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Theory
Review of physical optics

Physical optics modeling
Gaussian optics
Diffraction

Imaging
Modulation transfer function
Point spread function
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Imaging simulation
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i Electromagnetics: From Vector to Scalar

m Free-space Scalar wave equation
Lu Maxwell equation at point P and time t
n? o°u(P,t)
- oH Vau(P,t ’
S e u(P,t)=
V x ,uat V x VxE Vg/Ej V°E = ,u VxH e at?
OE where U represents any
VxH=¢— x(VxH)=V 2H—g—VxE component in E or H
~ M P
V-ee=0 n / ¢ C =
&g \ €0t
V.-uH=0 ,
V'A(P) _ K2 Helmholtz Equation
Separable variable A(P) (V2 +k2)A(P):O
m ) E
u(P.1)=A(P)T (1) LT, no_ 2

c’T dt° - C A
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Principle of Wave Propagation

Huygens-Fresnel Principle

2

* Proposed by Huygens in 1678

= Every point in a light disturbance becomes a
secondary source of spherical wave

* The sum of these secondary waves determines the
form of the wave at subsequent times.

= Assumes the secondary waves travel only in the
"forward" direction

= Qualitatively explains planar and spherical wave
propagation, the laws of reflection and refraction,
but not diffraction

" |In 1818 Fresnel combined Huygens's principle with
principle of interference

= Quantitatively explains rectilinear propagation of
light and diffraction
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Pr mC1ple of Wave Propagation

Huygens-Fresnel Principle in
Rayleigh-Sommerfeld solution

x U(X,y) =_iHU (5,77)6Xp(|kr )cosﬁds

)y 01
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rinciple of Wave Propagation

Fresnel ApprOXimation 2° > 2k |:(X_§)2 +(y _n)2i|r2nax

In denominator: 1, =z

In exponent:
r01=\/(x—§)2+(y—77)2+22 =z\/1+(¥j +(y;nj z{l+%(%) +%(y;77j }
U ( {—ii—j[(x—é)zﬂy—n)z}}dgdn Convolution
ikz . k 2+772 F
U(x,y)= MZeZZ ”U &,m)e 22(5 )exp[ iz(x§+yn)}d§dn T:)aunréigrm
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Principle of Wave Propagation

Fraunhofer Approximation z> 2(52 +’72)max

i£(§2+n2)—>0

ikz

U(x,y) ezkzx+v ”U £,n) exp{ |i—(x§+yn)}d§d7y

1Az
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xample 2D Fourier Transforms

EE——
Time Function Frequency Function
Boxcar 6 = { Ll <l sinc S(f) = vsinc (fr)
0, |t > 2
, r = (Vnf)sin(nft)
=15 A\/ 1 v/\v
T T
- 9 e O T2 3, 4y,
-/ 1 < .
Tionge  6() = { L sict  S(f) = vsne' (D
l' . = (Vmf) sin? (nft)
/l\ /\/IX\/\
-1 0 T e 00, 2/ 3/T 4,
Gaussian 6 = ¢ Gaussian  S(f) = w(2n) 2 g (nfO
- 0 T e 00,
Impulse 6 =8 DC Shift S(f)=1
=0, t#0
0
Sinusold 6(t) = oS wet Single Freq.  S(f) = V2(8(f+£s) + 8(F-1))
2\ LN /D ’ N
\/"/wuo 1!/0,,° 2"/w 3"/w, l 1 l
"n 0 fn
Comb. 6(t) = comb () Comb. () ._Z 8 (f-n/)
= °z° S(t-n1)
N A O
- 0 t 2t 3t -4n 2n 0 2n An
T T T T™
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Circ(r)
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aussian Beam Optics

Helmholtz equation (V2 +k? ) A( P) =0 I

Paraxial approximation A( P) =u (r ) exp (ikZ)

2 2
W 2r
I(r,z)=1,——exp| - -
w(z) w(z)
/ TW? |
wW(z)=w,, [1+| —| 2 =2
Z R R y) Infensity Infensity Infensity
Radial Position Radial Position Radial Position
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c

aussian Beam Propagation

2

E(r,z)=E WVZOZ) exp| — w(rz)2 exp(—ikz)exp{—ik ZRr(Z)}exp[—iy/(z)]
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ens as a Filter

diffracted orders

a) +2,
resolved optical
system
incident
light
spherical image
wave plane
object truncated
spherical wave point spread
= P function
©
b) not =
resolved 8 /
3 -
object plane AX =1.22 1/ NA
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Modulation Transfer Function

MTF: Quotlent of the contrast (or modulation depth) in the
image plane and the contrast in the object plane, for an object
with a sinusoidal intensity distribution, as a function of spatial
frequency

Display modes of MTF often used in optical design:
MTF for different wavelengths, or an average over the spectrum

MTF for frequencies in radial (denoted by S) and tangential direction
(denoted by T)

MTF (S and T) values for discrete frequencies as functions of defocus; this
shows astigmatism and defocus

MTF (S and T) values for discrete frequencies as functions of the field
height

The MTF of a system without aberrations is used as a benchmark

25.11.24 Optical Design with ZEMAX OpticStudio 13



Point Spread Function

= PSF: Normalized intensity of the
diffraction image pattern of a point
object

= Useful diagnostic for optical
systems with small aberrations

= Strehl number: the quotient of the
intensity at the center of the PSF e
divided by the central intensity of o
an ideal PSF

2 -5 A 0.5 0 0.5 1 1.5  X-Pos.
(pm)
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SF vs MTF

25.11.24

_ Fourier object
obj_ect transform amplitude
amplitude spectrum
U(x,y) u(vx,vy)
convolution product
v A A
PSF Fourier coherent
amplitude- transform transfer
response function
Hpet (XpsYp) here (Vi Vy)
result result
v v
_ Fourier image
image transform amplitude
amplitude spectrum
u'(x',y’) u'(v'x,V'y)
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ZEMAX OpticStudio: Physical Optics

B TDhkEe R9C22
Setup Analyze Optimize

> & e [+ |

Cross-Section 3D
Viewer

Shaded
Model

System Viewers I

Update: All Windows ~

» Aperture
» Fields
» Wavelengths

» Environment

25.11.24

Tolerance

o

Libraries

Part Designer

Programming Help

2- Singlet.zos - Zemax OpticStudio 22.3  Premium (7) - L127881

Rays & Aberraﬁbns Wavefront PSF

L NS

B B8 A = & |

¢ ©

E.

Lens Data X (

Update: All Windows ~

v Surface 2 Properties

4 Surface Type

Optical Design with ZEMAX OpticStudio
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MTF RMS Enclosed Extended Scene Physical Beam File Gaussian Fiber Polarization Surface Coatings Diffraction Reports Universal St
v Energy ~ Analysis ~ Optics  Viewer Beams ~ Coupling ~ - - - Efficiency - Plot ~ Lig
Image Quality Laser and Fibers Polarization and Surface Physics Reports  Universal Plot
» Merit Function Editor | - ' u 4: Physical Optics Propagati
CC+OM /L \CREIPERD O LCO[|S»>@ zole 0/ =A
<A > Configuration 1/1 =~ Waist
1 5.00000E-02 5.000
 Commen | Radius Thicknes: Material Coatin¢ Clear Semi-Dia Chip Z¢ Mech Ser Conic I} STO 5.39072E-02 5.218



1

Lu MTF RMS Enclosed Extended Sce

= Energy ~ Analysis »

| 1 O Contrast Loss Map

INF | FFT MTF

[\F | FFT Through Focus MTF
[3F | FFT Surface MTF

[\F | FFT MTF vs. Field

[uF | FFT MTF Map

Lii Huygens MTF
[=P1 Huygens Through Focus MTF

[1'1 Huygens Surface MTF
[]_’1 Huygens MTF vs. Field

L‘E Geometric MTF

[z‘-'i Geometric Through Focus MTF
'S Geometric MTF vs. Field

["i Geometric MTF Map

25.11.24

=l 7EMAX OpthStudlo MTF

FFT MTF

= Computes the diffraction MTF for all field positions using an
FFT algorithm

= Fast

= With assumptions

= Only accurate at F/#>1.5

Huygens MTF

= Computes the diffraction MTF using a Huygens direct
integration algorithm

= More accurate in most cases

= Slower

Geometric MTF

= Computes the geometric MTF, which is an approximation to
the diffraction MTF based upon ray aberration data
= Very accurate for systems with large aberrations

Optical Design with ZEMAX OpticStudio
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EMAX OpticStudio: MTF

Freq = 355.2, MTF = 0.08866

Modulus of the OTF
o

MTF

84.0 126.0 168.0 210.0 252.0
Spatial Frequency in cycles per mm

Surface MTF

0 42.0

25.11.24

294.0 336.0

378.0 420.0

Polychromatic
FFT Incoherent
ModuTation
Transfer
Function

1.0

0.8

ModuTlus of the OTF

Modulus of the OTF

1.0

Through Focus MTF

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.10

Focus shift in Millimeters

MTF vs Field

2.0 4.0 6.0 8.0 10.0 12.0
Y Field in Degrees

14.0
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EMAX OpticStudio: PSF
B FFT PSF
L FFT C_'°55 Section = Computes the diffraction point spread function (PSF)
P FFT Line/Edge Spread using the Fast Fourier Transform (FFT) method
- Huygens PSF : Fa.St _
I/ Huygens Cross Section " With assumptions

= Only accurate at F/# > 1.5

= 0.22s Huygens PSF
18 = Computes the diffraction PSF using direct integration of
13 Huygens wavelets method

0 G o,  Strehlratio also computed
B =  More accurate

o4 = More general
%9 = Slower

-52.8

-52.8 0 52.8
X-Position (um)

Y-Position (um)
o o o o

o
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ZEMAX OpticStudio: Gaussian Beams

-
L.
O
L

I
B STI | >< Paraxial Gaussian Beam [-] 1: Paraxial Gaussian Beam Data o
MICRO-a17 ASettings ¢ Galddd O — A Q|ef|BdS &2 3x4 - | standard - | @
I Wavelength: [2 vJ M2 Factor: 1
Paraxial Gaussian Beam Waist Size: 0.05 SurfltoWaist 0
----- Interactive Analysis «----

Compute ideal and M-squared-

mixed-mode Gaussian beam data, Orient: ¥ '] Update J

such as beam size, beam divergence, Surface: [13 . |
and waist locations, as a given input Size 3.720546€-001 Radius 4394163E+002
beam propagates through the lens Waist 1.899454€-001 Rayleigh 1.928971E+002
system e :
j Position 3.248860E+002 Divergence 9.846978E-004
Shortcut Key: Ctrl+B Wavelength 5.876000E-001 M2 Factor 1.000000E+000

% o Aol (o) (ot e

Paraxial Gaussian Beam Parameters

25.11.24 Optical Design with ZEMAX OpticStudio




Divergence ray

WO
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Position<0___ ——
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Surface ‘
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ZEMAX OpticStudio: Image Simulation

[o5] P® A9 Cz2 O Example 1, A singlet eyepiece.zos - Zemax OpticStudio 22.3 Premium (7) - L127881 = a %
Setup | Analyze | Optimize  Tolerance  Libraries  Part Designer  Programming Help b
= A ' B A » ¢ © @ ©
> & e ~ @ HN A 2 e @
Cross-Section 3D  Shaded Rays & Aberrations Wavefront PSF MTF  RMS Enclosed Extended Scene Physical Beam File Gaussian Fiber Palarlzailon Sur‘lace Coatings Diffraction Reports Universal Stray  Biocular  PAL/Freeform
Viewer Model Spots ~ v v v - Energy ~ Analysis » Optics  Viewer Beams » Coupling ~ v Efficiency ~ v Plot ~ Light  Systems ~ v
System Viewers 5 Imagel @ | Image Simulation Laser and Fibers Polarization and Surface Physics Reports _ Universal Plot Applications
) Lens Data X | F | Geometric Image Analysis g 4: Prescription Data X o
Update: All Windows ~ Update: All Windows + (| Ml | Geometric Bitmap Image Analysis & w O-£ ¢ ® s v = © v) Settings & 42 bl O/ =—A 8 =2 R 7
» 4pedure v ISt 2 .| .0 |Light Source Analysis Configuration 1/1 System/Pr‘escr‘iption Data
» Fields @  Partially Coherent Image Analysis
:\Eﬂhvelengh: . SurfaceType € [@ Extended Diffraction Image Analysis  Coatit Clear Semi- ChipZ MechSe Conic | TCEx 1E-6 | F11; s C.\Uier's\Ve :u\Docume:ts\Z:m;x\Samplei\Sequentlal\Image Simulation\Example 1, A si
TR &) t 8 Title: Simulating the image formed by a singlet eyepiece
< Polatzaton 0 OBJE Standard ~ R | Relative lllumination 11.500 00... 11.500 0.0.. 0.000 ‘ Date : 11/21/2022
[ Convert Thin Film Phase To Ray Equivalent | 1 Standard ¥ | | I | MA and BIM File Viewer 11500, |00..| |11.500| | 0O0. 0.000
[¥] Unpolarized 2 (aper Standard v B Bitmap File Viewer 8.000 U 00.. 8000 00.. = ‘
s 3 (aper Standard ~ Tfinity 10,000 8000 U 00.. | 8000  00.. 0.000 LENS NOTES:
X Axis Reference ~| || 4 STOP Standard ~ Infinity  -1000... 2500 U |00.. 2500 00. 0.000 An input bitmap (left) is convolved with a PSF Grid (middle) to form the output image
> Akanced 5 IMAG Standard ~ _Infinity, | 1 582780 0.0 582..  00. 0.000 (right). Note that screen resolution may mean that not all elements in the 7x7 grid
» Ray Aiming appear in the middle window: simply maximize the window to see the entire grid.
» Material Catalogs g 2 Y 5 & R
» Title/Notes Note the distortion, and the variation of focus over the field of view.
» Files
i U':"S Thic lens i <n hichly aherrated that the relative illuminatinn (variatinn nf hrichtnace
» Cost Estimator =
B 2:Image Simulation 1 X -/ @ 3: Image Simulation 2 X s § 1:30 Layout x s
viseingg ¢ al® /O =A S EH= &8 3x4- @ viseings £ Ll SO0/ =A S BH= 8- 3x2- 0 visetings ¢ Hlaim SO0/ =AM A&-|Algl< a@ 2 |E
Standard + g Standard + @) = @ LineThickness+ @
~
\\
[ Image Simulation: PSF Grid [ Image Simulation: Diffraction Aberrations
nwmmq the image formed by a singlet eyepiece Zemax ;;—uu%yﬁ the image formed by a singlet eyepiece Zemax
Freld heiaht is 13.8000 WilTimeters. Zemax OpticStudio 22.2.1 “height is 13 3000 Millimeters Zemax OpticStudio 22.2.1
Jeld position: -
AL g - - chief ray ’ ~ . ey L 7
Exasple 1, A singlet eyepiece.zos 'age size 15 832.0000 W x 624.0000 H (Millimeters) Exanple 1, A singlet eyepiece.zos
Configuration 1 of 1 ‘ Configuration 1 of
10 mm
Simulating the image formed EFFL: 25.1062 WFNO: 200 ENPD: 103408
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To be announced
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