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Correction |

Correction Il
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Introduction, Zemax interface, menues, file handling, preferences, Editors, updates, windows,
Coordinate systems and notations, System description, Component reversal, system insertion,
scaling, 3D geometry, aperture, field, wavelength

Diameters, stop and pupil, vignetting, Layouts, Materials, Glass catalogs, Raytrace, Ray fans
and sampling, Footprints

Types of surfaces, Aspheres, Gratings and diffractive surfaces, Gradient media, Cardinal
elements, Lens properties, Imaging, magnification, paraxial approximation and modelling

Representation of geometrical aberrations, Spot diagram, Transverse aberration diagrams,
Aberration expansions, Primary aberrations,

Wave aberrations, Zernike polynomials, Point spread function, Optical transfer function

Telecentricity, infinity object distance and afocal image, Local/global coordinates, Add fold
mirror, Vignetting, Diameter types, Ray aiming, Material index fit, Universal plot, Slider,|IO of
data, Multiconfiguration, Macro language, Lens catalogs

Principles of nonlinear optimization, Optimization in optical design, Global optimization
methods, Solves and pickups, variables, Sensitivity of variables in optical systems

Systematic methods and optimization process, Starting points, Optimization in Zemax

Fundamentals of Fourier optics, Physical optical image formation, Imaging in Zemax

Introduction in illumination, Simple photometry of optical systems, Non-sequential raytrace,
lllumination in Zemax

Symmetry principle, Lens bending, Correcting spherical aberration, Coma, stop position,
Astigmatism, Field flattening, Chromatical correction, Retrofocus and telephoto setup, Design
method

Field lenses, Stop position influence, Aspheres and higher orders, Principles of glass
selection, Sensitivity of a system correction, Microscopic objective lens, Zoom system

Gaussian beams, POP propagation, polarization raytrace, coatings



13 Physical Optical Modelling @ Institute of

Applied Physics

Friedrich-Schiller-Universitdt Jena

Contents

Gaussian beams

Physical optical propagation
Polarization raytrace

Polarization transmission

Coatings - overview

Coating transmission and phase effects
Design and calculation of thin films

Simple layers

© © N o o bk~ w0 DR

Applications and examples

10.Coatings in Zemax
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A Expansion of the intensity distribution around the waist I(r,z)

X

hyperbolic asymptotic
caustic curve lines
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Gaussian Beams, Definitions and Parameter " Fidrich-Schiler-Unversict Jena
A Paraxial TEMOO fundamental mode o’
A Tra.ms_verse intensity is gauss_ian - W§§1+%z-: g §
A Axial isophotes are hyperbolic 1(r,2)= e & ¢ v
.. &47.2809
p@gel+g—~gu
e ¢ % |

A Beam radius at 13.5% intensity

W(Z) =w, C 1+%
¢

A Only 2 independent beam parameter of the set:
1. waist radius w,
2. far field divergence angle q,
3. Rayleigh range z,
4. Wavelength | |

A Relations W,= 2,9, = =
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Gaussian Beam, Axial Intensity PSR IEIDITEISY
A Axial intensity: Lorentz function 2P 2P . 1
1(r =0,2) = = 0— —
pWwi(z) PW,  &z- 7§
l+& 8
A Characteristic depth of the waist region: ¢ % +
Rayleigh range
I(z) /1,(2)
ZO_pWS _W _ /o :
= =2=—0 |
/@ P ° [
0. / \
0.7
. [
O [
. [\
. [\
0.2

-6 -4 -2 0 2 4 6 z/z
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Gaussian Beams, Radius of Curvature B e

A Gaussian beams have a spherical wavefront
A Radius of curvature: )

R(z)=z- z + %
Z- Z;

A In the waist the phase is plane
A The spherical wave is not concentric R6/ “o
to the waist center /
A In the distance of the Rayleigh range, the
curvature of the phase has ist maximum

N

0 z/z
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Transform of Gaussian Beams B e R

A Diffraction effects are taken into account

A Geometrical prediction corrected in the waist region

A No singulare focal point: waist with finite width

A Focal shift: waist located towards the system, intra focal shift

A Transform of paraxial beam 2

L f
propagation ® ; ; geometrical ' f ' ' '
o I A L Nimit z /f=0 |k ] } __________ i
1 1 . 1 1
- O0———==
Z g z, 9t
¢ (f+z. )
e T /U
z, /f
I S N 74 N N S W _
R U W O O Y A O N O SO :
PSS U WO O PO Y O N SO NS S :
6 5 4 3 2 -1 0 1 2 3 4



13 Physical Optical Modelling @ Institute of

Gaul3-Schell Beam: Definition -» Applied Physics

Friedrich-Schiller-Universitdt Jena

A Partial coherent beams:

1alh-1,Q
1. intensity profile gaussian B 1L °
— — C -
2. Coherence function gaussian G(I’l - rz , L= O) =e ¢
A Extension of gaussian beams with similar description
A Additional parameter: lateral coherence length L,
i
A Normalized degree of coherence e = ‘2? 2
W. Q
b=G+g=g
g Cc~ H
o 2
< . ,_1_ w, Q
A Beam quality depends on coherence M*=—= 1+£T8
b SR

A Approximate model do characterize multimode beams
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Solution Methods of the Maxwell Equations

Maxwell-
equations
|
[ | |
diffraction spectral Id;rect ¢
integrals methods Sot#elggsEo
exac_t/ | 1st 2nd
numerica approximation approximation
| | finite element | | Kirchhoff- asymptotic mode finite
method integral approximation expansion elements
JAUIEEIRY FEIEII Fresnel plane wave finite
L g SChuciist approximation spectrum | differences
method 1st kind PP P
hybrid method SR Fraunhofer vector
BEM + FEM S approximation | potentials
2nd kind
| | Debye boundary
approximation edge wave
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Wave Optical Coherent Beam Propagation
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Method

Calculation

Properties / Applications

Kirchhoff
diffraction integral

|k\r°-r"'\

E(rC)—— E(r )S dF

- r

Small Fresnel numbers,
Numerical computation slow

Fourier method of
plane waves

E.,(X)= FEl{e"”“z ex]}

Large Fresnel numbers
Fast algorithm

Split step beam
propagation

Wave equation: derivatives approximated

,U2E+ L HME _ o aen(Xy) @
kS DB g 1GE
pz: oz O

Near field
Complex boundary geometries
Nonlinear effects

Raytracing

Ray line law of refraction

r=r,+d & sini*

n__.
- : = sini

System components with a aberrations
Materials with index profile

Coherent mode
expansion

Field expansion into modes
E=& v ¢ =fE(X)y ,(X)dx

Smooth intensity profiles
Fibers and waveguides

Incoherent mode
expansion

Intensity expansion into coherent modes

| (%)=& cly ()

Partial coherent sources
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Diffraction Ranges

Different ranges of edge or slit diffraction as a function of the Fresnel number /

distance:

far field 2 Imml

1_ Far field Fraunhofer e
Fraunhofer
weak structure
smallNc< 1

2. Fresnel
Quadratic
approximation g
of phase regime
ripple structure
medium Ng > 1

3. Neatr field
Behind slit
large N >> 1

near field

coherent plane wave

intensity near left edge

-NFW

| Ne= 1000 ”ﬂﬂ

| Ne= 10000 H'
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A Fresnel number : critical number for separation of approximation ranges

A Setup with two stops in distance L

N __8132 start plane sagittal final
F o sto height p plane
/ L P stop

A Fraunhofer diffraction, farfield, | e

Dominant effect of diffraction: — T a

a;| T

Ne<2 T ] |
A Fresnel diffraction with P

considerable influence of spherical wave

diffraction: N-=1 from axis point P

: £ =

A Geometrical-optical range witj neglectable diffraction, near field :
Ng >>1
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Fourier-Based Pro pagators “F Frdrch clerUniversii Jena

A Changing form the spatial into the frequence domain
A Expanding the complex field into plane waves by Fourier transform
A Propagation of each plane wave by a simple phase shift .

E(k.,z+Dz)=E(k,,z)@ ?

A After propagation returning into spatial domain
A Between starting and final plane the field is unknown (one step method)

X n, X
A A .
starting final plane
plane s
— 7 >
— free space /
—> ABCD segment y
spatial ’/J — >
domain e —
A spatial
domain
Fourier- ; plane nges . inverse Fourier
transform requency domain transform

one step T
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Propagation by Plane / Spherical Waves s R

A Expansion field in simple-to-propagate waves

A 1. Spherical waves 2. Plane waves
Huygens principle spectral representation

o Gy Bl gor s e
i E(r) = e aE [E(r)
E(rc)zﬁ‘er r (2 } { L) i

B e

\
N
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Plane Wave EXpaﬂSion = Friedrich-Schiller-Universitat Jena

A Basis: 1. superposition of solutions
2. separability of coordinates

A Plane wave

A Spectral expansion 1 C & C
A(K): plane wave spectrum E(S— ( )3 N ﬁk]&“kr dk
A Dispersion relation: Ewald sphere k2 :kf +k§ +|<Z2 :%n_wg
€Co =
A Transverse expansion A A W
P K=k +K —(kx+k)+kz

E(X Y,z ) (2 )2 N Ak, k yvz)e+i(ka+yky) dk, dk,

A Main idea: | A(kx, K, ):n 5k v.2) e’ i) dxdy
- Field decomposition in plane waves
- Switch into Fourier space of spatial frequencies
- Propagation of plane wave as simple phase factor
- Back transform into spatial domain
- Superposition of plane wave with modified phase
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Plane Wave Expansion
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A Propagation of plane waves:
pure phase factor

1. exact sphere A(k k

X1 Ny

2. Fresnel quadratic approximation

A Evanescent waves
components damped in z
important only for near field setups

A Propagation algorithm

X-y-sections are coupled

Paraxial approximation
X-y-section decoupled

Z): A(kx,ky,o) e = A(kx, < ,O) o -

A(k Kk Z)=A(k k O)C'é-ikcz Cé-;((k3+k§)

X1 Ny X1 Ny

— A(VX v, ,0)@ kG ) ip /z((')1§+v§)

kZ:iQ/kX2+k§- k; for ki +k’ >0, evanescer

E(X,Y)= Ii;yl{eikzz CBEXV[E(X’ y)]}
_ IElfezpizc./l//Z_vi-ﬁ C"BEW[E(X, y)]g

Xy

E(X,y')= I%yl{eip /i) CFEXy[E(X, Y)]}



13 Physical Optical Modelling  Institute of

Richards-Wolf Vectorial Diffraction integral FRLTEN I

Friedrich-Schiller-Universitdt Jena

A Transfer from entrance to exit pupil in high-NA:
1. Geometrical effect due to projection

y
(photometry): apodization A i
1 dy“ dy/cosu
AERO—~— e
. T I e
with =S
. NA
S=SIinNu=—— i - |
n ;< -
A Tilt of field vector components
Ye é> y - y'
A Ey_> A ey A
AN s
N e o xe "
o %Jr 1- 5T g e
A== . u O u
2 g l1-+1- szrz)caoquH .
entrance image
pupil R plane
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ngh'NA FOCUSIﬂg " Fri(gr'i:h»SchilIer-Uni\eritatJena

A Total apodization
corresponds astigmatism

C}+\/1 sr? (1 \V1- szrz)("hoqu
Acin(r.q)=A(r.q) @1 A2

A Example calculations

NA = 05 NA 0.8 NA =0.9 NA =0.97

t 'K 3k .3
W

A(r) 2 2 2 2
15 15 15 15
y \ /
1 —= ] 1 \ / 1 1
05 05 05 05/ !
0 0 0 0 r
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Vectorial Diffraction at hlgh NA " Friedrich-Schiller-Universitat Jena

Linear Polarization
lges

200 200
Pupil 100 100
0 0
-100 -100
2200 ‘ -200

-200 0 200 5

¥ 10

200 8 200
100 6 100
0 4 0
. -100 3 -100
' NA -200 9 -200

-200 0 200 -200 0 200
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High NA and Vectorial Diffraction o

A Relative size of vectorial effects as a function of the numerical aperture

A Characteristic size of errors:
DI/,

10°

error axial lateral
0.01 0.52 0.98 10"
0.001 0.18 0.68

3 axial

/4 lateral

NA
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Beam Propagation in Zemax

2 POP Settings

General | Beam Definition I Displa:.rl Fiber Data |

Start Surface: I "’I Wavelength: |1 =l
End Surface: IImage j Field: I1 j
ID

Surface To Beam:
[T Use Polarization

i Institute of
Applied Physics

Friedrich-Schiller-Universitdt Jena

A Setting of initial beam and
sampling parameters

[T Separate X, Y
B 2 rorseimss 2
‘General Beam Definition | Display | Fiber Data |
X-Sampling: * | X-Width: f50
¥-Sampling: [512 x| Y-Width: 50
Automatic I
Beam Type: IT::-p Hat j
_——— " Total Power i (* Peak radia General | Beam Defintion Display | Fiber Data |
Read Fawer From File Show As: ICmss ¥ j
Waist X IE' Waist 'f Data: Ilnau:liance j Row: ICenter j
Decenter X 0 Decenter Y e : ; -
I Project: EX Inadinos Scale: Iunear J
| Zero Phase For Relative InfEY Inadiancs [o.001
Phase
I Plot Scale: EX Phase
EY Phase
Contour Format: Transfer Magnitude
Transfer Phase
Save | Load | _ Zoom In: ZA =]

[T Save Output Beam To: IE;f.en:ise 51 POP.ZEF

[~ Save Beam A&t Al Sufaces

oK I Abbrec
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Beam Propagatlon In Zemax Fri(gr'iZh»SchilIer-Uni\eritétJena

2 surface 5 Properties 21x|

Type I Drraw I Aperture I Scattering | Titt/Decenter  Physical Optics |Coatir1g |

A Individual control of parameters

at every surface
[T Use Rays To Propagate To Mext Suface

[T Do Mot Rescale Beam Size Using Ray Data

[™ Use Angular Spectrum Propagator

™ Draw Exercise 9-1 POP_D005 On Shaded Moded
[T Re{ompute Filot Beam Parameters

p . ™ Resample After Refraction [T Auto Resample
A Model of calculation: X Samphig: B <] V-Samping: E 5]
1. propagator from surface to Wi i e i
surface Output Pilot Radius:  |Best Fit =
2. estimation of sampling by pilot % Radius: B Y-Radius: [
gaUSSIan beam Previous Surface | Next Surface |

3. mostly Fresnel propagator with
near-far-selection Ok | Adbrechen |  Hie |
. re-sampling possible
. polarization, finite transmission,...
possible

a1 b~
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Beam Propagatlon In Zemax Fri(ngi:h»SchilIer-UnivverSitétJena

A Example: ] ]
Focussing of a tophat beam with 5 wsul| |
one-sided truncation ol ]

Y coordinate wvalue

Irradiance Y-Cross section surface 7

Okuyema U3P 2003-0043473 Microscope lens 40 x1.2 Corr

03.11.2012

Wavelength 0.58756 ym in index 1.00000 at 0.0000, 0.0000 (deg)

Center, X = 0.0000E4000

Peak Irradiance = 1.0282E+003 Watts/Millimeters~2, Total Power = 6.3629E+001 Watts
Pilot: Size= 2.2956E-001, Waist= 3.7217E-003, Pos= 4.5675E+000, Rayleigh= 7.4060E-002

10182

nrs - -1

]
05714 0451 03429 0. Z288 =0.1148 ] 2.1048 0. 2288 0.3429 Q.51 05714

X coordinate value
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Description of Polarization

Friedrich-Schiller-Universitdt Jena

Parameter

Properties

1 Polarization
ellipse

Elliptczity e,
Rotation angle g

only complete polarization

2  Complex
parameter

Parameter z

only complete polarization

3 Jones vector

Components of the field
E

only complete polarization

4 Stokes vector

Stokes parameter S_ to
S4

also for partial polarization

5 Poincare sphere

Points on and inside
sphere

only graphical
representation

6 Coherence matrix

2X2 - matrix C

also for partial polarization
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Jones Vector = App y

Friedrich-Schiller-Universitdt Jena

A Decomposition of the field strengthE ~ C aE o éAKe'idx 0
into two components in x/y or s/p E, = % =K i, d
, o= e 2
A Relative phase angle between d=d - d
components y X
; ° 2 o) ~2
A Polarizati llipse aE. @ akE, Q E E _
olarization ellips SRk +$y8 - 2% cosd = sin? of
A0 @0 TAA
A Linear polarized light é: &l é) 80§ EC _&cosa §
° %a o THE S TE 8
¢ ¢ ¢
A Circular polarized light é: _iélg Ig 1419
a5 e 1
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Jones Calculus = App y
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A Jones representation of full polarized field:

-~ 6 SS 'Jsp(jé-E 6
decomposition into 2 components E=J&, , "8= % ] Qe g
Gts+ CYps “Ypp+ ClhosT
A Cascading of system components: ~ 1A RN (Y e
g y p En _g nQ n-1 (“. 1(E1
Product of matrices
—> —> > —»> > —->
E; |System1:| E» | System2:| Es | System3: | Es Eni| Systemn: | En
» ; - . "
J1 J2 J3 JIn

A Transmission of intensity |,=E I’gé;
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Jones Matrices '
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A Three basic types of components, that change the polarization:
1. Change of amplitude: polarizer / analyzer

2. Change of phase: retarder
o _ig ~
J = % ? Oa,8
ret i
?O e 2§

3. Change of orientation:  rotator

acosy sin/ §

_rot(/ )_§ Slnj COS’ 8

J(/ )=D(-/ )Q(0D( )
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Propagation of Polarization " Frein schillr-Unversitat e
) . et Thog

A Jones matrix changes Jones vector E =J&
. . _ p— .\

A Muller matrix changes Stokes vector S=M®G

A Change of coherence matrix C=Jad"

A Procedure for real systems:

NoOohwNE

Raytracing

Definition of initial polarization

Jones vector or coherence matrix local on each ray
transport of ray and vector changes at all surfaces
3D-effects of Fresnel equations on the field components
Coatings need a special treatment

Problems: ray splitting in case of birefringence
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Diattenuation and Retardation B s L e

A Change of field strength:

_ (Lo C
calculation with polarization matrix, T ‘EEE ~ é: C-ET CECE
transmission T B ‘E 2 T E&®E

A Diattenuation D= Tinex = T
Tmax +Tm|n
A i : O &
A Eigenvalues of Jones matrix gret (wﬂz v %2 @®u2 %2
A Retardation: phase difference d:arg(Ll)- arg(L )

of complex eigenvalues

A To be taken into account:
1. physical retardance due to refractive index: P
2. geometrical retardance due to geometrical ray bending: Q

A Retardation matrix —Qtotal P otal
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Polarization of a donat mode in the focal region:
1. In focal plane 2. In defocussed plane

Ref: F. Wyrowski
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Polarization In Zemax mgﬂhmmr.umv‘e’rsmJena

A Model:

1. definition of a starting polarization

2. every ray carries a Jones vector of polarization, therefore a spatial variation of polarization
IS obtained.

3. at any interface, the field is decomposed into s- and p-component in the local system

4. changes of the polarization component due to Fresnel formulas or coatings:
- amplitude, diattenuation
- phase, retardance

A Spatial variations of the polarization phase accross the pupil are aberrations,
the interference is influenced and Psf, MTF, Strehl,... are changed
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Polarization iIn Zemax " Friedrich-Schiler-Univrsiat Jena
'8 General m
. Aperture ] Title/Notes l Unn§ : I Glass Catalogs ] Environment I
A Starting pOI ariZ atl on Fles | Non-Sequential Polarization | Ray Aiming | Miscellaneous |
V¥ Convert thin film phase to ray equivalent
™ Unpolarized
5 pm
Jy: 10.7070
X-Phase: W
Y-Phase: W
Method: |X Axis Reference L.I
[ ok | Abrechen | Obermetmen Hilfe
A Polarization influences:
1. surfaces, by Fresnel formulas or coatings
2. direct input of Jones matrix surfaces with € = QCE
aE' @ aA Bg.aE g
% R 8% 8
C—vy+~ C ~Cy~
_éAe-l_i O\m Bre-HCBlm géExg
(E}%re + @, D.+1®D, +(%y -
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Polarization In Zemax mgﬂhsmn|e,-.umv‘e'rsna[Jena

2 1: Polarization Pupil Map =,

Update Settings Print  Window Text Zoom

A Analysis of system polarization: e |
1. pupil map shows the spatial variant SR/
polarization ellipse

e TGO
INFrRaTel et ul o at e
OR300

DRI

GR2ERR2T0
o
a ¢
o

&
DO o00
LReFReR
BN ROO200
LUVOLIRED
DO LeoR

2. The transmission fan shows the variation of _
the transmission with the pupil height e

[y wN e e

SRS EN RS RN Y o o e

o
o)
)
)
U
0
N

Dolarizestion Pupil Map

Corner Cube Sample
Ze_10.Z012

3. the transmission table showes the mean Eidld pos - 0,0000, 00000 ldeg)

J¥X: O0.707 J¥: 0.707 PX: 0.000 P¥: 0.000 Corner Cube using POB.ZMX
Surface & Transmission: 53.7838%

values of every surface

5 3: Transmission Fan 3 - |Q|

Field Pos : 0.0000 (deg) Update Sett Print: Window! Text' Zoom

Iransmission at 0.6328: 0.942976023
Total Transmission 2 0.942976023
OBJ: 0.0000 (deg)
. 'Tapgent:‘.‘al' 1.0 — S'agitta'l —
Chief Ray Transmission Surface By Surface: | lo.o //f—ﬁ
{0.8
Field Pos : 0.0000 (deg) lozl |
Wavelength 1: 0.633 um lo.el
. 0.5 -
Surf Tot. Tran Rel, Tran
1 1.000000 1.000000 12:£ |
2 0.999675 0.999675 ||l
3 0.950461 0.950770 1921
4 0.949581 0.999074 192t
5 0.249581 1.000000 = By =R Bx
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Polarization In Zemax

A Single ray polarization raytrace:

3 4: Polarization Ray Trace

Update Settings Print Window

Tracing ray to surface 1:

Path length through air (cau): O.0000000E+000
. Internal absorption per mm (2lpha): O0.0000000E4000
deta”ed numbers Of Internal Transmittance of ray (IT): 1.000000000000
Propagation Phase Factors (pc,p=) : 1.000000000000 -0.000000000000
Coordinates on surface (X, ¥,2): 0.0000000E+000 5.0000000E+000 O.0000000E+000

angles

Direction cosines of incident ray (11,ml,nil):
Cosine of angle of incident ray H
Coszine of angle of exit ray

0.000000000000
1.000000000000
1.000000000000

0.000000000000
(0.000000 deg)
(0.000000 deg)

1.000000000000

- f|e|d Components Direction cosines of exit rav (12,m2,n2): 0.000000000000 ©0.000000000000 1.000000000000
Direction cosines of normal (ln,mn,nn}: ©.000000000000 ©.000000000000 -1.000000000000
. . Direction cosines of 5 wector (=sx,=3v,52): 1.000000000000 O.000000000000 -0.000000000000
- transm|SS|on Direction cosines of P wector (px,py,p=z): -0.000000000000 1.000000000000 O.000000000000
E field before coating (xvz) (Exr,Evr,Ezr): 0.000000000000 1.000000000000 0©.000000000000
. (Exi,Evyi,Ezi): ©.000000000000 ©.000000000000 ©.000000000000
- rEEfIEB(:tI()r] E field before coating (s:ip) (Esr,Epr): 0.000000000000 1.000000000000
(Esi,Epi}: 0©0.000000000000 ©O.000000000000
Ray intensity before coating (I1): 1.000000000000
at a” Surfaces Coating Hone defined, assuming bare glass.
Intensity Reflection coefficients (R=s,Rp): 0.000000000000 ©.000000000000
Intensity Transmission coefficients (Ts,Tp): 1.000000000000 1.000000000000
Intensity Absorption coefficients (A=, Ap): 0.000000000000 ©O.000000000000
Diattenuation (D)y: ©.000000000000
Field Amplitude Reflection 5 pol (rsr,rsi): ©0.000000000000 ©.000000000000
Field Amplitude Reflection P pol (rpr,rpi): 0.000000000000 ©.000000000000
Field Amplitude Transmission 5 pol (tsr,tsi): 1.000000000000 -0.000000000000
Field Amplitude Transmission P pol (tpr,tpi): 1.000000000000 -0.000000000000
Field Reflection Phase {Prs,Prp): ©0.000000000000 ©.000000000000
Field Reflection Retardance (P-5) (Sr): ©0.000000000000 (O.000000 deg)
Field Reflection Retardance (P-S54pi) (Sr): 3.141592653590 (180.000000 deg)
Field Transmission Phase (Pts,Ptp): -0.000000000000 -0.000000000000
Field Transmission Retardance (P-5) (5t): 0.000000000000 (0.000000 deg)
Field Transmission Retardance (P-5+pi) (St): 3.141592653590 (180.000000 deg)
Ray Bmplitude Reflection 5 pol {rsr,rsi): 0.000000000000 O.000000000000
Ray Amplitude Reflection P pol (rpr,rpi): 0.000000000000 O.000000000000
Ray Amplitude Transmission 5 pol (tsr,t=si): 1.000000000000 O.000000000000
Ray Amplitude Transmission P pol (tpr,tpi): 1.000000000000 O.000000000000
Ray Reflection Phase {Prs,Prp): 0.000000000000 O.000000000000
Ray Reflection Retardance (P-5) (Sxr): 0.000000000000 (0.000000 deg)
Ray Reflection Retardance (P-5+4pi) (Sr): 3.141592653590 (180.000000 deg)
Ray Transmission Phase (Pts,Ptp): 0.000000000000 O.000000000000
Ray Transmission Retardance (P-5) (Stc): ©0.000000000000 (0.000000 deg)
Ray Transmission Retardance (P-S5+pi) (Stc): 3.141592653590 (180.000000 deg)
Electric field after coating (Esxr, Epr): 0.000000000000 1.000000000000
(Esi,Epi): 0.000000000000 ©O.000000000000
Ray intensity after coating (I2): 1.000000000000
Direction cosines of new 5 vector (sx,sy,sz): 1.000000000000 ©.000000000000 -0.000000000000
Direction cosines of new P wvector (px,py,.pz): -0.000000000000 1.000000000000 O.000000000000
E field after (Exr,Evr,Ezr): 0.000000000000 1.000000000000 ©.000000000000
(Exi,Evi,Ezi): 0.000000000000 ©.000000000000 ©.000000000000
X, Y, and Z direction Amplitude (&x, A&y, &A=z): 0.000000000000 1.000000000000 O.000000000000
X, Y, and Z direction Phase (Px, Py, Pz): 0.000000000000 O.000000000000 O.000000000000
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A Detailed polarization analyses are possible at the individual surfaces by using the coating

menue options
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A Schematical illustration of the ray refraction ( reflection at an interface
A The cases of s- and p-polarization must be distinguished

a) s-polarization b) p-polarization

reflection

reflection transmission

transmission

\ 4

A 4

normal to the
interface

normal to the
interface

incidence

incidence

interface interface
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Fresnel Formulas i ﬁgﬂ'ﬁﬂemiﬁm

A Coefficients of amplitude for reflected rays, s and p

__sin(-i') _nGosi - Jyn?- 2 @in*i _ n@osi - n@os' _ k- k,

ol sin(+i')  nc@os ++/n2- n? Gin?i " n(osi +n@os’ Kez T K

- _tang- 1Y) _ n?@osi - nG/n?- n* Gin?i _ n@osi - n@os' _ n®,,- n® dx,
I tan(+i')  n2@osi +n&/n2-n?@Gin?i n@osi +n@osi' n®,,+n*d,

A Coefficients of amplitude for transmitted rays, s and p

- 2n@osi 2nQosi _ 2n@os  _ 2k,
©  n@os +n'@os' nedosi ++/n?-n?@in?i n@osi+n@osi' k,,+k,
(oo 2 @os 2n'‘@eosi 2n@os _  2n*@,,
B~

n@os +n@os' n2@os +n@/n2- n?@in?i N'@osi+n@os' n?®,,+n’d,
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Fresnel Formulas

A Typical behavior of the Fresnel amplitude coefficients as a function of the incidence angle
for a fixed combination of refractive indices

Ai=0
Transmission independent
on polarization !
Reflected p-rays without '
phase jump
Reflected s-rays with
phase jump of p
(corresponds to r<0)

' ' '
H ' H ' o ' '
H [ M 1 M 1 B '
0.5 —--mmemmemebemeeceeeabececmaeeadeccaeccemadecemeeaamadan R NS NP
' 0 0 v
' ' ' '
H ' H ' H ' H '
' ' o '

A i=90° e S SR B
No transmission possible ' = E ' = P
Reflected light independent
on polarization

.......................................

PP N A —

A Brewster angle: '

completely s-polarized : : : : L : : :

reflected light e w2 s w s e 70 s %
Brewster
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Overview on CoatingS “F Frdrch clerUniversii Jena

A Optical multi layer systems / thin layers:
Change of reflection, transpossion, polarization

A Application in optical systems:
1. improved transmissioin
2. avoiding false light and ghosts

A Thin layer stacks:
1. interference at many interface planes
2. the layer thickness is in the range of the wavelength
3. calculation is quite complex

A Types of coatings:

AR coatings

HR coatings (mirrors)
spectral edge filter
spectral band filter
beam splitter
polarizing coatings
color filtering

NoOGkwNE
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Types of Coatings

o Institute of

R
A
AR coating

T
A

edge filter

high pass
T
A

selective
filter
positive

> |

> |

HR coating

> |

edge filter
low pass

> |
T
A
selective
filter
negative
> |

Applied Physics
Friedrich-Schiller-Universitat Jena
R
A broadband
beam splitter
> |
T
A
band pass
filter
> |
R
A
polarization

beam splitter

> |
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Comparison of Coatings f"ﬂp:'ﬁﬂpuhvsfcf

A Comparison of coatings with different number of layers:

1. without coating

2. single layer Rin %
3. double layer |
4. multi-layer
4
3 double layer
coating
mono layer
2 coating
1 multi layer
coating
0 —> |

400 500 600 700 800 900
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Calculation of Thin Layer Stacks - Applied Physics
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A Optical impedance in vacuum

e H
ZO - [0 =—_
m E
A Impedance of a system stack for both H e . N . N
pOIZrizations ’ Z,= = = /7(; Ocosq =Z, G—Cosq

Z, —%: /i M @osg =Z, (@osg

n
A Equivalent phase delay of a layer = 2p @l @osg
for incidence angle q - /
(0]
Eref Eref 2 )
- .. . —_ 0S
A Reflectivity of amplitude re = e R = ﬁ =r
0S 0S
2
B trans trans
A Transmission of amplitude t = N, "Egs T :& Eqs —‘t ‘2
©\n, By Con | By
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A Field components:
1. entrance and exit of a layer
2. E and H-field o % Luft
3. forward and backward
propagating wave
4. both polarization components Layer No 1
. Layer No 2
A Continuity conditions at the interface
planes
A Solution of linear system equations rayerNo -
i Layer No j
A Also valid for absorbing media
Layer No j+1
Layer No
m

substrate




13 Physical Optical Modelling @ Institute of

Transfer Matrices : ﬁ!ﬂﬂ'sﬁﬂemﬂﬁm

A Transfer matrices

- for one layer . . a i .. 0. .
- for both polarizations ak.,. 0 & cosda, r Qind, 0 akE; . d
pands % g~ e n; @osy, Q% | 8
G s 8?@1 @osg, Qind, cosd, QC "is=
: i@0sg ... , O
. B ge cosd, SqC@ma’j g . N
an+1po_% nij O-an,pO
& 8e n 0% 8
¢ e g%elndj cosd, 89 e
& cosg, Q
A Matrix of complete stack aE,; 9 AE 0
(representation with B) % Q=Mi, % 8
g ¢ m=
M,,=OM; =M M, 0., O1,M,
A Impedance of air and substrate ST e s
must be taken into account L= H O, @osg, Ly = a @, @osg
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A Single layer matrix

a i ("Bina’j 0 .
_& cosd, ——0 aM,;; My,0
MiZee R V-
P, Gind, cosd, Q T T2
A Reflectivity of complete system
for s and p polarization r = LMy, + Zsonng2 - M- ngM 22
S
ZsoM 11 + Zsozsglvllz + M 21 + ngM 22
A Transmission of complete system '[ 27,
for s and p polarization s —
ZsoMll + Zsonngz + M 21 t ngM 22

A Matrix approach:
- analysis method
- optimization by NLSQ-algorithms
- problem: periodicity of phase

A In principle solution only for
1. one wavelength
2. one incidence angle

A Typically the spectral performance is shown as a function of | ,/ |
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A Special example:
13 layer with
L:n=145
H:n=2.35
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Slngle | /4 Layer ' Fri(!zrli:h»SchilIer-Univversit'atJena

A Single layer with thickness | /4

A Matrix
a I 0
_e0 ——o0 E E
//4 % Z 8 RO R1
N =
C'“o'l
) _ _ air
A Destructive interference No
of the two backwards
propagating waves:
no reflected light
n d layer
Ng substrat

Eto
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Single | /4 Layer

A Spectral behavior:

-5 Applied Physics

Friedrich-Schiller-Universitdt Jena

single zero of reflectivity at the desired design wavelength

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01
0

.......................................................................

[NEEEEEEE AN NN 1 AN ENEEEEE NN NN NN

300 400 500 600 700 800 900 1000

A Residual reflectivity for violation of the amplitude condition

(non-ideal refractive index)

2

mgle %}Om +n| T

(0]
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A Double layer: several solutions possible

A One simple solution: thickness

I’I_Ld1 = n2d2 =/14 Ero Eri  Ere

A Corresponding amplitude condition
air
No

ALY
n, \n,
n; d; layer 1
A Residual reflectivity v
A
o a o 2
2 2
_g'pno ®]2 - ng (Dll 8 n, d, layer 2
Rdouble_

3,00, 01 5 :

Ns substrat

Evo
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Examp le: HR Coatin g T reichschile-Unveriti Jena

A Dielectric HR coating
A Problems:

1. absorbing substrates (metal mirrors)

2. Polarization splitting for R
A
oblique incidence 1 / ...........
0.8 /
0.6

04 ]
0.2 / /\ /\

400 500 600 700 800 900
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Coatings in Zemax

Edit Solves View Help

A Last Column In the Iens data Surf:Type Radius Thick:-ne-ss Glass Semi—Di:a.m-eter Coating
OBJ Standard Infinity Infinity
manager 1| Standard|| 54.1532262|V 8.7466579 SK2 29.2252978 ZR
. 2| Standard|| 152.521921|¥|  0.5000000 28.1409540 ZR
Coatlng on the surface 3| Standard|| 35.9506245(V| 14.0000000 SK16 24.2958124 ZR
4 Standard Infinity 3.7T769658 F5 21.2971908
5 Standard 22.2699246(V 14.2530593 14.9193526 LE
5T0| Standard Infinity 12.4281291 10.2288352
7| Standard|| -25.685033|V|  3.7769659 ES 13.1877585 IR
8| Standard Infinity 10.8339285 SK16 16.4681224
. . o| Standard|| -36.980221|V|  0.5000000 18.9295675 ZR
A One-Step-Coat|ng Of the 10| Standard|| 196.417334|V €.8581749 SK16 21.3107647 IR
- . 11 Standard —-67.147550(V 57.3145373|V 21.6462584 LE
Complete System In- IMn Standard Infinity - 24 _5705331
Tools/Catalogs/ s ol
: Surface 1 Properties —_— l I
Add Coationgs to all Surfaces & £ =
Type | Draw | Aperture | Scattering | Tit/Decenter | Physical Optics Coating I
A . Coating: AR -
A On every surface: e lmi_‘—J
‘e ; ; Use Layer Muttipliers an £
specification of coating data i =
: Layer: [ |HEAR! s
form data file . o2
. d Muttiplier: I— S‘I}EPTAL
Coatlng' at All Muttipliers Variable |METAL2
. ) i . AIRC010
A File can be edited in: e rE,IALON
Tools/Catalogs/Edit Coating File g o\
| Bdinc. Offset: |-_ |:95 -
Al Offsets Variable j All Offsets Fixed Al Offsets 0.0 I

Previous Surface Next Surface I
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Coatings in Zemax

MATE BK7 COAT AR
A Syntax of the coating file, 0.4 1.53084850 MGF2 .25
Tools/Catalogs/Coating Listing 0.46 1.52443350
0.5 1.52141450 COAT HEAR1
Material specifications: 0.7 1.51306400 MGF2 .25
different indices of the substrate 0.8 1.51077620 ZR0O2 .50
1.0 1.5075022 0 CEF3.25

coatings:
all layers: material, thickness in waves
material must be given

ideal coatings:
described by transmission value

coatings specified by table
explicite values of Rs, Rp, Ts, Tp for each
wavelength and incidence angle

encripted coatings
(binary format)

ENCRYPTED ZEC_HEAG673
ENCRYPTED VISNIR
ENCRYPTED ZEC_UVVIS
ENCRYPTED ZEC_HEA613

2.0 1.4945016 0

COAT CZ2301,45
MGF2_G 0.08450000 10
XIV  0.02640000 10
MGF2_G 0.01280000 10
XIV  0.07600000 10
MGF2_G 0.01380000 10
XIV  0.02930000 10
MGF2_G 0.03260000 10
XV 0.01070000 10

COAT 1.05
COAT 1.50
COAT 1.95

TABLE PASS45

ANGL 0.0

WAVE 0.551.01.00.00.00.00.00.00.0
ANGL 45.0

WAVE 0.550.00.01.01.00.00.00.00.0
ANGL 90.0

WAVE 0.551.01.00.00.00.00.00.00.0
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Coatings in Zemax

A Selection of coating/polarization analysis

A Tapering of coatings is possible:
radial polynomial of cosine-shaped
spatial thickness variation

A Import of professional coating software
data is possible

A Given coatings can be incorporated into the
optimization to a certain flexibility
- thickness scaling
- offset of refractive index
- offset of extinction coefficient

@ Institute of
-5 Applied Physics

Friedrich-Schiller-Universitdt Jena
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A Detailed polarization analyses are possible at the individual surfaces by using the coating

menue options
I-TES] & - petardanceviangle Zigfx
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