method, suitable for spatially incoherent source. If the source
isincoherent, we can consider the source as a superposition of point sources. Calculate the image
intensity for each source point, then add the image intensities.

Define f(x,h a,b) : the point spread function for the illumination optics. Thistellsus
thefield at (x,h) dueto the point sourceat (a, b).

Also, h(u, v;x, h): the point spread function of imaging optics.

Assume guasi-monochromatic conditions. The source point at (a, b) emitsafield phasor
Ug(a, bit).

Then the field after the object is (We can use coherent optics, since we assume a point source!):
U, (x,h;a,b,t) = f(x,ha, b)t,(x,h)Ug(a, b;t-d) (12.15)

Here t (X, h) isthe object amplitude transmittance, and d is the time delay from (a, b) to

(x,h).

Theimage planefield is

¥
U(u v;a,b,t) = od1(u, v;x, )t (x, h)f((x,h;a,b)Ug(a, b;t—d;, —d,))dxdh  (12.16)
—¥
Where d, isthe delay from (x, h) to (u,v).

The partial image intensity at (u, v) isdueto the point a, b on sourceis:

(12.17)
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¥
Li(uvia, b) = Ay vixy, hy) h* (u, v;x,, hy)t (x4, hy)t." (x5 hy)
- 12.18
" f(xy, hysa, b)f*(x,, hya, b) ( )
" dUq(a, b, t—d, —d,)UZ (a, b, t—d, —d, )idx,dh, dx,dh,

if the quasi-monochromatic condition applies |d, +d,-d;'—d,| «t, thetime averageinside

Cl
the integral is smply Is(a, b). To get the full image, we have to sum the contributions from all

the source points adding intensities

(12.19)
¥ ¥

= 30'<(@ D) DO Vixy, h) ¥ (U, vixy, hp)F(xy, hyia, b)F (x, hyia, b) (12.20)
-¥ ¥

“ t(Xg, Wt (X, h,)dx,dh,dx,dh dadb
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