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MICRO-517 Course Overview

09.09.24

Time: Mondays 13hi5 — 16hoo
Location: ME D2 2423

Hybrid contents:
Theory of optical design
Design practice in ZEMAX OpticStudio
Understanding ZEMAX opportunity and pitfall
Final design project

Contents may be adapted to the progress

Laptop and software installation required

New: Optional PCs available at DLL Photonics Lab
Homework and reports submitted through One Drive
Questions and suggestions welcome

Optical Design with ZEMAX OpticStudio



Preliminary Schedule
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Introduction to theory of optical design
Modeling of optical systems properties
Modeling of optical systems properties
Image formation and aberrations analysis
Image formation and aberrations analysis
Optimization of optical design

Imaging and transformation

Non-imaging design, illumination
Advanced topics

Design project

Design project

Design project

Design project
Optical Design with ZEMAX OpticStudio



Chris Velzel

A Course in

Lens Design

. Dspringer

C Velzel, A Course in Lens Design
(Springer, 2014)
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INTRODUCTION TO

& rﬁ Lens Design Basics
¢ Optical design problem-solving
o = A ")
' C F I
JEQ Uil

intheory and practice
With Practical ZEMAX®Examples

Daniel Malacara-Hernindez
Zacarias Malacara-Hernandez

THIRD EDITION

Handbook of
OPTICAL
DESIGN

Christoph Gerhard

-~ ,
Joseph M. Geary '
Center for Applied Optics
O1op ebooks

D Malacara-Herndndez and Z J M Geary, Introduction to Lens C Gerhard, Lens Design Basics:
Malacara-Herndandez, Design with Practical ZEMAX Optical Design Problem-Solving in
Handbook of Optical Design, Examples (Willmann-Bell, 2002) Theory and Practice (IOP
3rd Ed (CRC Press, 2013) Publishing, 2021)
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What is Imaging?

Image Space

Object Space

One-to-one mapping by light rays
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Pinhole as the simplest imaging device
Light rays go straight - one-to-one mapping
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GEOMETRICAL (RAY) OPTICS (macroscopic-scale phenomena)
light travels in straight lines (rays)
wavelength A — o, frequency v — o
explains reflection and refraction
useful for designing optical systems

WAVE OPTICS (microscopic-scale phenomena)
light (electromagnetic radiation) is a wave
action of light described by Maxwell's equations
explains reflection, refraction, dispersion, interference,
polarization, diffraction

QUANTUM OPTICS (atomic-scale phenomena)
light is photon particles
has both wave-like and particle-like characteristics
used to analyze light-matter interactions
explains photoelectric effect, lasers
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ﬁ Light as Both Rays and a Wave

m Wave front: a surface over which an optical disturbance has a constant phase
Lu Rays: lines normal to the wave front at every point of intersection

w (x,t) = Asin(kx— awt) w(x,t):ésin(kr?a)t)

Spherical wavefront

Phase

Plane wavefront

t=0 t
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Light at an Interface: Reflection and Refraction

09.09.24

The Fermat Principle

The path taken by a ray between two given
points is the path that can be traversed in the
shortest optical path (OPL).

OPL =n, [SO|+n, |OP|
=nh?+x° + nz\/b2 +(a-x)

9 opL=0

04

nsinae=n,sing Snell’s Law
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— Light at an Interface: Reflection and Refraction

Huygens Principle

Every point on a wave front is a source
of secondary spherical wavelets, and the
secondary wavelets superimpose to
form the next wave front.

V. C Vv C
f nf 2 f nf
A _ 4
Sinae  sinf3

—

nsina=n,sinB Snell’s Law
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ﬁ Light Passing a Spherical Surface: Paraxial

ﬂ. Snell’s law n sind, =n,siné,
| For small 0

sin@ =0

n,(s,+R)sina n,(s;—R)sina
po pi

—

N iy

p S, S R

0 I

Under paraxial approximation, the
emerging rays intersect at the same
, I  point P, forming a perfect image
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ﬁ Light Passing a Spherical Surface: Actual

p . L.
l-l-l Pl T | araxial approximation

becomes increasingly
unsatisfactory when

See—"""__| ————==—o
larger angled peripheral
rays are considered

n, L) |
Perpheral rays 0° & B o'

. sinfd=60——+
Aberrations 31 51 71
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ﬁ ﬂ)herical Lenses

m Plano- Symmetric... Asymmetric... Menisci

I-'-I Symbol convex ...biconvex ...biconvex concave-convex

[
- A ;
I
[
I
1
I

v | _J

concave ...biconcave ...biconcave
' R\\ \\ '/ \\ l‘
‘\“ ‘\‘|l :" \\“ E
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i Typical Imaging System: the Human Eye

m Temporal side Plato: light emanated from the

L) | — Sclera eye (4th century B. C.)

- Choroid Aristotle: the eye receives rays
Eye lens Reting rather than directed them
Vitreous humor T Outward

Fovea

Galen: the crystalline lens is the
principal organ of vision (2nd
T/ optienerve century A.D.)

Optic disk

Kepler: first theory of the retinal
image (1604)

Nasal side

High aberration system

Structural basis for all imaging
Instruments

Decartes Dioptrics
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ﬁ Typical Imaging System: Photographic Camera

P

Pinhole camera (camera
obscura): 400 B.C.

First ghotographic camera
(hand flex reflex camera): 1816

Daguerreotypes: 1829
Instantaneous exposures: 1871
Twin-lens reflex camera: 1885
Single-lens reflex camera: 1936
Digital SLR: 1999

All cameras are structurally and
conceptually very closely
mimics of the eye
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Parabolic
primary

mirror

T
HST Light Path .
/‘//,
e “ Hyperbolic ) Light path
- secondary pr
e mirror <"~
~ _'__-“_F"‘ _"", A -
J_,J_F;d_r /"’f "//

Secondary Mirror
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Typical Imaging System: Astronomical Telescope

Secondary Baffle Primary
mirror mirror

(A L AR e

Equipment FGSS/MEC3  Instruments:
\ « STIS

bays
*C0S
*ACS
« NICMOS

R {Primary Mirror

Integrated Science
Instrument Module
ISIM)
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Typical Imaging System: Microscope

ZEISS Epi-Fluorescence Microscope Olympus Oil-immersion
Microscope Objective

'
A Tube

' . Lens Condenser
aphragm aphragm
Observation i fiesen

Tubes

HBO 100

Fluorescence
Filter
Cube
Turret
Objective — e Mercury Arc Lamp
Lamphouse
Wagt- =—Frame
. Figure 6
Stage Translation Control —4
Base Focus
Knob
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ﬁ Manufacturing of Lenses

Mm
m ST/

MICRO-af7

How grinding/polishing works Models of Da Vinci’s design of mirror grinder and polisher

centre of curvature
of lens surface

lens lens
blank blank

diamond |
tool

centre of curvature
of lens surface

diamond
tool
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Testing of Optical Surfaces

T p
A2
----- i N A . Flat Cylinder Cylinder Sphere
\i, Air Wedge alongx alongy (concave)
I a dlf B ‘ I I I *‘ll I ’((((P .)) *
I‘r'IONCl.'I_CII-LI_JFI{_IIC_JIIHATIC I |
i ' v R Reference Flat
o Reference surface/Waveffentt | o 0 0== e . | 1 [ ) T [|TTEweTT
Tost Suriace y @»x o= Contact Point
Laser No Air Wedge Cylinder Sphere Sphere Saddle
along x (convex) (concave)
Diverger Beam Splitter
N I
V Imaging Optics i

Test Surface Reference

Surface
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i Why Computer-aided Optical Design

m “Time is money!”

ID I X XD I

m ST/
MICRO-al7
Sample manual ray tracing calculation sheet . . .
o 4w+ % v . v m=Design bysimulation
C 0.0100 0.0100 0.0000 0.0250 -0.0250 .
, s sw o omm oswo o nsew = Fast calculations over a large
n 1.000 1.517 1.000 1.000 1.517 1.000
] number Of rays and surfaces
-G 0.0052 0.0052 0.0000 00129 -0.0129
t/n 5.0000 32960 25.0000 25.0000 5.3 115.4897 3 Opportunity Of efficient
¥ 0.00000 071203 1.19354 5.00000 8.80046 9.00915 0.00000 . . . .
ny 014241 014609 01522 01522 00343  -0.07801 dES]gn Optlmlzatlon
:i B -0.1820 n -0.1608 N 01424 0 01424 -3.56“2-0.0%4 -mus 0.0438 N . Removal Of human miSta1<eS
e
A 125 125 100 300 300 and errors
CAfly+7) 2.603 2630 2.000 2426 1.29
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What ZEMAX OpticStudio Can Do?

Design by simulation

Imaging and afocal design Alternatives to ZEMAX
Lighting and illumination design Professional software:

Lasers and fibers Code V, OSLO, COMSOL, Win Lens
Analysis in ray and wave optics Academia:

Stray light analysis MATLAB, PYTHON, C/C++

Programming interface

Design optimization

CAD integrations

Tolerancing and manufacturing tools
Phosphor & fluorescence modeling

09.09.24 Optical Design with ZEMAX OpticStudio 25




What ZEMAX OpticStudio Cannot Do?

09.09.24

WARNING: Running ZEMAX does not make You an Optics Expert
Optical design is not just about knowing how to run ZEMAX
It is a tool used in designing and analyzing optical systems
You must know optics before you can effectively use ZEMAX
There are many pitfalls with optical design programs

You don’t know what to watch for

“One should take the classes, learn form the experts while slowly
coming up to speed.” —— Paul Manhart, NASA Langley

Optical Design with ZEMAX OpticStudio
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Practical Information

An “up to date” laptop with Intel ~ Accessing ZEMAX
CPU and Windows 10/11 is

recommended Link to ZEMAX EPFL Central Distribution

Apple Macbooks with Intel CPU
can run ZEMAX OpticStudio in
Windows OS or in a virtual
environment

Apple Macbooks with M1/M2 https://vdi.epfl.ch
CPU are not compatible with
ZEMAX OpticStudio

Individual installation of ZEMAX
OpticStudio with proper license

https://distrilog-etudiants.epfl.ch/

Also available through Virtual Desktop

09.09.24 Optical Design with ZEMAX OpticStudio 27
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ome Ba51cs of ZEMAX OpticStudio

y / meridional section

| m

Coordinate system Representation of optical surfaces
2D sections: y-z

R1 R2 R3 R4 R5 R6 R?

tg t3 t4 .t5. te A tT £ >
|

IMA

OoBJ

Sign of lengths, radii, angles

-0
angle positive:
counterclockwise
- s +s t¢ reference
-4 L -4 o
, " - angle negative:
negative: positive: negatlve positive: clockwise
to the left to the right center to the left center to the right
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EMAX OpticStudio User Interface

Window types:

Lens Data Editors for data input (lens data, extra data,
multiconfiguration, tolerances)

Output windows for graphical representation of results

Text windows for output in ASCIl numerical numbers (can
be exported)

Dialog boxes for data input, error reports

File formats:

Data files: .zmx (depricated), .zno

Configuration files: .cfg, e.g. zemax.cfg, ray.cfg, pop.cfg

[_System Explorer ] ok Session files: .zda or .ses for session settings (deprecated)

Archive files: .zar, all lens design files in a single file
Catalog files: .agf, .bgf (glasses catalog), .zmf (lens catalog)

Macros, images, POP data, refractive index files, ...
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ZEMAX OpticStudio User Interface

E 10213llalslel 7 8loloslos o7} Wide angle lens 100 degree field.zmx - Zemax OpticStudio 22.2.1 Premium (7) - L127881 o5 a X
m Setup Analvze Optimize Tolerance Libraries Part Designer Programming Help >
F S A -0 ) —— 1 Y4 P H
= 2 | Sequential | @ ! 1 T e MC Editor .
R < 2= E i = ® & ®@ [T & = @& w E Menu  Changes according to
System  Project  Scale lens N Field Data Cross-Section 3D  Shaded  System Performance  BringTo Window Dock New Make Make  Add All .
Explorer Preferences Lens Data Editor Viewer Model Check Front » Options + Windows Thermal Coniuaate Data Rlbbon the selected menu tab
System Mode Editors w System Viewers I Diagnostics Window Control Configuration
[Seenbooe @ -0 | ey =] @3 shocea MTaTX :
Update: All Windows - Update: All Windows - | @ @ + @ I NAEE DI A IEETY | visetings £ D lw SO/ =AKH &A@ a@ o 06 o
::.p'edrture |\ op i B > Confi tion1/1 (< )( > Solid~ M-8 = lEﬂl m @ Line Thickness -
ielas
| h: ( = = s = " .
: :;V::::n: 4 Surface Type C Rad . Thick _Material Coati Clear Semi-D__ Chip Zone Mech Sem
» ‘Polarization 0 OBJECT  Standard v Infinity Infinity 0.000 Infinity
> A : Standard ~ miny  oso | Lens Data Table o0 0000
» Ray Aiming = X
N iGiacti ciaioos 2 Standard 9.236 0.249 Parameters for- a” Iens 0.000 1.285
» Ti 3 Standard ~ 1.290 0.092 0.000 1.285
itle/Notes - f . t
» Files 4 Standard ~ 1382 0541 surfaces: curvature 0.000 0.948
P-Units 5 Standard ~ -5.438 0214 radiUS, thickness, 0.000 0.948
Hikosbsimator 6 Standard ~ 0.893 0413 terial ti X 0948
7 Standard ~ -1.843 0.139 material, coa Ing' an 0.000 0.643 3D Ra tracin RESUlt
8 Standard ~ -1.524 0.207 more 0.000 0.643 &’Z y g
" o oo Gaac —— e an .
System
E I [] 2: Field Curv/Dist X | =} / [E 4 Grid Distortion x I i~ 1: Relative lllumination | =)/ & 5:Image Simulation X | g
xp orer viseingg ¢ afld SO0/ = A 2 = & 3x4- @ Thick~ visettingg & m 0O/ =A 2 BHS 8- 3x4- @ Thick~ viseingsg £ nlalm SO/ =A S EH= &8 3x4- 0
DESIgn-WISG Automatic ~ 8 (7] Standard ~ 8
parameters and 50.0 50.0
simulation setups, S ;
. WS R 77
which should be \
% 25.0 25.0 s g
+
set at the S G
beginning of a
project and obtlll] b lLIITITT ] = IS
-5.0 -50.0 0 50.0 N
X
usually do not Percent . 3
/ \
change over the
%—g.::gg::nqenva: g -g.::gg:f;guu:
course Of the - SRR > Bl £ —0.4860 B 0.5870 B3 —0.6560
i £11es ror sore serans
. . F-Tan(Theta) Distortion . - e H H | ) - ) Irrations
design Aberration Curves e om Distortion distribution Zenax =« Imaging Simulation Zenax
Jun Field is 50.000 Degrees, Zemax OpticStudio 22.2.1 gb Zemax OpticStudio 2|
it g = 0.0015 Inches N diszoction '~ 33 MZe8 Maximum distortion: -38.8426% I — ~ Centar: cmef ra _
Legend ftens refer %o Navalengths Scale: 1,000X, Wavelength: 0.5870 um l e e Inage size 15 1.2010 W x 0.9007 H (Inches) Wide asgle Tens 100 degree field 30
onfiguration 1 ot 1 | Configuration 1 of 1
Graph Text Graph Text




=l Basic Modes: Sequential vs Nonsequential

m Sequential Mode: Nonsequential Mode:

Ll.l Rays pass each surface only once Rays pass some surfaces multiple times

8 Computation proceeds in the order Computation does not proceed in the
of surfaces order of surfaces

Most useful for imaging systems Most useful for illumination systems or

- systems involving prisms [
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i System Model

Single step:
|.|.| Surface and transition

- Parameters: radius, diameter, thickness,

Complete system:
Sequence of surfaces
Object has index O
Image has index N
t, does not exist
Ray paths follow
0-1-2-...-(N-1)-N

09.09.24

refractive index, aspherical constants, conic
parameter, decenter, tilt, ...

diameter D,

surface |

surface

medium j
tj/n]
________________ D
radius r
object surfaces image
plane plane
thickness \ / \ \ / \ -
index 0 / 1 \2/3 /J \N—E/ N-1 (N)
3

Index 1 2

Optical Design with ZEMAX OpticStudio

32



—
™ Homework

m Objective

Lu Verification of your access to ZEMAX
Review of Snell’s law
Familiarize yourself with ray tracing calculations

1. Verify your virtual VMWare VDI access and ZEMAX

2. Aberration in a flat plate: 3. Aberration in a sphere:

manually calculate two rays as below and manually calculate two rays as below and
compare their intersection on z-axis compare their intersection on z-axis

\\n =1.5 \

| 30° ™
--------- e -7 . - 7
2cm n=1.0
n=1.0 n=1.0
L=1cm
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