PHOT 451: Microscale optical system design
LECTURE 04

Michaél Barbier, Fall semester (2025-2026)
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OVERVIEW OF THE COURSE
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Introduction to micro-scale optical components

Light propagation in free space

Geometric optics

and raycasting

Diffraction limit & Abberations

Quiz + Beam propagation

Refractive optical elements Microlenses

Blazed Fresnel lenses

Digital lenses

Diffractive optica
Quiz + Wave guic

Wave mixing

elements

es and beam propagation

Gratings, periodic structures

photonic crystals

Whole optical system optimization




Optical Systems for imaging
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IMAGING

* Light reflected from object

* Small angle of light captured by optical system
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DIRECTING LIGHT: SPHERICAL SURFACES

* Single surface

 Curvature radius R
* Refraction index n,

e At surface: Snell’s law

* Rays from Sto P ?

* Apply Fermat’s principle
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SPHERICAL SURFACES

* Optical Path Length
0|

B
OPL=f n(x,y,z)dl
A

— Tlllo + nzli

* Fermat’s principle

B 5
0=5 f n(x,y,2) dl| = — [ny1, + n,l;)
A a(p

1 niSe  MN2Si| ng Ny
— R[ lo, zi]_zo i’
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SPHERICAL SURFACES

* Problem: depends on ¢

* Paraxial approximation

cosp~1 & s, =Il, & s; =1

n—n; ng Ny
- !

R S, S;

m—)

30.11.2025



LENSMAKER’S FORMULA
n, =1 ni =1
* Paraxial approximation Ry ‘R,

* Thin lenses, in air

* Perfect focus,
image in plane A
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* Paraxial approximation
* Thin lenses, in air

* Perfect focus,
image in plane

e The Lensmaker’s formula
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A THIN LENS
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WHOLE IMAGING SYSTEM

Lenses

* Aperture stops Aperture

Stop Lens Field

Stop
* Sensor, sensor Size
and field stops
} lmage
- Sensor
Object CCD
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VIGNETTING

* Intensity depends
on angle 6

Aperture
Stop Lens Field

° Angle 02 < 91 \ Stop

* Edges have less

intensity AN )
lmage
- Sensor

* Apertures and clear object CCD

lens diameters are
Important
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The Diffraction Limit
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THE FOURIER SERIES

* Express signals in cosine + sines

. 21N - [21n
f(x) =ay+ 2 [an cos( 7 x) + b, sm( .
n=1

* Examples
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* Square wave
* sawtooth

|

Real Signal (square)

Series
2] ﬁ/ approx.

1-
oame
b =
14 /

Adapted from: L& Nguyén Hoang, Fourier Analysis: Signals and
Frequencies, SciencedAll
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THE FOURIER SERIES

* Express signals in cosine + sines

f(x) =ay+ 2 [an COS (Zizn x) + b, sin(
n=1

* Examples
* Square wave
e Sawtooth

e Artifacts

* Larger when series finite
e Can persist for infinite series
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THE FOURIER TRANSFORM

* Complex form

e'? = cos(p) + i sin(¢)

* Forward Spatial Fourier transform

—1r £ 1 7 Lkx
FG) = F{ 700 = = | Foet ax

* |nverse Spatial Fourier transform

f09 = Rl == f@ e ax
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THE FOURIER TRANSFORM

* Spatial Fourier transform

—r-1rr 1 7 Lkx
FG) = F{ 700 = = | Foet ax

- 1 %0 .
k) = Rl () = = f F(x) e~ikx dx

* Frequency Fourier transform
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(O = F f ()] = f (@)t do

(@) = Ff(0)] = f F(O) et dt
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THE POINT SPREAD FUNCTION

* Airy disk diameter
d =244
D

* First ring of the Point Spread Function
84% of the intensity

Image intensity

8

T
’
|

\
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Aberrations
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OPTICAL PATH DIFFERENCE

ldeal spherical

wavefront
Real
wavefront
Real image
\ point not same
ldeal image
) ~ point

Wavefront error or
optical path difference ODP



Typical
wavefront

OPTICAL PATH DIFFERENCE

ldeal spherical
wavefront

Peak-to-valley
OPD

Peak-to-valley OPD




OPTICAL PATH DIFFERENCE

Root Mean Square

Typical ldeal spherical RMS OPD
wavefront wavefront

N

Peak-to-valley
OPD




RAY ABERRATION CURVES

Sagittal

Ay values for AX values for

\ ‘ e tangential rays sagittal rays

NI

Tangential rays 'F \F A ; A

#=— Pupil position =
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ABBERATION TYPES AND RAY ABERRATION CURVES

Tangential fan saqittal fan
e e \ f’f
o T . -
e L e .
.—"------ .—'_-----
Defocus coma
Third-order spherical Astigmatism
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ZEMAX Practical session
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SPOT DIAGRAM

Start ZEMAX

Save your file

Open convenient tabs:
1. System Explorer

2. Lens Data

3. Field Data Editor
4. Wavelength Data
5. Layout

30.11.2025



Analysis — Rays & Spots
— Standard Spot Diagram
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SPOT DIAGRAM

% 3 Spot Diagram * -0 X
v Settings | & Calalem S [], -—A 2 |E| m B 4x3- @ Standard - Automatic @
B+0.55

OBJ: 0.00 (deg) OBJ: 10.00 (deg)

o !

it

MA: 0.000 mm IMA: 6.187 mm

OBJ: 5.00 (deg)

-

IMA: 3.330 mm

Surface: IMA

Spot Diagram

1‘]{2[”#2[}25 fngys Temax l]nt?::sﬂ:udfn 2024 P, 0D
Units are um. Legend items refer to Wavelengths ! T

Field : 1 £ 3
RMS radius : 244.890 530.604 183.780
GED radius = 299,143 1585.41 314.514

Scale bar : 4000.00 Reference : Chief Ray Ex1l_Seidel.zos
Configuration 1 of 1

N\ Graph | Test |
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IMAGE SIMULATION

Analysis - Extended Scene Analysis

I S . I . —B, 3: Image Simulation v - 0O X
T mage Imu atlon ~) Settings & 53 (Al = | / S A |—':~‘_\'ﬁ - 3x4'0 Standard ~ @
----- Source Bitmap Settings -----
Input File: :_D»emq P»icture - 640 X 480bmp V
Field Height: 141421 | Oversampling: None v
Flip Source: | None v Guard Band: None v
Rotate Source: None v Wavelength: RGB v
| Field: 1-On-axisField v |

Pupil Sampling: 32 x32 v Image Sampling: 32x32 ¥
PSF-X Points: 3 v PSF-Y Points: 3 v
Use Polanzation [ ] Aberrations: Geometric v
Apply Fixed Apertures Use Relative lllumination
----- Detector and Display Settings -----
Show As: Simulated Image v | Pixel Size: 0
Reference: - Chief Ray ¥ X Pixels: 0
Flip Image: 'None v Y Pixels: 0
Consider changing the field type to cbject height for improved accuracy. See Help Files for more details.
Image Simulation: Geometric Aberrations Suppress Frame L]
10/20/2025 Zemax Qutput File;
Object height is 14.1421 degrees. Ansys Zemax OpticStudio 2024 R1.00
Field position: 0.00 (deg)
Center: chief ray
Image size is 12.7894 W x 9.5921 H (MiTlimeters) Ex1_Seidel.zos Auto Apply  Apply CK Cancel Save Load Reset
Configuration 1 of 1 |
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