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- YouTube (www.youtube.com/LightTransInternational)

Check out our downloads page to see VirtualLab
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application: www.LightTrans.com/resources/downloads
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www.LightTrans.com/resources/trial-software
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One Platform, Many Solvers

Fast physical optics simulations...

VirtualLabrusion

... made possible by connecting field solvers!

VirtualLab Fusion acts as a software . ,
: solving Maxwell’s
platform to connect electromagnetic )
. ) equations for the whole
field solvers in a seamless, fully
) system!
non-sequential manner

M. Kuhn, F. Wyrowski & C. Hellmann, ‘Non-sequential Optical Field Tracing’, in Thomas Apel &
Olaf Steinbach, ed., ‘Advanced Finite Element Methods and Applications’, Springer Berlin

Heidelberg, pp. 257-273 (2013)

LightTrans International



Optically Anisotropic Media in VirtualLab Fusion



Abstract

Preview for Biaxial Crystal — O X

Optical anisotropy, also known as
wovtergn [ S20m] @ menciipsos O vy o birefringence, Is the reason for various
N optical phenomena and the related
applications. VirtualLab Fusion
provides a fast and rigorous field
tracing analysis algorithm which
applies an S-matrix solver and works
In the k-domain. In this use case, the
basic configuration of an anisotropic
medium is introduced.
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Anisotropic Media in Catalog

- lj "Ed > Optical Setup
Start Sources Functions Catalogs Windows Optical Setup Tools

te W € = ¥ ]

|y

Stacks Surfaces

Boundary Coatings Components Detedors Light Material

Responses Sources Media Catalog x
Catalogs Definition Type Templates v | Content Appearance
Filter by... X | wavelength @ IndexEllipsoid () Velocity Ellipsoid

Air in Homogeneous Medium Optical Axes [] Wave Direction & Eigen Indices
Aperture Medium
Biaxial Crystal
Fiber Medium (0.0, 1} Q { O k2
General Anisotropic Medium €3
GRIN Medium

In the new version three different S i

Pillar Medium (General)

kind of anisotropic media can be ‘s iy WO
found in the media catalog: [ -
. Uniaxial Crystal oot
» Biaxial Crystal
» General Anisotropic Media s
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< >

Q2 B Tools {§w | [ Show Preview Close Help




Defining the Anisotropic Media

Edit Biaxial Crystal
Material of Principal Index a
Name |Index d_1.5_Abbe 50_dPgF 0
Catalog Material

State of Matter Solid

Material of Principal Index B

Name |Index_d_1.55_Abbe_60__dPgF_0
Catalog Material

State of Matter Solid

Material of Principal Index y

Name |Index_d_1.7_Abbe_50__dPgF_0
Catalog Material

State of Matter Solid

% Edit Uniaxial Crystal

Material of Ordinary Refractive Index
Q Name |Index_d_1.5_Abbe_50__dPgF_0

W /

Catalog Material

State of Matter Solid

Material of Extraordinary Refractive Index

Q Name |Index_d_1.7_Abbe_60__dPgF 0
v / l_:; Catalog Material
Edit General Anisotropic Medium X olid
Algorithms
Snippet for Permittivity Tensor Validity: o
2K Cancel
Snippet for Permeability Tensor / Edit validity: @

Help

Valid Vacuum Wavelength Range

Minimum | 1pm| Maximum 100 km|
Q, oK Cancel Help

The Biaxial Crystal is defined by
the principal indices of three
directions

The Uniaxial Crystal is defined by
the ordinary and extraordinary
refractive indices

General Anisotropic Media can be
set up by directly defining the
permittivity tensor




Preview of the Anisotropic Medium

The preview of an anisotropic
medium can be displayed through
index ellipsoid or velocity
ellipsoid, which makes it easy
and intuitive to study the
properties of the media.

Preview for Clremre

In the Content tab, the user
can select between the
index/velocity ellipsoid of the

anisotropic medium

In the Appearance tab, the
user can show the
wireframe of the selected
ellipsoid and edit its density

LB pd = - e g ) -

Content  Appearance

Wavelength @ Index Ellipsoid _ () Velocity Ellipsoid
|

Optical Axis

_—

16025

The half-lengths of the
principal axes equal the
refractive indices of the

normal modes

Preview for Calcite-Crystal_CaC03_Uniaxial — O >

Content Appearance

Set the directions of
the principal axes of
the index ellipse

)

Close Help

Close Help




Preconfigured Crystals

VirtualLab Fusion comes with a
series of pre-configurated crystal
media which can be accessed
from the media catalog. The user
also can import & export his own
defined media to the catalog.

Media Catalog

[#- Aperture Media
=J- Crystals

[#- GRIN Media

+- Homogeneous Media

[#- Pillar Media

+- Sampled Media (x-y-Modulated)
[#}- Samples for Programmable Media
+- Volume Grating Media

BismuthMolybdate-Crystal_Bi2(MoO
Calcite-Crystal_CaCO3_Uniaxial
CaMoO4-Crystal_Uniaxial
LYSO:Ce-Crystal_Lu(x)Y(2-x)SiO5_Biax
MagnesiumFluoride-Crystal_MgF2_l
Quartz-Crystal_SiO2_Uniaxial
Rutile-Crystal_TiO2_Uniaxial
Titanium(lY)-Oxide-Crystal_TiO2_Uni
YAIO3_Nd-doped1.14%-Crystal-Biaxi
YAIO3_undoped-Crystal-Biaxial
ZnWO4-Crystal-Biaxial

>

allZ X Tools {f v

Wavelength @ IndexEllipsoid () Velocity Ellipsoid

[] Optical Axes [[] wave Direction & Eigen Indices

Q<+

‘N@

(-0.34714; 0; 0.93781)
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Show Preview Close Help




Anisotropic Coatings

Anisotropic coatings can be found in the coating catalog

and applied to all optical surfaces in VirtualLab Fusion.

Coatings Catalog

edia Catalog - Filter: [Homogeneous Aniso

Definition Type | LightTrans Defined

~ | Content Appearance

gh*—-—--———“1w’aw\er~gth

I (=) Crystals
BismuthMolybdate-Crystal_Bi2(MoO|
Calcite-Crystal_CaCO3_Uniaxial

l [ Optical Axis [ Wave Direction & Eigen Indices

(@ Index Ellipsoid () Velocity Ellipsoid

X

CaMoO4-Crystal_Uniaxial
LYSO:Ce-Crystal_Lupg¥(2-x)SiOS_Biax
MagnesiumFluoride-Crystal_MgF2_l
Quartz-Crystal_SiO2_Uniaxial
Rutile-Crystal_TiO2_Uniaxial
Titanium(lY)-Oxide-Crystal_TiO2_Uni

X
Definition Type Templates ~  Anisotropic Layer Stack
(Category: Template)
AnisatropicLuyerStack i Dlaﬂ'BlTl Coefficients Calculator !
e e 20 ) GRG! e e Configure Diagram
- <
£
g
é - Define Stack of Anisotropic Layers X
- o
&
- Index: ¢ _
2 Coating
— 3 - | Layers
04 06 08 1 12 14 $ z
Vacuum
Index Thickness Distance Medium Orientation
Biaxial Crystal ([p=0", 6=07;
Valid Vacuum Wavelength Range U L_} QA | =0%) / I
Min Wavelength 2 0mm Air in Homogeneous | N/A
a7 K I
A coating can alternate layers
of ISotropic or anisotropic .,m Delete o e
homogeneous media
Maximum Wavelength
T — 830 nm
Q 5 oK Cancel Help

YAIO3_Nd-doped1.14%-Crystal-Bi

-Q+OZZ

YAIO3_undoped-Crystal-Biaxial
ZnW04-Crystal-Biaxial

Y ——

T - — Definition Type Templates

Media Catalog - Filter: [Homogeneous Anisotrapic and Isotropic Media]

~ | Content Appearance

X‘ Wavelength __saznm
I X 8. N _ N R N A _ B o
L g ﬂm?g AT EPNEGim '

' Biaxial Crystal

I General Anisotropic Medium I

[Fitter by..

[ Optical Axes [ Wave Direction & Eigen Indices

X

(@ Index Ellipsoid () Velocity Ellipsoid

Uniaxial Crystal

L---—----

choose from the predefined
anisotropic media, a previously
defined media from the catalog
or use a template medium and
customize the parameters; the
preview of the medium is

(-0.53244; ©; 0.84647)

Q4 Ol

®

shown on the right

Cancel Help
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Anisotropic Crystal Plate

2: Optical Setup View #1 (Optical Setup)

i=- Components
Component from Catalog

E\“ Index Modulated & Crystals
. - Crystal Plate

- Fiber Element

- GRIN Lens
i Inhomogeneous Medium Compol
E\“ Multiple Surfaces
E\»» Single Surface & Coating
@-- Single Surface & Function
E\“ Single Surface & Stack
Programmable Component
Subsystem
[+~ ldeal Components
- Detectors
[+- Analyzers
Coordinate Break
Camera Detector
Electromagnetic Field Detector

lFMter by... le )
{

[+~ Light Sources
i

PPy
St

The Crystal Plate component
can be found in Components
- Index Modulated & Crystals
- Crystal Plate

®

Coordinate
Systems

il

Edit Crystal Plate Component

Lateral Extent 20 mm| u | 20 mm |
Aperture
Thickness Waveplate Calculator

- T -

Or:(i’:r'\i':tﬂfn | Caldite-Crystal_CaCO3_Uniaal I
I l
/ W 1 | Load I # Edit Q, View
Media Catalog - Filter: [Homogeneous Anisotropic and Isotropic Media] X Crientation I- - -l
Definition Type | LightTrans Defined ~| Content Appearance [o=0¢, &=07) Set I
?h"— -—— e my Wavelength (@ Index Ellipsoid (O Velocity Ellipsoid ==
Coati

JJ 5 Crystals 1 [ Optical Axis [[] Wave Direction & Eigen Indices LEnR
I i+ BismuthMolybdate-Crystal_Bi2(MoO| I =
i - Calcite-Crystal_CacO3_Uniaxial I Name  |No Coa

-+ CaMoO4-Crystal_Uniaxial L] . .
| - LrsOCe-Crystal Lupgv2a0sios_Biax| ] Q "I" SO Set orie ntatl on Of X
‘ MagnesiumFluoride-Crystal_MgF2_|| I

i Quartz-Crystal_SiO2_Uniaxial
I - Rutile-Crystal_TiO2_Uniaxial I th e C ryStaI p I ate
I - Titanium(IV)-Oxide-Crystal_TiO2_Uni l

i YAIO3_Nd-doped1.14%-Crystal-Biaxi [
I YAIO3_undoped-Crystal-Biaxial &
L L. ZnWO4-Crystal-Biaxial

™ Momogencons Media
1.6628
-0 Gacel | [

< >

in the Media Catalog
|

Q2] X

Tools i« Show Preview

Cancel Help
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Anisotropic Stratified Media Component

50: Optical Setup View #49 (Optical Setup)

[ Filter by...

x|

[+~ Light Sources

Ei Components

Component from Catalog
~ Index Modulated & Crystals
~ Multiple Surfaces

E Single Surface & Coating

| Curved Surface

- Plane Surface
- - Stratified Media F
[+ Single Surface & Functidn

~ Single Surface & Stack
Programmable Component
Subsystem

[+~ Ideal Components

Detectors

i+

Off-Axis Parabolic Mirror (Wedge Type)

]..

[+ Analyzers

- Coordinate Break

-~ Camera Detector

- Electromagnetic Field Detector

- pr—— PSSPSS P

The Stratified Media
component can be found in
Components -2 Single
Surface&Coating -2 Stratified
Media

Edit Stratified Media Component

Coordinate
Systems

b

Position /
Orientation

a

Structure

-

Solver

—pm—
=
=
— i —
Channel
Configuration

[P

Fourier
Transforms

X Define Stack of Anisotropic Layers

Component Size 20 rnrnl x | 20 mm i Index: 4 I
Reference Surface (all Channels) 2 [N Coating
3 : X ! Layers
Plane Surface 4 | A \
= & Edit B Ve Index | Thickness | Distance Medium Orientation
fCacs
1 0mm 0 mm Ic;."“jm& @l 0=08=07 2

Aperture —
‘________________——-______| 2 1mm m | Fused_Silica in Homc N/A

Coating
1 . 1
| Name Anisotropic Layer Stack 1
| — |
1 7 Q X

e o o o

—— oy e e

Ll |
Automatic Decision vt

Coating Orientation = Append Insert Delete Layer Tools
H g Medium Rahind Ciufara / of N
L Media Catalog - Filter: [Homogeneous Anisotropic ropic Media] X
Air in Homogeneous Meg gth  Maximum . .
Definition Type ' LightTrans Defined y” Content Appearance An Isotro p I C an d
L_Pf Load Filter by L Wavelength [ 532 nm @ Index Ellipsoid (O Velocity Ellipsoid p
& Crystals I} ; . H t H I
SemuthioNticate-Crystal B2MO0 IE Optical Axis [[] wave Direction & Eigen Indices I S O ro p I C aye rS Can

Calcite-Crystal_CaCO3_Uniaxial
CaMoO4-Crystal_Uniaxial
LYSO:Ce-Crystal_Lup)¥(2-)SiOS5_Biax
MagnesiumFluoride-Crystal_MgF2_l
Quartz-Crystal_SiO2_Uniaxial
Rutile-Crystal_TiO2_Uniaxial
Titanium(IY)-Oxide-Crystal_TiO2_Uni
YAIO3_Nd-doped1.14%-Crystal-Biaxi|
YAIO3_undoped-Crystal-Biaxial
ZnWO4-Crystal-Biaxial
#- Homogeneous Media
L

=] validity: €3 H

< >

Q@i

Q7] X

Tools v [ Show Preview

=]

Cancel

Help

be defined in the

same component
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Anisotropic Surfaces

2: Optical Setup View #1 (Optical Setup)*

[Filter by...

[#- Light Sources

E\" Components

Component from Catalog

\E Index Modulated & Crystals

\E Multiple Surfaces

E Single Surface & Coati

. L Curved Surface

Off-Axis Parabolic
i~ Plane Surface

. L. stratified Media

E Single Surface & Function

\E Single Surface & Stack

Programmable Component

Subsystem

t|- |deal Components

t- Detectors

t- Analyzers

- Coordinate Break

-~ Camera Detector

- Electromagnetic Field Detector

rror (Wedge Type)

x|

Edit Curved Surface Component

Coordinate
Systems

i

Position /
Orientation

@,

Structure

4

Solver

—m—

=
==

—

Channel
Configuration

[F

Fourier
Transforms

[ Load

Surface Specification

Conical Surface

]l e

Homogeneous Medium Behind Surface
N-BK7_Schott_2015 in Homogeneous
Medium

=] validity: @

The anisotropic coatings can also be

attached to the surfaces.

(£ Load / Edit Q, view
Edit Conical Surface
Structure Height Discontinuities Scaling Coating Periodization
Name \Anisotfopic Layer Stack ‘
P é
3 7 )
Coating Orientation = Automatic D ~
Coatings Catalog \J
Definition Type A Templates ~  Anisotropic Layer Stack
(Category: Template)
Filter by... x | ‘
D' . e
- Anisotropic Layer Stack el - Calc?
.- Standard Coating
oK Cance|
—_
§
@
J
;= {
bt -~ N e
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Waveplate Calculator

The Crystal Plate Component as
well as the Calculator Section of
the Main Window allows access

to the Wavep|a‘[e Calculator Wyrowski VirtualLab Fusion 2021.1 (Build 1.176)1

Edit Crystal Plate Component x . .
which can be used to determine & TN >
ﬁ Lateral Extent 20mm| | 20 mm| i | . . E E T [(:::5]
Coordinate Aperture Yes Mo the th ICkneSS a_'nd rEtard atlon Of Yirtual aqd More Calculators Diffrédive Gratings Laser L?ght
Systems | mm——— e —l a Wavep I ate Wlth g Ive n Mixed Reality ~+  ~ - Optics ~ - Resonators ~ Guides ~ SK
Thickness gmm]l Waveplate Calculator | || ABCD Law Calculator

e L PP characteristics.

Calcite-Crystal_CaC03_Uniaxial

-

Coherence Time & Length Calculator
Position /

Crientation Debye-Wolf Integral Calculator

Diffraction Angle Calculator

)

Direction Converter

o Crientation
ructure ] Fiber Mode Calculator
(o=076=0% EI Calculation of Waveplate Thickness X ‘ .
Fresnel Effects Calculator
E—

Laser Beam Calculator

-

Retardation
Name  |Mo Coating

Solver Half Wave V‘ |wavelength Fraction V‘
Vi Q, X

Modulation Depth Calculator

— Medium Rigorous Analysis of Slanted Gratings
= Calcite-Crystal_CaCO3_Uniaxial
=g Spherical Lens Calculator
= = r 3 View
Channel L Loed W Edrt Q View

. Vector & Coordinate System Viewer
Configuration - -y

[4] Use Minimum Thickness

| I =1
il v Absolute Retardation

Waveplate Calculator |

Fourier Calculated Thickness

Transforms r
I R

| 58] vaioy: @ ok || cancel || Help
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Birefringence Effect of Anisotropic Calcite Crystal



Abstract

Birefringence is the most famous optical
property of anisotropic materials and is widely
used in many optical devices. When an input
wave impinges upon a birefringent material, it
will be split by polarization into two beams
taking slightly different paths, known as
ordinary beam and extraordinary beam. In this
use case, the simulation of the birefringence
with VirtualLab Fusion is demonstrated, and
the dependence of the effect on input
polarization and crystal thickness analyzed.
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System Building Blocks

Edit Raw Data Detector *

Detector Window and Resolution Detector Function

Gaussian Wave Calcite Block (10mm) Raw Data Detector W@ e a1 Copy from ... ‘

General  Graphic Tools

T e Dsmesmeme T soUrce is linearly polarized. A
0 2 500 10 (G S Raw Data Detector is used to

. B - Position /
U mm X:0mm Crientation Use Cubic Interpolation

X . .
0mm somm - analyze the polarization state of
e the output field.

E‘ ThiCk.ne“ Haieplate Caleditor Edit Gaussian Wave *
OPr‘i):ri\Eci:t?ojn i Basic Parameters Spectral Parameters Spatial Parameters
=T et O view Polarization Maode Selection sampling Ray Selection
@} (= _® Siovalpointzation _ ____ _ Lol _
) . . . | vaoszase Set I Polarization Input —
The orientation of the optic axis WW I g g
(marked in red) of the crystal needs | ange i
to be adjusted in order for the A The orientation of the crystalisset || ~— T 7T
birefringence to be observed. Lo 1) VS0 7200, LSEURITELY) i
detector is also rotated 45° around Normalized Jones Vector
lj; the Z axis, to adapt the polarization . 1
rerims of the output field. ( ) = ( )
= (&8 valicity: @ oK Cancel Help ‘
I PTIrp Sy S P NP X
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Birefringence Effect in Uniaxial Crystals

/

uniaxial calcite crystal

linearly polarized /

Gaussian wave

329.3902867 pm

-323.814778 pm

-535.2063718 pm

555.522962 pm

When a beam which propagates along the optic axis of the crystal

extraordinary beam  (and whose field vector therefore lies in the perpendicular plane to

the optic axis) impinges on the crystal, it will not “see” the
birefringence, and will pass through the crystal at a single velocity.
However, when the beam propagates at an angle with respect to
the optic axis, it will be refracted into two different modes (ordinary
and extraordinary) as it enters the crystal. The two modes

ordinary beam propagate with different velocities inside the crystal and their

polarization is perpendicular to each other. This is the
phenomenon known as double refraction or birefringence.

03983

324.0029105 pm

329.3902867 pm

0.196

The polarization states of
the ordinary beam and the
extraordinary beam are
perpendicular to each other.

00000000

-323.814778 pm

6.53E-13

-535.2083718 ym 5421415424 ym

Field tracing result on the detector plane; please note that, the detector window is rotated to adapt the polarization direction.
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Birefringence for Different Initial Polarization States

Parameter Specification
Set up the parameter(s) to be varied.

Usage Mode | Standard e

[Fitter by..

12

Object

Category

Parameter

Optical Setup Para...

Enwironment

Air Pressure

“Gaussian Wave” (#0)

Medium at "-" Qutput (Air in Homogen...

Material (Air} | Constant Absorptio...

Polarization Angle

WRiEF0CE 10 INPUL Plaie me e m
Lateral Offset X

Lateral Offset ¥

Number of Rays X

Number of Rays Y

Oversampling Factor

[}

&

ﬂ—i&ﬂw-_xg—gs_n-.g_a =10 e e e e
2E+303 mm

100000

o 180°

-1E+303mm  1E+303 mm
-1E+303 mm  1E+

101

1

1
1
1
1

Polarization angle
varies from 0° to 180°

e i . e e e e

18

You can select one or more parameters which shall be varied as well as the resulting number of iterations. Several modes are available specifying how the parameters are varied per iteration.

omm
Eal
3

Field tracing results from
parameter run, the animation

of the varying results is

available in the sample file.
Please note that the detector is
rotated 45° to adjust the

polarization direction.

With the orientation of the crystal fixed, the polarization angle of the incident Gaussian
wave is scanned with a Parameter Run. As the field tracing results show, the incident
beam is distributed into two normal polarization states inside the crystal. When the incident
polarization is perpendicular to the optic axis (here, Polarization Angle 135°) only the
ordinary beam will propagate inside the crystal. When the incident polarization lies along
the projection of the optic axis on the entrance plane of the crystal, however, only be the
extraordinary beam will be observed (here, Polarization Angle 45°).

0.558

23



Birefringence for Varying Crystal Thickness

By varying the thickness of the crystal, the shift of the

P 7 extraordinary beams is observable. As the field tracing
e 5 3 B et S 5 e e results show, the thicker the calcite crystal, the larger the
lateral separation between the two beams!
[Fitter by, % | ] Show Only Varied Parametes
I T S _— » Crystal thickness L
[ T - varies from 100fm to 0-558
©pommy #2) g_"‘ "":E‘Z;x ----- E 10mm
;Thi::m:snse = = 100 fm 10mm 100 101010101 pm 10mm ll
=l P . PO (e s e ™ ™ ™ e R e LT —— |
-Raw Data o Lateral Shift X O -1IE+303mm  1E+303 mm 1 2E+303 mm o
Detector (% 600} Basal Positioning (Relative) Lateral Shift ¥ O -1E+303mm  1E+303 mm 1 0
o eEEmmEEE
o] s | [ snau

Field tracing results from
parameter run, the animation
of the varying results is
available in the sample file.
To be noticed, the detector
window is rotated to adapt
the polarization direction.

_ - - 0
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Polarization Conversion in Uniaxial Crystals



Abstract

When a linearly polarized beam is focused
and then propagated through a uniaxial
crystal, even when along the optic axis,
complicated conversions may take place
between different polarization components.
Such an effect can be utilized for e.g.
generation of optical vortices. Taking calcite
crystal as an example, the conversion of
polarization in uniaxial crystals is
demonstrated in VirtualLab Fusion. The
optical vortices generated within the process
are visualized.
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Modeling Task

input field

- fundamental Gaussian
- wavelength 633nm
diameter (waist) 3mm

«—
opt. axis

calcite crystal

refractive indicies
n, = 1.6558
ne = 1.4852 polarizer #2

lens #1 lens #2 (x/y direction)

polarizer #1
(x direction)

What is the field behind the 7
second polarizer, when it is -
either along x or y direction?
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System Building Blocks — Source

Edit Gaussian Wave

Ray Selection
Spatial Parameters

Maode Selection Sampling
Spectral Parameters

Polarization
Basic Parameters

[[] Generate Cross Section

Hermite Gaussian Mode v
Order D| ‘ 0
M*2 Parameter
Reference Wavelength (Vacuum) 633 nm ~

Select Achromatic Parameter:

(@ Waist Radius (1/e2) 1.5mm| x | 1.5 mm

e Half-Angle Divergence 0.00769426577" 0.00769426577"
(1/e22) - -

() Rayleigh Length 11.16983366 m 11.16983366 m

Astigmatism

Offset between y- and x-Plane 0 mm.

Copy to x- and y-Values

Default Parameters

r-ea-n'rParamﬂers, Spectral Parameters
| Polarization I Mode Selection Sampling

(®) Global Polarization
Polarization Input

Type of Polarization | Linearly Polarized v

Angle &

Normalized Jones Vector

() )

Calcite Crystal

Lens #2

@

Polarizer #2 Camera Detector

|

Spatial Parameters
Ray Selection

6

Z 30 mm

4

Z24mm

5 604
Z0mm Z0mm

Electromagnetic Field
Detector

603

Z20mm

The 15t polarizer changes the
Gaussian wave into x polarized. We
assume this as the starting point for
our system, so the corresponding
polarization state (linearly polarized
along x) is directly defined in the
source.
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System

Building Blocks — Uniaxial Calcite Crystal

e ——————
Gaussian Wave Lens #1 : Calcite Crystal E Lens #2 Polarizer #2 Camera Detector
- , 1 i
o - B
0 2 : 6 1 4 5 \ 604
Z0mm l___';'j.“-..mm.____} Z:24 mm Z20 mm Z0mm
e N\
Edit Crystal Plate Component /’ X Electromagnetic Field
/’ \D.etector
| Lateral Extent l/ | 20mm| x| 20 mm i | ' L_/J
. 603
Coordinate Aperture U
Sustems Vi Z20mm
ickness [f] Waveplate Calculator
N aatt L Son] Qumepecisir | -
Medium
Oﬁ?jﬁ?;n :I Calcite-Crystal_CaC03_Uniaxial E
@ II [ Load / Edit Q, view :
LT Lo Lo Lol T F 2
cracture Orientation Edit Uniaxial Crystal %

(o=0", B=0) I’

_ Material of Ordinary Refractive Index Il
:\[ﬂ“\ Coating Name |Calcite_nO é]

Name  |Mo Coating r-""]
solver = Catalog Material v: :_,
Use the Crystal Plate Component to e
model the calcite crystal, then select | sanemse
Uniaxial Calcite Crystal from the Q
Template catalog and define the v| [/ &
ordinary and extraordinary refractive St
indices, respectively.

oK Cancel Help

Edit Material Data X
Material Name Calcite_nO

Seliagduelnder Lbserphom=Soefficem —O'ddrliunal Information Temperature Data

[} . . . age
Py i 1. Select suitable definition
: Programmable v |l method
:O Sampled Dispersion : T
el —

Data

Define the refractive index
according to the formula

Tips: after configuring the
material, use the Save tab to save
the new material to the User
Defined material catalog and load
it easily for the next simulation.

ST NSNS Y bty A A v L

Uniaxial Calcite Crystal

* Thickness: 6mm
* Ordinary refractive index

= 269705+0'0192064 0.015162412)1/2
o = (2. 2 —00182 )
« Extraordinary refractive index
= (2.18438 + 0.0087309 0.00244111%)1/2
me = (2 2 -001018 )

with A in micrometers.

Parameters follow from Y. Izdebskaya et al., Opt. Express 17, 18196-18208 (2009)
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Results

polarizer #1
(x direction)

Aad

calcite crystal

polarizer #2

Physical-optics simulation of complete
system includes birefringence and

interference effects.

\

ol o=

/[

I 3: Polarizer along X

Chromatic Fields Set

| o

i

Y (mm]

Experimental measurements from Y. Izdebskaya
et al., Opt. Express 17, 18196-18208 (2009)

polarizer #2 in x direction

-1

X [mm]

0.91

0.46

6.3E-09

n 9: Polarizer along Y

Chromatic Fields Set

Y [mm]

polarizer #2 in y direction

[] 05
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Results

polarizer #1
(x direction)

Visualization of phase
distribution reveals a

phase dislocation/vortex
phase.

Aad

calcite crystal

— >
I\

polarizer #2

<, 38: "Electromagnetic Field Detector” (2603) aft... | = || =[]

Electric Field

Diagram

Y [mm]

Tahla  Valua at ixvi

phase in selected region

3.14
5
0
™ -3.14
04 -0.2

-08 -06 -0.
X [mm]

0.6 04

0.8

i

I 3: Polarizer along X ||| @0|
Chromatic Fields Set

polarizer #2 in x direction
[] 0.91

0.46

6.3E-09

n 9: Polarizer along Y

Chromatic Fields Set

Y [mm]

polarizer #2 in y direction

0.5
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Summary — Components...

... of Optical System

... in VirtualLab Fusion

Source Model/Component Solver

1. Source Gaussian Source
2. Polarizer Polarizer -
3. Lens Ideal Lens

4. Calcite Crystal

Crystal Plate

Layer Matrix [S-Matrix]

5. Detector

Camera Detector
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Workflow Iin VirtualLab Fusion

Set up input field
— Basic Source Models [Tutorial Video]
Construct real components using surfaces

Set up Uniaxial Calcite Crystal
— Optically Anisotropic Media in VirtualLab Fusion [Use Case]

Define position and orientation of components
— LPD II: Position and Orientation [Tutorial Video]

Definition of Basal Position and Orientation

Definition Type Relative Definition

Measurement from Beam splitter (jdeal) #1; CS of Channel "1

o Input Channel Coordinate System

Translation Parameters ~ Orientation Parameters
Center Point of Rotations
Reference Point to be

USed 2= Center] Pt Reference Point of Input Channel

Orientation Angles

Orientation Definition Type | Cartesian Angles ()
B Z-Puis Direction Definition
[’:? | Angle | &as Walue
Alpha - -45°
Swap 3 Beta ~ 0"
Order
L Rotation About Z-fuxis
Z-Axis Rotation Angle 0"
=

37



https://www.lighttrans.com/index.php?id=1391
https://www.lighttrans.com/index.php?id=1393

VirtualLab Fusion Technologies

nonlinear free
crystals &  components SPaC€  prisms,
anisotropic olates
components

@ cubes, ...

lenses &

a freeforms

" Thars @9

apertures &
boundaries

. Solver -
diffusers ( \ gratings
diffractive diffractive,

scatterer

Field

beam Fresnel, meta
splitters lenses
SLM.& micro lens & HOE, CGH,
adaptive ¢ eaform DOE
components arrays

# lidealized component
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Simulation of Multilayer Birefringent Reflective
Polarizer with VirtualLab Fusion



Abstract

Input wave

Multi-stack
Reflective

Polarizer = Stack2

Detector Plane .

The variation of reflectance efficiency with =

different wavelengths and incident angles.

~
~
~

Multilayer birefringent reflective polarizers
have big advantages in liquid crystal display
(LCD) applications. They can recycle the
backlight so as to improve the optical
efficiency of LCDs. In this use case, we
reproduce the experiments in Li et. al. J.
Display Technol. 5, 335-340 (2009) to explore
the relationship between the number of
alternate birefringent layers and the Bragg
reflection condition in VirtualLab Fusion. Then
the variation of the reflectance efficiency with
different wavelengths and incident angles is
further investigated.
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Task Description

Plane Wave
- wavelength: 400~700nm
- varying angle: 0~85°

Multilayer Stack

- A: birefringent layer
(BLO38)

- B: isotropic layer
(NOAS81)

Multi-stack Reflective

Polarizer Stack 2

How would the reflectance/transmittance
efficiency change with the variation of the
wavelength and angle of incidence?

Detector Plane
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Modeling of the Multilayer Stack

r—--____—---___‘

1
. 1 .
Plane Wave : Multilayer Stack 1 Efficiency
1 1
— i | .
! 1
1
1 1 608
—‘{‘—) 1
[JRNS F T, 1, R X:0mm
Y: 0 mm Y:0mm
Z0mm Z0Omm

A Stratified Media Component is used to
model the multilayer stack.

Edit Stratified Media Component *
;ﬁ‘ Component Size 20mm| x | 20 mm ﬂ
Reference Surface (all Channels)
Coordinate
Systems Plane Surface
|€ __:; oed _/)'--'W E@'i:'
Position / Aperture
Crientation —— e ————————
|| Coating 1
1 1
1 .
@ : e == onxlapmpiack l Define Stack of Anisotropic Layers X
Structure ll |L3| 7 Q :
Tmmmemeo—e———can e — m Sibstee
oating Orientation ~ Front Side Application Index: ?
Homogeneous Medium Behind Surface _ Coating
Solver NOA81 in Homogeneous Medium Layers
I — load 2 Edit
;’I_’ . . Thickness | Distance Medium |  Orientation | A
-B= || Select Anisotropic Layer Stack from | sssem 5o om0 Unisial cost (0=0 8507
Channel 87.58nm| 1 'm | NOA81 in Homogene N/A
wmumon || the Template catalog and use the R R o
~{~ || tool tabs to edit the layers. 8758 nm | m |NOABT in Homogend| N/A
7555 nm 1| BLO38_Uniaxial_Cryst| (0=0%, 8=90%)
Fourier 6 87.58 nm 1 | NOA81 in Homogene N/A
SR 7 7555 nm +| BLO38_Uniaxial_Cryst| (0=0°, 6=907)
s B758nm| nm | NOAB1 in Homogene N/A vi' 'R
= - ¥ | T 1
% validity: @ o] Cancel 1 | Append Insert Delete LayerTools v | I
1

WavelengtrTR:nge of Materials

Minimum Wavelength

400.1111667 nm

Q

=

)

Maximum Wavelength

1.000269477 um
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Layer A: Birefringent Uniaxial Layers (BL038)

Stack i Define Stack of Anisotropic Layers X
Edit Material Data X
Vo m Substrate Material Name BL038.no
naex: 4 | \
\\\ g — E:;eﬁr';g _ Refractive Index__Apsgrption Cogfficient  Additional Information  Temperature Data
~ 4 = oe | : Define Refractive Index by 1
N 3 1 i i
1 @DlspersmnFormulas :
Mas™ = Thgme= = —Oitane= T | Meamm = === =-Origmation | A 1 1 5 v 1 B C D
i 1 7555 7555 Bms;“iaé:' Vel (ot 0007 J ! |= O : ;:; Dispersi : nEAt » " b * 28
1 . nm /o, nm Lj = I m ISpersion ] .
b == - rswmT 1T T ROAS I ROgERIVA - === 7= : -7 |} Qe 1. select suitable define method
3 7555nm | 23568 N Edit Uniaxial Crystal W™ | T
4 | 8758nm| 32626 nm| ,/ | ot
5 7555nm| 40181 ny Material of Ordinary Refractive Index l/ :
. . . . Values for Wavelength in pm
Layer A: birefringent uniaxial layer (BLO38) Name [L038_no o 15515 —
« Layer thickness: 75.55nm Catalog Material 4 / oo ]
o i i i State of Matter  Solid T .
Ordinary refractive index 2. input parameters
Ng =Ny =N,
. . f . . d Material of Extraordinary Refractive Index
Extraordlnary refractive inaex Name [BL038.ne
_ Ne = Ny Catalog Materia Select Uniaxial Crystal media from the
* According to the extended Cauchy model: e | TEmplate catalog and define the ordinary and
N =A  + Bo,e n Coe extraordinary refractive indices, respectively.
oe — 4lo,e /12 14 e
and 4, = 1.5519, B, = 0.0036um?, C, = 0.00049um*; | i1 e el I S 1 use the Save tab
Ae — 174775' Be — 001184#"12, Co — 000303#7714 Ips: a ter con Igurlngt e material, use the Save tab to

save the new material to the User Defined material
catalog and load it easily for the next simulation.
Parameters follow from Li et. al. J. Display Technol. 5, 335-340 (2009)
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Layer B: Isotropic Layers (NOAS81)

Index: ¢ |

Define Stack of Anisotropic Layers

AT substrate

2

3
4 |

z

Coating
Layers

————

Layer B: isotropic layer (NOA81)
» Layer thickness: 87.58nm
* Refractive index
n=mn, =n,=n,
« According to the extended Cauchy model:

B C
n=A+ﬁ+F

and A = 1.5519, B = 0.0036um?, C = 0.00049um*.

Index | SJhickness |
1 555 nm
=l _13550m_

2 8758 16313 NOA81 in Homoge... 5
7.58 nm 63.13 nm =) |/
= & 7 Q

- 1 i BLR33 it =CTy Tt B0 i e
4 | 8758nm| ' )
5 | 7555mm

2 Edit Homogeneous Medium

Material

Name |MNOAS1

Catalog Material

State of Matter

Q|

Parameters follow from Li et. al. J. Display Technol. 5, 335-340 (2009)

Solid

Edit Material Data *

Material Name MNOAST

Define Refractive Index by
(®) Dispersion Formulas

Cc D

B
Cauchy v _
. | n=Atmtata

(O Sampled Dispersion

O Constant 1. select suitable define method

| Set

Parameters | Values for Wavelength in pm
1.5519

1
1
1
1
1 B 0.0036
1
1
1

C 0.00049
0

Select Homogeneous medium from the catalog
and define the refractive index according to the
Cauchy formula. Here, the designated isotropic
material’s refractive index is the same as the
uniaxial material’s ordinary refractive index.
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Number of Periodic Layers to Establish Bragg Condition

normal
incidence

Detector Plane

* When the unpolarized plane wave hits the reflective polarizer, one direction of linear polarized light will
X pass through while the other component will be reflected back and depolarized, then it will be reflected
again for another cycle. After several cycles, more and more light will be able to pass through the
polarizer and therefore the energy efficiency is enhanced.
* In order to achieve the highest possible efficiency, the aim is to fulfill the Bragg reflection condition.
Therefore, a minimum number of periodic layers is required. We used a Parameter Run to scan the
wavelength range and calculate the efficiency with 20 layers, 50 layers, and 100 layers respectively.

Define Stack of Anisotropic Layers

AT s

Index: 4
| Coat
Laye

2 3
3 P
4

68 nn -Bmfg_Unlaxial_Cryst_{oﬁ

87.58 nmv 326.26 niv VNOA81 inHomogene NS o T TS ———
75.55 nm 401.81 nm | BLO38_Uniaxi
8758nm| 48939 nm| N/ Cance| Help

Configure Layer Sequence Replication X
Layer Sequence
_______________________ .

Jindex of First Layer 1541

1 1

| 1Index of Last Layer 2 : 1

1 I

1 ]

1 1

INo. of Replications 1d :_:

E 1 number of layers

Mumerical Data Array

layer 1 and layer 2
repeated 10 times, i.e.,20
layers are used overall.

v

Layer Tools v

” Append Repeated Layer Sequence

OO TTTI007 I Oceoar 7 |

Q|d ™

Help

Diagram  Table

Walue at x-Coordinate

80

- 20 Layers

— 50 Layers

1 — 100 Layers

60

Efficiencies [%]

40

20

—

As the number of layers increases,
the reflectance within the desired
bandwidth becomes higher and

£ flatter.

0.51

0.53 0.54 0.55 0.56 0.57
Wavelength (“Plane Wave" (*¥0)) [pm]

0.58

0.59

1.0

0.8

0.6
R

0.4

0.2

0

0.50 0.55 0.60
Wavelength (pum)

simulation result compare with Li

et. al. J. Display Technol. 5, 335-
340 (2009)
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Number of Periodic Layers to Establish Bragg Condition

Considering the material cost and fabrication
complexity will also increase with more layers,

a minimum of 50 layers can be used to P 250 Layers (=N R ==
o oo 0 MNumerical Data Array

achieve acceptable reflectivity and bandwidth. o S T —

- Li2009

\\

=
@

Efficiencies [%]
40

20

T T T
0.5 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59
Wavelength ("Plane Wave" (#0)) [pm]
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Modeling of Multi-Stack Reflective Polarizer

Nine stacks in the reflective polarizer,
each stack with 50 alternate layers,
hence 450 layers in total.

B

al[d

@

i R

Edit Stratified Media Component *
Component Size 20 ﬂ'lll'll x | 20 mm ﬂ
Reference Surface (all Channels)
Coordinate
Systems Plane Surface
|§ __‘:: oed _/-'rJ' E@-i:
Position / Aperture No
Crientation e
- || Coating n
@ : Nome [Arisoiropic Layer Stack ~ Define Stack of Anisotropic Layers X
1
1 = 7
Structi
el 2 2 1 SOOI st
Coating Orientation ‘ ~ Front Side Application ~ Index: 1 i
2 N coating
Homogeneous Medium Behind Surface 3 t ‘_“ Layers
Solver NOAS81 in Homogeneous Medium 4 \ = ‘|‘
= M |/ it Index | Thickness | Distance Medium | orientation | A
=N 443 11264nm| 39 m | BLO38_Uniaxial_Cryst| (0=0°, 6=90%) |
.C_ha ‘—I 444 13057 nm 1 NOA81 in Homogene N/A |
nnel 1
445 112,64 nm 7| BLO38_Uniaxial_Cryst| (0=0°, =90%) |
446 13057 nm 7| NOA81 in Homogene N/A :
447 11264 nm m | BLO38_Uniaxial_Cryst| (0=0%, =907 §
e 448 130.57 nm 1| NOAS1 inHomogene?N/A |
. . . | 3 PR | - o
Configure Layer Sequence Replication X0 449 11264 nm | SLIB Unizxinl Crysy) {p=0", 8=90° !
I 450 13057 nm 1 | NOA81 in Homogene| N/A | v
ayer Sequence | I : _— e -
= 1 Append Insert —ogm__-_--‘ﬂmmm_,________.,
Index of First Layer 1 .
=} e —————
Index of Last Layer 502 : Wavelengmaahﬁe‘ of Materials Append Repeated Layer Sequence 1
s -
] ’MmmnWavelength Maximum Wavelenghs = = = m e m e e e e e e ]
]
[r—— -
No. of Replications o[ &£ 400.1111667 nm 1.000269477 um
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Expanded Bandwidth by the Multi-Stack Method

normal
incidence

Stack 2

Detector Plane

1.0 W —
0.8
0.6
R
0.4
0.2
g 04 0.6 0.8 1.0
Wavelength (um)

simulation result compare with Li
et. al. J. Display Technol. 5, 335-
340 (2009)

Stack i

/

—_——_————————a

Multi-stack structure achieves
reflectance ~ 100% for a much
broader bandwidth when
compared to a single stack.

Y The reflection efficiencies of single-stack and multi-stack structures were calculated
under wavelength scanning. The simulation shows that, compared with the single
stack, an expanded bandwidth is achieved through the multi-stack method.

-

B, 3: single stack vs multi-stack E=R(EcE ==
Mumerical Data Array
Diagram Table Value at x-Coordinate
— Single Stack M
= Multi Stack
D -
o
£ o]
w ﬂ
o |
v
o
o~
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Wavelength ("Plane Wave” (#0)) [pm]

~

52



Investigation of Reflectance Efficiency with Different Incident Angle

To achieve a wide-view LCD, the reflective polarizer should also be designed for

oblique incidence. Therefore, the performance of the reflective polarizer at
different incident angles is further investigated.

Incident with
an angle

)

E 4: efficiency vs. incident angle E]
MNumerical Data A.rray
Diagram Table  Value at x-Coordinate
— Normal Incidence | - -
— 30deg
2 {— 60deg
85 deg \
s _Uf
Detector Plane ?—-//
)’
1= / 4

8 For the application of a wide-view
e LCD reflectance remains quite high ‘

0.4 in the visible region even at 85°

02 incident angle.

0 04 06 08 1 _I'[ T T T T T T T T T T T 1
Wavelength (um) 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

simulation result compare with Li Wavelength (“Plane Wave" (20)) [um]
et. al. J. Display Technol. 5, 335-
340 (2009)
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Peek into VirtualLab Fusion

Edit Stratified Media Component > E 3: single stack vs multi-stack E]E
MNumerical Data Array
Diagram Tabl [ it x- inat
ﬁ Component Size 20mm| % 20 """I [ | able  Value at x-Coordinate
A Reference Surface (all Channels) — Single Stack i
oordinate .
Systems Plane Surface = Multi Stack
e |
=i 74 ok
g o
e
Position / Aperture 3
Orientation 2
. Coating é 2
Name Anisotropic Layer Stack 8 3 .
@ Tias Define Stack of Anisotropic Layers X
o |
Structure = 7 C\] & M-wm
Coating Orientation | — Front Side Application it m Substrate
naex: 4 \ T
4: efficiency vs. incident (|
Homogeneous Medium Behind Surface 2 _ Coatmg o E ' v ine o u ol Dt Aor E]
MOAB1 in Homogeneous Medium 3 t = ! Layers e
Solver 4 = B3 \ Diagram Table  Value at x-Coordinate
—m— | Load / Edit — Normal Incidence | -
— Index Thickness Medium Orientation ~
i - | I R . = 1 — 30 deg
‘C_har:\e_l 1 . 75.55 nm | | BLO38_Uniaxial_Cryst| (0=0", 8=90%) 2 {— s0deg
2 87.58 nm n | NOA81 in Homogene N/A
Configuration 1 ! 1 295 N 85 deg
3 75.55 nm 1 | BLO38_Uniaxial_Cryst| (0=0%, §=90%) o
l}. If_, 4 87.58 nm nm | NOA81 in Homogene N/A P
5 7555 nm 1| BLO38_Uniaxial_Cryst| (0=0°, 8=90°) B
Fourier 6 87.58 nm 1| NOAS1 in Homogene N/A % 2
Transforms = T T — - -
7 75.55 nm N BLOSB_UmaxnaI_Cryst (0=0°, 6=90°)
8 87.58 nm 652,52 nm | NOA81 in Homogene N/A v o |
= @ validity: @ El Append Insert Delete Layer Tools »
Wavelength Range of Materials 0.45 05 055 06 065 07 075 08 08 09 095
H H H H Minimum Wavelength  Maximum Wavelength Wavelength ("Plane Wave" (#0)) [pm]
realization of anisotropic
400.1111667 nm 1.000269477 um

layer settings

Q4 Cancel Help

|

convenient parameter scanning
and result comparison
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Workflow Iin VirtualLab Fusion

« Set the plane wave light source x
— Basic Source Models [Tutorial Video] SAANNNN\ £

Index: 4
2 | | Coating
2 I" Layers
- Set the anisotropic layer component S s oo v s e o o 60|
— Optically Anisotropic Media in VirtualLab Fusion [Use 3 [ TS 268 zg’j:;‘j:';j:j;;g;j;‘”
Case] =
7 75.55 nm 4.94 'BLOSB_UmaxiaI_Cr‘;st.::0=0’ 6=90°
8 8758nm| 65252 nm | NOAST in Homogene N/A v
Append Insert Delete Layer Tools »
« Use Parameter Run to investigate the variation of ... s o

Minimum Wavelength  Maximum Wavelength

reflectance efficiency with different wavelengths f
and incident angles A dE
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Simulation and Analysis of Anisotropic Coating on
Plane and Curved Surface



Abstract

VirtualLab Fusion provides the capability to
add birefringent coatings, that is, layers of
anisotropic media, to the surfaces of optical
components, in order to exploit the extra
freedom of polarization control and
multiplexing in optical systems. In this
example, we introduce this feature — adding
anisotropic coatings on surfaces — and
Investigate the polarization conversion of a
lambda/4 coating on a plane surface and a
curved surface, respectively.




Quarter-Wave Plate Coating on Plane Surface

anisotropic coating
- lambda/4 wave plate detectors

- Calcite crystal (uniaxial) - perpendicular to

_ By ,eA? Doe2? |05 . .
T Moe=(oetm—t R ) beam directions
y
plane wave /"
- wavelength: 5320 m o= ¥
- polarization state: linearly 2 TTa

polarized along x
- off-axis angle: 0°, 15°, 30°

How does the polarization
state of the input field with
different incident angles
change after passing through
the quarter-wave coating?




System Building Blocks — Source

Edit Scanning Source x

Basic Parameters Specific Parameters Ray Selection Polarization Mode Selection

Intensity Distribution

Coordinate

Systems From Chromatic Fields Set
P o T i i e T R e T

1 (®) Constant 1 1

I I

I‘ Number of Directions 1| = 3 |

Position / 1 =

Orientation 1 Wavelength _ 532 nm| I

I I

| " |

] Central Direction 0| = 15° I

! I

Source I @ Field of View | T
Parameters 1

—-—-—--—-———————---——----—---—'

() Angular Pitch 15°

Source Plane Configuration
Mode Coordinate System defined by () Direction of Mode (@) Source Plane

\"‘“—-'A\_ AA,»--*—-——-"""\/\,.,/‘\_. )\,M-AJK..NMNA Mogn n

A Scanning Source is used to model the input plane
waves. It is a convenient tool for the specification of
several directions simultaneously and for
polarization management.

r---_----l

: Scanning Source I' Lambda/4 Plane Plate Raw Data Detector
| N 1
| i 1 i
I |
I 0 I 4 601
A S e | ¥X: 0 mm %: 0 mm
Y:0mm Y:0mm
Z: 25 mm Z0mm
Edit Scanning Source x

®

Coordinate
Systems

i

Pasition /
Crientation

23

Source
Parameters

Basic Parameters Specific Parameters Ray Selection Polarization  Maode Selection

P e T o ™ T e Ry
1 Polarization Input (]
: Type of Polarization | Linearly Polarized ~ :
| . 1
] Angle o 1
| |

- gy s Py e T

MNormalized Jones Vector

() ( )




System Building Blocks — Coating on Surfaces

e ———
Define Stack of Anisotropic Lay » Scanning Source : Lambda/4 Plane Plate | Raw Data Detector
eTing SCK O NISOTropIc Layers I
] .
D— g
OO0 st 0 I 4 I 601
Index: 4 L e e Eam - -
2 [N Coating : _
2 - | Layers With the help of the Waveplate Calculator, the thickness of
5 the coating layers can be calculated to achieve the desired
|nuex‘| Thickness |, Distance Medium Orientation . .
| O G- Co o : retardation between the field components.
I 7617068 nm | 7617068 nm SR Q (=007 ¢=207) ./
D:n:cionrype lightTrans Defined | Content Appearance r 7: Waveplate Calculator E’?‘ 1
E'::a:. oo -j.‘ ‘;::::xis O \Sr::v:r:)\redinn & Eigen Indices o e Design Wavelength 532 nm|
| entee | Retardation
: é“E:S%?gtc’;gt’ﬁﬂ:}::‘l"5‘0573‘” I Q4 Ol Quarter Wave v Phase Difference ~ | 1.570796327 rad
| Bisromirpingrisiomin |
el Medium
I ;":ﬁ:ﬁ§j§,‘,’;‘.’,‘;'§§,°,'};}_f:.ic§’;‘i‘,'.'5‘”'I Calcite-Crystal_CaCO3_Uniaxial
b R = = =1 I (5 Load / Edit Q, View
choose from the predefined T
anisotropic media or use a
template medium and Absolute Retardation | 1570796327 rad|
customize the parameters, the ¥ Chaatea Tuickness [ 7617066705 ) -
preview of the medium is P — Vaiaity: @ Close Help

shown on the right




Polarization Conversion at a Quarter-Wave Plate

quarter-wave
plate

2.997070313 mm

circular
p0|arizati0n -2.40234375 2.39765625 0 -2.40234375 239765625 0
out
In the idealized situation, when linearly
- polarized light impinges on a gquarter-wave plate at
45° to the optic axis, the transmitted light is
the plate generates circularly polarized light. And

divided into two equal electric field components.
linear
polarization
in

vice versa: if the incident light is circularly

One of these is retarded by a quarter wavelength
and the overlap of both beams at the exit plane of
4
|< Somssesmnm assorsimm polarized, it will be transformed into linearly
polarized light.

-3.002929688 mm




Influence of Fresnel Effect Deviation

* However, when a real quarter-wave coating is configured, the two divided
electric field components will face different refraction indices inside the
crystal.

* Hence, the Fresnel effect when leaving the crystal will differ for the two
electromagnetic field components as well, and the polarization state of the
transmitted light will form an ellipse instead of a perfect circle.

plane wave
- linearly polarized along x

- off-axis angle: 0°, 15°, 30° e
///

-y
e * In order to eliminate this influence, an additional anti-reflection coating is
/ - - - -
/ applied together with the crystal coating. Then the perfect circularly
- polarized light is observed.
: - A subsrate E, after real structured quarter-wave plate with & without AR coating
Index.é |‘ Coating _ 0.665 ] 0,708
£ 3 7[_: Layers £ E
: - o
g Orientation 1 E é
8 . . I 2 5
I -3.002929688 mm 2.997070313 mm 2 . 7| Titanium_Dioxide-Ti(| N/A I E ;‘
3 2515108 nm n Aluminiu;n Cride-AlL NIJ'A I g Ch
4 1.7411226 nm 7 | Uniaxial Cr;;tal Y:‘QD“Z:dS: ' N ™
5 2515108 nm 7| Aluminium_Cide-AL MN/A ' -
6 1186481 nm [:01 m Titanium_D_inxide-Ti( N:JA | 0,333 0.354
99.68587 nm |"01430663 pm | Magnesium_Fluoride| M/& JI = E
combination of = — i ~ - — - 2
ISOUODIC AR Coatlng f.’\u'a\:‘elength Maximum‘.‘\n'_avelength % %
and anisotropic layer | = 8 -
[ — - -3.002929688 mm 2,997070313 mm 0 -3.002929688 mm 2.897070313 mm ’




Quarter-Wave Plate Coating on Plane Surface

2.997070313 mm

-3.002929688 mm

7
plane wave ~_a
linearly polarized along x P / E, after real structured quarter-wave plate with 0°, 15° and 30° of incidence
off-axis angle: 0°, 15°,30° = > | . *
> 2}1\/ ] o.708 [ 0.705 _
0.354 0.352
- Ey l | - 2
0 -3.002929688 mm 2997070313 mm )

-3.002828688 mm 29970703132 mm

Another additional effect that might influence the polarization

soussesiom 2ensiem conversion is the angle of incidence. Due to the projection of the
components of the field on the plane of the plate, the resulting
polarization state will become more elliptical with increasing angle.

-3.0025929688 mm 2.997070373 mm

0.604

0.347




Quarter-Wave Plate Coating on Curved Surface

2.997070313 mm

-3.002929688 mm

plane wave
linearly polarized along x
off-axis angle: 0°, 15°, 30°

If a quarter-wavelength coating is applied to a curved surface
instead, which curvature allows the light to propagate along the
normal vector of the surface, the effect of different projections of
the field components can be avoided. This results in perfect
circular polarization for all angles of incidence.

E, after real quarter-wave coating on curved surface with 0°, 15° and 30° of incidence

] o708 0.708 0.708

2.997070313 mm
2.997070313 mm

2.997070313 mm

0.354 0.354 0.354

-3.002929688 mm
-3.002929688 mm
-3.002928688 mm

-3.002929638 mm 2.997070313 mm - -3.002929888 mm 2.897070313 mm - -3.002929688 mm 2997070313 mm
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Conical Refraction in Biaxial Crystals



Abstract

When circularly polarized light
propagates through a biaxial crystal
along one of its optic axes, the
transmitted field evolves into a cone, a
phenomenon which is known as
conical refraction. Several
applications have been developed
based on this effect, such as Bessel
beam generation and optical
tweezers. With the fast-physical-optics
simulation technology in VirtualLab
Fusion, conical refraction from a KGd
crystal is demonstrated.
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Modeling Task

xr | 15mm 30 mm | 70.3 mm |
[ IS 1S 7 g
Z
> T
<
z
P
>
input field KGd crystal
fundamental Gaussian refractive indicies
- wavelength 632 nm n. = 2.013 >
- circularly polarized n; = 2.045 "
nz = 2.086
crystalline orientation
X =(0.74, ?6 01-68 What is the field after being
y=Wu04

focused and propagating

7 =(-0.67,0,0.74) -
through a biaxial crystal?
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System Building Blocks — Source

=== ————
1 . 1
Edit Gaussian Wave » |l Gaussian Wave : Ideal Lens KGd crystal Focal Plane Camera Detector
DOl O]
i » i - » - » - P :
Polarization Mode Selection Sampling . Ray Selection : 0 : 1 1 3 ‘_. 502
Basic Parameters Spectral Parameters Spatial Parameters [ H n
=== Z0mm Z:15 mm Z:703 mm ' Z0mm
. v
[] Generate Cross Section s
*Electromagnetic Field
Hermite Gaussian Mode ~ “l Detector
Crder D| | 0 * -‘_;:.G
M~ 2 Parameter 1 1 .
220 mm
Edit Gaussian Wave >
Reference Wavelength [Vacuum) 632 nm ~
Select Achromatic Parameter: == e Rara maber Spectral Parameters Spatial Farameters . . . .
1 I
| Polarization I Mode Selection Sampling Ray Selection A Ilnearly pOIanZEd GaUSSIan fleld y
(@) Waist Radius (1/e42) 800 pm| x | 800 pm U = . .
O Half-Angle Divergence 0.01440395685° 0.01440395685° (®) Global Polarization Wlth a Wavelength Of 632 nm ) IS
[1/er2) - -

O Rayteigh engh sezmten | sieamim e e on. [ Cos P 5 employed as the input. It first passes
S - _ through a quarter-wave plate, which
e preenetieren TUNRERAEEES converts the linear polarization to

Sopylor Rl circular. This effect is included in the
source model directly.

Mormalized Jones Vector

Jx 07071067812
Iy i0.7071067812

Default Parameters Cancel Help
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System Building Blocks — Biaxial KGd Crystal

Gaussian Wave ideal Lens | KGd crystal : Focal Plane Camera Detector Edit Biaxial Crystal X Edit Material Data x
1 1 Material Name |KG@_n1@632am
D::: t::lO:: : t::ll:l:: i ‘.::.O: N ‘.::.D Material of Principal Index Refractive Index  Apsorption Coefficdent Additional Information Temperature Data
o 1 : 4 : 3 '.. 602 Mame |KGd_n1@6&32nm ) Define Refractive Inde:by i
Z:0mm I Tz 95 mm o) z703mm . Z:0mm : o =4 == o Opiwerson rormuias
l-_‘_,_,.;—— . Catalog Material V:___:E' N\ﬂ . T I— :
Edit Crystal Plate Component ,/' % ‘ State of Matter Gas of Vacuum 8::::: def'ne the refract've |ndex
/ ' = according to the reference
ateral Exte mm| = aterial of Principal Index Relative to Reference Material |:|
ssEE Use a Crystal Plate Component to e e e - Hfespeofemeeme L | T8 .
oot || st \'»/ model the KGd crystal, then select Craiog ot 7 @ . ! — :
T : Biaxial Calcite Crystal from the oot oo i
fostony || e Template catalog and define the
Orlentatl.on e ‘| | prInCIDal I’efraCtlve IndICGS Material of Principal Index y TIpS after Conﬁguring the
@ _t?_m_ad_____, £ e (e Q material, use the Save tab to save
o || 1 orentation i — Catalog Material v|[7] @ the new material to the User
e H LoLE state of Matter ORI Defined material catalog and load
[ 1 2 . . . .
% SETr v it easily for the next simulation.
Name No Coating | Set Orientation of Crystal II e . . .
sover .j Crientation DeﬁnitionT}'pe'lSequen(e of Axis Rotation ~ (} BIaXIaI CaIC|te CryStaI
G N B con oetnten *  Thickness: 30mm
= Fix : . . . . . .
Crannel e | [ [ Aeier = IRE « refractive indices « crystalline orientation
Configuration Y-Axis Rotation 42,2 . s
= I - nq= 2.013 - X= (074, O, 067)
Set the crystalline orientation e - n, =2.045 - ¥=(0,1,0)
according to the reference, so that the - nz3=2.086 - z=(-0.67,0,0.74)
input field will propagate along one of ] cne

the optic axes of the crystal.

Parameters follow from C. F. Phelan et al., Opt. Express 17, 12891-12899 (2009)
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Simulation Results

units)

S S —. S

Radial distance (mm)

B, 47: 1D (Radial) Intensity Distribution =N Ech=|
Numerical Data Array
Diagram  Table Value at x-Coordinate
xT
M~ o
L) 7
T < S s
=
P
z g o
@
£ o
KGd crystal I ! . I
0.3 0.4 0.5 0.6
Radial Distance [mm)]
Field Distributions in Image Plane
| =E3:1 oo ]| | Bsty o[l | | I Camera Detect T T e, [ ]
2
|Ex(x,y)] |Ey (x, ¥)| HECe, YII°
- 645 - 743 - 7.68
E E E
E © 322 E © 3.7 E © 3.83
= = =
b -0.0147 b -0.0199 b -0.0332
-1, -1 08 -06 -04 -02 0 -1 -1 -08 06 -04 -02 0 -1 -1 -08 06 -04 -02 0
X [mm] X% [mm] X [mm]

Experimental measurements
from C. F. Phelan et al., Opt.
Express 17, 12891-12899 (2009)

Both the E,, and E,, components of
-~ the field distributions in the focal
image plane are in double-ring
patterns, with missing parts on the
right and left, respectively.
Consequently, in the summed
squared amplitude, a complete

double-ring pattern is observed.

78



Summary — Components...

O T

... of Optical System

... in VirtualLab Fusion

Source Model/Component Solver

1. Source Gaussian Source

2. Lens Ideal Lens

3. KGd Crystal Crystal Plate Layer Matrix [S-Matrix]
4. Detector Camera Detector -
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Workflow Iin VirtualLab Fusion

Set up input field
— Basic Source Models [Tutorial Video]
Construct real components using surfaces

Set up Biaxial Crystal
— Optically Anisotropic Media in VirtualLab Fusion [Use Case]

Define position and orientation of components
— LPD II: Position and Orientation [Tutorial Video]

Definition of Basal Position and Orientation

Definition Type Relative Definition

Measurement from Beam splitter (jdeal) #1; CS of Channel "1

o Input Channel Coordinate System

Translation Parameters ~ Orientation Parameters
Center Point of Rotations
Reference Point to be

USed 2= Center] Pt Reference Point of Input Channel

Orientation Angles

Orientation Definition Type | Cartesian Angles ()
B Z-Puis Direction Definition
[’:? | Angle | &as Walue
Alpha - -45°
Swap 3 Beta ~ 0"
Order
L Rotation About Z-fuxis
Z-Axis Rotation Angle 0"
=
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VirtualLab Fusion Technologies

nonlinear

crystals &  components

anisotropic
components

waveguides @

& fibers

scatterer

free

Spacé  prisms,

plates,

@ cubes, ..

lenses &

a freeforms

Field

Solver

apertures &
boundaries

diffractive,

Fresnel, meta

e - il

lenses

beam
splitters
SLM,& micro lens & HOE, CGH,
adaptive  fraeform DOE
components arrays

# lidealized component
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Appendix

 Electromagnetic field solver for anisotropic media

« Additional information about field tracing
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