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Abstract

This report provides and overview of the study of imaging in Master course. The report has to main parts: The
first one cover the theoretical part the imaging process from geometric optics till aberration theory. In this part
of the report a quick review of concepts as: collinear transformations, Gaussian equations, symmetry in optical
systems, Fourier optics and optical aberrations till sixth order aberration are reviewed. The second part is a
practical case. Starting form an on-axis Cassegrain telescope, the process of design of an unobscured telescope
based in extended polynomial surface is described, including the correction of all the aberration in the system
till fourth order.



Abbreviations and symbols

Related to the image or image space
Wave speed propagation in the vacuum
Front focal point

Rear focal point

o

F

%

HW: Homework
H Magnetic field (}[x,}[y,}[z)
m Transverse magnification

n: Refraction index

OA: Optical Axis

OAR: Optical Axis Ray

P(x,y,z) : Point at (x,y,z)

P: Front principal plane

P’ Rear principal plane

Pw: General pupil function

Pmn: Polynomial in the form x™y"
S: Stop Shifting Parameter

TTC: Tilted Component Telescope
€: Electric field (&, €,, ;)
Magnetic permeability of the medium

€: Electric permittivity medium
€o: Vacuum permittivity
p: Normalized aperture vector
Magnetic permeability of the medium
Mo: Vacuum permeability
Wavelength

Optical frequency

0 o, 0 ~, 0 4
V: Nabla operator =X 57 +--2
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1 Introduction

After two and a half years it is time to write this report, that allows me to recapitulate all that has happened
during this academic challenge. | can divide the profit of the Master in 3 main aspects:

e New insights about known concepts. For example, the possibility of evaluation of aberrations using
first order ray tracing.

e New perspectives. For example, the Fourier interpretation of optical systems and it similarities with
other fields of Engineering through the transfer function and the theory of linear systems.

e New skills. For example, the development of a competency in using ray tracing software

This report deals with all these topics. Not too much in detail because there is material for several volumes, but
in a way that it provides a consistent reference framework in key aspects of the Master, from the geometrical
optics till the compensation of aberration in a plane symmetric system.

Chapter 2 introduces the general concept of linear transformation and the cases of axisymmetric and plane
symmetry systems. For the first case the first order imaging equations with the coordinate system at the principal
planes (Gaussian Equations) are deducted.

Chapter 3 deals with the wave nature of light, starting from Maxwell’s equations, some concepts about
diffraction theory including the equivalence between the propagation in free space based on the Point Spread
Function (PSF) and the Fourier Transform approach.

In Chapter 4 the idea of the wavefront aberration at the pupil as phase shift function is presented. Then the
wavefront aberration representation using power series expansion and the Seidel sums are introduced. This
chapter also describes the effect of aspheric surfaces and the position of the stop in the wavefront aberration
function. In the second section of chapter 3" aberration of the axisymmetric are expanded to plane symmetric
systems

Chapter 5 covers the practical part of the report focused on the design of a “Tilted Component Telescope” (TCT).
The study plane symmetric systems is relevant for two reasons: First, it helps understanding what happens with
axisymmetric systems when the elements are tilted by assembly and manufacturing tolerances. Second with
the introduction of free form optics and the modern technology of manufacturing the design of unobscured
system based in mirrors have gained more and more importance. Examples of this application are the modern
systems of lithography using extreme ultraviolet (EUV) light for chips manufacturing. The practical part of the
report is the design of a hypothetical TCT based on extended polynomial surfaces in OpticStudio. With a proper
expansion and carefully selecting the polynomials to include in the surface it is possible to correct plane
symmetric aberrations till the 4™ order. Finally, and academic exercise about removing the remaining field
curvature was carried out introducing a refractive element in the vicinity of the image plane. The design of this
telescope is the outcome of an independent study performed under the tutorship of Professor Jose Sasian during
the course of fall 2021.



2 Imaging systems

In the most general sense IMAGING is the process of formation of an image of a real object. The process involved
always implies a transformation that can cover anything form the representation of a scene by a painter up to
and including the image produced by a high-speed camera (time frequency) or high resolution camera (spatial
frequency).

In the current document the process of image formation will be done by an optical system. That means that the
light reflected or emitted by a three-dimensional object produces after passing through the system a three
dimensional distribution of light. The space where the object exists is called “object space”, respectively, the
space where the image exists is called the “image space”. Each space is infinite, and it has associated a refraction
index. In a system with a number n of surfaces, each surface defines its own object and image space, in total a
complete system has n+1 optical spaces where the image of an element is the object of the next element.

Now, if from an ideal object point such that emitting rays in all directions, some of these rays pass through an
image system, and if for each object point one and only one image point exists. A transformation between both
spaces can be established and in the most general case its form is:

x'=x'"(x,y,z) y =y (xyz) z'=z'(x7y,2) Eq.1

2.1 Colinear transformation

if n (Refraction index in the object space) and n” (Refraction index in the image space) are constant the collinear
transformation is a useful mathematical tool to approximate an imaging system. The general form of the linear
transformation is given by:

’ a;x+biy+ciz+dq

X = ———— Eq. 2a
agx+bgx+cox+dg
azx+byy+cyz+d

y/ — G2 2Y+C2 2 Eq. 2b
agx+bgx+cox+dy
azx+bzy+czz+d

7! = 3 3Y+C3 3 Eq. 2c
apgx+box+cox+dg

Where at least one of the constant coefficients a, b, c and d, in the denominator is not 0. Equation 2 implies that
a one to one relation exists between the object and the image space, as a consequence of that:

e  Points in object space produce points in image space.

e Linesin object space produce lines in image space.

e  Planes in object space produce planes in image space.

e Anextended object formed by a collection of points in the object spaces produces and extended image
formed by the superposition of the image of the object points

In the general form (Eg. 2) the collinear transformation has 16 coefficients, but if the equation is divided by one
of the coefficients the total number of independent coefficients required is 15. 5 non coplanar image points with
3 spatial coordinates per point are required to find all the parameters of the transformation.



Equation 2 is used as starting point for the definition of general systems, eventually the number of parameters
required to define the transformation are directly influenced by the symmetries of the system. Two particular
cases will be studied in this chapter.

2.1.1 Rotational symmetric systems

The collinear transformation is the representation of the famous Gaussian and Newtonian equations (depending
on the coordinate reference systems).

In the case of axial symmetry, a radial coordinate in the object and image can be defined by:
p =+/x?+y? Eq. 3a
p' =x? +y7? Eq. 3b

The axial symmetry imposes 2 conditions:

e Planes normal to the axis of symmetry are imaged in planes normal to the axis of symmetry
without distortion.

e The origin in the object space is mapped in the origin in the image space.

Because of these conditions, p” and z’ are only functions of p and z. Consequently, some of the coefficients in
Eqg. 2. will turn to 0, and the collinear transformation equations for an axisymmetric system are reduced to

aix
x'=—— Eq. 4a
coz+dg
’ byy
=— Eq. 4b
y coz+dg a
c3z
z' =3 Eq. 4c
coz+dg

The coordinate system can be placed in the intersection between the plane of unit magnification (Principal
Planes) and the symmetry axis (Figure 1). This convention in the coordinate system can be expressed in Eq 4 as:

e X'=x When z=0
o Y=y When z=0
o 7=0 When z=0

That necessarily means: ai=b2=do=1 and ds=0.

By the definition of the transverse magnification:

X y coz+1

The conjugation between the rear and the front focal points, with planes in the infinity in object and image planes
in Eq. 4cimplies:

forz=—o0; z/ =f' =2 Eqg. 6a

Co



forz=—f;z' =00 ~ ¢y = Eq. 6b

1
f

Replacing equations 6 and 5 in 4 the Gaussian equations that relate the object position, the image position, the
focal lengths, and the magnification are obtained:

m= 1_}_{ Eq. 7a
m=1 —% Eqg. 7b
Z—, - ? =1 Eq. 7c
[ P’
Z}
h f '\ > ’
z z
> —_—>
F F’ Optical
< o] ’ .
z \ > h axis
f!
___________ y

Figure 1 Coordinate system for Gaussian equations

Other convenient localization of the coordinate systems are the focal points. This specific case corresponds to
the Newtonian equations:

Z’

== Eq. 8b
7 m q

z:z' =f-f Eq. 8¢
2.1.2  Plane symmetric systems

For a system with plane symmetry in the yz (Figure 2) following conditions are established:

o X'(x)=x'(-x), y'(x)=y’(-x) and 2’(x)=z’(-x) (plane symmetry)

e The coordinate origins must be conjugated so that x’=y’=z’=0 when x=y=z=0
e The z axis must map into the z’ axis.

e The plane of symmetry in image space must be the y’-z’

e The origins must be located so that x’=x when y=z=0.

After applying these conditions in Eq. 2 many coefficients are vanished and the resulting colinear transformation

for plane symmetry is given by:
r_ X

X =—————— Eq. 9a
1+boy+coz
I by
=—" Eq.
y 1+boy+coz q 9b
r_ _Csztbsy Eq. 9¢

- 1+boy+coz



10

ISymmetry
Plane

Figure 2 Schematic representation of a plane symmetric system

The derivation of equations akin to Gaussian equations for plane symmetry systems is substantially more
complex. Itinvolves the use of Coddington equations and more elaborated trigonometric relations. More details
about this topic can be found in chapter 15 [1] and in the appendix section in [2] .
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3 Imaging based on wave theory

A complete study about the interaction of an electromagnetic wave with the different components of an optical
system is material complete book. in this chapter the basic concepts required to understand the propagation of
electromagnetic waves in free space, the interaction of them with an aperture and the black box representation
of a general optic system are revisited. This basic knowledge introduces the concept of pupil function as the
output of an imaging system. The theoretical frame presented in the following paragraphs is based on [1], [3],
and [4].

The Maxwell’s equations describe the interaction between the electromagnetic disturbances and the matter.
The starting point of this section are the Maxwell’s equations in absence of free charge:

Vx€=—uﬁ Eqg. 10a
vw?:—e‘;—f Eq. 10b
Ve = Eq. 10c
V-uH =0 Eq. 10d

Where:

€: Electric field (&, €,, €,)

I Magnetic field (}[x,}[y,.’l-[z)

K: Magnetic permeability of the medium
€: Electric permittivity medium

9 5, 0~ 8,
V: Nabla operator =—— X + 37 +--2

If the medium of propagation of the wave is: dielectric, linear, isotropic (the permittivity is independent of the
direction of polarization of the wave), homogeneous (permittivity is constant in the propagation medium)
nondispersive (permittivity is independent of the wavelength) and nonmagnetic (magnetic permeability is equal
a Mo) . After some manipulations between Maxwell’s equations, it turns out that the electric and the magnetic
fields must fulfil equations 12 and 13 respectively

V2E — (%)Zg—jf =0 Eq. 12
V2H — (%)2 ff =0 Eq. 13

Where the medium refraction index (n) is defined by:
€

n= (_) Eq. 14

€0

And light speed in the vacuum is given by:
1

VHo€o

c= Eq. 15

The vectorial wave equations Eg. 12 and Eq 13 imply the same scalar relation for each component of the fields g
and 7. or example for €,.:

2 92¢
v2E, — (g) = Eq. 16
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If Q(x,y,z,t) is a scalar field that solves equations 12, 13 and 16, the vectorial equation and any scalar component
of the field are summarized in:

2%a | 9%a | 2%q _ (2)2 2%a Eq. 17
ax2 ' ayz | 9z2  \c¢/) oat2 Q.

A possible set of solutions in separable variables of the scalar wave equation could be:
Q(x,y,z,t) =P(x,y,z) - et2mvt Eq. 18

Where v is the optical frequency. The function ¥ (x,y, z) is only function of the spatial variables. From the
condition of separable variables in Eq. 17, it can be concluded that ¥ (x, y,z) must fulfil the time-independent
equation:

2 2 2
M+M+M=_k2¢ Eqg. 19

dx?2 0x2 dx2
The term k is known as the “wave number”:

2

v
k= 2nn;—7 Eqg. 20

The greek letter A in Eq. 20 represents the wavelength in the dielectric medium. Equation 19 is known as the
Helmholtz equation and is used to study propagation of electromagnetic and mechanical waves in uniform
homogeneous mediums.

Three common solutions for the Helmholtz equation are:
e Plane wave:
p(x,y,z) = Apek@x+by+yz) Eq. 22

Where a, B and y are the direction cosine of the propagation direction

e Spherical wave:

jk |x2+y2+22
e

s(x,y,z) = ASW o
e Oblique spherical wave or Pinhole wave
jk |x2+y2+22
o(x,y,2) = A, ﬁ (jk - \/x2+§/2+22) \/X2+j/2+zz
for z>>A
o(x,y,2) = Ao jkfxZryTea? .

z (x2+y2+z2)

3.1.1 Apertures and scalar diffraction.

The formulation of a wave propagation is based on the original idea of the Dutch physicists Christiaan Huygens
(1629 — 1695). For him each point in the wavefront of a disturbance was considered a new source of spherical
waves, the wavefront at a later instant is defined by the envelope of the secondary wavelets, see Figure 3.
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Figure 3 a) Huygens envelope construction in free space [3] b) Huygens’s wavelet through a small aperture [5]

With some adjustments based in the interference theory proposed by Thomas Young, Fresnel propose a formal
representation of the diffraction theory.

Y(x,y,0)5 =¢P(x,y,0)5 - te,(x,y) Eq. 27
Where:
Y(x,y,0)F: Field after the aperture
tap (x, v): Amplitude transmittance aperture function
Y(x,y,0)5: Field before the aperture

For example, the transmittance of a clear circular aperture is given by:

[ZivZ
x_+y> Eq. 28

tep(x,y) = circ <2 ron
A complete explanation of the propagation of the wave described by Eq. 27 is out of the scope of the report.
Nevertheless, to present a complete frame of reference of aberration theory an overview of the diffraction
phenomenon is required. The Figure 4 and Figure 5 [4] show a flow diagram summarizing how to deal with the
propagation of waves in free space. In essence there are two different approaches that describe the diffraction
phenomena. The right side of the diagram (Figure 4) shows the Free Space Point Spread Function (PSF) approach
where the resulting electric field at the observation plane is calculated by integration of the individual response
of the field inthe aperture. Depending on the distance between the aperture (or source) and the plane of interest
different approximations are valid. Rayleigh-Somerfield and Huygens are valid for the complete range of distance
respect to the aperture (close, near, or far field), Fresnel approximation for near field and Fraunhofer
approximation for far field. The terms “close to the aperture”, “near field” and “far field” are stated by the
Fresnel number Ny.

_ Tap
Ny =2 Eq. 29
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Each approximation has its own wavelet that model the input field, a complete description of the PSF method is

summarized in Figure 5.

Transfer Function
(Fourier Description)

4 (Em) i

Apply Transfer
Function

ey =

o]

Free Space Point Spread Function
(Spatial Description)

Rayleigh Sommerfeld
Huygens (any z,)
Spherical (r, = %)

MNear Field

Fresnel
(Parabolic Wavelets)

Far Field

A

FF [ 4 (Em)e"

Weyl's
[mtegral

Fraunholer

{Planar Waveleis)

on

Hury peng

v

Figure 4 Diffraction flow diagram, including free space point spread function and transfer function approaches [4]
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Diffraction as well as imaging systems can be modeled using the theory of linear shift invariant systems and the
complete framework of the Fourier theory. Broadly speaking for a given perturbation at zg, a system (including
the free space, left branch in Figure 4) operates as a cascade of elements described in the Fourier domain by the
transfer function. the image of one element is the object of the next element. In the space domain the response
is the convolution of the perturbation and the impulse response function of the element, so form the convolution
theorem, in the Fourier domain the response of the system is fully described by the product of the transfer
function and the (angular) spectral representation of the input.

Figure 6 shows the main components of a physical imaging system. The object is illuminated by a light source,
or it is self-emitting. The field at the object can be decomposed in a set of plane waves; then diffraction is
considered using the Fourier theory and the concept of transfer function; finally, the intensity at the image plane
is the time averaging of the electromagnetic waves transmitted through the system.



5.2.12 Summary of diffraction formulations

Table 5-4. Summary of diffraction formulations

Formulation

Equations

Fange/Condition Application
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Figure 5 Summary of diffraction PSFs and distance of validity [Ref 4]
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One way to model a system is thinking of the system as black box that maps the entrance pupil into the exit pupil.
In a perfect system the relation between both pupils is described by geometrical optics.

Entrance Exit

pupil  pupil

)" y b y v

g X .
z /)

.-u---'‘‘-.-.---'-'--;;?“./j{‘I"‘lr //
s /

R 'zﬂ - e zi —_— -
Object "Black box” Image

Figure 7 Generalized Model of an Imaging System [Ref 3]

In Figure 7, the distances zo and zi represent the distances between the object and the entrance pupil and the
distance between the exit pupil and the image plane.

In geometrical optics a system produces stigmatic images: all the rays from an object point intersect in the same
ideal point at the image plane as it is described in section 2. In the physical world the best performance of an
optical system is physically limited by diffraction. Goodman in [3] provides the next definition for diffraction
limited systems and its characteristics:

“An imaging system is said to be diffraction-limited if a diverging spherical wave, emanating from a point-source
object, is converted by the system into a new wave, again perfectly spherical, that converges towards an ideal
point in the image plane, where the transverse location of that ideal image point is related to the transverse
location of the original object point through a simple scaling factor (the magnification), a factor that must be the
same for all points in the image field of interest if the system is to be ideal... For any real imaging system, this
property will be satisfied, at best, over only finite regions of the object and image plane. If the object of interest
is confined to the region for which this property holds, then the system may be regarded as being diffraction
limited”

In Figure 7 we have defined an object coordinate system (§n) and image coordinate system (u,v). The
formulation of the Fourier optics for incoherent illumination has established:

Lwv) =« ff° |h(u-E&v- ﬁ)|2 -1,(&,7)déd7 Eq. 30

Equation 30 is key result. The “image intensity” I; is the result of the convolution of the “intensity impulse
response” |h(u, v)|? with the “ideal image intensity” 1, (f,ﬁ).

Where h(u, v) is the response from a spherical wave converging from the exit pupil:

L 2T % ~
h(u—&v—17) =57 PCx,y)- B e

Azzf
P(x,y) is the pupil function; for a diffraction limited system it is 1 inside the exit pupil aperture and 0 otherwise.

Using the convolution theorem, equation 30 can be written in the spatial frequency domain as:



gi(fX'fY) = H(fx'fy) 'gg(fX'fY)
Where G, (fx, fy) and  G;(fx, fy) are the normalized spectra of I, and I;:

fffooo Ig (wv)-e 2" xu+y?) quav
fffooo Ig(uv)dudv

Go(fx: fy) =

e, Ii(uw)-e~ 2 xuH YY) guay

fffooo I;(wv)dudv

gi(fX'fY) =

H (fy, fy) is the Optical Transfer Function (OTF) defined by:

122 Ih(uv) 26~ 2m (Fxutfyv) guay
25l n () 2 dudy

g'[(fx,fy) = OTF =
MTF = |OTF|

Eq. 32

Eq. 33

Eq. 34

Eq. 35

Eq. 36

17

The modulus of the OTF is known as the “Modulation Transfer Function” (MTF), equation 36. It is an important

indicator of the image quality of a system used extensively in chapter 5.
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4 \Wavefront aberration

In the previous chapter a diffraction limited system was define as a system which in presence of a point source
produces a perfect spherical wave converging from the exit pupil towards the image point. This ideal wavefront
is represented in Figure 8 by the Gaussian reference sphere. If the wavefront emerging from the exit pupil (Actual
wavefront in Figure 8) departs substantially from the Gaussian spherical wavefront the system is aberrated.
Aberrations are commonly modelled as phase errors, to introduce them in the linear model described in previous
chapter it is useful to define a new general pupil function Pu:

B,(x,y) = P(x,y) - e/ kW) Eq. 37

idea|
y image
point

| Z;
- Actual
wavefront
™ Gaussian
reference
sphera

Figure 8 Gaussian reference sphere and aberrated wavefront at the exit pupil [Ref 3]

The amplitude of the point spread function in the image point in an aberrated system would be understood as
the Fraunhofer (Figure 4 and Figure 5) diffraction pattern of an aperture with amplitude and phase transmittance
defined by the real pupil function Pw. The consequence of the aberrations for real systems is well described in

[3]:

“Thus, aberrations cannot increase the contrast of any spatial-frequency component of the image, and in general
will lower the contrast. The absolute cutoff frequency remains unchanged, but severe aberrations can reduce the
high-frequency portions of the OTF to such an extent that the effective cutoff is much lower than the diffraction-
limited cut off.

Both effects described in the previous paragraph can be observed in Figure 9.
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Figure 9 Spoke target and the aberrated image (result from HW5 OPTI 503)

4.1 Axisymmetric Systems

In the entire discussion presented in section 3 axial symmetry was subjacent: Circular apertures, point sources
with spherical waves, spherical waves converging from a circular pupil. It is a natural consequence of the axial
symmetry that for a point source on-axis the image point is an axisymmetric blurred spot. For off-axis points
the situation is different: The pupil is no longer normal to the chief ray. As a consequence, the chief ray, the
tangential ray and the sagittal ray do not focus on the same point as we can see in Figure 10 (lllustration of the
formation of coma aberration). The blurred spot is no longer symmetric with respect to the sampling in the pupil

(Figure 10 a), but the field sampling shows how the aberration pattern is symmetric in the field of view with

respect to the optical axis (Figure 10 b)

v o & a4 o
( Tangential ) -3 4 4 il
\ coma \:J g ;
h o2 5
.\ - . L] . -
Sagittal coma - -
< o« - - > i
! . -
& . . N
1 LI
S — “ s a
agiﬂ/al_;ay)"/‘--__,__‘ f 3 Pog 9 Y
Tangential ray T~ o b i3 !
- v § < )
Exit pupil Image plane
a) Sampling of the pupil b) Sampling of field of view

Figure 10 Off axis image point a) sampling of the pupil, b) Sampling of the field of view [6]

In the representation of the system in Figure 7, a point in the object plane produce and spherical wavefront cone
that fills the complete entrance pupil, then this wavefront is transferred and magnified to the exit pupil and after
collapses in the image point. The same transformation from the object point to the image point using rays is
shown in Figure 10 and Figure 11. Where the Gaussian or first order ray, represented by the broken line is
associated to the Gaussian sphere, and the real ray, represented by the solid line is associated the actual
wavefront. For each ray we can define two vectors: The normalized aperture vector( g (xpys)) and the

—

normalized field vector (H(HxHy)). The aperture vector has its foot in the optical axis and can be placed either
in the entrance or the exit pupil. The field vector has its foot in the optical axis and can be placed in either the
object or the image plane. The angle between both vectors in a plane normal to the optical axis is ¢.
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Object
Plane
Entrance

Pupil

Figure 11 Gaussian ray (broken line) and real ray (solid) line in an optical system [7]

A practical approach to represent the wavefront aberration function W(x,y) is based in power series, using the
axisymmetric condition. It turns out that W(x,y) can be expressed as a power series of (ﬁ . ﬁ), (ﬁ . ,5) and
B -p):

W(Fi, ,5) = Zj,m,n Wk,l,m(ﬁ ’ ﬁ)](ﬁ ) ﬁ)m(p p)" Eq. 37
(H-H) = H? Eq.38
(6-p)=p* Eq. 39
(17 -p) = H p cos(p) Eq. 40

The sub-indices j, m, n are integers and the coefficients W, ,, are the aberration coefficient that weight the

shapes defined by the vectorial products: (ﬁ : ﬁ)l(ﬁ : ﬁ)m(p - p)™. The subindex in the wavefront aberration
coefficients are given by:

k=2j+m Eq. 41
l=2n+m Eq. 42

Using equations 37 to 42 the wavefront aberration function can be written in algebraic form. Table 1 is a
summary of the wavefront aberration function till the sixth order. It includes the vector and the algebraic forms.
The table is divided by horizontal bars associated with the order defined by the summation of the exponents of
H and p in the algebraic form. The names of the aberration in many cases includes the order of the dependence
of the aberration with the field coordinate, for example W3z is “linear” coma and W33z is “cubic” coma. A detailed
description of the shapes of the aberrations for each order is presented in Figure 12, Figure 13, Figure 14, Figure
15, and Figure 16.

From Table 1 and Figure 12 to Figure 16 it can be seen how, for each 2*n'" order the aberrations of the previous
2*(n-1)" order aberration are scaled by H2 and (n+1) new aberrations appears.



Table 1 Wavefront aberration for axisymmetric systems

Aberration name Vector form Alegebraic form ‘ j
and order

Zero Order

Uniform Piston Wooo Wooo

Second Order

Defocus Woz20 (B - §) Wozo p*
Maghnification Wi (H - B) Wi11H p cos(p)
Quadratic Piston Wioo(H - H) Wago H?

Fourth Order

Spherical Aberration | Wy, (3 5)? Wosop*

Linear Coma W131(17 -B8)(B-p) Wi31H p3 cos(p)
Astigmatism Wy, (Fi . ﬁ)Z W0, H? p? cos?()
Field Curvature Waso (ﬁ . ﬁ) @-p) WaooH? p?
Distortion Wiy, (H-H)(H-p) Wiy, H? p cos(g)
Quartic Piston W0 (F - ﬁ)z WyooH*

Sixth Order

Oblique Spherical A. | w,,,(H - H)(3 - )2 WaaoH? p*

Cubic Coma W331(ﬁ . ﬁ)(ﬁ B)B ) Ws31 H3 p3 cos(p)
4t Astigmatism Wiao (H - ﬁ) (H - ﬁ)z Wy H* p? cos? (@)
Field Curvature W0 (H - ﬁ)z(ﬁ ) W0 H* p?
Distortion Wiy, (H - ﬁ)z(ﬁ ) Ws11H® p cos(g)
Piston Wioo (ﬁ . 1?1’)3 Weoo H°

Spherical Aberration | W (3 5)3 Woeop®

Secondary Coma Wysq (17 B)(B- B)? Wis1 H p® cos(p)
Secondary Astigm. Wyas (ﬁ i 5)2(ﬁ ) Waap H? p* cos?(@)
Arrows [Ref 8] Wiss (ﬁ . ﬁ)3 W, H? p? cos® (o)
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Figure 12 Zero order group
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Figure 13 Second order group
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Fourth Order

Spherical Aberration W, (%) Linear ComaW,,, (H p° cos(¢)) Cuadratic Astigmatism W, (H* »° cos(¢)?)

220 H2 0%)

Field Curvature W

q- 05
0
0 . _
} 1 0.5
A 0
-1 -1
0 1 -1

Figure 14 Fourth Order group
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Figure 15 Sixth Order group (common aberrations with 4t order group)
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Sixth Order New Elements

H?p* cos?(¢))

242(

Spherical Aberration wnﬁn (pﬁ} Secondary Coma W151 [H,,ur5 cos(¢)) Secondary Astigmatism W

Figure 16 Sixth Order group (New Elements)
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In practice the piston terms do not degrade the performance of the system, they are a phase delay in the
wavefront. The second order terms Wi1: and Wozo are associated with the magnification and the axial position
of the image plane. Because the Gaussian equation provides good information about the magnification and the
position of the image plane, these terms are not considered aberrations. Even more, often some defocus is

deliberately induced in a system to partially correct other aberrations.

4.1.1 Wavefront Aberration Coefficients

The aberration coefficients till fourth order, also called primary aberrations can be calculated using Seidel sums,

These sums are functions of:

e Field of view

e Aperture

e Refraction indexes
e Surface curvature
e  Surface separation
e  Asphericity

e Stop position

A quite remarkable feature of the Seidel sums is the fact that all the information required for the calculation of
the sums is contained in the ray tracing of the marginal and chief rays (geometric optics), the curvatures, and the
refraction index of the media. The Table 2 show the wavefront coefficients (W) in terms of the Seidel sums
(S#). The index in the summation operator (Z) represent the surfaces in the optical system

Table 2 Wavefront aberration Coefficients and Seidel Sums

Aberration Coefficient Seidel Sum
Spherical Aberration 1 J
P Woso = 35S _ 2 u

o, 8 Si== > (4 ()
Woso(p-p i=1 i
Linear Coma 1 J

Wiy ==S _ u

. 131 = 591 S”__Z(A yA(E))
W131(H : P)(P “p) i=1 i
Astigmatism 1 J

Wy ==S -

-, 222 = 5911 Sy = _Z (AZyA (_))
szz(H : P) i=1 i
Field Curvature 1 J

Wazo =5 (S + Sur) 2

— =\ —» 2 SIV =—X PL'
szo(H ) H) (p : p) i=1
Distortion J /=

Wyo0 = A
ey B )
W311(H : H)(H : P) i=1
i j

Chromatic change of focus 5, Wozo = =C, B sn

CL = AyA —_—
81Wo20 ppr n’j.
Chromatic change of magnification | 6;,W;;; = C;

5AW111




Where:

Refraction Invariant marginal ray: A = ni = nu + nyc
Refraction Invariant chief ray: A =nl =nii + nyc
Lagrange Invariant: R = nity —nuy = Ay — Ay
Surface curvature: c= 1/r

Petzval sum term: P = c-A(%) = C(%—%)

Eq. 43
Eq. 44
Eq. 45
Eq. 46
Eq. 47

Eq. 48

27

The last two rows in Table 2 are chromatic aberrations generated by the wavelength dispersion in dioptric
systems. The first order aberrations induced by dispersion are: Change of focus (6;Wy,0) and chromatic change

on
n

of magnification (6;W411). The operator A( ) is associated to the change of refraction index in the surface.

As illustrative example, if a system is working in the visible FdC spectrum the operator A (7) is given by:

n sn'  on
A(7)=7—7; n=ng—n; and n =ny

4.1.2 Aspheric surfaces contribution

on

One way to visualize an aspheric surface is to imagine a spherical surface with an aspherical cap. The sag (Zasph)

for this surface till fourth order is defined by the conic constant and the coefficient As:
Zaspn = 3= (2 + ) + —= (1 + K)(? + y2)? + A,(x? + y2)?

Where:

r:is the radius at the vertex of the surface

K: is the conic constant. For conic surface -£2(¢ is the eccentricity)
Ag: Fourth Coefficient

Eq. 49

The parameter “a” associated to the contribution of the aspheric surface in the Seidel sums depends on the way

the aspheric surface is defined:
For conic constant surfaces:
a=—&e%c3y*A(n)
For fourth-order coefficient surfaces:
a = 84,y*A(n)
The contributions of the aspheric contribution to the Seidel coefficients are:

6S,=a
68 = (g)a

Eq. 50

Eq. 51

Eq. 52
Eqg. 53
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—\ 2
5Sy; = (%) a Eq. 54
8Sy =0 Eq. 55
8Sy- (%)3 a Eq. 56
5C, =0 Eq. 57
8Cr =0 Eq. 58

As we can see in Eq. 55, 57 and 58 the contribution of the 4™ order aspheric surfaces to the field curvature and
chromatic aberrations is 0.

Aspheric surfaces are an effective way of correcting spherical aberration when they are placed close to the stop
or pupils. When the aspheric surface is placed far from the pupils it has a strong effect in astigmatism and
distortion. Unfortunately, both effects occur simultaneously. For this reason, it is common to use the aspheric
surface to control distortion and use lens bending for the astigmatism.

4.1.3 Stop Shifting

From Table 1 and equations 43 to 45 in section 4.1.1 we can see the dependency of the wavefront aberration
coefficient of the optical invariants and eventually to the height and slope of the marginal and chief rays. All
these variables are strongly connected with the position of the stop in the system. The stop shifting parameter
is given by:

S_- — Unew—Uold — Ynew—Yold — Anew"‘iold E 59
u y A Q.
The slope and the height of the marginal ray do not change with the stop shifting, so the refraction invariant
changes only for the chief ray, in the equations 61 to 67 the symbol (*) represents values after the stop shifting:

Anew = Aald + SA Eq 60

The Seidel sums after stop shifting are given by equations 61 to 67.

S =S5 Eq. 61
Sy =5,+SS; Eq. 62
Sy = Sy + 258, + S2S; Eq. 63
Sy =Sw Eq. 64
Sy =Sy +S(S;y + 3S;;) + 3525, + S35, Eq. 65
c; =¢, Eq. 66
C; = Cr+5C, Eq. 67

As it is expected all the aberrations that are independent of the chief ray are unalerted: Spherical aberration,
field curvature and chromatic change of focus, equation 61, 64 and 66.

The position of the stop has also influence in the apertures of the elements and vignetting, so all these elements
must be considered during the optimization process.
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4.2 Plane symmetry systems

The study of plane symmetric systems has a relevant importance in modern optic design because, it allows to
understand the behavior of systems that have lost the axial symmetry due to manufacturing and assembly
tolerance. Another important application is the design of reflecting systems that avoid the central obscuration
(Figure 18) inherent to the on-axis reflecting system (Figure 17), including a wide variety of devices such as:
tilted-component telescope, microlithography systems, etcetera .

N B E)F;tical
\ Axis (OA)

Figure 17 On-axis reflective telescope (with obscuration)

1

~” Optical Axis
Ray (OAR)

| Symmetry
Plane

Figure 18 Tilted mirror telescope (without obscuration)

Section 2.1.2 introduces plane symmetry systems from the point of view of collinear transformation. This section
we will go into further details and describes the wavefront aberration function for such systems. The
methodology used in this section is described in deep in [2] and [8].

In axisymmetric systems the reference for the vectors involved in the description of the wavefront aberration
functions is the Optical Axis (Figure 17). A similar reference is required in plane symmetry systems (Figure 18).
The “Optical Axis Ray” (OAR) is contained in the symmetry plane and provides a frame of reference for the

normalized aperture vector (g) and the normalized field vector (17).

The OA(R), ﬁ, p are common elements between axisymmetric and the plane symmetry systems, but when the
condition of axisymmetric is broken, a new vector that fixes the relative position between H and p and the plane
of symmetry, is needed. This new entity is the vector (7) that lies in the plane of symmetry and has its foot in
the OAR. It is represented in Figure 18 by the red arrow.

Now all the necessary elements to define a wavefront aberration function akin to equation 37 are in place. As
in the case of axisymmetric systems it is a scalar field , but for plane symmetric systems it depends on the



30

combination of the dot products between the normalized aperture vector (g), the normalized field vector (ﬁ)
and the symmetry unit vector (7). The new wavefront aberration W(ﬁ, D, T) has the form:

=N ew N A i
W(H' P, l) = Zk,m,n,p,q Wak +n+p2m+n+qnpq (H ’ H) (p- P)m(H ’ P)n(l : H)p(l p)1 Eq. 68

Where the dot products in equation 68 are:

H-H=H? Eq. 69
p-p=p? Eq. 70
H-p = Hp cos(¢) Eq. 71
7-H=H cos(a) Eq. 72
1-p=pcos(B) Eq. 73

The relation between the vectors ﬁ, p and 7, and the angles a, B and ¢ is shown in Figure 19.

Figure 19 Field, aperture and symmetry unit vector and their angles

The wavefront aberration functions generated by variating the indexes in equation 68 are presented in Table 3.
The first column lists the name of the aberration. The words linear, quadratic, etcetera are related with the
power of H in the algebraic form. The coefficients are coded in the form Wy 4y 2min+qnp,q - The subindexes
represent the power of H, p, cos(d), cos(a), cos(B) in the algebraic form. The last 5 columns correspond with the
values of the indexes k, m, n, p, g.

The observation of the last two indexes provides a clear idea of the symmetry of the wavefront aberration in the
field of view. When p=g=0, the wavefront aberration function is symmetric with respect to the OAR. They are
highlighted in blue in Table 3 and coincide with the aberrations in Table 1. When p+qg=1, the wavefront
aberration is strictly plane symmetric; these terms are highlighted in orange. Finally, when the p+q=2 the
wavefront aberrations have double plane symmetry; those are the green lines in Table 3.

The different types of symmetries are schematically represented in Figure 20 (axisymmetric), Figure 21 (single
plane symmetry) and Figure 22 (doble plane symmetry).



Table 3 Wavefront aberrations for axisymmetric systems

Aberration name and

Group

Vector form

Algebraic form
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= =xX
Waoooo(H - H)

First Group

Constant Piston Wooo00 Woo000 0
Second Group

Field Displacement Wo1001 (T P) Wo1001 P cos(B) 1
Linear Piston Wigo1o(Z+ H) Wioo010 H cos(a) 0
Defocus Wo2000(B - ) Woz000 P* 0
Maghnification Wi1100(H * B) Wi1100 Hp cos(¢) 0
Quadratic Piston Wioo00(H - H) Waoo00 H? 0
Third Group

Constant Astigmatism Woz002 (T p)? Woz002 P2 c0s%() 2
Anamorphism Wi1011 (T H)@ p) Wi1011Hp cos(a) cos(B) 1
Quadratic Piston Wio020 (- ﬁ)z Whoo20 H? cos?(a) 0
Constant Coma Wo3z001(B - P)(T- ) Wo30010> cos(B) 1
Linear Astigmatism W12101(ﬁ ) Wiz101Hp? cos(B) cos(¢) 1
Field tilt Wizo10(B - 8)(T- H) Wiz010H p? cos?(a) 0
Quadratic Distortion | Ws1001(H - H) @ B) Wa1001H?p cos(B) 1
Quadratic Distortion Il War110 ([Ti B) (@ 17) Ws1110 H?p cos(a) cos(¢p) 0
Cubic Piston Il Wiooro(H - H) (7 H) W3g010H> cos?(a) 0
Spherical Aberration Woa000(P - §)? Woaooop™t 0
Linear Coma Wis100 (]?[’ B)(B-p) Wis100H p® cos(¢) 0
Quadratic Astigmatism szzoo(ﬁ . [5)2 Whaz00H? p? cos?(¢) 0
Field Curvature szooo(ﬁ “H)(B-p) Waz000H? p? 0
Cubic Distortion Wi1100(H - H)(H - B) Ws11000H® p cos(¢) 0
Quartic Piston WaooooH* 0
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In [2] there are expressions to calculate the wavefront aberration coefficients. For the work presented in
chapter 5, only a clear visualization of the shape, the symmetry and the order of the aberrations is needed due
to the surfaces selected to compensate the different aberrations terms.
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5 Design of an unobscured telescope.

This section is based on the independent study carried out as requirement for the Master. The objective is
designing a “Tilted Component Telescope” (TCT) which, inherent to its construction, presents plane symmetric
aberrations. In the coming sections a strategy, introduced in [8], that allows the correction of aberration till 4"
order, in plane symmetric systems, using freeform surfaces will be implemented. The design and optimization
were done using Zemax OpticStudio V21.2.

The starting point is a Cassegrain on-axis telescope shown in Figure 23. Highlighted in green are the main
characteristics of the system: The aperture is 1200 mm and F/# is 12. The wavefront aberration and the
wavefront aberration coefficients for this configuration are shown in Figure 24.

__--—.-_---—-_*_-—-__

., Surface Type Comme Radius Thickness Material Semi-Diameter
0 OBJECT Standard ~ Infinity Infinity 0.000

1 Standard ~ Infinity 5000.000 600.000 U
2 Coordinate Break ¥ 0.000 0.000

3 STOP (aper) Standard ~ -1.132E+04 V 0.000 MIRROR 600.000 U
4 Coordinate Break ~ -4000.000 - 0.000

5 Coordinate Break ~ 0.000 - 0.000
6 Standard ~ -5481.220 V 0.000 MIRROR 175.714
7 Coordinate Break ~ 4200.000 - 0.000
8 IMAGE Standard ~ Infinity - 0.466

ISFN ~ 12.000  10.000 11.988

Figure 23 Initial on axis telescope configuration.

0B3: 0.0000 (deg)

Maximum Scale: = 20.000 Waves.

Wavefront Aberration Coefficient Summary:

we4e W13l w222 W22epP W311 Weze W11l

TOT 24,8483 9.0000 ©.e000 ©.0000 0.0000 0.0000 @.e000
W22es wW22emM w22eT
TOT ©.0000 ©.0000 @.e000

Figure 24 Wavefront aberration and Wavefront aberration coefficient on axis telescope

Now the tilt in the primary mirror to avoid the obscuration and more points in the field of view are included. A
first optimization using the tilt of the secondary mirror as variable was executed. The main characteristics of this
telescope are shown in Figure 25. The wavefront aberration fans, and the spot diagrams are shown in Figure 26
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and Figure 27, respectively. Both diagrams show a strong presence of coma aberration that is constant in the
whole field of view. Figure 28, Shows the grid distortion: Two patterns symmetric with respect to the vertical
plane can be identified. The red lines and arrows describe a keystone distortion meanwhile the green arcs
represent a smile distortion pattern.
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0.1 4 A o
b ’
024 ~ w . - -
a3 -02 9.1 D-; o1 02 03
X Angle (%)

. SurfaceType  Comment Thickness  Radius  Semi-Diametei Conic Tilt AboutX |
0 OBJ Standard Infinity Infinity Infinity 0.0...
‘l_ Standard ~ 5000.000 Infinity 626.761 0.0..
2_ Coordinate Break ~ 0.000 0.000 6.000
3_ STO Standard * Primary 0.000 -13526.090 V 600.000 U| 0.0..
| Coordinate Break ~ -4000.... 0.000 6.000 P
5 Coordinate Break 0.000 0.000 -15994 v
6 Standard ¥ Secondary  0.000  -16123.630 V 276.611 0.0...
7_ Coordinate Break = 4200.000 0.000 -15.994 P
8 IMA Standard * - Infinity 48.624 0.0...

Figure 25 Tillted component telescope based on spherical surfaces
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Figure 26 Wavefront aberration fans for a tilted component telescope based on spherical surfaces
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Figure 27 Wavefront aberration fans for a tilted component telescope based on spherical surfaces
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Figure 28 Grid distortion for a tilted component telescope based on spherical surfaces

In section 4.2 the shape, the symmetry, and the field dependence of the aberration wavefront function in plane
symmetric systems were described. Three kinds of symmetry were identified: axial, double plane and “single”
plane. The TCT presented in Figure 25 has at least two of these kinds of aberrations: The axial aberration inherent
to the Cassegrain design and the plane symmetric constant coma introduced after the tilting of the mirrors. It
seems logical that introducing surfaces that can deal with these aberrations is an effective strategy to optimize
the system as it is suggested in [8]:
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“... Thus the aberration properties of a symmetric system can be thought of as the superposition of the properties
of axial, double plane and plane symmetric systems. The correction of the aberration of a given subgroup can be
carried out using system properties according to subgroup symmetry. For example using a freeform surface
having axial Zo, double plane Zg or plane Z,, Mathematically, these aspheric terms are:

Z, = a(p.p)? Eq. 74
Zg=pp-D) Eq. 75
Z, =y @ p) Eq. 76

where a, B and y are the aspheric coefficients.”

There are many types of surfaces that meet the conditions from equations 74, 75 and 76. One of them is the
Extended Polynomial Surface included in OpticStudio, its surface sag is of the form:

z= Eq. 77

2
e e ARV NACRY)
Where:
Ai: Coefficients of the it" extended polynomial
Ei: Power series expansion polynomial in the form x™y”
c¢: Curvature

k: Conic constant (k<-1 hyperbola, k=-1 parabolas, -1<k<0 for ellipses, k=0 for spheres and k>0 for oblate
ellipsoids)

In Eg. 77, the expression in the first square bracket is an axisymmetric conic surface equivalent to the Eq. 74. The
expression in the second bracket allows a power expansion for the aspheric surfaces associated to the equations
75 and 76. The first 15 terms of the power expansion in Eq. 77 are shown in Figure 29. The polynomials are
identified with the label Pmn where the indexes m and n correspond to the powers of x and y respectively. The
green (v) tick marks identify the polynomial with double symmetry associated with Eq. 75 meanwhile the blue
(v') tick marks check the polynomials with only symmetry in the xz plane associated to equation 76.

From the results in Figure 24, Figure 26 and Figure 27 the presence of spherical aberration associated to the
spherical mirrors and a strong component of constant coma have been established, a good first step for the
optimization will be switching the mirror surface to extended polynomial surfaces and then set as variable the
conic constant and the polynomials x%? for both mirrors. Figure 30 shows the result obtained, the constant coma
has been reduced by a factor of 3 compared to Figure 26.

The wavefront aberration in Figure 30 is still dominated by the constant coma, the other polynomial in Figure 29
with single plane symmetry is x?y. The wavefront aberration resulting after including this polynomial is shown in
Figure 31. The uniform coma is totally removed and now the dominant aberration is linear astigmatism. The red
rectangles in the field label identify the field point in the y axis, the wavefront aberration fan in these points have
a parabolic profile and the curvature of these profiles vary linearly with the field.

The most convenient polynomial from Figure 29 to control the wavefront aberration in Figure 31 is P20. After
releasing this degree of freedom in both mirrors, the wavefront aberration is dominated by higher order terms
as can be seen in Figure 32. The surfaces prescription data for this design is shown in Figure 33, the variables
used for the optimization are identified with the same colour code as in Table 3. The conic constant in blue for
compensation of the axisymmetric aberrations, X0Y3 and X2Y1 in orange for the compensation of the single
plane symmetry and X2YO for the compensation of the aberrations with double plane symmetry.



Figure 29 15 first elements of the polynomial power expansion Pmn
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Figure 32 Wavefront aberration extended polynomial surfaces (P03, P21 and P20) .

a Surface Type Comment  Thickness Radius  Semi-Diameter Conic  Par 3(unused) X2Y0 Xay1 X0Y3

0 OBJECT Standard * Infinity Infinity Infinity 0.000 |

1 Standard * 5000.000 Infinity 626.750 0.000

2 Coordinate Break ~ 0.000 0.000 6.000

3 STOP (aper) Extended Polynomial = Primary 0.000 -11404.340 V 600.000 1§ |-1.093 V -1.332E-07 V|| -4.049E-10 V| -4.016E-10 V
4 Coordinate Break = -4000.000 0.000 6.000 P

5 Coordinate Break = 0.000 0.000 -10.078 V

6 Extended Polynomial * Secondary 0.000 -5636.179 V 203.360 ||-6.933 V 1.205E-06 V|| -6348E-09 V| -6.356E-09 V
7 Coordinate Break = 4200.000 0.000 -10.078 P

8 IMAGE Standard ~ 3 Infinity 62.280 0.000

Figure 33 Complete prescription data for a TCT using extended polynomial surfaces

The MTF curves including the diffraction limited performance (black lines) are shown in Figure 34. Figure 35
shows spot diagram after optimization. A careful inspection of Figure 32 to Figure 35 reveals that the best
performance of the system is not at center of the field of view as it is desirable for an optical telescope. The
wavefront aberration fan for the central field (red rectangle) in Figure 32 shows that dominant aberration is
defocus (parabolic profile in both pupil axes). In the MTFs curves (Figure 34) the central field point has almost
the worst performance (red boxes) meanwhile points at the edge of the field are almost diffraction limited, this
performance is also confirmed by the spot diagram (Figure 35) where the difference between the Ariry disc (black
circle) is maximum in the central field point (red box). A possible explanation for this behavior is the introduction
of defocus in the system to balance field curvature. There are some ways to improve the performance in central
point: First, changing the weight of central field point via the “Field Data Editor”, second, implementing a field
flattener element such as a field lens or a thick meniscus lens. All these options were implemented, and the
results obtained are analyzed in the next paragraphs.
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Figure 35 Spot diagram for a TCT system after optimization using conic constants and extended polynomial surface

Figure 36 shows a field data editor where 3 different weights were implemented: 100 for the central point, 3 for
the intermediate points and 1 for the edge points. The wavefront aberration fans, the MTF curves and the spot
diagram, after changing the weights of the view points and running a wavefront based optimization, are shown
in Figure 37, Figure 38 and Figure 39. The three diagrams show an almost diffraction limited performance for
the central field of view and a gradual degradation of the quality image from the center to the edge of the field.
Figure 37 also confirms the presence of field curvature in the system. There is a parabolic profile proportional
with the square of the field of view (always with the same sign) interacting with some high order aberrations.

. Comment  XAngle() YAngle() | Weight
1 Central point 0.000 0.000 100.000
2 Intermidiate Y+ 0.000 0.180 3.000
3 Edge Y+ 0.000 0.250 1.000
4 Intermediate X+ 0.180 0.000 3.000
5 Edge X+ 0.250 0.000 1.000
6 Intermediate Y- 0.000 -0.180 3.000
7 Edge Y- 0.000 -0.250 1.000
8 Intermediate X- -0.180 0.000 3.000
9 Edge X- -0.250 0.000 1.000

Figure 36 Field data editor with 3 different weights along the field of view.
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Figure 39 Spot diagrams after changing the weight of the field points

As an academic exercise two different field flatteners were implemented in the system described in Figure 33.
They are shown in Figure 40. Option a) is based on a field lens just in front of the image plane, option b) uses as
correction element a thick meniscus lens in the vicinity of the image plane. Both lenses were implemented in N-
BK7 and with an aspect ratio diameter central thickness around 10:1.

Thick
meniscus lens

Image plane

e Image plane
a) b)

Figure 40 Two different option for field curvature correction a) Field lens, b) Thick meniscus lens
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The results obtained for both designs are presented in Figure 41 (wavefront aberration fans) and Figure 42 (MTF
curves). Figure 41 shows that the wavefront aberration is about 4 times lower in the thick lens solution with
respect to the field lens. That means better performance for the second corrector solution, primarily in the zone
highlighted by the red ellipse in Figure 42.
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Figure 41 Wavefront aberration fans for two different field curvature correctors
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6 Conclusion

e Simulation software is a very powerful vehicle, but the design of well corrected systems is still a work of
engineering. In depth understanding of the interaction of the different elements is the path. It is there,
in the understanding of relative basic concepts, such as third order aberrations, where a robust design
with potential for optimization starts.

e  Freeform surfaces are becoming more common due to the development of manufacturing processes,
from plastic mold till electron beam figuring, passing through numerical control polishing and diamond
turning of aspheric surfaces. These advances make the manufacturing of geometries that 50 years ago
were only exercises in the drafting table possible. The possibilities are infinite in volume production, for
example cell phones, but also in the most demanding applications such as astronomical instrumentation
and semiconductor applications.

e This report is the final point of this master. It was an amazing journey. Not always easy, with its ups
and downs, but writing this report | realize how much | have gained.
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