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4.1 Basic principles of scalar diffraction theory

41.1 Introduction

Diffraction can be defined as “any deviation of a light ray from rectilinear propagation, which
is not caused by reflection nor refraction”. It was already known for centuries that light rays,
passing through a small aperture in an opaque screen do not form a sharp shadow on a distant
screen. That smooth transition from light to shadow could only be explained by assuming that
light has a wavelike character. Diffraction theory has been further developed by Huygens, Fresnel,
Kirchhoff and Sommerfeld; the latter was the first to find an exact solution for diffraction of a
plane wave at a semi-infinite thin conducting plate. In this chapter we will limit ourselves to the
approximation of a scalar theory: here only one single component of the electric or magnetic field
vector is considered. This also means that we neglect the (possible) coupling between electric and
magnetic fields. By comparing this approximation with exact theories, and also with experiments,
it turns out that this scalar diffraction theory is good whenever:

o the diffracting aperture is large compared with the wavelength of the light;

o the diffracting field is calculated at a large distance from the aperture.



Figure 4.1: Volume V enclosed by surface S

4.1.2 Integral theorem of Helmholtz and Kirchhoff

Suppose one wants to calculate the electric field in a point of observation Py. Consider then an
arbitrary closed surface S surrounding Fy, and enclosing a volume V' (figure 4.1). We also assume
that the space is homogeneous, with an index of refraction n = 1 (free space). [The theory can
easily be extended to media with a real index n, simply by replacing the vacuum wavelength
A by A/n in all equations.] We moreover assume that there are no light sources nor light traps
within V, and that the light is monochromatic with frequency f (or angular frequency w = 27 f or
wavelength A = ¢/ f). This implies that each field can be represented by its complex phasor, which
gives the amplitude and phase. Within the volume V both the electric field £ and the magnetic
field H obey a Helmholtz equation:

V’E+K°E =
VH+EH = 0 (4.1)

In the scalar approximation each component of the electric field or the magnetic field obeys the
same equation. We will, from now on, represent this component by the symbol U, and we will call
this the field. It satisfies:

VU + kU =0 (4.2)

It is clear that |U|* is proportional to the irradiance, which gives the power density. In order to
calculate the field U in the point of observation P, one starts from Green’s theorem

/// (eviU -uvie) d”—//<Gan—U )ds 4.3)

which applies whenever the field function U and Green’s function G, together with their first and
second derivatives are single-valued and continuous within and on S. For Green’s function one
chooses here a unit-amplitude spherical wave expanding about the point F

eJ klr—ro| ot

G=—— withk=— (4.4)
lr — ro| A
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Because this function is not continuous in P we have to exclude this point from V. Therefore
a small sphere with surface S, and radius € around Py is excluded from the volume V. Green'’s
theorem is now applied in the volume V"’ lying between S en S, with enclosing surface S’ = S+ 5S..
It is clear that G, being a spherical wave, also obeys a Helmholtz equation

VG + kG =0 (4.5)

Hence the left-hand side of Green’s equation reduces to:

/ / / (GV?U —UV?G)dv = / / / (GUK* —UGK*)dv =0 (4.6)

and consequently
//(G—U )ds:() 4.7)
on

//<G_U8G> to //(Gan‘ ) @9)

Note that for a general point P; on S’, one has

or

e—Jklr1—ro|
G(P) = — (4.9)
\1‘1 - I‘0|
% py) ( ) </~c ! ) e JHn (4.10)
= —cos(n,r; —r + .
on 1 T e Tl e =
If P, lies on S, then
e—jks
G(P) = . (4.11)
and 3
oG 1\ e 7%
——(Py) = (jk + > c 4.12)
on € €

Letting ¢ now become arbitrary small, the continuity of U and its derivative around F; allows us

to write:
—jke —jke
// G——U ds = ame? |2V g e k4t
on on € € €

— 4 U(Ry) (4.13)

which, after substitution in (4.8) gives

U e —jk|r—ro| b efjk\rfr(ﬂ
U(Py) —U——|d 4.14
0) 47r//<8n lr — ro on |r —ro ° (4.19)

This formula allows for the field at an arbitrary point P to be expressed in terms of its boundary
values on any closed surface surrounding that point. It is known as the integral theorem of Helmholtz
and Kirchhoff.
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Figure 4.2: Diffraction trough an aperture in a screen

4.1.3 Diffraction through an aperture in a planar screen

Consider now the diffraction of light by an aperture in a screen (figure 4.2). The light wave is
assumed to impinge from the left, and the field at F is to be calculated. The previous integral
theorem can be used, on condition that the surface of integration S is carefully chosen. Following
Kirchhoff, we choose the surface S to consist of two parts: a plane surface S; lying directly behind
the diffracting screen, joined and closed by a large spherical cap S of radius R and centered at the
observation point Fy. Applying the integral theorem of Helmholtz and Kirchhoff gives:

1 oU oG
U(Ry) = / / < o-v %) ds (4.15)
S1+S52
where, as before
e—jk\r—r0|
- (4.16)
|r — o]

Note here that Green’s function is defined for the complete space, and not only in a half one.
Moreover, one can prove that the function U, because it satisfies the Helmholtz equation, also
satisfies the Sommerfeld’s radiation condition:

lim R <6U +jl<:U> —0 (4.17)
on

R—o00

which implies that the integral (4.15) over S; will vanish when R becomes arbitrary large. Next we
need to know the values of U and its derivative on the surface S;. Here we follow the assumptions
which Kirchhoff adopted, and which are still known as Kirchhoff’s boundary conditions:

1. across the aperture o, the field U and its derivative 9U/0n are exactly the same as they would
be in the absence of a screen

2. over that portion of S; which differs from sigma, we set U = 0 and 90U /0On = 0
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Although these assumptions seem intuitively reasonable, they are mathematically inconsistent!
Indeed: when a solution of a 3-dimensional wave equation is zero, together with its derivative,
on a finite surface, then it has to be zero everywhere. Nevertheless, it turns out that Kirchhoff’s
boundary conditions yields results which agree very well with experiments, at least when the ap-
proximations of section 4.1.1 are satisfied. The field in the point of observation F; is consequently:

U(Po) = o / / ( )ds (4.18)

As we calculate the field U only in observation points P, at large distances from the aperture, it
follows that

r—ro] > A (4.19)
1
E > —— (4.20)
|r — o]
and (4.10) becomes :
oG e~ Jklr1—rol
P) =—jk —rg)——— 4.21
5, (F1) = —jkcos(n, 11 —ro Fap—— (4.21)
Substituting this in (4.18) gives:
—jk|r1—ro|
U(PRy) = // ¢ ou + jkU cos(n,r1 — 1) | dsy (4.22)
47T ‘I‘l - I'0| 871

This formula is known as the Fresnel-Kirchhoff diffraction formula.

The inconsistency of Kirchhoff’s boundary conditions was removed by Sommerfeld by choosing
an alternative Green’s function. He considered

e—iklr—ro|  o—gk|r—r|

— ; (4.23)
r — ro| r —rg|

where P} is the mirror image of P on the opposite side of the screen (figure 4.3). The derivative
now becomes:

8G/ . 1 —jklr—rg|
8n = — COS(n7 r— r()) (]k + |I‘71‘0|) € ‘I‘*I‘o‘
N 1 e~Ik[r—ro]
+cos(n,r —r() <]k + |rr6|> = (4.24)
For each point P, on the screen S; one has
r1 —ro| = |r1—rg (4.25)
cos(n,r; —rg) = —cos(n,r; —1() (4.26)
hence
G'(P)=0 (4.27)
led 1 jk|ri—ro|
3 (P1) = —2cos(n,r; —rp) <jk + > ‘ (4.28)
mn ’I‘l —I‘g‘ ’I‘l —I'()’
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Figure 4.3: Diffraction through an aperture in a screen

Because G’ is zero on the complete surface S, equation (4.15) reduces to

()

which is sometimes called the first Rayleigh-Sommerfeld diffraction formula. This expression also
shows that it is not necessary to choose a value for the derivative of U on S;; the knowledge
of the field U suffices. One sets U = 0 on that portion of S; which differs from the aperture o,
whereas across the aperture, U is exactly the same as it would be in the absence of the screen. So
no boundary conditions need to be chosen for the derivative of U, and the inconsistencies of the
Kirchhoff’s boundary conditions have been removed. This finally leads to:

e Jk‘rl 1‘0|
// (Py) cos(n,r; — rg) ——ds (4.30)
r1 — ro|
or
U(R) = [ [ 1ro v (P (431)
if we set
WPy Py) = — e hinl 432
(Po, 1)*j7)\003(n7r1—r0m (4.32)

in which h(P, Pr) is a weighting factor that is applied to the field U (P;) in order to synthesize the
field in Py . Formulas (4.30) and (4.32) are known as the Rayleigh-Sommerfeld diffraction formulas.
They show that the field is a superposition (=integral) of spherical waves starting from each point
in the aperture, each with an appropriate amplitude and obliquity factor. This is called the Huy-
gens - Fresnel principle, because it is an extension of the intuitive concept of secondary wavelets,
formulated by Huygens already in 1678. Although the Sommerfeld formulation removes the in-
consistencies in Kirchhoff’s theory, in practical applications both formulas give essentially the
same solutions, provided the aperture is much larger than the wavelength. Nevertheless one gen-
erally chooses to use the first Rayleigh Sommerfeld solution because of its simplicity.
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observation plane

screen

Figure 4.4: Transmission through an aperture

4.2 Fresnel and Fraunhofer diffraction

4.2.1 Fresnel diffraction formula

Assume now that the diffracting aperture lies in the (z1,y:) plane and is illuminated from the
left by a monochromatic wave U (figure 4.4). The field is calculated in the plane of observation
(20, yo), parallel to the (z1,y:1) plane, but a distance = to the right. The field in the point P, is given
by (4.32) which we rewrite as

U(Ry) = //h(-TanOaxlayl)U(xla y1)dz1dy (4.33)

with
h -1 e Hin 434
(%0, Y0, T1,Y1) = j—)\cos(n,rl — I‘o)m (4.34)

and
vy —ro| = \/22 + (20 — 21)* + (Yo — 11)* (4.35)

Suppose now that the axial distance z is much larger than the transverse dimensions. Then
cos(n,r; —rp) =1 (4.36)
The error is smaller than 5%, when the angle between n and r; — rg is smaller than 18°. Also the
expression |r; — rp| in the denominator of (4.34) may be replaced by z:
-1 .
h(zo, Yo, x1, Y1) = ——e IHr=ol (4.37)
JAz
Furthermore one can develop the exponential in a binomial expansion, retaining only the first two
terms:

Iry —ro| = \/Z2 + (21— 20)* + (Y1 — v0)*
a2 2 (4.38)
1+1<$1 560) +%<y1 yo) ]
2 z z
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This gives
_ —jkz )
h(zo, Yo, T1, Y1) = ;/\Z ¢~ 5 [(#1=20)+(s1—30)*] (4.39)

We can now replace the integration over the aperture o by an integration over the entire plane, if
we put

U(x1,y1) =0 (4.40)
outside the aperture o. This finally gives
—jkz oo
— ik 2 2
jAz
or
—jkz - o L
Ul(zo, y0) = _e./\ e—;—z[x%-i-yg] / / U(xhyl)e—;—z[:c%—i—y%]ej%[:com-&-yoyﬂdxldyl (4.42)
jAz

This result is called the Fresnel diffraction integral. It clearly shows that the field U(xo, o) in the
observation plane is the 2-dimensional Fourier transform of the field in the object plane

Uz, yr)e 511+ (4.43)

where the spatial frequencies are defined by:

__% __%
fz= /\z en f, s (4.44)

As this result is valid close to the aperture, it is called the near-field approximation ; one sometimes
speaks of the Fresnel diffraction regime. This approximation is not valid too close to the aperture;
however it is not easy to calculate exactly the limits of validity. A sufficient condition is that the
higher-order term in the expansion be small, but this is not a necessary condition. Indeed. it
suffices that they do not change the value of the integral too much after integration, and this also
depends on the function U. In regions where the exponential varies only slowly (”stationary-
phase” regime) the contributions of the higher-order terms may often be neglected, even for large
values of k/2z. The general conclusions of deeper analyses is that the accuracy of the Fresnel
approximation is extremely good to distances that are very close to the aperture.

4.2.2 Fraunhofer approximation

When the distance z between the two planes is so large that

k(22 +y?
z>> (12%)1““ (4.45)

then a further simplification is possible: the quadratic phase term can also be neglected, giving:

—eJkz

JjAz

+oo
Ulzo, y0) = e—;’;[a:3+y§]//U(ml,yl)eji’;[a:oxﬁyoyl]dxldyl (4.46)
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This shows that the field in the image plane is the Fourier transform of the field in the aperture,
when the spatial frequencies are set to f, = —x9/Az en f;, = —yo/Az. The region where this
approximation is valid is called the far field or the Fraunhofer diffraction regime. For example for
a HeNe laser with a wavelength of about 6.10~"m and an aperture of 1mm the far field starts at
about z > 5m.

Important remark: In the previous sections we calculated the diffraction of a field incident upon an
aperture. This aperture limited the transverse extent of the field, a condition necessary to develop
the theoretical model. When, on the other hand, the incident field is smaller than the aperture itself
(example: a point source, or a laser beam), then the aperture has no influence on the (diffraction
of the) field. This implies that the theory remains valid for describing diffraction of any field with
finite transverse dimensions.

4.2.3 Examples of Fraunhofer diffraction patterns
Rectangular aperture
Consider a rectangular aperture in a screen. The amplitude transmittance of that screen can then

be written as:
t(x1,y1) = rect Y pect (21 (4.47)
0y ‘,

inwhich 7, and ¢, are the width and height of the aperture. Suppose this aperture is illuminated by
a plane monochromatic wave of unit amplitude, normally incident on the screen, then U (z1,y1) =
t(x1,y1). Formula (4.46) then gives the Fraunhofer diffraction pattern:

—jkz .
(o, y0) = ———e @) Fyp (U (21, 1)) (4.48)
JAz
with - "
fx - —E and fy = —E (4.49)
Because
Fop {U (z1,y1)} = lolysinc (1l, f5) sinc (7ly fy) (4.50)
with ]
sinc(z) = sn;x (4.51)
one finds .
_e—dkz . /
U (:Eo, yo) = j)\z e_]i(xg'i_yg)ﬁxfysinc (Wi:()) sinc (W}\yzyo> (452)
The irradiance I of the diffraction pattern is consequently:
(Ll z o, Tlexo, . o, mlyYo
I(xo,y0) = </\z> sinc”( % )sinc”( s ) (4.53)

Figure 4.5 shows the pattern along the z( axis, figure 4.6 shows an experimental far field diffraction
pattern of a rectangular aperture [?]. Remark: in optics text books the sinc-function is usually
defined as sinc(x) = (sinmz) /7).
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Figure 4.5: Fraunhofer diffraction pattern of a rectangular aperture

Figure 4.6: An experimental Fraunhofer diffraction pattern of a rectangular aperture (from [?])
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Figure 4.7: Fraunhofer diffraction pattern of a circular aperture or Airy pattern

Circular aperture

The amplitude transmittance ¢ of a circular aperture with diameter [ is given by

t(r1) = circ [67"/12] (4.54)
Because of the circular symmetry, the Fourier transform in formula (4.52) reduces to a Fourier-

Bessel transform B:
“+o0

B{f}=2n / rf(r)Jo(2nfr)dr (4.55)
0

If, once again, the illuminating wave is a plane monochromatic wave, of unit amplitude, normally
incident on the screen, then U(r) = t(rq).

Because 9
. (&) f Jl (Wff)
LS - () \2rJ 4.
sl (7)) - (3) “if 0
one finds ( )
wlrg
e_]kz . k'r% é 2 ']1 \z
— —J 5, _ . S 57
v =% |(5) ' (457)
or < )
2 o J klrg
 _ikz —j krg k@ 1 2z
U('I"O) = e J e J 22 ]82 |:2k:§';‘0 (458)
and the irradiance becomes:
kbrq
J1
2\ < 22 )
2z

This light distribution is called an Airy pattern, after G.B. Airy, an astronomer who first derived
it.
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Figure 4.8: An experimental Fraunhofer diffraction pattern of a circular aperture, from [?]

From figure 4.7 one can see that the distance r( to the first zero equals ro = 1.22\z/¢. This is also
the radius of the circular Airy-spot. Figure 4.8 shows an experimental far field diffraction pattern
of a circular aperture [?].

Gaussian beam
As third example we consider a Gaussian beam with its waist in the (21, y;)-plane. Hence it has a
plane wavefront, and an amplitude distribution:

_ z%+y%

U(zi,y1) =e w2 (4.60)

This amplitude does not go to zero at a finite distance from the axis; hence the previous formulas
do not apply, at least in theory. However the exponential decreases so fast that we can still use the
diffraction formulas. Because the Fourier transform of Gaussian is again a Gaussian:

22402
Fyp {e_ w? } = e ™ W (FEHF) (4.61)
we find
’w26_jkz —jk (21,2 2, 2(£2 2
U (z0,%0) = _ﬂ-jTe 2z ($0+y0)6_ﬂ w?(f2415) (4.62)
with - "
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Hence in the far field a Gaussian beam behaves as a spherical wave, with half-angle:

- (4.64)

Tw

This is exactly the same result we obtained (in another way) when studying Gaussian beams in
the lectures on lasers. Condition (4.45) means that the Fraunhofer regime starts after a few times
the Rayleigh range.

424 Fresnel diffraction at a square aperture

Calculations of Fresnel diffraction patterns are much more complicated than Fraunhofer ones, sim-
ply because one can not use the well-known Fourier transform formulas. We illustrate this with
the simple example of a square aperture with side ¢, normally illuminated with a monochromatic
plane wave of unit amplitude. The field in the object plane is then

U (z1,y1) = rect (%) rect (%) (4.65)

Application of formula (4.41) gives

_e—ikz  +/2

U(xo,y0) = — I e~ 5l +w1-w0)] 4 dyy
Az g (4.66)
e—ikz T2, . 2 , .
_ : f @_JTZ(II_IO) dxy f 6—127(91—1/0) dy:
JAz —/2 —t/2
Introducing new variables v and v by
k k
= (x1 — ) and v = — (y1 — o) (4.67)
gives
—e_jkz w4 ¢ j7ru2 ‘7 j7r1)2
U(xo,yo) = ek e 2 du/e_ 2 dv (4.68)
ul v1
with
k 14 k 14
up = . —5 %0, u2= p +§_$0
? 7 y (4.69)
U1 = 7TZ<—2—HC(J>7712: 7rz<2_x0>
These integrals can be expressed in terms of the Fresnel integrals:
« t2 @ t2
C(a)= /cos 7T7dt and S (a) = /sin 7T7d1€ (4.70)

0 0
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Figure 4.9: Calculation of Fresnel diffraction. (a) Cornu-spiral, (b) diffraction pattern of a slit

Because
/e_jﬂzu2 du = /(COS qu + 7 sin guz) du — /(cos qu + jsin gu2) du @71)
u1 0 0
= [C(u2) = C (u1)] — j [S (u2) — 5 (w1)]
we find ks
Ulwo,p0) = =5 ([C(uz) = Clun)] = j[S(uz) = S(un)]). @)

and the irradiance distribution I is:
1
I(@o) = 7 ([C(u2) = Clun)] + [S(u2) = S(n)]?) ([Cw2) = C0)]* + [S(2) = S@)]*)  473)
The meaning of this expression can be easily understood with the help of figure 4.9a which gives
C(u) on the horizontal and S(u) on the vertical axis as a function of the parameter u. This graph
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is known as the Cornu-spiral. One can prove that the irradiance I(xo,yo) is proportional to the
length of a line segment connecting two points on the spiral. When the image point shifts, the
representative points run through the spiral. Hence the irradiance oscillates strongly, as illustrated
in figure 4.9b . This graph shows the Fresnel diffraction pattern of a one-dimensional slit of length
[, measured at a given distance z from the slit. When the observation plane approaches the plane
of the slit, the shape of the diffraction pattern approaches the shape of the slit itself. On the other
hand, at larger distances, the diffraction pattern becomes much wider than the slit, ending up (at
very large distances) with a Fraunhofer diffraction pattern.

4.2.5 Fresnel diffraction and spatial frequencies

Formulas (4.34) and (4.41) can also be written as:

U, 0) = [ [ blan = 21,50 = 5)U (o1, 1) (4.74)
S
with ks
h(zo — x1,y0 — 41) = _;)\i e 5 [(@1=20) + (1 —30)°] (4.75)

You immediately recognize a convolution structure:

+o00
fxg= / f(r)gt—7)dr (4.76)

Hence the image U(zo, yo) is a two-dimensional convolution between U (x1, y;) and

_edkz
h(zo,y0) = ]6,)\2 e~ 52 [#8+ud] (4.77)

If we define the following Fourier transforms:

Fo (fz, fy) = Fop {U (w0, 0)}
Py (fe, fy) = Fap{U (z1,91)} (4.78)
H (fe, fy) = Fap{h(xo,y0)}

then the Fourier transform of (4.74) gives

Iy (fmafy):Fl (fzafy)H(f:rafy) (4-79)

This means that H(f,, f,) is a transfer function which describes the evolution of the spatial spec-
trum of the light within the Fresnel diffraction regime. That transfer function H(f,, f,) is nothing
else than the two-dimensional Fourier-transform of (4.77):

H(fe, fy) = F2D_{£l (0, Y0)}
_ _6.] ZFI {e,%xg}Fy {e,%yg} (4.80)
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3

Figure 4.10: Plane-wave spectrum of an aperture

(@) (b)

With the formula:

(@2rf)? 2
(07
_]kz ﬂ_ . 4r? fz _ o L Am f2
T e =

k
e 271',2, o—iTAS2 g TN S (4.82)

jrxz  k
— e ]kzeﬁr/\Z(fiJrfS)

this becomes

4.2.6 The angular spectrum of plane waves
In this section we will give a physical explanation of the previous conclusions. Let us rewrite
(4.78):
+oo .
b (f:c, fy) — // U (:v1,y1) e*JQn(xlferwfy)dxldyl (4.83)

and its inverse oo
Ummmz// Fy (for f,) €720 @ 0150 g g, (4.84)

The latter formula says that the field U in the (x1, y1)-plane can be considered as a superposition
of fields exp(j2n(z1fr + y1fy)), each with its own amplitude Fi(f;, f,). Now you know that
exp(j2m(z1 fz +y1fy)), is nothing else than the intersection of the (z1, y1)-plane, with a plane wave
of which the propagation k-vector has components:

ky =2nfs, ky=2nf, en k,=,/k?—kZ—k2 (4.85)
In other words: the Fourier decomposition of the field U(z1, y1) is a decomposition in plane waves.
This is illustrated in figure 4.10a.

This explains why the function Fi(fs, fy) is called the angular spectrum of plane waves. When
propagating over a distance z in a homogeneous space, each of those plane waves acquires a
phase increase of exp(—j2n f,z), with

o=y 212 (4.86)
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Figure 4.11: Paraboloid approximation of a spherical wavefront

The field in an arbitrary (xo, yo)-plane, after propagating over a distance z, is found by adding the
new plane waves together:

U (20, 40) = / /_ TR fa fy) H (fo f) 2@ ltveli) g ay, (4.87)

with

H (fo, f,) = ¢ 2mVa 2z (4.88)

For paraxial fields:

fr < foen f, < f. (4.89)
hence , ,
. (1 _BEP 08 ) 490)
and consequently:
H (fo, f,) = e Thzedm=(fi45) (4.91)

which is exactly the same result as (4.82).

The paraxial approximation is illustrated in figure 4.11. In principle the k-vector lies on a circle
(for a given wavelength); in the paraxial approximation it lies on a paraboloid.

We have already seen that the field at a large distance (Fraunhofer regime) is, up to a propor-
tionality constant and a phase curvature, the Fourier transform of the original field (when the
spatial frequencies f, en f, are expressed as function of the position zg en yp). This can create
some confusion, because we have now seen that this Fourier transform is in fact nothing else than
a decomposition in plane waves. Those two models are not contradictory, when each of those
waves are replaced by a light ray, starting at the z = 0 plane. The field at position (zo, yo, ) is then
created by the ray with k-vector:
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TM,ZO (4.92)

These are exactly the same relations as in the Fraunhofer formula. This is illustrated in figure 4.10b.
In reality the interpretation of the Fraunhofer formula is a little bit more complicated, because a
plane wave extends to infinity, and is not a simple ray. In the next section we show mathemati-
cally how the Fresnel-field (= superposition of plane waves at each position) transforms into the
Fraunhofer-field (= one single plane wave at each position). This will show that the ray model can
indeed be used.

4.2.7 Transition from Fresnel to Fraunhofer regime

The transition from the Fresnel to the Fraunhofer diffraction regime can best be understood with
the angular-spectrum description. We start with the angular spectrum (= decomposition in plane
waves) in the z = 0 plane. In order to calculate the field at position z we use the propagator (4.82):

H(fo, fy) = e UE40) (4.93)
For simplicity we will limit ourselves here to two dimensions. The field at position z is then :
ot . 2
U (1‘, z) = eIk f Fy (fa:) eImAats ei2mfat dfx
—00

D | v (4.94)
ik [ R () TV st g,

For obtaining the Fraunhofer regime, z has to be large enough. The leading term in the integrand
is the exponential one:

. x 2
(V% 4 5) (4.95)
For large z values, this function oscillates very fast in f,, except when:
VA2 fy o 496
I 7 (4.96)
The fast oscillating part does not contribute to the integral, hence:
. a2 —X too 2
Ulz,2) =e % e Ry (fx = ) [ el df,
Az ) s
) . 9 4o o (4.97)
—e Ik I By £y = — ) —— T dt with t=+vV2\z £,
1 (f )\z) o of I
Because:
+o00 ) 1
/ ™2 dt = C (00) + jS (00) = 5 (1+7) (4.98)

0
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the field at position z (z large) is then:

e k= , —T\ _jpa®
U(:Z:’Z): \/m (1+j) Fy fIZE € Az (499)

In a similar way one can prove the general expression:
e~ Jkz

2z

1+ Fy <fx = ;—f fy = _y> ez (@47) (4.100)

Ulx,y,z) = P

which is similar to (4.46).

4.2.8 Coherent versus incoherent fields

Up to now we always considered all fields to be monochromatic: in each point in space the field
oscillates sinusoidal, with a well-known amplitude and phase. The phase difference between two
different points in space and time is then constant. We call this kind of fields coherent ones. For
these coherent fields the Fourier transform can be interpreted as a decomposition in plane waves,
and each spatial frequency corresponds with one single direction of propagation. But light sources
can also be very broadband, as for instance when white light is used. When the field is not
monochromatic, things are completely different. Now there is no fixed phase relation anymore
between two different points, and the fields are said to be incoherent. Of course it is still possible
to Fourier transform that field, but this has not anymore the meaning of a decomposition in plane
waves. It turns out to be practical to consider incoherent light as a superposition of monochro-
matic, coherent contributions. This can be illustrated by calculating the far field light distribution
of a rectangular aperture. When illuminated with coherent light (eg with a laser) the image is a
sinc-distribution, as we have calculated in section 2.3. If this same aperture is now illuminated
with white light, the image is a very diffuse spot. This can however be written as an incoherent
superposition of many sinc-contributions, each one with its own phase and own width.

4.3 Fourier transforming properties of optical systems

4.3.1 Phase transformation by a lens

When light passes through a lens, it undergoes a phase transform (figure 4.12); in this section we
will calculate it for a monochromatic plane wave. A lens is composed of material (e.g. glass) in
which light travels slower than in air; this is described by the index of refraction n. Here we assume
that the lens is a thin lens, which implies that a light ray will leave the tangent plane of the lens T" at
the same transverse position (z,y) as on entering. The only effect of the lens is a retardation over
a time delay which is proportional to the local thickness A(x, y) of the lens. If we write A for the
maximal thickness of the lens (the thickness in the middle), then the phase retardation between
both tangent planes ¢ and ¢’ is given by

P(z,y) = knA(z,y) + k[Ag — Az, y)] (4.101)
1 !
lens air

4-19



«/R% —x2-y?

Figure 4.13: Parameters of a thin lens

Let us write Uj(x,y) for the field incident on the first tangent plane; the field leaving the lens is
then:
Up(z,y) = ti(x,y)Ul(x,y) (4.102)

with . 4
ti(z,y) = e IkB0 g—ik(n—1)A(wy) (4.103)

For calculating A(z,y) we split the lens in two parts (figure 4.13) such that

Az, y) = Ar(z,y) + Ao(z,y) (4.104)
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The radius of curvature R is positive for a concave surface, and negative for a convex one. This

gives
Ai(z,y) =Ao — <R1 — VR — 2% — y2)
=Ap—Ri[1—4/1—
( i
and
Do(w,y) = Doz — (~Re— VB — a2 — 1)
212 (4.106)
= Aoz + Ry (1— 1- Rzy
2
Consequently
2 | 2 2 | 2
Alwy)=Bo— By [1— 1= Z ) my (1- 1= 500 (4.107)
R; R3
with
Ag = Ag1 + Agz (4.108)

4.3.2 The paraxial approximation

The expression for A(z,y) can be simplified in the paraxial approximation; then :

) 552 + y2 ~ 1 372 + y2
B R
(4.109)
1_x2+y2 E1_:U2+y2
BoSlT Tam

hence ) )
44y 1 1
A — Ap — — 4.110
@ =80~ 5 (- 1) @.110)
Substitution of (4.110) in (4.103) gives
2 2
tz,y) = e=kndo JHn=D =5 -7 | (4.111)

We note that the physical parameters of the lens n, R; and R can be combined in one single
parameter f (which we call the “focal distance”)

1 1 1
=0 (7 m) G2

The phase transformation of the lens now becomes:

ti(z,y) = e_jk”AOej%(x2+y2) (4.113)

The sign conventions we have adopted for the radii of curvature R; and R» for a double convex
lens in figure 4.15 can also be used for other types of lenses, see figure 4.14. You can control that for
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R,>0 R;>0 R,>0

R, <0 R, = R,>0
doubly convex plano-convex positive meniscus

R, <0 R;<0 R, <0

R,>0 R, = R, <0

double concave plano-concave negative meniscus

Figure 4.14: Convex and concave lenses

A

f<0

Figure 4.15: Wavefront at convex and concave lenses

the upper row in figure 4.14 the foci f are positive, whereas for the lower row they are negative.
When a plane unit-amplitude wave is incident perpendicular on the lens, the field leaving it is
given by:
_ o—dkndo iz (27+%)
Up(xz,y) =e e’ (4.114)
The first part gives simply a constant phase retardation, whereas the second part describes a cur-

vature of the wavefront converging towards a point on the z-axis at a distance f from the lens
(figure 4.15a).

The field in the plane ¢’ is indeed given by:

. 22442
ejk\/m — e]kf \ I+ 57 (4.115)

or in the paraxial approximation:

. z2 442 .
ejkfmgejkaJ%(IQerQ) (4.116)

and this is the same as in (4.114).
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Figure 4.16: A mask placed against a lens

If the focal distance is negative, then the wave is a divergent spherical wave, the origin of which
lies a distance f in front of the lens. Note that these conclusions are only valid in the paraxial
approximation. If this approximation is not valid, then the wave leaving the lens is not a spherical
one, and all kinds of aberrations will show up.

4.3.3 Fourier-transforming properties of a mask placed against a lens

Suppose now we position a (gray-scale) mask with amplitude transmittance ¢y(z,y) in a plane
o just in front of a lens (figure 4.16) which is supposed to be larger than the mask. This is now
uniformly illuminated by a normally incident, monochromatic plane wave of amplitude A, prop-
agating along the +z axis.

The field U incident on the lens is then
Ui (x,y) = Ato (z,y) (4.117)
Formula (4.113) gives the field immediately behind the lens:
Ur(z,y) = Uiz, y)e 9Fdoeizr (+47°) (4.118)

This field propagates further along the z-axis. The field at a distance z = f (i.e. in the back focal
plane) can be calculated with the Fresnel diffraction formula (4.42).

400
—jkf . ke 9
Uplar p) = =37 ) / / Ur (e, y)e 727 (002) 135 (25005 ) gy (4.119)

After substituting U; one finds

—+o0
Ik ik (, , om
Ustag.ug) = ~Sgpe B CT g [ i yefier iy @1z

This implies that the field in the back focal plane is proportional to the two-dimensional Fourier
transform of the transmittance function ¢y(x, y) of the object/mask (or, in general, the field incident

4-23



dy Y f>0

Figure 4.17: A mask at a distance d, in front of a lens

on the lens), in which the spatial frequencies ( f;, f,) and the positions in the focal plane (z,yy)
are related by:

Jo=— %
i (4.121)
fy=-%
This Fourier-transform relation is not an exact one, because of the quadratic phase factor
o937 (3+07) (4.122)

which is not constant in the focal plane. However, this phase factor disappears when calculating
the power distribution in the focal plane. Consequently the power distribution in the focal plane
is exactly given by the power spectrum of the mask. This means that without a lens the far field (i.e.
the plane wave decomposition) is found at large distance, but with the lens the far field is found
in the lens focal plane (obviously with a different scaling factor).

4.3.4 Fourier-transform properties of a mask placed a distance in front of a lens

The same mask is now placed a distance dj in front of the lens and illuminated in the same way
(figure 4.17).

We assume that d, is large enough, so that we may use the Fresnel diffraction formula. This means
that we can apply formulas (4.79) and (4.82).

Let us call
Fo(fz, fy) = Fap {Ato} (4.123)
and
Fi(fe, fy) = F{U} (4.124)
then 4 o
Fl(fx’ fy) = FU(fIv fy)(fJW)\dO(fz—i_fy)e_]kdo (4125)
Expression (4.120) can now be rewritten as
Uyogoyg) = — o eitnne=id s+ (20 1 (4.126)
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coherent ]
laser+ - £ - -+
beam |

Figure 4.18: The optical convolution processor

Substituting (4.125) in (4.126) gives, after deleting a constant phase factor:

1 - TAd, (a:2+ 2) g;f yf
U = — —Jzg( f+yf) 322 \Tr Yy ) g 25 J) 4.127
r(@g,y5) Y A SYRY: (4.127)
or
A ik (1-%) (g j <= (zx
Us(zg,yf) = “iaf¢ 737 (1=F) (3 +49) / /to(x,y).eﬂ 37 1Y) sy (4.128)

By choosing dy = f the exponential in front of the integral disappears, and we end up with an
exact Fourier transform between the transmittance ¢y and the field in the focal plane. In these
calculations we neglected the finite transverse dimensions of the lens; this is allowed whenever
the mask is small as compared to the lens.

4.3.5 Optical convolution processor

It is possible to realize, in an optical set up, a convolution between two functions
/ / (€ h (x — €y — ) dédn (£.129)

The set up is shown in figure 4.18. The ”"input”-function g is realized as a mask with transmittance
function g(x1,y1) and placed in plane P;, which is the first focal plane of a lens L. It is normally
illuminated with a monochromatic plane wave. In the second focal plane P» of this lens one
obtains the Fourier transform k1G(—xz2/Af, —y2/Af) of g (in which k; = complex constant). In
this plane P one puts a second mask with transmittance function

t(za, yo) = k2H< ;;2 A?) (4.130)
with
H (fe, fy) = Fap {h (z,y)} (4.131)
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Behind this mask, the field is proportional to G.H ; hence in the focal plane P; of the second lens
L one finds the following irradiance:

2

+00
I(es,ys) = K / / g (6 b (s — €, ys — 1) dédn (4.132)

This kind of convolution processor can be practically realized by inserting in the planes P, and P> a
LC-SLM (Liquid Crystal Spatial Light Modulator). This is a two-dimensional transmission screen,
with which one can realize an arbitrary two-dimensional function with the help of a computer.
In plane P; one puts a CCD (Charged Coupled Device) Camera which transforms the optical
information in an electrical one. An advantage of this processor is the fact that the ”calculations”
are done immediately (the speed is only limited by the input and output speed of the LC-SLM
and CCD). Disadvantage (as compared to the calculations with a digital computer) is the analog
character of the calculations, with its inaccuracy, the non-linearity in the LC-SLM and CCD, and
also the aberrations in the lenses. Moreover there is also a technological problem: the function i
is usually a complex function. This implies that in plane P» one needs an SLM in which not only
the amplitude, but also the phase transmittance should be simulated electronically; and this is a
very difficult technological problem.

4.4 Resolving power of an optical system

In the previous section we always assumed that the lenses we used were much larger than the
transparencies; moreover we only calculated the field in the focal plane. In this section we look
for the field or image in an image plane; moreover we take the finite dimension of the lens into
account. A perfect imaging system has an infinite resolving power. In real systems, the resolving
power is limited, mainly because of two reasons. First: geometrical aberrations limit the sharpness
of the image, and consequently fine details get lost. In principle those aberrations can be reduced,
almost as much as one wishes. The second reason is the presence of diffraction. Indeed, as every
optical system has only finite transverse dimensions, one always finds a diffraction spot in the
image. This spot can be reduced by increasing the diameter of the optical components, but this
invariably increases the geometrical aberrations; hence it is not clear whether the overall quality
of the image will improve.

The resolving power is usually defined by considering two points in the object, and calculating the
image of them, to see whether or not those images overlap. This method is similar to the analysis
of linear systems with an impulse response technique: indeed, each object can be considered as
being a collection of points; the image is then the collection of all image points or spots.

It turns out that the resolving power of an optical system differs whether the object is coherently
or incoherently illuminated, because diffraction depends on the degree of coherence. For perfect
coherent illumination, the image is build up by adding the complex amplitudes of all the diffraction
patterns of all points of the object. With incoherent illumination on the other hand, one has to add
all the irradiances of the image-points. It should be clear that the latter always gives smoother im-
ages: a complex amplitude can indeed be negative, giving ripples due to destructive interference.
But it is less clear what influence this has on the resolving power of the optical system. It turns
out that this depends on the actual optical system: depending on the phase relations in the object
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Figure 4.19: Image of a point source through a thin lens

field, the coherent image can either look sharper or just more hazy than the incoherent one! This is
for example important in microscopy, where a correct choice of the illumination can dramatically
increase the quality of the final image.

We first start with a simple set up: consider an object composed of one single point, and an optical
system with one single aberration-free thin lens. What is the image? The image is described
with an index ¢ (“image”: coordinates z;,y;); in the object plane we have an index o (“object”:
coordinates z,,¥,). Due to the linearity of the wave-propagation phenomenon,we can always

write:
400 +o0

U, (2, s) = / / B (1,915 %o Yo) Uo (20s o) diody (4.133)

—00 —00

for perfect coherent illumination, and

+00 +o00

\U (iﬁz‘,yz’)|2 =K / / !h(ﬂci,yi;xo,yo)IZ |U, (:co,yo)|2 dzody, (4.134)
for an incoherent object, with
1
K= Tooras (4.135)
/ / 11(0,0; 2, y)|? dady

The function h(z;, ys; o, Yo) is called the point spread function or PSF; it is the image of a unit-
amplitude point source at position (z,,y,). This is the function we are looking for. The incident
wave is a spherical one, paraxially described by :

P ot ) = o exp (o (21— ) + (= w0)?] (4.136)
I\Z1,Yi15%0,Y0) = j)\do €xp ]2(10 o) Lo Yl Yo .

Behind the lens we have (apart from a constant phase factor)

k

ho (wy, Y1 To, Yo) = i (Tv, Yurs Toy Yo) P (2, yrr) exp <j2f 7 + yﬁ]) (4.137)

The function P(x,y) is the pupil function (it is 1 inside the lens, 0 outside).
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Application of the Fresnel diffraction formula gives:

h (.’L'i, Yi; Lo, yO) =

—jkd; “+00 400
—e

. 4.138
TN f f hy (@593 %o, Yo) exp (_jQLdi [(37@ - xl')Q + (v — yl’)2]> day dyy ( :

Combining those expressions we find :

—e Mot koroa, o koro, o
h(xivyi;$07y0) = Mexp< ﬂ |:'1"1, +y1]>exp< 2d [xo+yo]>
+00 400

k 1 1
//Pa:yexp<]2< d— > 22 + o2 > (4.139)
exp <+jk [(d + ?) T+ <20/l0 + ?) y]) dxdy

The quadratic phase terms in front of the integral can be neglected for object and image locations

close to the axis and will be omitted hereafter; moreover we know that, in imaging:

1

dlo + ;Z. =7 (4.140)
So we find:
ho(@i yis oy Yo) =
e T P ayen (4 (24 ) ok () [ auay D
Because the lateral magnification M of a thin lens equals —d;/d,, we can write:
h (@i, Yis To, Yo) =
e et ZZOP (2, y) exp (ﬂ id (s — M)z + (ys — Myy) ]> dedy (4.142)

This implies that the impulse response is nothing else than the Fraunhofer diffraction pattern (=
Fourier transform) of the exit pupil, centered on the image coordinates z; = Mx, and y; = My,.
Further on we see that the impulse response only depends on the combined variables z; — Mz,
and y; — My,; in other words : on the relative position with respect to the ideal geometrical image
point. If we now introduce new variables:

:c; = Mz, and ylo = My, (4.143)
and - y
' = = 4.144
VA AV (144
then we finally find

h (xzvyla ;vy/o> =

o ik(dortds) foo+f P ()\dix', Adiy') exp (+j27r [(g; . x;) v+ (y - y;) y]) da’dy’
e (4.145)
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Because this impulse response is space-invariant, the integral in (4.133) turns out to be a convolu-

tion:
400 +00 , ,
1 ’ ’ xo yo ’ ’
U’L' (xiv yl) = W h (wl Lo Yi — yo) UO Ma M dwodyo (4146)
—00 —00

If we now define:

1
W= 2" (4.147)
then we obtain: -
s ) = R (s s kAN
Ui (1‘,, yz) h (xza yz) * U, (M, M) (4.148)
The function U, (§:, 4%) is the perfect image, as found in paraxial geometrical optics. The final

image is then the convolution of this perfect geometrical image with the function /’, given by:

“+o00 +o00
b (x,y;) = e‘jk(d"*'di)% / / P ()\dix’, )\diy’) exp (j27r [wix' + yzy']) dx'dy' (4.149)

—00 —00

This is in fact the inverse Fourier transform of the pupil function. The factor 1/M in this formula
shows that the image, which is M times larger than the object (a consequence of formula 4.148),
is also M times weaker; the power concentration in two dimensions is consequently M? times
weaker. This is of course the law of conservation of energy.

In the previous calculations we considered a very simple optical system: namely one single thin
lens. More complicated optical systems can always be reduced to a single thick lens, at least in the
paraxial approximation, when they are aberration-free. It can then be shown that the main con-
clusions remain valid, on condition that the aperture is chosen to be the exit pupil of the system.
When the pupil P(z,y) is a slit, then &’ is a sinc-function. Mostly, however, the aperture is circular;
then 7/(z,y) is the 2-dimensional Fourier transform of this function, which gives the well known
Airy-function for |#’|?. Consequently:

;w2 (EDN?[, i (kDrj22)1”
W () = (8 di) [zm} (4.150)

In this formula D is the diameter of the exit pupil, d; is the distance between this pupil and the
image plane, k is the wavenumber and r is the radial coordinate in the image plane. The first zero

of the Airy pattern lies at a distance

Ad;
—1.22
" D

(4.151)

There exist different conventions for defining the resolving power of an optical system. One of
the possibilities is the so called Rayleigh criterion, according to which two points are just resolved
when the center of one of the Airy patterns coincides with the first zero of the other one. This
implies that the expression above gives the distance in the image plane between two just-resolved
points. The distance in object plane can then be calculated using the transverse magnification M
of the optical system.

One also knows that the NA (= Numerical Aperture) of a lens, as seen from object space, is ap-

proximated by
D

2d,

NA, = (4.152)
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The corresponding NA in image space is then

D
NA; = — 4.1
5, (4.153)
and consequently:
A A
resolution in object plane = 0.61 —— ~ ——
Ndo N, (4.154)
resolution in image plane = 0.61 NA, ~ NA,

For a telescope (in which the object lies at —oc0 ), it is better to work with the angular resolution in

object space. It is:

AA
1 lution = 1.22— ~ — 4.155
angular resolution 57D ( )

All those formulas clearly show that a good resolution is only possible when using optical systems
with a large diameter D.

By taking profit of the convolution structure, it is also possible to derive the resolution from a
transfer concept in the spatial frequency domain. Indeed, from

o o1\ — B (e o i Yi
Ui (z3,9:) = b (x4, 9;) x U, (M’ M) (coherent) (4.156)
and )
e VM2 — e (B (e ) [2 Ti Yi .
Ui (0, 90) 2 = & [ (i, 00) | UO( =, M)‘ (incoherent) (4.157)
one concludes, after Fourier transformation:
UE (fe, fy) = M?H (fo, f,) UY (M f,, M f,) (coherent) (4.158)
and
IF (fe, fy) = M2O (fo, f,) IF (M £, M f,) (incoherent) (4.159)

In these formulas the functions UOF and H are, in the coherent case, the Fourier transforms of the
functions U, and h’; whereas in the incoherent case I" and O are the Fourier transforms of |U,|?
and k|h'|? respectively. H(f,) is the coherent transfer function, and O(f, f,) is called the OTF
or the optical transfer function. The absolute value of O(f, f;) is the modulation transfer function
(MTEF), and the phase of it is phase transfer function. It is possible to demonstrate the following
general relations:

O(fz, fy) i 0(0)=1 (4.160)

O(fz, fy) = =O(=fa; fy) = =O(fa, = fy) = O(=fz, = fy)
With the autocorrelation theory one can further prove that:
+00+00
| [ ) = gty - gt
O(fur fy) = =i (4.161)
| [a sl aras,
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in which H is the Fourier transform of 4. A simple change in variables finally gives:

+o00+00
/ / H(fL 4 fuf2, £t £y)2) H(Fs— fo/20 £y — Fo/2)dfdf,
O(fa, fy) = —— — (4.162)
[ [P aas,

—o0—00

This formula shows the relation between the coherent transfer function H( f;, f,) and the incoher-
ent optical transfer function O(f., fy). Applying the theorem of Parseval (a property of Fourier
transforms) shows that

oo +20 ) +00 400 .
/ / H(f2 f)| dfar, = / / 10,0, 2, dady =~ 4163)

It is possible to measure the MTF of an optical system simply by incoherently illuminating a mask
on which a sinusoidal transmittance pattern is written. This pattern has only one single spatial
frequency (the function I (f,, f,) is Dirac-distribution). One measures then the amplitude of the
sinusoidal image; this gives already 1 point of the MTE. Repeating this procedure for different
spatial frequencies finally gives the complete MTF.

There is a simple relation between the coherent transfer function H and the pupil function P. This
relation can be found by comparing the inverse fourier transform of i

—+00 +00

W (@) = / / H (for fy) exp (527 (2302 + v fy)) dfud, (4.164)

—00 —00

with formula 4.149 to find that (the constant phase term can be neglected.) :
1
H (fos fy) = 372 Adifu, Mdify) (4.165)

Consequently the coherent transfer function is proportional to the pupil function itself (after an
appropriate change of variables ). The incoherent transfer function is then

+oo
/ P (o 4 Moy 4 M0 p (o = Mk M0 griay

O (for fy) =— — (4.166)
/ P (o, y)|? datdy’

The pupil function equals 1 inside and 0 outside the aperture. Consequently the denominator in
the expression above is nothing else than the area of the exit pupil. The numerator is the area
of overlap between the aperture and its own shifted image, after shifting over \d;f, in the x-
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Figure 4.20: Calculation of the overlap of an aperture with itself

and Ad; f, in the y-direction. This is shown in figure 4.20. From this geometrical interpretation it
follows that the OTF of an aberration-free system is always real and non-negative (and hence the
OTF equals the MTF). The function is not necessarily monotonically decreasing.

Let us now have a closer look at the coherent and incoherent transfer function for a diffraction-
limited optical system with a square resp. circular exit pupil. The square pupil has a pupil func-
tion:
_ xz Yy
P(x,y) = rect (D) rect (D) (4.167)

Which gives a coherent transfer function:

H (fz, fy) = rect (Aii)fm> rect <)\i’)ﬁ’> (4.168)

This has cutoff frequencies in 2- and y-direction given by:

D
fe= ond, (4.169)
The incoherent transfer function is easy to calculate. One obtains:
Je fy
=A(—|A[ = .
O (fes fy) <2fc o, (4.170)

A is the triangle function (with a value of 1 when the argument equals 0, 0 when the argument is
larger than or equal to 1, and linear in between).

The circular aperture gives:

/22 1 12
P(x,y) = circ (w

D/2
2Xdi [ 2 + f2
H (fs, fy) =circ (\/i (4.171)
D
fe ~ 2)d;
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The OTF is, once again, easy to present in a graph, but rather difficult to calculate analytically.
One finds:

O(f) = % [arceos (%) — 51— (;})2] when f <2f. 4.172)
o) = 0 when f > 2f.

with f =/ f2+ f2.

Figure 4.23 shows both OTF’s as function of the f-coordinate. It is interesting to compare the
maximum frequency that can be resolved by the system in the coherent and incoherent case. In
the coherent case (equation (4.168)), frequencies up to f. can be resolved. In the incoherent case
(equation (4.170)), the maximum resolvable frequency equals 2f.! To understand this intuitively,
consider figure 4.21. As explained in 4.2.8, fields can be decomposed into plane waves, where
each spatial frequency corresponds to one single direction of propagation. Since the lens has finite

A

/{ A_OQ D

Input field Lens

Figure 4.21: Decomposition of a periodic image into plane waves. The lens has a finite diameter D.

dimensions, it cannot capture all incoming angles (in figure 4.21 for example, as is not imaged
anymore). When even the angle «; is no more captured by the lens, we have reached the cut-off
frequency, and only the zeroth-order component is captured. We also saw that incoherent light
can be considered as a superposition of coherent contributions, whereby all possible phase rela-
tionships between different parts of the field should be taken into account. If we now look at the
intensity distribution depicted in 4.22, and consider two specific field distributions -as shown in
the figure- from the ensemble of all possible field distributions with the same intensity distribu-
tion, we see that, from a coherent point of view, the frequency of the second field is only half the
frequency of the original intensity profile. If the frequency is halved, the angles are halved, and
as such more frequencies are captured by the lens. In other words, an intensity distribution with
frequency f can be considered to be the result of the superposition of an ensemble of field distri-
butions, including a field distribution with frequency f and another with frequency /2. We now
showed the two most extreme cases, all other contributions lie somewhere in between.

In the discussion above we completely neglected possible geometrical aberrations in the optical
system. In principle it is not allowed to use the concept of transfer function when there are aber-
rations, simply because the optical system is not space invariant anymore; at best, one could use a
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Figure 4.22: The incoherent field can be seen as a sum of coherent contributions. The two pictures on the
right show two such contributions. In the second case, the odd rows are phase-shifted by .

“local” transfer function. Nevertheless, in practical situations, one still continues to use them. The
MTF of an optical system with aberrations is always worse than in a system without aberrations:
for each spatial frequency its value is lower than in an aberration-free system. This is because the
wavefront leaving the optical system is no longer a spherical one, but shows phase aberrations,
which implies that the OTF now becomes complex. We can model this by assuming the pupil is
still illuminated by a perfect spherical wave, but that a plate inside the aperture shifts the phase.
The plate induces an effective path-length error of kW (x,y). The pupil function now becomes
complex, and is referred to as the generalized pupil function:

Pyen(2,y) = P(z,y)el™ (@) (4.173)

To illustrate this, we consider the simple case of a defocussing error e:

+ - = (4.174)

1 1

i~ dy f

If we look back to (4.139), and keeping in mind the new generalized pupil function, W(x,y) can

easily be found to be:

€ (172 + y2)
2

After some math, one finds the OTF for the system with defocussing € and a rectangular aperture

of width D:

O(fas fy) = A (2]0; ) A (;}i’) (4.176)

A \2f. 2. A\ 2fe 2fe
For =0, this equation simplifies to (4.170). Note that the OTF is real. More in general, if W (z, y) is
centrosymmetric, the OTF will be real (this can easily be seen from the definition of the OTF).

W(x,y) = (4.175)

As one can see, for some frequencies, the MTF can become zero or even negative. Those frequen-
cies give a good resolving power, but the image is reversed. At the zeros of the MTF there is no
resolving power. This is illustrated in figure 4.24 and figure 4.25.

4-34



MTF 1. rectangular
aperture
_—

8 \
6 \:
4 ™

circular —| \

aperture 2 \\
0

0o 2 4 6 8 10 f/2f
x . c

Figure 4.23: MTF of a rectangular and circular aperture.

Figure 4.24: Radial test pattern (left) and image through an optical system (right)
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Figure 4.25: MTF of a rectangular aperture with aberrations
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Figure 4.24 shows on the left a test pattern which is presented to the optical system; on the right
its image. One clearly sees the part with a reversed image.

Figure 4.25 shows the MTF of an optical system with rectangular aperture for different degrees of
aberrations; these aberrations were realized by displacing the image plane slightly with respect to
the correct position.

Figure 4.26(a) shows how to measure the MTF in practice. As the spatial frequency increases, the
modulation depth decreases. When reaching the cut-off frequency, the image becomes gray, and
the relative modulation (see 4.26(b)), becomes zero.
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Figure 4.26: Measuring the MTF. Both figures show how the modulation depth decreases as the frequency
increases.
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