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Links of Interest

* LightTrans website: www.LightTrans.com « Check out our downloads page to see VirtualLab
in action across a broad range of fields of
application: www.LightTrans.com/resources/downloads

* Find a VirtualLab Fusion distributor in your region:
www.LightTrans.com/company/distributors

e Qur webinars: www.LightTrans.com/products-
services/learning/webinars

* You have further questions? Drop us a line at
info@LightTrans.com

« Want to give VirtualLab Fusion a test drive?

_ Request a trial version:
« Subscribe to our newsletter: www.LightTrans.com/resources/trial-software
www.LightTrans.com/newsletter

» Interested in purchasing VirtualLab Fusion? Check
« Connect with us on the following social networks: out our products, licence model and learn more
— LinkedIn (www.linkedin.com/company/lighttrans) about additional evaluation possibilities:

www.LightTrans.com/products-services/virtuallab-
fusion/editions-toolboxes

- Twitter (www.twitter.com/LightTrans)

— YouTube (www.youtube.com/LightTransInternational)



http://www.lighttrans.com/
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mailto:info@LightTrans.com
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Introduction to the Teams



Who We Are

General Distributor of the
Fast Physical Optics Software

&\\(\\I’G’H TTRANS VirtualLab Fusion
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VirtualLabrusion
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WYROWSKI

PHOTONICS Fast Physical Optics Software

Founded 2014 VirtualLab Fusion
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Part 1

Light as an Electromagnetic Field



The Objective Behind VirtualLab Fusion

To perform physical optics simulations of arbitrary optical systems




The Objective Behind VirtualLab Fusion

To perform physical optics simulations of arbitrary optical systems




The Objective Behind VirtualLab Fusion

To perform physical optics simulations of arbitrary optical systems

- 4
h'd

Finding the expression of the six-dimensional

vector field that solves Maxwell’s equations

under the conditions imposed by the system in
question




The Objective Behind VirtualLab Fusion

To perform physical optics simulations of arbitrary optical systems
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Finding the expression of the electromagnetic
field for the system in question




The Objective Behind VirtualLab Fusion

To perform physical optics simulations of arbitrary optical systems
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AL Finding the expression of the electromagnetic
FUNDAMENTALS OF field for the system in question

PHOTONICS

Second Edition

Quantum Optics

Electromagnetic
Optics

Wave Optics

Ray Optics

B. E. A. Saleh
M. C. Teich
n Pure and Applied Optics - Bahaa E. A. Saleh, Series Editor

Image reference: “Fundamentals of Photonics”, B. E. A. Saleh and M. C. Teich, 2ndEdition, Wiley




The Objective Behind VirtualLab Fusion

To perform physical optics simulations of arbitrary optical systems
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SEILEY Finding the expression of the electromagnetic Fsles gnes

FUNDAMENTALS OF field for the system in question

PHOTONICS

Second Edition

Ray Optics

Quantum Optics

Electromagnetic
Optics

Wave Optics

Ray Optics

B. E. A. Saleh
M. C. Teich
n Pure and Applied Optics - Bahaa E. A. Saleh, Series Editor

... iIn VirtualLab Fusion

Image reference: “Fundamentals of Photonics”, B. E. A. Saleh and M. C. Teich, 2ndEdition, Wiley




The Objective Behind VirtualLab Fusion

To perform physical optics simulations of arbitrary optical systems

- /
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L Finding the expression of the electromagnetic FUElEe L]pie

FUNDAMENTALS OF field for the system in question

PH OTON |CS | - Ray Optics

Second Edition

Important:

no distinction between physical optics and electromagnetic optics.
We never use the scalar approximation!

Quantum Optics

B. E. A. Saleh

M. C. Teich \ \ ;
... In VirtualLab Fusion

Image reference: “Fundamentals of Photonics”, B. E. A. Saleh and M. C. Teich, 2ndEdition, Wiley
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In VirtualLab Fusion, the
source establishes the global
coordinate system of the
optical setup
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How Is Light Generated in the System? (Basics)
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electric field at the input plane
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)
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How Is Light Generated in the System? (Basics)

2: Optical Setup View #1 (Optical Setup)™
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Example 1

Analyzing High-NA Objective Lens Focusing

R see the full Application Use Case



https://www.lighttrans.com/index.php?id=1354
https://www.lighttrans.com/index.php?id=2120

Modeling Task

input plane wave

- wavelength 266.08 nm
- beam diameter 3mm
- linearly polarized

in x direction

high-NA objective
(NA=0.85)




Field Tracing Results (Camera Detector)

» The top figure shows the intensity
by integrating E, and E, field
components only.

« The bottom figure shows the
intensity by integrating E,, E, and
E, components: an obvious
asymmetry is seen due to the
relatively large E, component in
high-NA situation.
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Field Tracing Results (Electromagnetic Field Detector)

« All electromagnetic field components are obtained by using the
Electromagnetic Field Detector.
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Field Tracing Results (Electromagnetic Field Detector)

« All electromagnetic field components are obtained by using the
Electromagnetic Field Detector.
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Part 2

The Electromagnetic Field Solvers



One Platform, Many Solvers

Fast physical optics simulations...

... made possible by connecting field solvers!

VirtualLab Fusion acts a software solvina Maxwell’s
platform to connect electromagnetic e uationsgfor the whole
field solvers in a seamless, fully 9

: system!
non-sequential manner

WYROWSK|
VirtualLabrusion
FAST PHYSICAL OPTICS SOFTWARE




Electromagnetic Field Solvers

Region where field solver is going to
be applied
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Electromagnetic Field Solvers
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Electromagnetic Field Solvers

Region where field solver is going to
be applied

Solver algorithm applied on incoming
field
Incoming electromagnetic field g\\/
(known)

Outgoing electromagnetic field

Input plane I'" N

Output plane o Region where different field solver is
going to be applied




Electromagnetic Field Solvers

Region where field solver is going to
be applied

Solver algorithm applied on incoming
field
Incoming electromagnetic field g\\/
(known)

Outgoing electromagnetic field

Input plane I'" [\\j

Output plane o Region where different field solver is
going to be applied




Components & Solvers

2: Optical Setup View #1 (Optical Setup)*
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(locally), and,
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@ the Fresnel (or the layer) matrix.

Structure At an arbitrary location on the curved surface, an approximate local boundary
condition is applied, which assumes the interaction of the LPWW with the local plane
interface. Thus, the Fresnel matrix (or layer matrix for coatings) can be usedto

}'\'\ connect input and output fields.Learn more about this solver.

Solver !
] | ﬁ LPW

—=— 1

;tl i

E=1
—
Channel =
Caonfiguration
l_'—" IJ-' =
Fourier :
Transforms £btind
| G| Validity: @ Cancel Help

In VirtualLab Fusion,
including a certain type of
component in your system
means, in practice, selecting
an electromagnetic field
solver to model that part of
the system




Components & Solvers

2 Ootical S View #1 (Optical Setup)* Edit Lens System Component X
| Fitter by X | Solver  Sampling
[#- Light Sources
- Components Component Solver | Local Plane Interface Approximation (LPIA) v| [ 2 Ei
Component from Catalog Coordinate
- Functional Single Surface Systems The LPIA solver works in the spatial domain {x domain), locally, in a pointwise
[ Index Modulated manner. The solver follows that ,
=8 I'U'Iurtiple Surfaces Lens System 1 . .
i . . 1. theinputfield on the surface is treated a.s.’a composition of local plane In V|rtua“_ab FUS|On,
Ught G'—"de Fosition / waves (LPWs), 1 i . .
- Spherical Lens Crientation 2. the part ofthe surface seen by each LF"I."{ is considered a plane interface |nC|Ud|ng a Certaln type Of
[+~ Single Surface & Coating Undsfi (locally), and, = .
[#- Single Suface & Stack Pasition P 3. theinteraction of the LPW with the local piane |nterface,carfbe modeleu oy com ponent N yOU r System
- Programmable Compaonent @ the Fresnel {or the layer) matrix. \ _- \
- N . . .
Black Box \ means, in practice, selecting
- Subsystem Structure At an arbitrary location on the curved surface, an approximate local boundary \ . .
[#- Ideal Components ] condition is applied, which assumes the interaction of the LPW with the local plane“ an electromag net|c f|e|d
[#- Detectors Ray Tracing Sy| interface. Thus, the Fresnel matrix (or [ayer matrix for coatings) can be usedto \
(- Analyzers Analyzer connect input and output fields.Learn more about this solver \ solver to mOdeI that pa rt Of
- Coordinate Break “
-~ Camera Detector - ‘ the system
.. Hectromagnetic Field Detector 200 Solver 1
1
—— l|
;!It‘ .
kel [+— ‘l
1
Caonfiguration P
I | ( ~
|s= I:F" The solvers may be implemented
Fourier
Transforms

in the space (x) domain, or in the
spatial-frequency (k) domain
Validity: @

0K

| | Cancel ]

Help |




Why Different Domains?

s 0r0e*

6front 6behlnd 0t order

e(r) A

r=(z,y,2)




Why Different Domains?

: * free-space
Fresnel matrix propagation

in
Bl

Fourier Modal layer matrix
Method

out
Ery

idealized

x domain

grating
function k domain

,\5\ o(de‘

0t order

s

¢ 6behmd

Local Plane Interface
Approximation

Local Linear Grating One light pap,

Approximation

| -

e(r)

r=(v,y,2)

Runge-Kutta
BPM

idealized lens
functions

Hint: click on the logos for additional documentation on the solvers!


https://www.lighttrans.com/index.php?id=2071
https://www.lighttrans.com/index.php?id=2072
https://www.lighttrans.com/index.php?id=2095
https://www.lighttrans.com/index.php?id=2074
https://www.lighttrans.com/index.php?id=2073
https://www.lighttrans.com/index.php?id=2094
https://www.lighttrans.com/index.php?id=2107
https://www.lighttrans.com/index.php?id=2117

Why Different Domains?

. : % free-space
Fresnel matrix propagation

in
E7T .

Fourier Modal layer matrix
Method

idealized

x domain

grating
function k domain

s 0rd%

-- m ower

efront gaehind
Local Plane Interface
Approximation

Local Linear Grating
Approximation

>

e(r)

r= (1',3}, z)

Runge-Kutta
BPM

idealized lens
functions




Why Different Domains?

. % free-space
Fresnel matrix propagation

in
EJ.A-#

Fourier Modal layer matrix o ¥
Method

idealized

z domain

grating
function k& domain

Local Plane Interface
Approximation

Local Linear Grating one light path o
Approximation

| N

«r)
r=(r.y.2)

Runge-Kutta
BPM

idealized lens
functions




Why Different Domains?

Although, in general, electromagnetic field solvers have
an integral behaviour, with the resulting high numeri-
cal complexity, the characteristics of some of the most
common optical components mean they can be modeled
with pointwise operators in one of the Fourier domains —
when this happens, it entails a massive computational

z domain

k domain

advantage!

ont\, betind
Local Plane Interface
Approximation




Example: Free-Space Propagation

Space domain

Rayleigh-Sommerfeld integral:

+oo ikonR 1 A
VP (p, 2) o / Vi (0, 20) - (ik()n - —) =%y

— o0

with R = \/(x — )+ (y— )’ + (Az)?

20




Example: Free-Space Propagation

Space domain

Rayleigh-Sommerfeld integral:
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Example: Free-Space Propagation

Space domain

Rayleigh-Sommerfeld integral:
+oo eikonR . 1 Az
VAU (p, 2) o //_Oo V,;" (p', 20) 7 (1kon — E) fde’

with R = \/(x — )+ (y— )’ + (Az)?

20




Example: Free-Space Propagation

Space domain

Rayleigh-Sommerfeld integral:

+oo ikonR 1 A
VP (p, z) o / Vi (0, 20) - I (ik()n - —) a2y

with R = \/(x — )+ (y— )’ + (Az)?
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Example: Free-Space Propagation

Space domain

Rayleigh-Sommerfeld integral:
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Example: Free-Space Propagation

Space domain

Rayleigh-Sommerfeld integral:

+oo ikonR 1 A
VP (p, 2) o / Vi (0, 20) - (ik()n - —) =%y
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Example: Free-Space Propagation

Space domain Spatial-frequency domain
Rayleigh-Sommerfeld integral: Plane-wave propagation operator:
+o0 ikonR ~ ~ i ko (KA
‘/EOUt (p, Z) X / vain (p/, Z()) © ; (1]{3()71 — fif) %de/ ‘/éom (K’? Z) = ‘/Bm (K'? ZO) X e fa(m)A

20
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Example: Free-Space Propagation

Space domain Spatial-frequency domain
Rayleigh-Sommerfeld integral: Plane-wave propagation operator:
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Example: Free-Space Propagation

Space domain Spatial-frequency domain
Rayleigh-Sommerfeld integral: Plane-wave propagation operator:
+o0 ikonR ~ ~ i ko (KA
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Example: Free-Space Propagation

Space domain Spatial-frequency domain
Rayleigh-Sommerfeld integral: Plane-wave propagation operator:
+o0 ikonR ~ ~ i ko (KA
‘/EOUt (p, Z) X / vain (p/, Z()) © ; (1]{3()71 — fif) %de/ ‘/éom (K’? Z) = ‘/Bm (K'? ZO) X e fa(m)A

with R = \/(x — )+ (y— )’ + (Az)?

20 20




Why Different Fourier Domains?

Although, in general, electromagnetic field solvers have
an integral behaviour, with the resulting high numeri-
cal complexity, the characteristics of some of the most
common optical components mean they can be modeled
with pointwise operators in one of the Fourier domains —
when this happens, it entails a massive computational

z domain

k domain

advantage!

s e Conclusion: Whenever this

mathematical property presents
itself, we implement the solver
in the domain where it exhibits
pointwise behaviour!




Free-Space Propagation

Starting point of propagation

Detector plane

——————

source field ®
-

(z,y)

Propagation distance Az

\ 4
N

(kz, ky)

”

spectrum of !
source field

X@iszz

propagated

spectrum




Free-Space Propagation

Starting point of propagation

Detector plane

\ 4
N

source field ®
o

(z,y)

Propagation distance Az

spectrum of !
source field

Xeik:zAz

propagated
spectrum

-

= = == ==

Free-space propagation
(propagation in a
homogeneous, isotropic
medium) always takes place
in the k domain — in other
words, we propagate the
plane-wave spectrum of the
field




Free-Space Propagation

Carnera Detector

Plane Wave Lens System
L e —or -
0 I 3 I 600
] X:0mm 1 X:d mm
1 Y:0mm I Y:0mm
I Zi2mm 1 Z:5mm
| 1
| 1
I I
| ]
| I
1 I
1 I Detector plane .
|| : Starting point of propagation Free'Space prOpagatlon
\ . (propagation in a
\ . e ‘ 7777777777777777777777 -~z homogeneous, isotropic
' \ medium) always takes place
AN Mo == Propagation distance Az in the k domain — in other
N S_——_=
S __=--T (z:9) 0 words, we propagate the
Fe F plane-wave spectrum of the
field

(kzy Ey)
% eikz Az

This refers to propagation
between elements of an

optical system...




Free-Space Propagation

X

Plane Wave Lens System Camera Detector
D—s—— s =
0 ,l . 3. I . E‘rCI[]
] X:0mm ] X:d mm
1 Y:0mm I Y:0mm
Zi2mm Z:5mm
| | J 1 | J
| I
| ]
| I
] ]
1 I
1 I
| |
1 |
\ |
\ |
\ |
\ \
\ \
\ \
\ \\
\\ N S —_———= -
SN L= -

This refers to propagation
between elements of an

optical system...

Edit Lens System Component

P

[Honge Megium | Comment

[Index |Distance | Position | Type

Position / |

Plane Surface Fused_Slica in Homoge Enter your comr

Plane Surface

0mm

1 0mm
2 100pm 100 um

Airin Horgeneous Me Enter your comr

... as well as to internal
propagation between surfaces
in some cases, like the Lens

% System component
RIS R
o @] vion @ I Detector plane :
Starting point of propagation ) Free-space propagation
¢ (propagation in a
. ‘ 7777777777777777777777 —» 2z homogeneous, isotropic
medium) always takes place
| Propagation distance A= in the k domain — in other
0 words, we propagate the
T 7! plane-wave spectrum of the

Xeik;Az

field




Domain of Application of the Solvers

B solver in z domain

(:L” y) (RN
For solvers implemented in
F-1 F the space domain, the field-
, . tracing sequence would look
inverse Fourier transform Fourier transform like this
(kz, Ey) -
P
Propagation operator
(2, 9)
... While for solvers
implemented in the k domain, solver in & domain
the field-tracing sequence ~
B

would look like this

(Kxs ky) r——— 11 |—




Domain of Application of the Solvers

(2, y)
For solvers implemented in
the space domain, the field-
tracing sequence would look
like this...
(kxa ky)

additional Fourier transform
operations!

(z, )

... While for solvers
implemented in the k domain,
the field-tracing sequence ~
B

would look like this
(ka, ky) R ——— S e




The Special Case of the Plane Surface



Possible Field Solvers for Plane Surfaces

As an infinitely extended ideal plane surface =
Fresnel Matrix

Solver in k domain

Implemented in Plane Surface component

 As a curved surface without curvature = Local
Plane Interface Approximation (LPIA)

« Solverin x domain

€from 6behlnd

* Implemented in Lens System and Curved
Surface components, among others




Modeling an Etalon with Plane Interfaces...

I 3: "Camera Detector” (# 600) after "Plane Surface” (£2) (T) (Field Tr... | = || =1 |[£3a]

Chromatic Fields Set

etalon configuration

planar-planar (tilted)
- center thickness 100pum

Qltoffirst surface 0.1°

Data for Wavelength of 532 nm  [(V/m)*2]

1.2492

0.6246

¥ [mm]

L..

\ 30°

source

- plane wave

- wavelength: 532 nm

- angle: 30°

- truncated by circular aperture (2.5 mm
diameter)

see the full Application Use Case:
“Modeling of Etalon with Planar or Curved Surfaces”



https://www.lighttrans.com/index.php?id=292
https://www.lighttrans.com/index.php?id=2157

... Two Ways

BLFIA
LPIA (z,9) A
. . _7—1 F
etalon configuraton  _ =287 "~~~ -=--e
planar-planar (tilted) (Kaky) —— - - - > >
- center thickness 100pum ~ ront\ boring o P P
- tilt of first surface 0.1° per individual interaction of field with plane surface
Siq
E", — (2,9) >
source e ’
- plane wave S~ ___ ° S—+y
- wavelength: 532 nm A resne
- angle: 30° Fresnel matrix (S (k- fey) e > >
- truncated by circular aperture (2.5 mm P P

diameter)

per individual interaction of field with plane surface




... Two Ways

BLPIA
. . _ F F
etalon configuration TTTe-- e
planar-planar (tilted) (Kaky) —— - an - >
- center thickness 100um o\, goehing P F
I3 3: “Camera Detector” (2 600) after “Plane Surface” (£2) (T) (Field Tracing) =N EER(=<=

Chromatic Fields Set

- Hilt of first surface 0.1°

Data for Wavelength of 532 nm [(V/m)*2]

1.2492

Atsimulation ~ 1.5 min (¥)

0.6246

¥ [mm]

Atsimulation ~ 10s (%)

: S+
source E] ——» (z,y)
- plane wave S~ e - ° S-+y
- wavelength: 532 nm L _ Fresnel
- angle: 30° Fresnel matrix ET}—(_\-’, (kxy Ky) } Z;:'%: >
- truncated by circular aperture (2.5 mm P P
diameter)

(*) Approximate simulation times on a PC with the following technical specs: processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM



The Importance of the Fourier Transform

output LPW

- (z,y)

etalon configuration

planar-planar (tilted)

A\ 4

- center thickness 100pum
- tilt of first surface 0.1°

¢front’\ cbehind

I3 3: “Camera Detector” (2 600) after “Plane Surface” (£2) (T) (Field Tracing)

Chromatic Fields Set

Atsimulation ~ 1.5 min (¥)

05

¥ [mm]
s}

Atsimulation ~ 10s (%)

Data for Wavelength of 532 nm [(V/m)*2]

> =
———

m aperture

: S+
source E] ——» (z,y)
- plane wave S~ - ° S-+y
- wavelength: 532 nm _ Fresnel
- angle: 30° Fresnel matrix ET}—(_\-’, (kxy Ky) } Z;:'%: >
- truncated by circular aperture (2.5 mm P P
diameter)

(*) Approximate simulation times on a PC with the following technical specs: processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM



The Importance of the Fourier Transform

output LPW

s (z,9) A

_® PFT
.-~" (enforced)

etalon configuration

planar-planar (tilted)
- center thickness 100pum
- tilt of first surface 0.1°

¢front’\ cbehind

I3 15: Duplicate (139
Chromatic Fields Set

Data for Wavelength of 532 nm [(V/m)*2]

[ Atsimulation ~ 35 (%)

With FFTs Atsimuiation ~ 1.5 min

05

¥ [mm]
s}

_____ With FFTs Atgimuiation ~ 10s e

[ Atsimulation ~ 35 (¥)

diffraction neglected

: S+
source E] ——» (z,y)
- plane wave S~ - ° S-+y
- wavelength: 532 nm _ Fresnel
- angle: 30° Fresnel matrix ET}—(_\-’, (kxy Ky) } Z;:'%: >
- truncated by circular aperture (2.5 mm P P
diameter)

(*) Approximate simulation times on a PC with the following technical specs: processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM



The Importance of the Fourier Transform

-

Note: Fourier transforms are also
performed at the source and
detector planes, hence there is
also a slight time improvement in
the Fresnel Matrix case when the
Pointwise Fourier transform is

X al p——

\ 30° T—)z

|:I More information about our catalog of Fourier transform
algorithms in our use case “Fourier Transform Settings—=
Discussion at Examples”

\ enforced across the system |

output LPW

(k,’m ky)

nt € behind

Atsimulation ~ 35 (%) i

With FFTs Atsimuiation ~ 1.5 min

With FFTs Atsimuiation ~ 10s

. H *
- _{ Atsimulation ~ 3 (*)
_ St i
E]  ——|& BT o
S_¢ v "‘
H T
Eolu’t (_. i(— ET,— (k':m ky)
15

_® PFT
(enforced)

7

diffraction neglected

(*) Approximate simulation times on a PC with the following technical specs: processor Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz and 32 GB RAM


https://www.lighttrans.com/index.php?id=2135
https://www.lighttrans.com/index.php?id=2157

Practical Conclusions: Which Solver Do | Use?

Two possible solvers for plane interfaces in an optical system: the Fresnel Matrix and the Local
Plane Interface Approximation (LPIA). Which one is more appropriate for your system depends
on the circumstances:

Fresnel Matrix: LPIA:

* Rigorous solver for ideal plane surface « Solver for curved surfaces

« Works in spatial-frequency (k) domain « Works in space (x) domain

* Fewer Fourier transforms to be calculated * Requires computation of additional Fourier
=» potential numerical gain transforms

« Assumes infinite surface « Considers finite size (aperture) of surface




@HTTRANS .

Modeling of Etalon with Planar or Curved Surfaces

R see the full Application Use Case



https://www.lighttrans.com/index.php?id=292
https://www.lighttrans.com/index.php?id=2120

Modeling Task

etalon

different configurations
a) planar-planar (parallel)
b) planar-planar (tilted)
c) cylindrical-planar

d) spherical-planar

How to calculate the
interference fringes for
etalons with different

input plane wave configurations?
- wavelength 532nm
- linearly polarized

along y or x direction




Parallel Planar-Planar Surfaces

etalon configuration

a) planar-planar (parallel)
- varying thickness
from100 to 99um

Constructive and

destructive interference

alternatively shows up

. when the thickness of
etalon varies.







Tilted Planar-Planar Surfaces

etalon configuration

b) planar-planar (tilted)
- center thickness 100 um

Qﬁrst surface 0.1°

I 13: Tilted Planar Surfaces

Chromatic Fields Set

E%’

.

Linear interference

¥ [mm]
05 00 0%

first surface tilt by 0.1°

-1 05 0 05 1
X [mm]

1

-1

fringes appear due to
linear change of etalon
thickness.

~

)

0.5




Cylindrical-Planar Surfaces

I3 14: Input Field Polarized along ¥ =N EoR< ) )
Chromatic Fields Set Polarization-dependent

effect on the interference is
considered in the simulation.

1
; I3 15: Input Field Polarized along X =N EoR<
: Chromatic Fields Set
05 input polarization along x
2 1.34
0 _
1 05 0 05 1

X [mm]

_ , input polarization along y
etalon configuration
c) cylindrical-planar
- center thickness 100 um
- cylindrical (x) surface
radius 1m

05

¥ [mm]
0

0.5

¥ [mm]
0 05

-0.5

|\30°




Spherical-Planar Surfaces

etalon configuration
d) spherical-planar
- center thickness 100 um
- spherical (x&y) surface
radlus 1m

(=] & s

n 17: input field polarization aleng Y
Chromatic Fields Set

input polarization along y

0.5

u 16: input field polarization along X

(=& =]

Chromatic Fields Set

¥ [mm]
0

05

ol

05 0 05
X [mm]

¥ [mm]

Non-sequential field tracing
simulation of etalons allows
the consideration of arbitrary

input polarization along x
1.25

05

0.675

0

-0.5

-1 05 0 05 1

X [mm]

surface types.




VirtualLab Fusion Technologies

nonlinear free
crystals & components SPace prisms,
anisotropic plates,
components @ cubes, ...

lenses &

: freeforms

waveguides
& fibers ~
o . apertures &
scatterer Field boundaries

Solver
diffusers ( \ gratings
diffractive diffractive,

beam Fresnel, meta

splitters lenses
SLM& | icro lens & HOE, CGH,
adaptive  gooform DOE
components

arrays
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Part 3

The Fourier Transform



Field Tracing Diagram

nonlinear

free

crystals & components SPace prisms,

anisotropic

components
|
|
|
|
|
|

plates,

@ cubes, ...

lenses &

waveguides
& fibers ~ @ freeforms
apertures &

scatterer
1

pv]

=
diffusers '(
diffractive
beam

Field
Solver

(3]
@ gratings

boundaries

diffractive,
Fresnel, meta
splitters lenses
SLM& icro lens & HOE, CGH,
adaptive  gooform DOE
components arrays

# idealized component




Field Tracing Diagram

I\

I
|
o
| |
BLPIA  gKirchhoff ALPIA

waveguides

X 2 (9]
sa .
| F|F
P ip—— ) ¥ -
~FMM P P P

& fibers . : freeforms
Dscatterer - apertures &
:F'—l
>

diffusers (
diffractive
beam

nonlinear free
crystals & components SPace prisms,
anisotropic plates,
components @ cubes, ...

lenses &

Field
Solver

(3]
@ gratings

boundaries

diffractive,
Fresnel, meta

splitters lenses

SLM & | icro lens & HOE, CGH,

adaptive  gooform DOE
components arrays

# idealized component




Fourier-Transforming an Arbitrary Field

Vi(p,z,w) = [Vi(p,z,w)| exp(ipe(p, z, w)) exp (i QP\:Zzw))

r;‘_: 1T: Electromagnetic Field Detector #600 after Zernike & Seidel Aberrations #1 (T) (Fie

Electric Field

= |[= u Raw Data Detector #6071 after Zernike & Seidel A

Ray Distribution

Diagram

Table Value at ixy)

¥ [mm]

Phase of Ex-Component [rad]

] 3.1416

-3.1416

Y [mm]

-0.6

-0.4

Optical Path Length [m]

-0.2 0 0.2

X [mm]

0.4

0.6

[] o.1000s

0.10003

0.10002




Fourier-Transforming an Arbitrary Field

Vi(p,z,w) = |Vy(p,z,w)| exp(

ips(p,z,w)) exp(i

(p,z,w))

\

= = | EIuSIZ n

Electric Field

Ray Distribution

Diagram

Table Value at (xy)

Phase of Ex-Component [rad]

¥ [mm]

] 3.1416

-3.1416
06 -04

The same phase!

Optical Path Length [m]

-0.2 0 0.2
X [mm]

0.4

0.6

'] 0.10005

0.10003

0.10002




Fourier-Transforming an Arbitrary Field

Vi(p,z,w) = [Vi(p,z,w)| exp (ipe(p, z, w)) exp (i (p\,sz))

= ) i e — e
Ray Distribution
Diagram  Table th Length [m]
10005
= 10003
E
=




Fourier-Transforming an Arbitrary Field

+ Direct discretization of Fourier integral — DFT (Discrete Fourier
Transform): numerical complexity ~ N2

Vi(p,z,w) = [Vi(p,z,w)| exp (ipe(p, z, w)) exp (i (p\,sz))

Electric Field

EEr=

Ray Distribution

agram  Table  Value at xy)

Phase of Ex-Component [rad]

3.1416

-3.1416

Optical Path Length [m]




Fourier-Transforming an Arbitrary Field

+ Direct discretization of Fourier integral — DFT (Discrete Fourier ) )
Transform): numerical complexity ~ N2 Vilp,z,w) = [Vilp,z,w) | exp (ige(p, 2, w)) exp (ig(p, 2, w))

* Numerical trick in Fast Fourier Transform (FFT) brings down —
computational effortto ~ Nlog N -~ N T

0.10003

31416
06 04 02 0 02 04 06 0.10002

X [mm]




Fourier-Transforming an Arbitrary Field

+ Direct discretization of Fourier integral — DFT (Discrete Fourier
Transform): numerical complexity ~ N?2

* Numerical trick in Fast Fourier Tr (FFT) brings down

computational effort to ~ N log

This already means pointwise operation, right?
Job done! v

J

Vi(p,z,w) = [Vi(p,z,w)| exp (ipe(p, z, w)) exp (i (p\,sz))

EE=
Electric Field

EE=

Ray Distribution

agram  Table  Value at xy)

Phase of Ex-Component [rad]

-3.1416

Optical Path Length [m]

0.10005

0.10003

X [mm]




Fourier-Transforming an Arbitrary Field

+ Direct discretization of Fourier integral — DFT (Discrete Fourier
Transform): numerical complexity ~ N?2

* Numerical trick in Fast Fourier Tr (FFT) brings down

computational effort to ~ N log

This already means pointwise operation, right?
Job done! x

J

Vi(p,z,w) = [Vi(p,z,w)| exp (ipe(p, z, w)) exp (i (p\,sz))

EE=
Electric Field

EE=

Ray Distribution

agram  Table  Value at xy)

Phase of Ex-Component [rad]

-3.1416

Optical Path Length [m]

0.10005

0.10003

X [mm]




Fourier-Transforming an Arbitrary Field

+ Direct discretization of Fourier integral — DFT (Discrete Fourier
Transform): numerical complexity ~ N?2

* Numerical trick in Fast Fourier Transform (FFT) brings down
computational effortto ~ Nlog N —-~ N

The FFT requires fulfilment of the Nyquist-Shannon sampling
theorem = wrapped phase must be well resolved!

4

Huge sample humber N

G

( )

J

Ray Distribution

Vi(p,z,w) = [Vi(p,z,w)| exp (ipe(p, z, w)) exp (i (p\,sz))

Ee]r=

-3.1416

Optical Path Length [m]

X [mm]

0.10005

0.10003




Modeling the Propagation Through an Aperture

Spherical wave

Aperture

Field after the aperture

Amplitude of £, Component [V/m|

3.2mm

1.42




Results of Fourier Transform

lf(p) Amplitude of E, Component [V/T]
(pa CU) 1.4
F
S
S
(K'v w) ' = S
P N
channels

4 Increasing NA I

E, Component [uV/m] .66 E, Component [1 x 1078V/m] 3.3 E, Component [1 x 107°V/m] 7.23 E, Component [1 x 107°V/m| 1.2 E, Component [1 x 1070V /m]| 1,87

A

A




Results of Fourier Transform

Amplitude of E, Component [V/m|

For strong wavefront
phase Fourier
transform performs 1:1

mapping!
kppg

3.24 mm

channels

E, Component [uV/m] .66 E, Component [1 x 1078V/m] 3.3 E, Component [1 x 107°V/m] 7.23

A




Results of Fourier Transform

T(p) Amplitude of E, Component [V/m|
(p,w) |
F
(K, w) ! -
P
channels
0

ncreasing NA

.

E, Component [uV/m] .66 E, Component [1 x 1078V/m] 3.3 E, Component [1 x 107°V/m] 7.23

A

E, Component [1 x 107°V/m| 1.23 E, Component [1 x 107°V/m]| 1.87
A




Results of Fourier Transform

—
1(p) AT G Ty et A7) This behaviour can be used to\
(P, w) 11 develop an approximate algorithm
F, to compute the Fourier transform
that is extremely accurate when
(k,w) the field exhibits this behaviour,
’ P and extremely fast
channels
(

ncreasing NA\

E, Component [1 x 107°V/m| 1.23 E, Component [1 x 107°V/m]| 1.87
A

.

E, Component [uV/m] .66 E, Component [1 x 1078V/m] 3.3 E, Component [1 x 107°V/m] 7.23

A




Results of Fourier Transform

\
Amplitude of E, Component [V/m] This behaviour can be used to\

1l develop an approximate algorithm
to compute the Fourier transform
that is extremely accurate when
the field exhibits this behaviour,
and extremely fast

!

(
\pointwise Fourier transform/
ncreasing NA

E, Component [1 x 107°V/m| 1.23 E, Component [1 x 107°V/m]| 1.87
A

(p,w)

(k,w) .

.

E, Component [uV/m] .66 E, Component [1 x 1078V/m] 3.3 E, Component [1 x 107°V/m] 7.23

A

channels




Comparison of the Sampling Effort

Sampling Number (x-axis)

10000

8000

6000

4000

2000

< Fast Fourier transform (FFT)

<= Semi-analytical Fourier tansform (SFT)

<= Homeomorphic Fourier transform (HFT)

0.1 0.2 0.3 0.4 0.5
Numerical aperture (NA)




Types of Fourier Transform Algorithms in VirtualLab Fusion

* Fast Fourier Transform (FFT)
- Fast for weak wavefront phase

* Semianalytical Fourier transform (SFT)
— Fast for wavefront phase with medium local gradient

« Pointwise Fourier transform (PFT)
— Accurate for strong wavefront phase

‘ Combination of Fourier transform algorithms
essential for fast physical optics!




References to Our Fourier Transform Publications

« Theory and algorithm of the homeomorphic Fourier
transform for optical simulations, Z. Wang et al,
Optics Express, 28, 7, 2020

« Application of the semi-analytical Fourier transform to
electromagnetic modeling, Z. Wang et al, Optics
Express, 27, 11, 2019
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Automatic Selection of Fourier Transform Techniques
in Free-Space Propagation Operator




Abstract

Accurate and efficient simulation of free-
space propagation of electromagnetic
fields is essential for physical optics
modeling and design. VirtualLab Fusion
has a unified free-space propagation
concept. It is based on the spatial-
frequency domain (k-domain) analysis. In
combination with different Fourier
transform techniques, it delivers
numerical efficient solutions for different
situations of free-space propagations.
The selection of appropriate Fourier
transform is automatic according to the
situation.




Concept of Free-Space Propagation Operator

Vi (P) — (ExaEy) E . H

Unified propagation
operator in the k-domain

Applicable for arbitrarily
oriented planes

Switching between two
domains via Fourier
transform

References

- F. Wyrowski, “Unification of the geometric

and diffractive theories of electromagnetic
fields” Proc. DGaO, (2017)

- Z.Wang et al., ,Application of the semi-

analytical Fourier transform to
electromagnetic modeling,” Opt.
Express 27, 15335-15350 (2019)




Available Fourier Transform Techniques in VirtualLab Fusion

(p,w)

(k,w)

(. F ... fast Fourier transform (FFT)

N F" : homeomorphic Fourier transform (HFT)

~N

- FSem: semi-analytical Fourier transform (SFT)

J

- )

F 1. inverse fast Fourier transform (IFFT)

- F,**™: inverse semi-analytical Fourier transform (ISFT)

- F.'" inverse homeomorphic Fourier transform (IHFT)

N J
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Modeling Levels Definitions



Available Modeling Levels For an Arbitrary System

pinhole

[l |
i I




Modeling Level 1

pinhole
[l |
§ [

Modeling level 1 neglects the diffraction
effects in the entire optical system.




Modeling Level 2

pinhole
[l |
§ [

Modeling level 2 neglects the diffraction
effects until the last component.




Modeling Level 2

P
pinhole
Ml |
§ [

Which means diffraction effects
from the last component to the
detector are included...




Modeling Level 3

All diffraction effects within the
B B optical system are included...

pinhole

le N le |
IS ry [S |




Image Evaluation by Modeling Level 1

|
?

=
= o
>
S
Edit Simulation Settings (Field Tracing) >
Modeling Level 1:
) ) -0.1 0 0.1
Diffraction effects are neglected i
r_________________.. X [pm]
‘|:| Diffraction of Source Mudeslncluded: H
Learn more about modeling levels. FOCB| SpOt

Owversampling Factor Gridless Data

il
Oversampling Factor Gridded Data 509999 % H
25605

Fourier Transform Selection Accuracy Factor

Learn more about accuracy settings.




Image Evaluation by Modeling Level 2

Edit Simulation Settings (Field Tracing)

Modeling Level 2:
Diffraction effects at detectors included

r------------------

‘|:| Diffraction of Source Modes Included !

e e e e e e e e e e e

Learn more about modeling levels.

Owversampling Factor Gridless Data
Oversampling Factor Gridded Data

Fourier Transform Selection Accuracy Factor

Learn more about accuracy settings.

Cancel Help

B
.E.D
>
S
>
H
H
(i
H
H

Modeling Level 2 [(V/m)?]

-0.1 0 0.1
X [mm]
(=]
o~
u
(]
u
-0.2 -0.1 0 0.1 0.2

Coordinate [mm)]




Image Evaluation by Modeling Level 3

[ —

Edit Simulation Settings (Field Tracing)

Modeling Lewel 3:
All diffraction effects in system included

Learn more about modeling levels.

Cwversampling Factor Gridless Data
Oversampling Factor Gridded Data

Fourier Transform Selection Accuracy Factor

Learn more about accuracy settings.

Cancel

Help

Y [mm]

01

-0.1

Modeling Level 3 [(V/m)*]

-0.1

X [mm]

0.1

12 14

10

-0.2

Coordinate [mm]

0.1

0.2




Comparison between Modeling Level 2 & 3

Values are normalized

== Modeling Level 3
ﬂ == Modeling Level 2

0.8

0.6

—
R

0.4

—
Subsets #0, #1 [(V/m}?]

0.2

A

-0.2 -0.1 0 0.1 0.2

Coordinate [mm]

Using rigorous Fourier transform in the whole system results in truncation of a large amount of

energy by the pinhole!




Example 1: Propagation of a Spherical Wave

R see the full Application Use Case



https://www.lighttrans.com/use-cases/feature-use-cases/automatic-selection-of-fourier-transforms.html
https://www.lighttrans.com/use-cases/feature-use-cases/automatic-selection-of-fourier-transforms.html

Modeling Task

slight beyond

focal plane far from
focal plane

input spherical wave
wavelength @532nm
linearly polaried along x direction
diameter (3mm, 3mm)

- 10mm in front of focus

in focal plane

d,=10mm d,=1mm d;=14mm




Simulation Result: in Focal Plane

=

~
|
I
!
|
I
|
1

R S Homeomorphic Fourier transform selected.

e Ll

Electric Field

'E 4; Electromagnetic Field Detector (Focal Plane) ...| = || = |[st3m|

Diagram Table Value at fcy)
Amplitude of "Ex-Component” [kV/m]

1.5

0.75

Y [pm]
0

P, 5: Extracted 1D Numerical Data Array (4) =N EoR(=
Numerical Data Array
Diagram  Table Value at x-Coordinate
LI
E
z
5
@
El
o
E
<
(=]
T T T T T
-10 -3 1] 3 10
Coordinate [pm]

li:. Detectors  [*4/ @ Analyzers (

Ratio between geometric and diffractive power = 560.7

Free space propagation in k-domain done.

Ratio between geometric and diffractive power = 6.2148E-14
Field in k-domain is NOT in homeomorphic zone.
@ Inverse fast Fourier transform selected. (number of points = (137; 127

automatic selection of
Fourier transform

Detector evaluation finished. (Duration = 00:00:00.5515814)




Simulation Result: Slightly beyond Focal Plane

B2, 10: Electromagnetic Field Detector (Through th...| = | = |l
Electric Field
Diagram  Table Value at {x.y)

it A A D P, & Extracted 1D Numerical Data Array (7:) E=RER =

10.6 Numerical Data Array

Diagram  Table Value at xCoordinate

=
=

¥ [mm]

Amplitude of... [V/m]

03 02 -01 0 01 0.2 0.3

Coordinate [mm]

l:. Detectors  [*3/ @ Analyzers | , Lo

Ratio between geometric and diffractive power = 560.7

_# Homeomomphic Fourier transform selected.

""" Free space propagation in k-domain done.

Ratio between geometric and diffractive power = 162.1

< Field in k-domain is NOT in homeomormphic zone.

“~~. ¢ Inverse semi-analytical Fourier transform selected. &imber of points = (1471,
Detector evaluation finished. (Duration = 00:00:01.4021296)

h—————

automatic selection of
Fourier transform




Simulation Result: Far from Focal Plane

"B 12 Blectromagnetic Field Detector (Through th.. jvcm=] == e |
Electric Field

Diagram Table Value at (xy)

Amplitude of "Ex-Component” [V/m] B, 11: Extracted 1D Numerical Data Array (10 | = || = |[iam]
0.66 Numerical Data Array

Diagram  Table Value at xCoordinate

L — o
= E 31
E © 0.33 =
> .
= 5 e
W
=
i 2 N
= O
3 J
: \
<
2 1 0 1 2 =
T T T T T T T T T
X [mm] -4 -3 -2 =l 0 1 2 3 4

Coordinate [mm]

l:‘ Detectors @. Analyzers r
(1, 0) S :

N Ratio between geometric and diffractive power = 560.7

Vi(k)=E,,H ™ P Vi (k) = E., I~{’ _Homeomorphic Fourier transfom selected.
. ! Free space propagation in k-domain done.
i\  Ratio between geometric and diffractive power = 810.51
\‘~o Inverse homeomorphic Fourier transformation selected.
Detector evaluation finished. (Duration = 00:00:00.5684786)

\
\
1
1
I
[}

-

automatic selection of
Fourier transform

e mm e —————




Example 2: Propagation of a Truncated Plane Wave

R see the full Application Use Case



https://www.lighttrans.com/use-cases/feature-use-cases/automatic-selection-of-fourier-transforms.html
https://www.lighttrans.com/use-cases/feature-use-cases/automatic-selection-of-fourier-transforms.html

Modeling Task

near field plane

truncated plane wave
- wavelength @532nm

- linearly polaried along x direction
- shape: rectangular

- diameter: (50um, 50um)
- inclination(10°, 20°)

far field plane

intermediate
plane

d,=1.9mm d;=1m




Simulation Result: Near Field Plane

Electric Figld

B=: 7: Near Field Plane =N R ‘

Diagram  Table = Value at (xy)

Amplitude of "Ex-Component” [V/m] E 10: Near Field Plane (10)
Numerical Data Array

= o ==

1.26
Diagram  Table Value at xCoordinate

0,05

0.63

¥ [mm]
0

0.5

0,05
Amplitude of... [V/m]

-0.1 -0.05 0 0.05

Coordinate [mm]

I:. Detectors  [*%j" @ Analyzers (

Field in x-domain is NOT in homeomorphic zone.
® Cast Fourier transform selected. {number of points = (137; 137))
Free space propagation in k-domain done.

(K’ ) CU) = - BRI Ratio between geometric and diffractive power = 0.042457
N P - . \‘\--__ Field in k-domain is NOT in homeomorphic zone.
Vi(k)= E.,H e e e o Inverse fast Fourier transform selected. (number of points = (1005; 1055
|/ | ( K) = E‘Z, H Detector evaluation finished. (Duration = 00:00:02.3430915)

Ratio between geometric and diffractive power = 1.0774E-13 automatic selection of
Fourier transform



Simulation Result: Intermediate Plane

Ei 6 Intermediate Plane EIIEI

Electric Figld

Diagram  Table = Value at (xy)

Amplitude of "Ex-Compaonent” [V/m] =l 12: Intermediate Plane (1D) E@

Numerical Data Array
Diagram  Table Value at xCoordinate

1.7

0.1

m
—

¥ [mm]
0

0.1
0.5

Amplitude of... [V/m]

-0.1 0 0.1 3 T T T T T T T
015 01 005 O 005 01 015

Coordinate [mm]

X [mm]

-

l’:. Detectors  [*4" @ Analyzers (

Ratio between geometric and diffractive power = 1.3091E-13 automa“c Selec“on Of
Field in x-domain is NOT in homeomorphic zone. Fourier transform
Fast Fourier transform selected. (number of points = (137; 137))

Free space propagation in k-domain done.

Ratio between geometric and diffractive power = 0.8459593

Field in k-domain is NOT in homeomorphic zone.

Inverse semi-anahtical Fourier transform selected. fnumber of points = (11
Detector evaluation finished. (Duration = 00:00:15.7667738)




Simulation Result: Far Field Plane

E=. 5: Far Field Plane ===

Electric Field

Diagram  Table = Value at fxy)

Amplitude of "Ex-Component’ [mV,/m] E=: 14: FarField Plane (1D) E\@

_________ Numerical Data Arr:
- D a7 =

Diagram  Table Value at x-Coordinate

0.05

-

¥ [m]
0

-0.05

Amplitude... [my/m]
2

-0.05 0 0.05 L T T
X [m]

Coordinate [mm]

I:. Detectors }. Analyzers

~ Ratio between geometric and diffractive power = 1.2744E-13
e Field in x-domain is NOT in homeomorphic zone.

Fast Fourer transform selected. {(number of points = (137; 133))

Free space propagation in k-domain done. _ _

Ratio between geometric and diffractive power =431.71 aUtomatIC selection of
\\. Inverse homeomorphic Fourier transformation selected. Fourier transform

Detector evaluation finished. (Duration = 00:00:00.9525450)

mm———’
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Part 4

The Channel Concept



Surface Channels

Edit Light Guide

 Channel definition

— There are four possible channels for
each surface, at least one should be
activated for the tracing.

— Channels can be defined for each
surface individually.

— Different settings on channels leads to
different modeling schemes.

Interface
All Interfaces
Interface #1 (Plane Interface)
Interface #2 (Plane Interface)

K K|&]| +

K K| +

LS|

& QIR +

Channel Description

+/+ transmission (forward)
+/- reflection (forward)
-[+ reflection (backward)

-/- transmission (backward)




Surface Channels

Setting A

B 26: Setting A
3D View

Surface +/+ +/- -[- -+
1st X
2nd X

Setting B

B8 27: Setting B = | =

3D View

Setting C

B8 28: Setting C = |[-&

3D View

Surface +/+ +/- -[- [+

1st X X
2nd X

Surface +/+ +/- -[- [+

1st X X
2nd X




Surface Channels

Setting D Setting E

==

L]
€ N

Note: an activated channel does

2y not necessarily lead to
corresponding light path(s).
Surface +/+ +/- - -+ Surface +/+ +/- - -+ E.g., the -/- and -/+ channel of
1st X X X 1st X X X X 2" interface do not influence

the tracing, because there is no
backward incidence.

2nd X 2nd X X X X




Grating Channels

I

N N N BN BN




Grating Channels

L

I

+15t order

N N N BN BN

—15t order




Grating Channels

Grating equation:

L

o KM = kM L MAK,

I

+1%t order

L
- where kK = ko' = (KU KO ) = nkod%' (with m the

order), [
o - | L
¢ i" = K = (K, k") = k8" and — -
e Ak = 27” L
A j E

Sy = sin (0) cos (p) C —18t order

v

S, 1 o &
S
1 , ‘
i 9 >
Z

sy = sin (f) sin (¢) -5, = cos (0)




Grating Channels

Grating equation:

« KU = k" L MmAK, | ld
""" +15t order

- where kK = ko' = (KU KO ) = nkod%' (with m the
order),
+ K" =T = (K7, k") = nkos" and
L
s Ak = 277’ L
AT E
(6) cos (¢) C — 15t order
1) AR L.
sy = sin (0) sin () A _______________ s, = cos (0) 2

Yy




Grating Channels
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Optical Setup

St Souces  Functons  Catalogs  Windows | Optical Setup

Y

Manual Channel Simulation Parameter New

Configuration - Settings  Overview | Parameter Run i Find Focus Postion

Paramelers

Tools

& New Parametric Optimization
15 Optinize Detector Postions

Parameter Variation

Edit Grating Component
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Type
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Grating Channels
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4 Ray Tracing System Analyzer
Execution
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Manual Channel Simulation Parameter
Corfiguration ~  Settings Overview

Paramelers

Optical Setup
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Tools

& New Parametric Optimization
i Optimize Detector Postions
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Parameter Variation
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Grating Channels
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Grating Channels
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Grating Channels
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Grating Channels in Abbe’s Experiment

a0 View 2D View

® How many orders need to be
considered in the modeling?

Edit Grating Component

Surface Channels

Grating Order Channels

For llumination From Front Side

[

Direction

Order Mumber

T (++)

| -

T (+4)

T(++)

T (+4)

T (+4)

SILN| | b

T(++)

T (++)

+1

IR R R S

T (+/4)

+2

W

For llumination From Back Side

Add Order | | Remove Order | |Tm|s@

Use |Direction |Order Number

Add Order

Bemove Oider

[ ok ]| camcel || Hep




Lateral Channels

Edit Waveguide

« Region(s) on surface AT
— It is possible to define individual
Regions on a surface and define their
optical properties individually, including
the channel settings.

region
13.6 mm
Structure /
Function #  |Position | Orientation | Surface |Back Medium | Comme
e 1 (0m0m0m) 0007 Plane Interface Fused Silica in.. Enter ¢t
’F‘I,tﬁ | | 2 omom5mm (090509 Plane Interface  Airin Homogene . Enter i
—
Propagation
Channels

>

l ¢ i {

Plane Conical Cylindrical Aspherical v
Help

[ oK ]| Cemcel ||




Lateral Channels

« Region definition
— Set up the channels for this region, following the same rule as for the surfaces.

Edit Grating Region Edit Grating Region

Shape Region Channels  Grating Shape Region Channels  Grating
Select Open Channels Select Open Channels
[] Plus-Plus-Direction [ Minus-Flus-Direction [] Plus-Plus-Direction [ Minus-Plus-Direction
[] Plus-Minus-Direction [7] Minus-Minus-Direction [] Plus-Minus-Direction [[] Minus-Minus-Direction

Note: region
channels provide
individual control

in addition to
surface channels

region channels -/+, -/- on region channel -/+ on
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Demonstration of Abbe's Theory of Image Formation

R see the full Application Use Case



https://www.lighttrans.com/index.php?id=2157
https://www.lighttrans.com/index.php?id=2120

Modeling Task — Imaging with Varying Grating Period

How to simulate the image formation for grating
_ _ objects in an imaging system, especially with
grating object = 1 . .0q4
- thinch [
Onn CS urggt]r:trg I

the grating diffraction effects considered?
duty cycle 50%

varying period d A/Chromium

spherical lens

4BOl|IS pasny
|

f=62.5mm
. D=25mm
I aspherical lens
f=6.25mm
D=5mm

input field
Gaussian profile
wavelength 632.8nm
polarized along x
waist radius 50um
(on grating

front surface)

-
-
-
-
-
x <&

image
plane

.




VirtualLab Fusion Technologies

1
nonlinear free

I crystals & components SPace prisms,

1 anisotropic plates,

' components @ cubes, ...
0‘ waveguides lenses &

& fibers freeforms

! 2
i
/ apertures &
/ ﬂ scatterer - Field e boundaries

@ gratings

0 Solver
diffusers (
diffractive
\_9 beam

diffractive,
Fresnel, meta
splitters lenses
SLM& icro lens & HOE, CGH,
adaptive  fraoform DOE
components

arrays

# idealized component




Image Formation Analysis

behind grating object
R

n 6: Behind Grating Object (d = 7.5um)
Chromatic Fields Set

¥ [pm

grating

For imaging analysis, we
consider only the diffraction

image on Fourier plane

orders from -4t to +4t here.

grating image

Chromatic Fields Set

(=[5 )

0.4

0 0.2

X [mm]

u 4: Fourier Plane Image (d = 7.5um) E‘@@
Chromatic Fields Set
-4th -3rd -2nd -1st Oth +1 st +2nd  43rd +4th
T ©
E o
28 26 24 22 -2 -1.8 -16 -14 1.2 -1 08 06 04 02 0O 02 04 06 08 1 12 14 16 1.8 2 22 24 26 28
0 X [mm]
(image color saturated)
u 5: Grating Image(d = 7.5um)
7
/'/
’
/
/
/
/
/
/
/
/
/
/
/
/l ﬂ =
- >
_ i_,:r
image o
. Fourier lane '
aspherical plane u p
lens

spherical lens




Image Formation Analysis

behind grating object

n 6: Behind Grating Object (d = 7.5um)

Chromatic Fields Set

= e |

w
o
-
3

Y [pm]

X [um]

n 7: Behind Graitng Object (d = 7.5um)

hromatic Fields Set

Summed Data [(V/m)*2]
05

o oy

il
&l
il

T T T
-40 -30 -20

-10 0
X [pm]

X

L.

grating

aspherical
lens

A 10-times magnification
is seen in the image.

u 11: Grating Image (d = 7.5um)

Gaussian-like
envelope determined
by the input field.

i
1
1
Chromatic Fields Set
]
1
1
1

summ... [1E-3 (V/m)*2]

grating image
=)= =

tic Fields Set

Fourier
plane

L

spherical lens

image
plane

-0.4 -0.2 0 0.2 0.4
X [mm]




Behind Grating Objects with Different Periods

For imaging analysis, we
consider only the diffraction
orders that will enter the

subsequent system:

- d=5um: -3 to +3 orders

- d=7.5um: -4t to +4 orders
- d=10um: -6% to +6'" orders

2 19: Behind Grating Object (d = Sum) == I 6 Behind Grating Object (d = 7.5um) o[ -3 I3 20: Behind Grating Object (d = 10um) =N =R ="
Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set

E E E

= = =

_ X [pm] _ X [pm] X [pm]

d=5um d=7.5um d=10um
|\ J
X grating

L.

Fourier

aspherical
plane

lens

L

spherical lens

image
plane




Behind Grating Objects with Different Periods

-

3 19: Behind Grating Object (d = 5um)
Chromatic Fields Set

=&

Y [pm]

-40 -20 0

d=5um

20 40

u 6: Behind Grating Object (d = 7.5um)
Chromatic Fields Set

=N oH =)

Y [pm]

-40 -20 0 20 40

d=7.5um

n 20: Behind Grating Object (d = 10pum)
Chromatic Fields Set

=N o =™

¥ (pm)

-40 -20 0 20 40

X [um]

d=10pum

n 26: Behind Grating Object (d = 5pm)

-
n 7: Behind Graitng Object (d = 7.5um)

(o [® |z E=5 ioN ™= I 27: Behind Grating Object (d = 10um) [o o=
Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set
o ~ ~
=7 = T T
= E é
s S 3
3 8 b}
s w | s v | ©
o o o o o o
o ) ©
o @ @
£ = E
= E =
S5 S S
v o 4 v o 4 o
T T T T T T T T T T T T T T T T T T T T T T T T T T T
-40 -30 -20 -10 0 10 20 30 40 -40 -30 -20 -10 0 10 20 30 40 -40 -30 -20 -10 0 10 20 30 40
X [um] X [um] X [um]




Fourier Plane Images for Different Periods

grating object = 1 . .0q4
- thin chromium
on substrate i
- duty cycle 50%

- varying period |_, chromium
d=5,7.5, 10ym %
Q
=
m I
| 4
l’ -
I’ /,/’
/ /
/ /
,/, II
e 1
-'
4 ]
/ 1
/4 1
1
1
!
v
- —
grating
Fourier

plane

images on Fourier plane

u 12: Fourier Plane Image (d = 5um)

PR

Chromatic Fields Set

_3rd

Y [mm]

d=5um

-1st Oth +1 st +2nd +3rd

Order separation is inversely
proportional to the grating period.

n 4: Fourier Plane Image (d = 7.5um)

[ o]

Chromatic Fields Set

-4th

Y [mm]

-3rd -2nd -1st Qth +1st +2nd +3rd +4th

u 14: Fourier Plane Image (d = 10um)

=N ol <

Chromatic Fields Set
-pth  -5th  _gth  _3rd  _ond _qst oth  +qst +4+2nd 43rd  44th  45th  4@Gth
= o
E o
=
28 -26 -24 -22 2 6 -14 -08 -06 -04 -02 0 02 04 06 08 1 12 14 16 18 2 22 24 26 28
X [mm]
d=10pm

Grating efficiencies — corresponding to the spot brightness — are
calculated by Fourier modal method (FMM, also known as RCWA).




Grating Images for Different Periods

grating object
- thin chromium
on substrate

- duty cycle 50%
- varying period
d=5,7.5,10uym

X

L.

2 13: Grating Image (d = 5um)
Chromatic Fields Set

=)

-

u 5: Grating Image (d = 7.5pm)

Chromatic Fields Set

=)

u 15: Grating Image (d = 10um)

Chromatic Fields Set

(=8N ==

i period d
' : E :
= = =
chromium
c
(72}
3
0, I
= -0.4 -0.2 0 0.2 0.4
8 I X [mm] X [mm] X [mm]
* d=5umc d=7.5um d=10pum
1
\ 4
\ A
\\ \\
\ \
y u \
\ \\
\ h
‘:
1
v |
grating |
' image
V4 , Fourier
aspherical plane u plane
lens

spherical lens




Grating Images for Different Periods

3 13: Grating Image (d = 5um)
Chromatic Fields Set

e |

Y [mm]

-

u 5: Grating Image (d = 7.5pm)
Chromatic Fields Set

=)

Y [mm]
-0.2 0 0.2 04

-04

u 15: Grating Image (d = 10um)

Chromatic Fields Set

(=8N ==

Y [mm]
-0.2 0 02 04

-04

-04 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 04 -04 0.2 0 0.2 0.4
d=5um - d=7.5um s d=10pm o
Due to the loss of high
('3 16 Grating Image (4 = 5um) Spatial freq uencies, the e (d = 7.5um) =8 [EcE [~ TP Gy e (D =R~
Chromatic Fields Set . image Of the g ratl ng Wlth Chromatic Fields Set Chromatic Fields Set
= smallest period clearly g o
S - deviates from the object. S -
-0.4 -0.3 -0.2 -0.1 0 0.1 0.'2 0.'3 O.rd - ~0',4 ~0l.3 ~O..2 -O'J Cl> 0,'1 D.I2 0,'3 0.'4 'O'.A ‘013 -OI.2 O'.1 0 0.I1 0.'2 D.'3 O.I4
X [mm] X [mm] X [mm]




Modeling Task — Aperture Effect in Fourier Plane

grating object
thin chromium

on substrate

duty cycle 50%
period d=7.5um

input field
Gaussian profile
wavelength 632.8nm
polarized along x
waist radius 50um
(on grating

front surface)

i period d

i

! chromium
2
2 I aperture
% ) intermediate
S 1 aspherical lens focal plane
4 fe7=6.25mm (Fourier plane)

D=5mm

|

-
-
-
-
-
-

How can the aperture in the Fourier plane
affect the image formation, and the
resolution of the imaging system?

spherical lens
f=62.5mm
D=25mm

varying
aperture
width

image
plane




Aperture Width 5mm

images on Fourier plane behind aperture

-

n 41: Fourier Plane Image (3mm Aperture Width)
Chromatic Fields Set

-4th -3rd -2nd -1st Ooth +1st +2nd +3rd +4th
£
E
5
28 -2.6 -24 -22 2 18 -16 -14 -12 1 08 -06 -04 -02 0 02 04 06 08 1 12 14 16 18 2 22 24 26 28
X [mm]
/7
,/
4
4
/4
/
/
/
herical / i
aspherica / m spherical
|enS /,I Iens
X * e Jte
grating ; -
image
Z Taperture Iar?e
width 5mm P

n 43: Grating Image (Smm Aperture Width)

Chromatic Fields Set

0
[
i

Summ... [1E-3 (W/m)* 2]

0.2 0.3 0.4

n 42: Grating Image (Smm Aperture Width)
Chromatic Fields Set

Y [mm]
0.2 0 0.2 04

-04




Aperture Width 3mm

images on Fourier plane behind aperture

[ n 44: Grating Image (3mm Aperture Width)

Chromatic Fields Set

==

The grating image gets
smoother because of the
truncation of higher diffraction

n 35: Fourier Plane Image (3mm Aperture Width)

Chromatic Fields Set

_2nd -1 st Oth

+1st +2nd

orders in the Fourier plane.

X [mm]

Es
.y
28 -26 -24 -22 2 -18 -16 -14 -1.2 -1 -08 -06 -04 -02 0 02 04 06 08 1 12 14 16 1.8 2 22 24 26 28
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L>Z Taperture Iar?e
width 3mm P

n 36: Grating Image (3mm Aperture Width)

Chromatic Fields Set

(o ][® ]l
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Aperture Width 1mm

images on Fourier plane behind aperture

n 37: Fourier Plane Image (1mm Aperture Width)

Chromatic Fields Set

7

Partial truncation of certain
diffraction orders may occur.

P

-1 st Oth

Y [mm]
001

+1st

B Grating Image (Tmm Aperture Width)

Chromatic Fields Set

o

summ... [1E-3 (W/m)* 2]

L 2 A

/

Grating image gets

~ -0.2 -0.1 0 0.1
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0.2 0.3 0.4

m Aperture Width)

Chromatic Fields Set
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/
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— R4
X : I__,/ .
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width 1mm P
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Aperture Width 0.5mm

u 46: Grating Image (0.5mm Aperture Width) m@
Chromatic Fields Set
. . . th . . g 'm_ i
images on Fourier plane behind aperture | ©Only the 07 diffraction order : |
passes the aperture. 2
n39: Fourier Plane Image (0.5 Aperture Width) j@@ | E 3 'ﬂ
Chromatic Fields Set 7 _~ 3
e ot - — -o',1 (') o.'1 o.'2 o,'s o.'4
ES The image is a L
28 26 24 22 -2 -18 -16 -14 -1.2 -1 08 06 04 02 0 02 04 06 08 1 12 14 16 1.8 2 22 24 26 28 magnlflcatl_on Of the InpUt
X ) Gaussian beam. ,
m Aperture Width) E@@
j Chromatic Fields Set
g
/,
/
/
. II
aspherical / m spherical
l /” ’—’? E.
S
— ,/,
X . I—”’
grating
L>Z Taperture |rr|1ar?e
width 1mm u plané X [mm]
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Part 5

The Light Path Finder



The Light Path Finder

« The Light Path Finder performs a preliminary anal-
ysis of the open channels in the system and de-
termines through which of them light will propagate
and how.

« The Light Path Finder uses a physical-optics model
without diffraction to analyse the system.

« After the Light Path Finder has determined the light
paths that the field is going to follow, the Field Trac-
ing engine takes over and simulates the fully fledged
physical-optics propagation of the field along those
paths.

B& 31: Ray Distribution 3D
3D View

o & s

Infinite number of
internal reflections!

@ QEE O i

& mm




The Light Path Finder

HBO- 568 - Optcal Setup

Fi Start Sources Functions Catalogs Windows Optical Setup | Tools

Wyrowski VirtualLab Fusion 2020.2 (Build 1.116)

" o P - 3D View
’ 0% Fiekd Tracing H% & New Parametric Optimization i E]m

» a Ak tia,
Got 108 Ry Trecing Manusl Channel Simftion Parameter New  —\OpimizeDeteclorPostions: |\ o Et Parameter | View Simlabion

= 44 Ray Tracing System Anclyzer | Configuration ~ S Overview | Parameter Run 3 Find Focus Postion Cowplng  Couping | System  Report
Execution

Param

Parameter Variation View

Infinite number of
R ———. ~e= linternal reflections!

£ Automa|
Companents | Setup Editor #27 (Optical Setup)” Automat]
Ideal Componerts [

Detectors Path lc:. Detectors ® Analyzers|  _{ Logging
Andlyzers
Coordinate Break

Camera Detector Plane Wave Camera Detector B Target Element
Bectromagnetic Field De

Ref. Type Megium Index Element Name

0 - Air in Homogeneous Medi . 1 |Plate
P T Air in Homogeneous Medi
Y:0mm
Z10mm

S e

Ray Tracing System
Analyzer




The Light Path Finder

Stat  Sources  Functions  Catalogs

Optical Setup

Windows | Optical Setup | Tools

Wyrowski VirtualLab Fusion 20202 (Build 1.116)

’ 0% Feld Tracing

Gt 0% Ray Tracing

* 44 Ray Tracing System Analyzer
Execution

T
Components.
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Detectars.
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Infinite number of
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The Light Path Finder
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The Light Path Finder
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The Light Path Finder
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The Light Path Finder and the Modes Reaching the Detector
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Exercise 1

Building an Etalon



Build the Following System in VirtualLab Fusion

camera detector

e position z = 4mm, z = 5mm

e window size 3mm x 3mm

e components to integrate E,, E, and

etalon configuration

b) planar-planar (tilted)
- center thickness 100um
- ilt of first surface 0.1°

cal... (suggested radius of curvature 1 m).

.
{ Ez
‘\\ e false colour (cold colours) to better
edge width = 2% visualize interference
-~
\
|
A
55 mm Note:
: e Non-sequential simulation — adjust Channel Configuration Options to the
| Manual setting and configure surface channels in components.
P \ 30° : —> 7 e Diffraction in the system: play with the Fourier transforms (Simulation Set-
I tings) to see the role of diffraction.
2mm |1 e Investigate the effects of using different polarization in the source.
: ¢ Replace the first surface with others of different shape: spherical, cylindri-
|
\

wavelength A\ = 532nm _smaterial: fused silica

7
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Examination of Sodium D Lines with Fabry-Pérot
Etalon

R see the full Application Use Case



https://www.lighttrans.com/index.php?id=779
https://www.lighttrans.com/index.php?id=2120

Modeling Task

spherical lens
- plano — convex

silica-spaced etalon - effective focal
length 100mm

coatings

- varying reflectance

- material: Silicon Dioxide
& Titanium Dioxide

input spherical wave
- sodium D lines

@588.9950nm & 589.5924nm
- half divergent angle is 2.3°

L d,;=70mm B d; = 10mm

P d5=f= 100mm |

d,=1.686mm d,=4.3mm




Visualization of Both Spectrum Lines

coating
reflectance
~82%
wavelengths
588.9950nm :
& 589.5924nm .
¥
n 39: In Front of Etalon m@l@

Chromatic Fields Set

Y [mm]
0

4 3 2 -

=
—

in front of
the etalon

o 1 2 3 4
X [mm]

o
N

2 38: Sodium D-Lines

(=] o |

Chromatic Fields Set

|

on the Fourier
plane of the lens

Y [mm]
0




Finesse vs. Coating Reflectance

single wavelength
589.9950nm

coatings
- varying reflectance:
82%, 65%, 37%

Sharpness of the interference
fringes depends on the reflectance
of the coatings on the etalon.

B 45: R~82%

Chromatic Fields Set

[o @ sl

Y [mm]
2 1 0 1 2 3 4

S -IRN-2 T O 1 2 3 4

R~82%

X [mm]

B 41: R~65%

Chromatic Fields Set

[® e

Y [mm]
-3 -2 -1 0 1 2 3 4

-4

X [mm]

SN2 10 1 2 3 4

R~65%

\

B 42 R-37%

Chromatic Fields Set

[o][® u)

Y [mm]
3 -2 -1 0 1 2

X [mm]

ST 1 0 1 2 3: 4

R~37%




Finesse vs. Coating Reflectance

B 45 R-82%

the higher the reflectance, the higher the finesse

e R =i 52: Finesse vs. Reflectance SR EoR &5
Numerical Data Array

Diagram Table Value at x-Coordinate

0.8

0.6

S 2 4 1
Benm R~65% ™

Chromatic Fields Set

Subsets #0, #1, #2 [(V/m)* 2]
04

0.2

R=37% o Rho [mm]

1D measurements along the radial direction




VirtualLab Fusion Technologies

nonlinear free _
crystals & components SPace prisms,
anisotropic plates,
cubes, ...

components @

waveguides
i & fibers .
e scatterer -
[
[——>

lenses &

: freeforms

apertures &
boundaries

Solver .
diffusers ( gratings
diffractive diffractive,

Field

(1)

beam Fresnel, meta

splitters lenses
SLM & icro lens & HOE, CGH,
adaptive  g00aform DOE
components

arrays
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Part 6

The Source Mode Concept



How to Model the Different Properties of Light?

« Being able to replicate the physical properties of the light that
enters a system is just as important for an optical simulation as
being able to model the effect of the different components on the
field.

« We are mainly talking about polarization, partial temporal
coherence, partial spatial coherence.

» There are different mathematical strategies available.

* |In VirtualLab Fusion we follow a single general approach which
can be applied to the simulation of all these characteristics: the
source-mode concept.




The Source Mode Concept

« The light at the input plane of the system is represented by a finite
set of modes.

« Each of the modes is fully self-correlated. This means that, if a
source mode is split on its way through the system (for instance, by
being partly transmitted and partly reflected at an interface) each of
the resulting modes will be coherent to each other, and therefore
capable of generating an interference pattern.

« Each of the source modes can be coherent or incoherent to
each of the other source modes, depending on the property to be
modelled and the characteristics of the source.

» There are different types of modes: spectral (wavelength) and
spatial.

* Finding the best set of modes for a given source in a given
system is in general not a trivial task!




Partial Spatial Coherence with Shifted Elementary
Field Method

R see the full Application Use Case



https://www.lighttrans.com/use-cases/feature-use-cases/model-the-spatially-extended-source-by-shifted-elementary-field-method.html
https://www.lighttrans.com/use-cases/feature-use-cases/model-the-spatially-extended-source-by-shifted-elementary-field-method.html

Shifted Elementary-Field Method

detector

aperture double-slit

input field

spatially extended source
wavelength 589.3nm

The source is represented by a superposition of spatially identical,

but mutually uncorrelated and transversely displaced, fully coherent
fields [J. Opt. Soc. Am. A 27 (9), 2010].

This means that each elementary field (mode) is fully coherent with
itself, but fully incoherent with all the other elementary fields in the

source. In this case the elementary fields are spherical fields each
L}Z generated by a different point source.




Number of Elementary-Fields (Modes)

input field
spatially extended source
wavelength 589.3nm

emitting area

number of modes

L.

The emitting area is fixed at 800 um. The point source at the
edge of this emitting area gives a weak interference pattern,
which is negligible.

The number of elementary fields (modes) should be large
enough to achieve convergent and reliable results.

So before performing the simulation, we use a one-
dimensional (1D) list of point sources along the x axis to
check how many modes give convergent fringes along said
axis in the detector.

To keep the power of the source constant, the power weight of
each point source decreases as the number of modes

increases.
1.0

number of modes

weight =




Configuration of Parameter Variation

input field
spatially extended source
- wavelength 589.3nm

emitting area

number of modes

stical Setup)®

)

optical setup

[#- Light Sources
Coordinate Break
-- Components

-- |deal Components
. Camera Detector
- Detectors Spherical Wave

- Analyzers D

Double-Slit

>@Q)r—

editor of spherical wave

Made Selection
Spectral Parameters

Ray Selection
Spatial Parameters

Polarization Sampling

Basic Parameters

Medium at Source Plane

Adr in Homogeneous Medium

4 |5 Load / Edit Q, View
0 1
: e Source Field: Longitudinal and Lateral Offset
Se|eCt Spherlcal wave n Distance to Input Plane | 1ﬂmm|
as elementary field Lateral Offset | S5m| | Ormen]
IE \
Input Fi o, . . .
{ position of source point on x axis
Parameter Run X | [[] Show Only Varied Parameters
12|+ Object Category . Parameter | Vary From To Steps = Original Value A
Distance to Input... O
Lateral Offset X | [+ -400 pm 400 pm 5
Lateral Offset Y - —— S
St Numbernfﬂavsi[ source area is 800um ] [ number of modes is 5 ]
P :-r'_-.:c'? Mumber of Rays T T




Configuration of Parameter Variation

input field
- spatially extended source
- wavelength 589.3nm

emitting area

number of modes

X

L.

stical Setup)®

)

optical setup

[#- Light Sources
Coordinate Break
-- Components

-- |deal Components
. Camera Detector

- Detectors Spherical Wave

- Analyzers D )

i

editor of spherical wave

Polarization Mode Selection Sampling
Spectral Parameters

Ray Selection

Basic Parameters Spatial Parameters

Power Spectrum Type Single Wavelength b
Double-Slit
O Spectral Values
- Wavelength 5893nm|  Weight | 0038462

1

W Olos

select spherical wave |,

as elementary field

[ power weight ]

IE

Preview I

Parameter Run

UE Ubject Category

X | [] Show Only Varied Parameters
Parameter Vary From To Steps  Original Value  ~
' \Wavelength O '
Weight N~ 0 1 5
Polarizat -
Distance | pOWeEr weight
Lateral OffEeT X | =Z00 gm 400 pm 5




Programmable Mode of Parameter Run

Main Function

double[,] parameters = new double[NumberOfParameters,NumberOfIterations];

1.8 / NumberOfIterations; "’///”//,//J/ LY

double weight = weight =
for(int Index = @;Index < NumberOfIterations;Index++) L number of modes
{
[ fpower weight
parameters[8, Index] = weight;
//position of point source
parameters[1, Index] = MinimumValues[1] + (MaximumValues[1] - MinimumValues[1]) / (NumberOfIterations - 1.8) * Index;
¥

return parameters;

X | [ Show Only Varied Parameters
12 Object Category ~ Parameter  Vary  From To Steps = Original Value | ~

Wavelength ]
Weight 1 0 1 5
Polarization Angle | [ ] .
Distance to Input. | [ ] [ NumberOflterations ]
Lateral Offset X 1 -400 pm 400 pm 5

:the.riEﬂl Lateral Offspe -

R fﬂﬂﬂﬁ[ MnmnumVEMeﬂ1]][ MaﬂwmnWbMeﬂ1]]




Display of Resulting Fringe along x Axis

Start the parameter run and analyze s results fringe along x axis
LN
[] Use Already Calculated Results for Next Run
Iteration Step
Detector Subdetector Combined Outpt 2 3 4 p
_ Lateral Offset X ("Spherical. | Data Aray | /7 04m 0 mm 200 um —
D Weight ("Spherical Wave™ | Data prray | /| 022 02 02 ig -
“Fringe (Camera)” #600 aft.. Animation  ~ |/ 3Set  Chromatic Fields Set  Chromatic Fields Set > o
“Fringes Along X-Axis (Ca... 1D Chromatic v =t1D  Chromatic Fields Set 1D Chromatic Fields Set 1D =
= ™~
(2]
—( select the row —, g v
>
= T display th Iti g i
isplay the resulting — = n |
L fringe < Back ext= Show o
-0 -5 0 5 10
superposition of energy density Ll
from different point sources




Fringes with Different Number of Modes

Hau convergent test result E{ =] ]

Numerical Data Array

Diagram Table ue at x inate
gram  Table  Value at x Coordinat Three curves overlap, so

when the number of
modes is 26 we get a
convergent result

number of modes is 5

L
i 7 5
— number of modes is 11

— number of modes is 26

%] <
N number of modes is 41

< == number of modes is 81

number of modes

energy density [(V/m)"2]

Parameter Run X | T S ool Vil Parasmsians
1_2:'_ Object Category Parameter Vary From Te Steps = Oniginal Value |~ 5 1 1.5 2 2.5 3 3.5
Distance to Input.. |
Lateral Offset X ¥ -400 pm 400 pm 26 >
Lateral OffsetY | [ N
o Number of Rays X | [ number of modes J
Vave” B0 Number of Rays Y ]
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Pulse Focusing with High-NA Lens

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/pulse-focusing-with-high-na-lens.html
https://www.lighttrans.com/use-cases/application/pulse-focusing-with-high-na-lens.html

Abstract

While for most other types of sources
it is often accurate enough to labour
under the stationary approximation,
ultrashort pulses require a somewhat
more nuanced approach, where the
correlation between the different
spectral modes is taken into account.
We investigate here the effects of
subjecting one such pulse to
propagation through a lens with high
numerical aperture, in terms of its
spatial, as well as of its temporal,
profile.




Modeling Task

5mm

pulse evaluation

« spatial
* temporal

laser beam
¢ Olspulse f=1.7671mm =
« 800nm carrier = ® I
wavelength $ :
 linearly polarized 5. I
along x | |
- I
£° I
l
p= I
|

T T y T T T T T
0.6 0.7 0.8 09 1 11 12 13
Wavelength [um]




Purely Spatial Analysis: Input Field (Carrier A)

4.0mm

20 input B%2)

oo =]

Chromatic Fields Set

Data for Wavelength of 800 nm [(V/m)*2]

X [mmi E |2
X
Pl
\ —
4.0mm E
=
322 Input (€2%2) oo ]

Chromatic Fields Set

Y [mm]
-1 05 0 05 1

Data for Wavelength of 800 nm [1E-9 (v/m)*2]

38

0
1 05 0 0.5 1 15
o | E | 2

[=[® s

Chromatic Fields Set

pta for Wavelength of 800 nm [(V/m)~2]

0.1

0.05

X [mm) |Ey|2

7.6%10°

Negligible E,
component hints at

collimated nature of

beam

5mm

f=1.7671mm

—in _ out
VL (pv t) V(J)_u (p7 t)

Fo Fil




Purely Spatial Analysis: Field at Focal Plane (Carrier 1)

5mm

Note focusing effect
on the size!

f=1.7671mm
Vip.t) Vo, 1)
(p,t) AN
Fu F;l
A small E, component
\ 4 appears from the
(p,w) , cross-talk effected by
the surfaces of the
F, F! lens. The tangible E,
component is the
result of the high
(K, w) ¥ e focusing of the beam

12um

fo | o ]

1 30: Focal Plane (Ex*2)
Chromatic Fields Set

Data for Wavelength of 800 nm [1E6 (V/m)*2]

2.74

2.7%10°

1.3%x10?

Y [um]
-4 -2 0 2 4

P

[o | o ]

Chromatic Fields Set

-4 -2 0 2 4

X [um] E |2
X
P2 N
>
o
<
1 32 Focal Plane (E2*2) [E=R(ESR X

Chromatic Fields Set

Data for Wavelength of 800 nm [1E4 (V/m)~2]

7.86

for Wavelength of 800 nm [1E2 (v/m)*2]

1.28

0.64

4 2 0 2 4
X [um]

|Ey[?

3193

Y [pm]
4 2 0 2 4

4 2 0 2 4
X [um]

|E.I°

7.9%x104




Spatio-Temporal Analysis: Input Field (E, Component)

3 24: Input (Ex*2) [E=2EoR °X7) 5 m m

Chromatic Fields Set

Summed Data [(V/m)*2]

The Pulse Evaluation
detector in VirtualLab
facilitates the visualization
of the pulse properties in
different domains

1 =
AmEIitude of “Electric Field... [V/m] «:f &
_—E—mEmEmEEmEEmEEmEEmEmEmm—_—_—— 3 o
0.2 04 0.6 08 o 3
1 1 1 1 % 2
G A g 8§ f=1.7671mm
IB = §’ ;6 —out
% = ? VJ_ (pvt)
4 158 A
o g8 L
= i S
% o A 5 o) Fu!
7 S
o =
© AN
N
o 7 -1
FWHM pulse [l T
« 4 duration=5.1fs
|
P




Spatio-Temporal Analysis: Focus (E, Component)

The Pulse Evaluation
detector in VirtualLab
facilitates the visualization
of the pulse properties in
different domains

[sd] awiL

ISCE

8'¢c

6¢¢

FWHM pulse
duration=34fs

e

292l  weibeig

2eUIPIOOT-X 8 aNjeA

Aeirg 212 [2oUBWNYN

ES ==

02 39:Focs! Plane (Ex°2) [E=R R = 5mm

Chromatic Fields Set

Y [um]

232uIp1003 (( ‘0) 403 Urewiop 3w U1 g =Y

Summed Data [1E6 (v/m)~2]

0 2 4

2.7

-4 -2 0 2 4
X [pm)

Time 460fs

f=1.7671mm

—-out

‘J_ (p:1)

Fl




Spatio-Temporal Analysis: Focus (E, and E,)

I 16: Pulse Component (E) in Time Domain from [-15 um, 0 mm)] to [15 m, 0 mm] - Pulse Evaluation 2600 after Identity Operator #2 (0) (Field Tracing 2nd Ge...| = || =) |[ws] 5 mm
I35 Focal Plane (x"2) \ Pulse Component AtLine
Chromatic Fields Set
romete Tiees Diagram  Table  Value at (cy) L | imesnin Zps
Summed Data [1E6 (V/m)~2] Amplitude of “Electric Field Component” [kv/m]

— 0.28
E un
A 2 d
0 o
c
= wn

S <L 0.14
— = =)
S E g~

= =
= = g
N g < 0
—
227 228 22.9 23
Time [ps]
\ / < >

-4 -2 0 2

; —
X [um] 2
S | =N

N

12pm f=1.7671mm

I 20: Pulse Component (E) in Time Domain from [-15 um, 0 mm] to [15 pm, 0 mm] - Pulse Evaluation 2600 after Identity Operator 22 (0) (Field Tracing 2nd G... [ = || =) |
3 41: Focal Plane (E2"2) { Pulse Component At Line
Chromatic Fields Set Diagram  Table  Value at (xy) | | ey

N

23ps

5.

Summed Data [1E5 (V/m)*2] pli of “Electric Field Comp " [V/m]

As always, consistent
226 electromagnetic
treatment in VirtualLab
0 Fusion allows for the

10 15 20 25

Y [um]
0
5

Position on Line [pm]

12um

22.6 22.7 22.8 22:9 23 23.1 232

Time [ps analysis of vectorial

L : = effects, also for ultra-

X ) 2 short pulses
|=

-4 -2 0 2

< 7

12um




Temporal Analysis: E, Component with Carrier Frequency

/\

I3 3% Focsl Plane (Ex*2)

¥ [pm]
0

Chromatic Fields Set

Summed Data [1E6 (Vjm)*2]

X [pm]

Pulse Component At Line

Diagram  Table Valuﬁlm

5 10 15 20 25

Position on Line [pm]

22.7

//. 16: Pulse Compoljent (Ex) in Time Domain from [-15 pm, 0 mm)] to [15 pm, 0 mm] - Pulse Evaluation #600 after Identity Operator #2 (0) (Field Tracing 2nd Ge...| = H = @

Amplitude of “Electric Field Component” [kV/m]

22.8 229

E Time Shift 23ps

- 14: Pulse Component (Ex) in Time Domain at [0 mm, 0 mm] - Pulse Evaluation #600 after Identity Operator #2 (0) (Field Tracing 2nd Generation)

Pulse Component At One Point

o o]

Diagram  Table

Time [ps]

Value at x-Coordinate

0.25

[kv/m]

o

...

I 31: Real Field of (14:)

Field Vector Component At One Point

=

Diagram Table ~Value at x-Coordinate

[kv/m]
04

02

Real Part of “Electric Field...

22.8 22.8 229 229 23 23

\ Time [ps]

23.1

Time Shift

23ps

22.8

22.9

229 23
Time [ps]

23 235

3 Including carrier
> frequency
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Full-Field Optical Coherence Scanning Interferometry

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/full-field-optical-coherence-scanning-interferometry.html
https://www.lighttrans.com/use-cases/application/full-field-optical-coherence-scanning-interferometry.html

Modeling Task

Xenon lamp
- black body spectrum
- 6200K temperature

power spectrum

1.0

0.9

0.8

380nm

750nm

detector

achromat
Edmund optics
No. 49-664

fixed mirror

?

interference
fringe

beam
splitter

+—>

specimen
(movable)

How to calculate the
interference pattern and even
to derive the height profile of
the specimen under test?

height contour

<N

25um

6um




Simulated Interference Fringes

2um shift of specimen

1 um shift of specimen

no shift of specimen

==
Chromatic Fields Set Chromatic Fields Set
Summed Data [(V/m)*2] Summed Data [(V/m)"2]

Summed Data [(V/m)"2]
22 ~

Chromatic Fields Set

mmwom’n

21

105

Y [mm]

Xenon
lamp B
’f

specimen

(movable) Contour lines of interference fringes

corresponds to the height contour of the
specimen under measurement.

6 um

25um

fixed mirror




@HTTRANS .

Part 7

Position and Orientation



lllustration: Position and Orientation

Sphencal Lens [1] Sphencal Lens [3)

Plane Wave (0)

- Apertige (2)

Sphencal Lens (4]

Camera Delactor [B00]

A
v

A
A
A
N
A
N

20 mm 20 mm 20 mm 20 mm

v

20 mm




Coordinate Systems

Input coordinate system

- O Transmission coordinate system
Z

Reflection coordinate system




Basal Positioning




Optical Setup

30°
\

Sphencal Lens (1]

wiave (0)
L
| ]

ﬁwuy 2)

Spherical Lens (3)

Sphencal Lens (4]

Caniesa Detect




Basal Positioning and Isolated Positioning

Spherical Lens [1] Spherical Lens [3] Spherical Lens (4]

Flane ' ave [0] “irtual Screen [B00)

Spherical Lens (1] Spherical Lens [3) Spherical Lens (4]

Spherncal Lenz [1]

Wirmal S creen (B00)

Spherical Lens [4]

Spherical Lens [3]

Plane Waw

Spherical Lens (1)

Plane wiave (0]

Spherical Lens (3]

Spherical Lens [1]

Spherical Lens (4] Plane wave (0]

reen [B00)

Spherical Lens [3) Spherncal Lenz [4)

Wirtual Screen [E00]




Special Components: Mirror

Center Point of Rotations

Reference Point to be [
Snd o Ui Pt | Reference Point of Input Channel v

w m 3D View: Optical System = O X
Orientation Definition Type | Sequence of Avis Rotations | [@ 5 o
— i
O i:tm [ Angle / Axis | Value
1) X-As Rotation | 30°

5 e

e

F
[




Special Components: Ideal Beam Splitter

3D View: Optical System = O x

Two perpendicular output
channels are automatically
defined.




Several Points about Positioning

« Set position of one component: put the input CS in the output CS of previous
component (Basal Positioning)

« Basal position: if one component shift or rotate, all the following path changes
 Isolated position: basal output CS doesn‘t change

« Special case:

— Reflection CS: z-axis is calculated by component normal vector and input path

— Beam splitter: two output CSs > 0 is transmission CS, 1 is reflection CS. Two z-axes are
perpendicular




Configuring Reference Type in VirtualLab Fusion

‘- Quadratic Ws A

- Spherical We
; - Stored Laters
i - SuperGaussi
- Partially Coherent
(- Components Plane Wave Lens System Camera Detector
- Component from | D |;| | g
Functional Single > > > ]
(- Index Modulated 0 1 600
iple Surfaces W0mm W 0mm
¥i0 mm ¥: 0 mm
Z:0 mm s
| N
Ray Tracing System ’ - Path ‘ l:m Detectors | [+4/% @ Analyzers g Logging
Analyzer
[+ Ideal Components @ Start Element Target Element Linkage
i i‘:’*:;x 800 Index | ElementName [ Ref. Type Medium Index |  Element Name Propagation Method | On/Off Color
- Coordinate Break 0 | Plane Wave I| - )'ir in Homogeneous Medi .. 1 | Lens System Ray Tracing On —
- Camera Detector ..
- Hlectromagnetic Field 1 |Lens System T « (&ir in Homogeneous Medi...
L
< > <

Simulation Engine | Ray Tracing v/ [P Go |
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Tolerance Analysis of a Fiber Coupling Setup

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/tolerance-analysis-of-a-fiber-coupling-setup.html
https://www.lighttrans.com/use-cases/application/tolerance-analysis-of-a-fiber-coupling-setup.html

Abstract

In modern optics, fibers can be found in
various optical system, and it is usually of
concern how much light can be coupled
into fibers. The coupling efficiency can be
sensitive to the system alignment,
especially for single-mode fibers with
relatively small core diameters. In this
example, a well-designed fiber coupling
lens is selected, and the coupling
efficiency is evaluated with respect to
different tolerance factors, such as the
shift of fiber end position and the tilt of
coupling lens.




Modeling Task

at designed
incoupling position
input field coupling lens V
- fund tal G i (perfect alignment) . .
; “”VfaTigﬁgtha%i’Sfrﬂ BN N B g =» coupling efficiency n=99.6%
- diameter 660 um single-mode fiber
X mode field diameter = 3um
L.
How does the coupling efficiency change lens tilt ]
with respect to alignment tolerance factors?

lateral

longitudinal shift
\? shift

coupling lens

(a) shift of fiber end position (b) tilt of coupling lens




Coupling Efficiency vs. Fiber End Position Shift

input field

fundamental Gaussian

coupling lens

- wavelength 780nm
diameter 660 um
X

L.

The coupling efficiency is
scanned with respect to the

fiber position shifts along both

axial and lateral directions.

longitudinal shift\?

lateral

coupling efficiency

Contour plot helps with the

identification of the parameter range for
desired coupling efficiency threshold.

::'. 8: Coupling Efficiency vs. Fiber End Shifts
Numerical Data Array

Diagram Table Value at (xy)

Fiber Coupling Efficiency [%]

Lateral Shift X (“Fiber En... [pm]

15 1.55 1.6 1.65

Distance Before (“Fiber End” (# 3)... [mm]

Ei&. Coupling Efficiency vs. Fiber End Shifts e |-@ ‘
Numerical Data Array
Diagram Table Value at fcy)
Fiber Coupling Efficiency [%]
99.6
48,8
e ————
4..E-05

1.57 1.58 1.59 1.6

- Distance Before ("Fiber End” (#3)... [mm]




Coupling Efficiency vs. Coupling Lens Tilt

- *‘ lens tilt

input field ) X
fundamental Gaussian _ - P 13: Coupling Efficiency vs. Coupling Lens Tilt
wavelength 780nm . . . Numerical Data Array
diameter 660um Coupllng eﬁICIenCy Diagram  Table Value at x-Coordinate
X [=]
L)z £
z i
Physical-optics analysis of the || = ©
coupling efficiency with respect _
to lens tilt. .W.hen lens tilt anglg is o e 0z 02 o 02 0% oo oe
within 0.1 o, the Coupllng Rotation #1 (about Y-Axis) (Initial Lens (Edm... [7]
efficiency is still higher than 90%




@HTTRANS .

Exercise 2

Build a Mach-Zehnder Interferometer



Build the Following System in VirtualLab Fusion

\ = 532 nm Rl Jldeal Compone_nts > Beam Splitters >
77777777777777 Ideal Beam Splitter
1 b =~ . _ldeal Components > Mirrors > Ideal
Plane Mirror

®

I0mm | &=>» syl AN
\

.V ]

20 mm

B G—

1
1
|
1
\
\
|
|
\
|
\
\
\
\
\

20 mm

e Use the Ray Tracing System Analyzer to make sure
that you are building the system correctly

e Keep in mind that this is a non-sequential system (use
Manual Channel Configuration)

e When you are finished, try including a lens in one of the
paths to study the interference

H
:
i
:
|
:
|
:
:
i
:
|
:
:
i
:
|
:
|
:
:
:
'
€
i
:
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Generation of Spatially Varying Polarization by
Interference with Polarized Light

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/generation-of-spatially-varying-polarization-by-interference-with-polarized-light.html
https://www.lighttrans.com/use-cases/application/generation-of-spatially-varying-polarization-by-interference-with-polarized-light.html

Modeling Task

3x beam expander
4 \

beam splitter

He-Ne laser
fundamental Gaussian
wavelength 632.8nm
circularly polarized

polarizer
(fixed)

polarizer
(rotatable)

;

How does the interference

pattern change with respect

to the polarization states of
the two arms?

N

beam combiner




Interference Pattern Changes with Polarizer Rotation

polarizer

(fixed)

polarizer
(rotatable)

n 24; 0 Degree Rotation

(o[ |

Chromatic Fields Set

\

Interference fringes start to
disappear, when polarizer
rotates from parallel to
orthogonal orientation.

polarizer rotation by 0°

0.05

025 05

Y [mm)
0

=]

e[ B )

& 26: 75 Degree Rotation
Chromatic Fields Set

polarizer rotation by 75°

0.05

025 05

0.025

Y [mm)

05 -025 O

05 025 0 025 0.5

X [mmj

I 25: 45 Degree Rotation =R 5= |
Chromatic Fields Set
polarizer rotation by 45°
0.05
E o 0.025
n 27: 90 Degree Rotation 7|E”E|

Chromatic Fields Set

polarizer rotation by 90°

0.05

L

o

L

o

o
E :
E©° 0.025
-

-05 -025

05 025 0 025 05
X [mm]




Interference Pattern Changes with Polarizer Rotation

polarizer

(fixed)

polarizer
(rotatable)

\

Fringe contrast
changes with
polarizer rotation.

n 24; 0 Degree Rotation

Chromatic Fields Set

025 05

¥ [mm]

025 0

& 26: 75 Degree Rotation

Chromatic Fields Set

el |

polarizer rotation by 75°

Y (mm]

05 -025 O

025 05

I3 28: 1D Extraction from 0 Degree Rotation
Chromatic Fields Set

[E== Eoh ==

0.03 0.04 0.

summed Data [(V/m)*2]

0.01 0.02

T T T T T T T T T
08 06 -04 02 0 02 04 06 08

Coordinate [mm]

.
05 025 0 025 05
X [mm]

0.05

0.025

Chromatic Fields Set

I3 25: 1D Extraction from 75 Degree Rotation =5 Eo

summed Data [(V/m)*2]
0005 001 0015 002 0025

Coordinate [mm]

T T T T T T T T T
-08 06 -04 02 0 02 04 06 08




Interference Pattern

polarizer
(along x)

N

polarizer
(along x)

N

polarizer
(along y)

\

I3 24: 0 Degree Rotation

Chromatic Fields Set

025 05

¥ [mm]
05 -025 0

parallel polarizers

Y [mm]

0 025 05

-05 -0.25

0
X [mm]

-05 -0.25

025 0.5

Interference
information is encoded
in polarization state.
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Hands-on Sessions Exercises
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Exercise1

Evaluate the Focal Spot for Different Aberrations

R see the full Application Use Case




Build the Following System in VirtualLab Fusion

5mm

input spherical wave with

different aberration
- wavelength @532nm
type of aberration:
. defocus (0.21- 0.51)
. spherical (0.21- 0.51)
. astigmatism (0.21- 0.51)
.coma (0.21- 0.51)
. secondary coma (0.24- 0.51)
. trefoil (0.24- 0.51)

OO WN -

10mm

camera detector
e window size 15 um x 15 um
e components to integrate £,, E, and £,
e false colour for better visualization

wavefront error detector

e window size 11 mm x 11 mm

e reference wavefront: spherical phase

o fitting method: user-defined radius & origin
e phase radius: —10mm

e Origin (x,y): (0,0)

e false colour for better visualization

Note: The aberrations can be introduced to the wavefront by using the “Zernike & Seidel Aberrations” component.
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Exercise 2-a

Generate Moire Fringes with Periodic Apertures

R see the full Application Use Case



https://www.lighttrans.com/demos/moire-fringes-generation.html
https://www.lighttrans.com/demos/moire-fringes-generation.html

Build the Following System in VirtualLab Fusion

array tilt

/\

camera detector
e window size 5mm X 5mm
e/Z=0mm
e components to integrate £, and £,
e false colour for better visualization

plane wave e evaluate the interference pattern
- wavelength: 532nm detector plane
- diameter: 3mmx3mm . o
~ relative edge width: 5% 1D periodic aperture 1D periodic aperture
- aperture component - aperture component
- periodicity: along-X - periodicity: along-X
- aperture size: 50um - aperture size: 50um
- period size: 100 um - period size: 100um

- array tilt angle: 5°

L.
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Exercise 2-b

Generate Moire Fringes with Sinusoidal Gratings

R see the full Application Use Case



https://www.lighttrans.com/demos/moire-fringes-generation.html
https://www.lighttrans.com/demos/moire-fringes-generation.html

Build the Following System in VirtualLab Fusion

array tilt

-

plane wave
- wavelength: 532nm
- diameter: 3mmx3mm

- relative edge width: 5% 1D periodic grating 1D periodic grating

Sinusoidal grating transmission -
- perlod|C|ty along-X -
- period size: 100um -
- modulation depth: 1V/m -

L.

J

AN

| /\

camera detector
e window size 5mm X 5mm
e/Z=0mm
e components to integrate £, and £,
e false colour for better visualization

e evaluate the interference pattern
detector plane

Sinusoidal grating transmission
periodicity: along-X
period size: 100um
modulation depth: 1V/m
array tilt angle: 5°

Vary the tilt angle to
observe the corresponding
influence on the

interference fringes...
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Exercise 3-a

Evaluate The Coupling Efficiency of Different Lenses

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/comparison-of-different-lenses-for-fiber-coupling.html
https://www.lighttrans.com/use-cases/application/comparison-of-different-lenses-for-fiber-coupling.html

Build the Following System in VirtualLab Fusion

.~ ~ematerial: N-LASF9_SCHOTT

|

\
\
\

¢
input field Edmund 65254 coupling efficiency n,="7?
fundamental Gaussian (spherical lens)
Wave|ength 780nm - effective focal _
diameter 660m length 2mm single-mode fiber
o mode field diameter = 3um

T_> 2~ lens configuration

a) conical-planar

center thickness 800pum camera detector

- ROC1.7mm e window size 10 um x 10 um

- conical constant O !

- shape elliptic e components to integrate £, and E,,
- diameter 1mmx1mm e false colour for better visualization

Note:
e Take care of the diffraction in the system.
e Use Single-mode Fiber Coupling Efficiency detector.




Build the Following System in VirtualLab Fusion

.~ ~ematerial: N-LASF9_SCHOTT

coupling efficiency n,=7?
4

single-mode fiber
mode field diameter = 3um

input field
fundamental Gaussian
wavelength 780nm
diameter 660 um

L.

Edmund 64802
(aspherical lens)

- effective focal
length 2mm

camera detector
e window size 10 um x 10 um
e components to integrate £, and E,,

e false colour for better visualization
Note:

e Take care of the diffraction in the system.

e The lens configuration can be imported into Virtu-
alLab Fusion components catalog. (file name: Ed-
mund_64802_Aspherical Lens.ctlg)

e Use Single-mode Fiber Coupling Efficiency detector.
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Exercise 3-b

Find The Optimal Working Distance For Coupling
Light into a Single-Mode Fiber

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/optimal-working-distance-for-coupling-light-into-single-mode-fibers.html
https://www.lighttrans.com/use-cases/application/optimal-working-distance-for-coupling-light-into-single-mode-fibers.html

Schematic View of The Optical Setup

input field

fundamental Gaussian

wavelength 780nm
diameter 660 um

X

L.

.~ ~ematerial: N-LASF9_SCHOTT

|
1
\
¢
Edmund 65254
(spherical lens)

- effective focal
length 2mm

coupling efficiency to
be maximized

single-mode fiber
- mode field diameter = 3um

lens configuration
a) conical-planar

center thickness 800um
ROC 1.7mm

conical constant O
shape elliptic

diameter 1mmx1mm

optimal working distance d="? *> camera detector

e window size 10 um x 10 um
e components to integrate £, and £,
e false colour for better visualization

Note:

e Take care of the diffraction in the system.

e Use Single-mode Fiber Coupling Efficiency detector.

e First, use ray tracing to find the focal distance of the
spherical lens.

e Second, use field tracing to find the optimal focal length
and compare it with the ray tracing result.
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Exercise 3-c

Apply Parametric Optimization to The Fiber Coupling
Lens

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/parametric-optimization-of-fiber-coupling-lenses.html
https://www.lighttrans.com/use-cases/application/parametric-optimization-of-fiber-coupling-lenses.html

Build the Following System in VirtualLab Fusion

conical surface
- radius of curvature R=?
- conical constant k=?

How to optimize the fiber coupling lens to
achieve maximized efficiency, by proper
selection of the lens parameters (radius
of curvature R, conical constant k, and
lens thickness t)?

——

coupling lens
(initial parameter from
Edmund 65254)

input field - effective focal ) )
- fundamental Gaussian length 2mm single-mode fiber
- wavelength 780nm - mode field diameter = 3uym
- diameter 660 um
X
‘ = = >
z =2 d=1.585mm camera detector
(fixed working distance) e window size 10 um x 10 um

e components to integrate £, and £,
e false colour for better visualization
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Exercise 3-d

Analyze The Tolerances Induced to The Fiber
Coupling Lens

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/tolerance-analysis-of-a-fiber-coupling-setup.html
https://www.lighttrans.com/use-cases/application/tolerance-analysis-of-a-fiber-coupling-setup.html

Schematic View of The Optical Setup

o e e e mn mmn e mmm M M R Mmm Mmm M R Mmm Mmm M R Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm Mmm e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm M M e Mmm M M e e

g | imiz ical "
’ at designed Optimized optical setup \
: incoupling position I

. I
: input field coupling lens i :
I' - fundamental Gaussian (perfect alignment) . _ I
| - wavelength 780nm [ T _ > coupling efficiency n=99.6%
l - diameter 660 um single-mode fiber |
! mode field diameter = 3uym |
I X I
! I
! |

S o e o e e e e e e e Rmm mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm M M e R M e

misalignment configuration

a) Iongitudinal* & lateral shift™
- shift range* [ 1.485mm, 148 mm, 41]
- shift range™*[ -10pum, 10pm 4

b) tilt along Y-axis longitudinal shift
- tilt range [ -1°, +1°3201 \2
coupling lens 5_'

Number of
steps

lateral
shift

(a) shift of fiber end position (b) tilt of coupling lens
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Exercise 4-a

Build A Mach-Zehnder Interferometer with Ideal Beam
Splitters

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/mach-zehnder-interferometer.html
https://www.lighttrans.com/use-cases/application/mach-zehnder-interferometer.html

Build the Following System in VirtualLab Fusion

beam expander configuration (part 1) beam expander configuration (part 2) a glass plate configuration
a) ROC-20.772 mm & ROC +20.772mm  a) ROC 61.072mm & ROC -61.072mm a) thickness 2mm
b) material: N-BK7_SCHOTT b) material: N-BK7_SCHOTT b)  material: N-BK7_SCHOTT
c) diameter 5mmx5mm c) diameter 10mmx10mm c) diameter 10mmx10mm
d) thickness 1mm d) thickness 4.3mm
reference path e test object configuration (spherical lens)
r \ a) thickness 2mm
3x beam expander c b) material: N-BK7_SCHOTT
) ideal beam splitter % c) diameter 10mm
7 Y d) plano-convex (radius 100mm)
%,
o} e
He-Ne laser el N 3 misalignment configuration
fundamental Gaussian a) lateral shift
wavelength 632.8nm - shift range [ Omm, 1mm, 5]
Waist radius 230.75 um b) tilt along Y-axis
- tiltrange [ 3°, 10°, 3]
V,
Oé@/ \/\
%, camera detector
e ideal beam splitter e window Size 2mm X 2mm
X . y e/Z=20mm
‘ e components to integrate F,, F, and E,
test path
V4 (test object may tilt and/or shift)

Note: The distances between the components are 20 mm.
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Exercise 4-b

Build A Mach-Zehnder Interferometer with Real Beam
Splitters

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/mach-zehnder-interferometer-with-real-beamsplitter.html
https://www.lighttrans.com/use-cases/application/mach-zehnder-interferometer-with-real-beamsplitter.html

Build the Following System in VirtualLab Fusion

3x beam expander

/—\m real beam splitter
\/ =
He-Ne laser A
fundamental Gaussian
wavelength 632.8nm
Waist radius 230.75 um
real beam splitter
camera detector
e window Size 2mm x 2mm
b litt p i o e X=315um,Z=20mm
real beéam splitiers contiguration Q e components to integrate E,, F, and E,
a) planar surfaces :
b) thickness 1mm < >
c) material: Fused_Silica 18.586mm
d) diameter 10mmx10mm
|

camera detector
e window Size 2mm X 2mm
e X=20mm ,Z=—785pum
e components to integrate E,, E, and £,
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Exercise 5

Observation of the Poisson Spot

R see the full Application Use Case



https://www.lighttrans.com/use-cases/application/observation-of-the-poisson-spot.html
https://www.lighttrans.com/use-cases/application/observation-of-the-poisson-spot.html

Build the Following System in VirtualLab Fusion

opaque obstacle
(100um)

Gaussian beam

fundamental Gaussian
wavelength 532nm
Waist radius 100pumx100um

D=2mm

camera detector
e window size 304.73 um x 304.73 um
e/ =2mm
e components to integrate I/, and E,
e obtain the 1D and 2D energy distributions

d2
— > 1
D)\
Condition of observation
(Fresnel number)
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R see the full Application Use Case




Build the Following System in VirtualLab Fusion




Annex

Some brief guides to useful features
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Parameter Run
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*
*

For a given optical system, it is helpful to
check its performance by controlling and
varying selected parameters. VirtualLab
Fusion provides a fully flexible and
computationally efficient (via
parallelization) Parameter Run, which
enables the user specify different
manners of parameter variations. As an
example, it can be used for the tolerance
analysis with respect to any system
parameters under investigation. The
analysis result can be visualized In
different ways, such as single numbers,
graphs, or even animations.




Parameter Run Document

 The Parameter Run document allows the variation of the numerical parameters of an Optical
Setup.

 Itcan be usede.q.
— to investigate the system’s sensitivity for parameter tolerances
— to optimize parameters
— to evaluate the changing profile of a beam in the vicinity of a focus

* One or multiple parameters can be varied.
 Detector results are recorded within the Parameter Run document.

* A copy of the original Optical Setup is stored in the Parameter Run document.




New Parameter Run

« To generate a new Parameter Run an open and activated Optical Setup window is required.

A new Parameter Run document can be generated via
— ribbon

— Optical Setup Tools fjﬂ@w
— shortcut Ctrl + P ’

5] Parameter Overview L2

Generate Sequence 3
Toggle Light Source

Insert Element into Light Path Diagram

Exclude Blement from Light Path Diagram
Exchange Blements in Light Path Diagram

BEddef

Split Componernt
Sort Table Entries
Delete All Linkages

! - -l E@ v Onptical Setup Catalog Support ¥

Import/Export Elements 3

%

File Start Sources Functions Catalogs Windows Dptical Setup Tools
Find Focus Posttion

Ciptimize Detector Positions

. New Parametric Optimization - Eﬁ\ (3~ D‘

12 O w Do Draitin
1, Optimize Detector Positions fbe P Synchronize Detector Sampling...

Parameter Run 5 Find Focus Position Coupling

Simulation Parameter
Settings Overview

H’@a’?é‘f

Simulation Settings
Execution Parameters Parameter Variation

Show Simulation Report

Create New Parameter Run

-
=S 2 NEW rarametnc ImiZgtion

&




Parameter Specification Page

2 5: Parameter Run Example EI@
Parameter Specification
Set up the parameter(s) to be varied.
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
Usage Mode | Standard ~
X ‘ [] Show Only Varied Parameters
12~ Object Category Parameter Vary From To Steps Step Size Original Value
‘wiavelength 210.0655221 nm 37 pm 2 3.495934478 pm
|deal Flane Wave #0 ‘Weight ™
Polarization Angle O
Sawtooth Grating #1
Basal Positioning | Distance Before O
\window Size Scaling X 1
Virtual Screen #600 ‘window Size Scaling Y O
Resolution Scaling X O
Resolution Scaling O
Basal Positioning | Distance Before O
window Size Scaling X O
Virtual Screen #601 ‘window Size Scaling Y O
Resolution Scaling X ™
Resolution Scaling O
< Back Mext = Show =

« This page allows you to select the parameters that should be varied.
« The parameter range and the number of steps can be specified.

» Four different Usage Modes (Standard, Programmable, Scanning, Random) will be Explained
later.




Parameter Specification Page

You can

filter for specific parameters
show only the ones that are already set for variation
fold/unfold the parameter list for a clearer representation by using the first three columns

& 5: Parameter Run Example EI@

Parameter Specihication
Set up the parameter(s) to be vaned.

You can select one or more parameters which shall be varied as well 25 the resulting number of iterations. Several modes are availzble specifying how the parameters are
varied per iteration.

Usage Mode | Standard ~

Filter by X |E Show Only Varied Parameters l

Reszolution Scaling X

1|2 Object Category Parameter Vary From To Steps Step Size Original Value
= Wwiavelength 210.0655221 nm 371 um 2 3455934478 pm
|deal Plane Wave #0 weight d
Paolarization Angle O
Sawtooth Grating #1
= Basal Positioning | Distance Before O
Window Size Scaling X O
Virtual Screen #600 Wfindow Size Scaling Y O
Resolution Scaling X O
Resolution Scaling Y d
= Basal Positioning | Distance Before d
\window Size Scaling X O
Virtual Screen #601 window Size Scaling Y O
|
]

Resolution Scaling Y

< Back Mext = Show




Usage Modes

 Standard Mode:

Linear variation of all selected parameters between minimum and maximum value.

* Programmable Mode:

Customized parameter values per variation step. A table with the parameter values per
variation step is filled by a snippet.

« Scanning Mode:
Scan of parameter space — all possible parameter combinations are simulated.

« Random Mode:
Random variation of parameters between minimum and maximum value. Sometimes also
called Monte-Carlo-Simulation. A seed can be used for reproducible results.




Usage Modes

R + lllustration of the different usage modes for

r- '“' NEEEEREEREEReSEEEE ':"" " the parameter run. A two-dimensional
IIIIIIIIIIIIIIIIIIIII“’:IIII parameterspace defined bthO

"- "ag, o parameters X, and X, is shown.
R O - Red: Resulting parameter sets for the

X IIIII“IIIII’.’:.IIIIII“IIII standard mode.
* L 4
- .....p:.....".,o.’:.___‘,,____"___  Green: Example how the parameter sets
cnmnn, ammr can be generated by a snippet in the

IIIIIIIII"IIIIIIII“IIIIIIII programmable mOde.

N “ ] .
-----:.-'------------------ D « Blue: Resulting parameter sets for the
II:":IIIIIIIII”IIIIIIIIIIII Scannlnngde.

R « Grey: Some randomly generated
N parameter sets.
X




Detecting Devices Specification Page

=N FoR(=>cs)

T 3: Parameter Run from 1: Light Path Editor (Light Path Diagram #1)*
Detecting Devices Specthcabon

Set up the detecting devices whose results you want to analyze

This page allows you to select one or more detecting devices (detectors, analyzers, or virtual screens). At least one detecting device must be selected.
If you click on the "Open” button of one detecting device, the corresponding edit dislog is displayed.

In the upper part you can select the simulation engine(s) that shall be executed in the parameter run. Furthermore you can select the detectors that shall be
evaluated by the selected simulation enginels).

Unified Field Tracing

Detecting Device Edit Dialog
Virtual Screen #6500
Wirtual Screen #601 Open

In the lower part you can select the analyzers that shall be executed in the parameter run. They are independent from the simulation engine(s) selected
above.

Analyzer Edit Dialog

Grating Efficiency Analyzer (2D) #800 Open

< Back ][ Nesct > ] [ Show LFD

« This page allows to select which simulation engines, detectors, screens and analyzers are

evaluated.
» The detecting devices can be configured after clicking Open to get to the edit dialog.




Results Page

& 3 Parameter Run Bxample El@
Resulis
Start the parameter run and analyze its results
Starts and
pa ra meter IUse Cached Results for Next Run
variation. e
Detector Subdetector Combined Ouiput 1 2
\aried Parameters Wavelength (Ideal PlaneW...| Data Array
Abzorption Data Array
Grating Efficiency Analyzer Owerall Reflection and Tra.. | Data Array

In the Property Browser you can change the formatting of the shown physical

(20) %200 Cwverall Reflection Efficiency
Overall Transmission Effici...

Virtual Screen #600 after 5.

Virtual Screen #6071 after 5.

Diata Array
Data Array

20 Data Ama ~ || »# | Harmonic Field manic Field \
2D Data Ama ~ || »° Harmonic Field  Harmol ield

mbs Create Output from Selection

< Back

<

Show

Simulation results:
Double click on a
document to view it in
a separate window.

Property Browser

EE 5: Parameter Run Ewample
General

w (General
After Parameter Run Finished Do Mothing
Always Plot versus Iteration Step Falze
Mo Logging During Parameter Run False

Sort Rows True
* Format of MNumbers
Format of Complex Mumbers Amplitude / Phase
Mumber of Digits 10
Show Physical Units True

values (number of digits and whether physical units are shown) so that you can | After Parameter Run Finished
better export them to e.g. spread sheet programs via copy & paste.

The action to be done when the parameter run has finished.




Optical Setups within Parameter Run

Displays the optical setup:
* initial
- |j =" m Wyrowski Virt on (2nd Generation Technology Update [Build 7.4.0.49]) - 0 % * from any iteration

File: Start Sources Functions Catalogs Windows Parameter @

’ After Completion |Do Nothing '| E x
Go! Show Optical MNo Logging  Create Output  Delete
Setup ~ During Execution from Selection Results
Execution Optical Setup Result Table
[ == Eh
Resulls General
Start the parameter run and analyze its results ~ General
After Parameter Run Fini Do Nothing
False
False
[ Use Cached Results for Next Run . True
Iteration Step Amplitude / Phase
Detector Subdetector Combined Output 1 2 : _ 10
Waried Parameters Wavelength (ldeal Plane W_..| Data Array 371 pm Tue
Ahsorption Data Array 0% 0%
Grating Efficiency Analyzer Overall Reflection and Tra.. | Data Array 100 % 100 %
(2D) #200 Overall Reflection Efficiency | Dats Array 876267761 % 2127007061 %
QOverall Transmission Effici... | Data Array 91.23732224 % 57.87299294 %
Virtual Screen #600 after S 2D Data Ama ~ Harmonic Field Harmaonic Field
Wirtual Screen #6071 after S.. 2D Data Ama ~ | | /| Harmonic Field  Harmoenic Field
ks Create Output from Selection
After Parameter Run Finished
et > Show * The action to be done when the parameter run has finished.

VirtualLab Explorer




Logging of Parameter Run Results

E RA=A" | = Parameter Run Wirowski VirtualLab Fusion (Znd Generation Technology Update [Build 7.4.0.49]) - 0 %
Start Sources Functions Catalogs Windows Parameter Run| o -
T

b After Completion | Do Mothing - % L=, x
Go! Show Optical Mo Logging  |Create Output Delete
Setup ~ During Execution Jfrom Selection Results

Execution Optical Setup Result Table

Property Browser

P 5: Parameter Run Example

Results
Start the parameter run and analyze its results

B2 5: Parameter Run Example
General
v General

After Parameter Run Finished Do Nothing
i > No Logging During Parameter Run  False
Use Cached Results for Next Run sort Rows True
* Format of Numbers
Iteration Step Format of Complex Mumbers Amplitude / Phase
Detecior Subdetector Combined Ouiput 1 2 Number of Digits 10

. - Show Physical Units True
Varied Parameters Wavelength (ldeal Plane W_..| Data Array 210.0655221 nm 371 um
Absarption Data Array 0% 0%
Grating Efficiency Analyzer Overall Reflection and Tra.. | Data Array 100 % 100 %
L Overall Reflection Efficiency | Data Array BTE26TTTER % 2.127007061 %
Overall Transmission Effici... | Data Array 91.23732224 %, 97.872992%4 %

Virtual Screen #600 after 5.
Virtual Screen #6071 after 5.

20 Data Ama ~ | | »# |  Harmonic Field Harmenic Field
2D Data Ama ~ || &7 Harmonic Field  Harmaonic Field

@t Create Output from Selection

After Parameter Run Finished

< Back Shaw The action to be done when the parameter run has finished.

VirtualLab Explorer

For time critical simulations
especially for Parameter Runs
with many iterations, the
simulation time can be reduced
by deactivating the logging.

Thus the results are only shown
after all iterations are finished.

In order to see the results of a
running Parameter Run
document that have been
produced so far, you can
duplicate the document via the
Windows ribbon; then
VirtualLab creates a Paramter
Run document of the current
status with all already
calculated results.




Display of Parameter Run Results

"EEH® -

arameter Bun

Start Sources Functions Catalogs Windows Parameter Run

b After Completion | Do Mothing - =5

—

Go! Show C.thical

2

s

Mo Logging  Create Output] Delete

1

Setup ~ During Execution from Selection§ Results
Execution Optical Setup Result Table
P 5: Parameter Run Example E'@
Results
Start the parameter run and analyze its results
b Gol
Use Cached Results for Next Run
Iteration Step
Detector Subdetector Combined Output 1 2
Varied Parameters Wavelength (ldeal Plane W_..| Data Array 210.0655221 nm 371 um
Absaorption Data Array 0% 0% 3
Grating Efficiency Analyzer Overall Reflection and Tra.. | Data Array 100 % 100 % -
(20) %300 Overall Reflection Efficiency | Data Array BTE2ETTTER % 2127007081 %
Overall Transmission Effici... | Data Array 91.23732224 %, 97.872992%4 %
Virtual Screen #600 after S 20 Data Ama ~ | | Harmonic Field Harmonic Field
Wirtual Screen #6071 after S.. 2D Data Ama ~ ||/ Harmonic Field  Harmenic Field
@t Create Output from Selection
< Back Show *

Property Browser

B2 5: Parameter Run Example
General

Format of Complex Mumbers Flmplilude' Phase
Mumber of Ligits 10
Show Physical Units True

After Parameter Run Finished

The action to be done when the parameter run has finished.

VirtualLab Explorer

It is possible to delete the
results in order to save a
smaller Parameter Run
document (e.g. for email
sending).

(Sometimes the saving or
opening of a Parameter Run
document with many and/or
huge results takes longer than
the simulation of all iterations.)

The user can select different
orders for the display of the
results.

There are different options to
display compex numbers.




Saving (& Shutdownd) after Parameter Run Completion?

Allows you to save the results

after the simulation has

finished and then shut down
Parameter Fun Wiy roygskids ab Fusion (2nd Generation Technology Update [Build 7.4.0.49]) - 0O =

: b your computer.
-9 P

B -&d

File: Start Sources Functions Catalogs Windows

’ After Completion | Do Mothing A
Go! Show Optical Mo Logging  Create Output  Delete
Setup ~ During Execution from Selection Results
Optical Setup Result Table

T

Run Example

Start the parameter run and analyze its results - »
lAﬂer Parameter Run Finished Do Nothing I
Always Plot versus lteration Step  False
Mo Logging During Parameter Run  False
Use Cached Results for Next Run Sort Rows True
* Format of Numbers
Format of Complex Mumbers Amplitude / Phase
Detector Subdetecior Combined Output 2 Number of Digits 10
= Show Physical Units True
Waried Parameters Wavelength (ldeal Plane W_..| Data Array 371 pm
Lhsaorption Data Array 0% 0%
Grating Efficiency Analyzer Overall Reflection and Tra.. | Data Array 100 % 100 %
(2D) #200 Overall Reflection Efficiency | Data Array 876267761 % 2127007061 %
QOverall Transmission Effici... | Data Array 91.23732224 % 57.87299294 %
Virtual Screen #6500 after S 20 Data Ara Harmonic Field Harmonic Field
Wirtual Screen #6071 after S.. 2D Data Ama ~ | | /| Harmonic Field  Harmoenic Field
ks Create Output from Selection
After Parameter Run Finished
EI et > The action to be done when the parameter run has finished.

VirtualLab Explorer




Results Page — Combined Outputs

The results for each (sub-)detector can be combined into a Data Array, Animation, Harmonic Fields Set or Ray
Distribution. Which combined outputs are available depends on the type and dimensionality of the original

documents.

4 5: Parameter Run Bxample

Resultz
Start the parameter run and analyze its results

b Gol

Create the combined output —
or stop the creation if it takes
too long. Clicking/Double
clicking on a cell in the
Detector or Subdetector
column is a shortcut to
selecting the whole row and
start the output creation with
the current combined output. =

IUse Cached Results for Mext Run

(= [ 3 ]

7

Detector Subdetector
Waried Parameters Wwavelength (ldeal Plane '/ .
Absorption

Girating Efficiency Analyzer Overall Reflection and Tra...

(2D) =200 COwerall Reflection Efficiency
Owverall Transmiz=sion Effici_.

Wirtual Screen #600 after 5.

Virtual Screen #6071 after 5.

Combined Output
Diata Array

Data Array

Data Array

Data Array

Diata Array

2D Data Ara ~ || &
2D Data Ama ~ || &

1 2
- 2100655221 nm [ EREIFA
.................................... Dx 0
100 % 100 %
BTB2ETTTRI % 2127007061 %
9123732224 % 9787299294 %
Harmonic Field  Harmenic Field

i Field Harmonic Field

el | 7k Create Output from Selection

Select the results to
combine.

Clicking on a cell in
the Detector or
Subdetector column
selects the whole row.

7 Back Show *

Choose the desired
combined output.
Several combined
outputs can be
configured by clicking
on the pencil icon.




Parallelization & Amount of Data

« The execution of the different iterations of a Parameter Run simulation is very well
parallelized. Thus it represents a very efficient method to simulate many different settings
very fast.

« Butin case already one simulation is extremely memory consuming, parallel executions are
out of the question. They would not be possible or slow down the whole process if VirtualLab
may swap such large data on hard disc instead of keeping it in the RAM.

« Then the parallelization should be switched off for Parameter Run Loop.
« VirtualLab will still do parallel computations, as parallelization is also used within single

system simulations.
e N B i
Multi Core Processing
IUse Multiple Cores Mumber of Cores To Use 7
[ ] Use Multiple Cores for Parameter Run Loop
L e L T e P I Lo




@HTTRANS .

Parameter Coupling



Abstract

The parameter coupling feature of
VirtualLab Fusion enables the coupling of

Welcome to the Parameter Coupling Wizard parameters |n an OptICa| Setup The

O e S s values can also be used to re-calculate
other parameters of the system, so that a

T ey oxpert ol et oo g o certain relationship between them is

depends on the independent parameters.

automatically maintained. Hence, this
feature allows the user to instate complex
dependencies for these parameters. For
instance, in this example we use the
Parameter Coupling to ensure that the z
extension of a user-programmed slanted
grating medium coincides with the
thickness of the structured layer where it
IS contained.

Help Validity: 4 Mext > Finish




Task

We wish to link two parameters of an optical system, so that they automatically take the same value.
For this purpose, VirtualLab’s Parameter Coupling feature is used.

Edit Programmable Medium (x-y-z-Modulated) X
i X g
Edit Stack ‘ Basic Parameters ' Scaling Periodization
% Base Material
2 Name |Fused_Silica Q
o Catalog Material V4R~
8 State of Matter Solid
m
lx Index Modulation
Z
Snippet defines O Index Modulation (® Index Distribution
Index | z-Distance | z-Position Surface Subseguent Medium Com Definition
0 mm 0 mm Plane Interface Coated Slanted Gratiny Enter your commen /7 Edit Validity: (V]
" Plane Interface Air in Homogeneous...
» —, — B /7 Q Enter your commen| T
SlantAngle
FillFactor
< >
ThickmsUW Omm
Validity: @ Add Insert Delete ZExtension e S
Periodicity & Apert . - > s
eriodiclty & Aperture CoatingMaterial: "Air" [ Load / Edit Q, View
EmbeddingMaterial: “Standard Air” [ Load / Edit Q,\ View
Stack Periodis | Dependent from the Period of Medium v | with Index |1 o
Stack Period 320.49 nm
GO |l |Tools i« OK Cancel Help
o @ Corcel | | Hep




Set Up Parameter Coupling

Light Path
Light Path Tools

B N Ry

Gol! Simulation Parameter Mew MNew Parametric Use Pagameter Edit Parameter
- Settings Overview | Parameter Run  Optimization ﬁg Coupling

File Start Functions Catalogs Windows

Sources

Execution Parameters Parameter Vari

In order to use the parameter coupling feature of

VirtualLab Fusion activate the option “Use Parameter
Coupling” for the optical setup in question.

= Light Path

Functions Windows Light Path Toals

=

Start Sources Catalogs

Simulation Parameter New

Parameters Parameter Variation View

Clicking on the “Edit Parameter
Coupling” button causes the
parameter coupling wizard to
appear.

& [P wl @

Mew Parametric Use Parameter Edit Pafgmeter | View
Settings Owverview | Parameter Run  Optimization Coupling ipo System

)"

Welcome to the Parameter Coupling Wizard

hence refemed to as coupled parameters.

WARNING: Tobe used by experts only. Wrong
Any changes on coupled parameters inthe Li;

Using this tool allows you to define dependencies of selected Light Path Diagram parameters on
ange

Changing the independent parameters leads to a chan

usage can lead to unexpecied resuls.

Afterwards, the “Edit Parameter
Coupling” button is available.

param others
of the value of the dependent parameters,

parame! Light Path Diagram are ignored as their value

Next >




Choose Parameters Involved

By clicking “Next’, a table is shown
which contains all parameters of the
current optical setup.

Please select all the parameters which
are relevant for the coupling and
necessary calculation. For instance, the
parameters “ZExtension” and
“Distance” are chosen in this case.

Edit Parameter Coupling

Parameter Specification

Setup the parameter(s) to be used as input (independent variable) and output (dependent variable) of the coupling snippet.

| Fitter by _

x| [] Show Only Used Parameters

1|3|- Object Category

Parameter

UseinSnippet | ShortName

| General Grating 2D | Stack #2
I ) (Stack)

Medium #1 (Coated Slanted Grating Medium) | ZExt.. 1

]

ZExtension
Distance

—

< Back || Next = || Finish




Configure the Coupling of the Parameters

After choosing the parameters, the snippet which controls the coupling has to be set.
By clicking on “Edit’ the source code editor opens.

Source Code Editor

Edit Parameter Coupling Source Code  Global Parameters  Snippet Help  Advanced Settings
. - ra—— : ra—— T Parameters [Dictionary<string, dq|
Snippet Specification é 1 Dictionary<string, double> returnValue = new Dictionary<string, double>(); P:gngémhndiﬁngmg
Define the snippet which does the actual parameter coupling. § 2 GratingHeight [double]
LIIE 3 - !HHHHHHHHHHHHHHHH}lC}lC}lC}lC:lCHHHHHHHHHHHHHHHHHHHHHHHHH
=l £ /
Z |
3 7 /* begin of sample code {can be removed)
a8
=
»lo // Access the current value of any parameter in the Parameters dictionary by vari
18 double inputValue = Parameters["Variablel"];
11
12 /f Add a coupled parameter to the return value. ZExtension
13 returnValue.Add("Variable2", 2 * inputValue); Distance
14
15 // Note that all used variable names must be specified on the Parameter Specific:
16
17 | |end of sample code */
18
19 return returnValue;
Help | validity: ' [ ¢ g
43| |[&*| | Check Consistency | Validity: 4° ||l Cancel Help




Configure the Coupling of Parameters

The source code tab contains
three areas:

© the source code (center
area)

@ global
variables/parameters
(upper right area)

©® chosen system
parameters (lower right)

Source Code Editor

Source Code  Global Parameters  Snippet Help  Advanced Settings

I Snippet Bady | Main Functicn

g 1RE

[ I I W [ R W )

|

Dictionary<string, double> returnValue = new Dictionary<string, double>»{};

JI."3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(3-(!!!!H!x!!!!!!x!x!!!!!!x!

HHHHb-cHHHE-CHHHHb-cE-CHHHHHHHb-cb-tHHHHHHHHHHHHHHHHHHHHHHH!

/* begin of sample code (can be removed)

/{ Access the current value of any parameter in the Parameters dictionary by wvari
double inputValue = Parameters["Variablel"];

// Add a coupled parameter to the raﬂn value.
returnValue.Add("Variable2", 2 * inputValue);

/f Note that all used variable names must be specified on the Parameter Specifics

end of sample code */

return returnValue;

Parameters [Dictionany<string, de
Parert System [Lightpath]
GratingHeight [double]

Check Consistency | Validity: 42 [[Fl

ZExtension
Distance

Cancel Help




General Example of Parameter Coupling

In general, the chosen
parameters have to be read
from the dictionary and saved
to a variable (line 4).

Afterwards, that value can be
used as output for another
parameter, or play a role in its
calculation, e.g. be doubled
(line 7).

Source Code Editor

Source Code  Global Parameters  Snippet Help  Advanced Settings

O X

£ P : PR : Parameters [Dictionany<string, dc
.% 1 Dictionary<string, double> returnValue = new Dictionary<string, doublex>(); F::'::Il]tﬁjf:‘-tell'l]I[UI-;;T.IHBI:-BH'I:HHJ
g |2 GratingHeight [double]
el 1 {/ Access the current value of any parameter in the Parameters dictionary by wvari
< |4 double inputValue = Parameters|["ZExtension"];
5
=
E & // Add a coupled parameter to the return value.
B 7 returnValue.Add("Distance", 2 * inputValue);
=
R = return returnValue;
ZExtension
Distance
4 3
3 |&* | Check Consistency | Validity: 4° Cancel Help




Definition of Global Parameters

In this particular example, it is
helpful to define a new global
variable, which later appears

Source Code mﬁ
Glol meters  Snippet Help  Advanced Settings

General Parameters

Source Code

on the parameter coupling
window.

GratingHeight

This can be done in the
“Global Parameters” tab.

Global Materials

Variable Name

The variable can be of
different types and have
different physical quantities

B )

Value: 600 nm (Allowed range: 0 mm . 1 m)

attached.

Global Media

Variable Name Medium




Particular Example of Parameter Coupling

In this example, the global
variable is used to return its
value to both chosen
parameters of the system.

Thus, no parameter has to be
read from the dictionary or re-
calculated.

Source Code Editor

Source Code  Global Parameters  Snippet Help  Advanced Settings

Dictionary<string, double> returnValue = new Dictionary<string, double>();

returnValue.Add({"ZExtension", GratingHeight);
returnValue.Add{"Distance"”, GratingHeight);

[ W B < WY L% ]

return returnValue;

I Snippet Body | Main Functicn

Parameters [Dictionary<string, dc
Parent System [Lightpath]
GratingHeight [double]

ZExtension
Distance
43| | 5% | Check Consistency  Validity: 4° ||l Cancel Help




Particular Example of Parameter Coupling

» After closing the source code

editor, the defined global

. ‘“ . ’ ’ Snippet Specthcation
varia b | € Gra tlngHeIght’ Define the snippet which does the actual parameter coupling.
appears.

7 Edit Validity: @

GratingHeight 600 nm

* When working with the
system later on, the user will
only be able to modify the
value of this variable, which
will in turn automatically affect
the value of the system
parameters. Trying to modify
the value of the parameters
themselves will have no
effect.

Help validity: 4' ||l Next > R




Final Check of the Set-up Parameter Coupling

* On the last page of the

leard’ the returned Edit Parameter Coupling
Summary
Eara;]netkerz and Values Can 'Dvmewuigd#ﬂm.ﬂedwﬂ'yémhaveaddadtuﬂ'leu.mtcichurﬂyufymrsnppetaﬂﬂ'ﬂrvd!ﬁczimjatedamcingmsad
e checked. . N ———

Help Validity: @
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Zemax Import



Importing Zemax Files

Being able to import Zemax files into
VirtualLab constitutes an interesting feature
for several reasons:

« Using field tracing in VirtualLab to simulate
a system previously constructed in
OpticStudio

« Some hardware manufacturers provide
only Zemax files of their products

B8 37: Ray Distribution 3D

3D View 2D View

XXXXX




Importing Zemax Files

File

Open

Import

Global Options

Online Help

Exit

D@4t ol

. ? Import to Numerical Data Ammay

: Imports text and images into a Data Aray

i Import Harmonic Field Data from Bitmap File
3 Imports various image formats (BMP, JPG, PNG, TIF)

. JE Import a Chromatic Fields Set from Bitmap File

3 Imports various image formats (BMP, JPG. PNG, TIF

- Import Harmonic Feld Data from Text
— Imports various text formats (ASCII. Field Information. PTF, Code V)

Import Old VirtualLab Files
||D Imports obsolete VirtualLab documents (CA. DGR, DIAGRAM, PWF, OPS, RF)

l@ Import optiSLang Results
() Imports an Optical Setup and the associated parameters optimized by optiSLang

=] Import "Zemax OpticStudio®’ Lens File
Imports optical setups from "Zemax OpticStudio®”

6’ Import "Zemax OpticStudio® Beam File

Imports beam files in binary format from “Zemax Optic Studio®

There are two ways to go about importing a
Zemax OpticStudio file into VirtualLab Fusion:

* Importing the full system file into VirtualLab
Fusion




Importing Zemax Files

%] 44: Optical Setup View #43 (Optical Setup)*
= x|

- Light Sources
Coordinate Break
=}- Components
Component from Catalog
Black Box Component
Diffractive Optical Element

Rudimentary Waveguide

Optical Interface

Fiber Element Sequence
GRIN Component
Inhomogeneous Medium Component D
Off-Axis Parabolic Miror (Wedge Type) 1

I Interface Si 0IS]
Optical ace Sequence (0IS) Undetined
Programmable Component

Position

There are two ways to go about importing a
Zemax OpticStudio file into VirtualLab Fusion:

* Importing the full system file into VirtualLab

Single Optical Interface
Spherical Lens Edit Optical Interface Sequence X
Subsystem Componert .
- Ideal Components F u S I O n
Camera Detector
- Detectors
V
- Analyzers Geometry /
Channels
™
Position / Index | Distance | Position | Type Homogeneous Medium | Comment " . .
| EEErmccco s « Importing the system into an Optical
2 2.007 mm 2 Conical Interface Air (Zemax OS) in Home Lens file surface
@ 3 967.46 ym r Conical Interface N-BK7_Schott_2015in - Lens file surface .
46,0005 mm & Conical Inferface  Air (Zemax OS) in Hom Lens file surface I n t rf S n m n n t n
-~ S 852 13454 Cotelmocs NS 205in - Lva e o errace scequence component i
6 1.0814 mmr r Conical Interface Air (Zemax OS) in Home Lens file surface
e 7 Tmm 2 r Aspherical Interface  N-BK7_Schott_2015in  Lens file surface - .
=
I:z 8 4mm r Plane Interface Air (Zemax OS) in Homc Lens file surface I u a a u S I O n
Propagation
Channels
< >
Plane Conical Cylindrical Aspherical  Polynomial Sampled  Programmable
Tools i« Add
Add Interface from Catalog
Append Component from Catalog
Append Spread Sheet
Import “Zemax OpticStudio®” Lens File




Two Zemax Import Mechanisms: Elementary and Advanced

In general the user has three workflow options to trigger the import:
e drag and drop a ZMX file into your VirtualLab window
* go via File menu - Import =2 Import Zemax OpticStudio Lens File

» use the Tools button in the configuration dialogue of the Optical Interface Sequence (OIS)
component into which the system is to be imported

Which import mechanism is used depends only on whether Zemax is installed on the computer
in question and on whether there is a valid running licence or not:

 The advanced import mechanism needs access to the Zemax installation to extract more
detailed information of the system which is to be imported

 The elementary import mechanism needs only the Zemax glass catalogue directory in order
to load the pertinent materials for the system




Elementary Zemax Import

The elementary Zemax import is fully sufficient for the import of most lens
data that is provided on manufacturers’ websited via Zemax files.

Even though manufacturers also start to provide VirtualLab files, Zemax files are
still a standard.




Elementary Zemax Import

After the import some manual adaptions
are needed, then the result looks like
the following:

Edit Optical Interface Sequence

Position / Index |Disia1t;e | Paosition |Type Homogeneous Medium | Comment

Orientation 1 0m Om Conical Interface BK7 in Homogeneous M Zemax Interface
B 2 6mm 6Emm Conical Interface F2 in Homogeneous Met Zemax Interface
B 3 3mm Smm Conical Interface Standard Air in Homoger Zemax Interface

. ‘ . ’

Flane Conical Cylindrical

L

| Add || Insert || [ElEtE |
@ oK [ Coeet |[ Heb |




Limits of the Elementary Zemax Import

[Pllaeit) Easaty
ViZhke /0 =AK & ARl Q@ oaraza® Q| ol@
solid~ [l-|#| 2 |H= @ Line Thickness - @
Optical Interface i ,
. ) cometry
Gaussian Wave Sequence  Virtual Screen Channels
D —
0 1 B00 Pasition | Index | Distance | Position | Type Tt Medium |Comment A
X0m 0m Orientation [ ] 1+ om Plane Interface Air (Zemax) in Homogen Zemax Intert
Yom Y- 0m '] 2z 1im Plane Interface Air (Zemax) in Homogen Zemax Interf
Im port of a o 0 @ [l 3 3w Plane Interface N-BK7_SCHOTT in Hor Zemax Interf
|| ¢ 20mm Plane Interface Air (Zemax) in Homogen Zemax Interf
I . Sﬁﬂ;’ | 5 om Plane Interface: Air (Zemax) in Homogen Zemax Interf
on |p ex yS em: || & 30mm Plane Interface N-BK7_SCHOTT in Hor Zemax Interf
. ! Ray Tracing System | 7 20mm Plane Interface Air (Zemax) in Homogen Zemax Interf
( :haln of Prlsms Analyzer $ ] e om Plane Interface Air (Zemax) in Homogen Zemax Intert
. || o 30mm Plane Interface N-BK7_SCHOTT in Horr Zemax Intert
<:> ropagation || 1o 20mm Plane Interface fir (Zemax) in Homogen Zemax Interf
along a Curve B . e
200 12 0mm Plane Interface -BK7_SCHOTT in Hom Zemax Intert
[ 17 e Plana Intarfzra Nir i 7amzw in Hamanan 7amsav Intard he
<
\ ¢ i :
k.Z Plane Conical Cylindsical
v
I
L [ oK H Cancel H Help
[08/09/2016 17:55:07] === Starting Zemax import ===

[08/09/2016 17:55:07] Waming: DISZ INFINITY detected at Zemax interface 0

[08/09/2016 17:55:07] Waming: Aperure diameter ZERO detected at Zemax interface 0 (default will be used).
[08/09/2016 17:55:07] Zemax Interface #4: unsupported type COORDBRK using plane interface

[08/09/2016 17:55:07] Waming: Aperture diameter ZERO detected at Zemax interface 4 (default will be used)
[08/09/2016 17:55:07] Zemax Interface #7: unsupported type COORDBRK, using plane interface

[08/09/2016 17:55:07] Waming: Aperture diameter ZERO detected at Zemax interface 7 (default will be used)
[08/09/2016 17:55:07] Zemax Interface #10: unsupported type COORDERK, using plane interface

[08/09/2016 17:55:07] Warming: Aperture diameter ZERO detected at Zemax interface 10 (default will be used).
[08/09/2016 17:55:07] Zemax Interface #13: unsupported type COORDERK, using plane interface

[08/09/2016 17:55:07] Warning: Aperture diameter ZERO detected at Zemax interface 13 (default will be used).
[08/09/2016 17:55:07] Zemax Interface #16: unsupported type COORDERK, using plane interface

[08/09/2016 17:55:07]) Waming: Aperure diameter ZERO detected at Zemax interface 16 (default will be used).
[08/09/2016 17:55:07] Zemax Interface #19: unsuppored type COORDERK, using plane interface

[08/09/2016 17:55:07) Waming: Aperure diameter ZERO detected at Zemax interface 19 (default will be used).
[08/09/2016 17:55:07] Zemax Inteface #22: unsuppored type COORDERK, using plane interface

[08/09/2016 17:55:07) Waming: Aperure diameter ZERO detected at Zemax interface 22 (default will be used).

[08/09/2016 17:55:07] Zemax Interface #25: unsupported type COORDEBRK, using plane interface ‘
[08/09/2016 17:55:07]) Waming: Aperure diameter ZERO detected at Zemax interface 25 (default will be used). .

[08/09/2016 17:55:07] Zemax Interface #28: unsupported type COORDERK. using plane interface

[08/09/2016 17:55:07] Waming: Aperure diameter ZERO detected at Zemax interface 28 (default will be used).

[08/09/2016 17:55:07] Zemax Interface #31: unsupported type COORDERK, using plane interface

[08/09/2016 17:55:07] Waming: Aperture diameter ZERO detected at Zemax interface 31 (default will be used). e
[08/09/2016 17:55:07] Zemax Interface #34: unsupported type COORDERK, using plane interface %'Z gt}
[08/09/2016 17:55:07] Warmning: Aperture diameter ZERO detected at Zemax interface 34 (default will be used)

[08/09/2016 17:55:07] === Zemax import finished === 5491 mm




Advanced Zemax Import

300

Optical Interface Optical Interface Optical Interface Optical Interface Optical Interface Optical Interface Optical Interface Optical Interface Optical Interface Optical Interface Optical Interface
Plane Wave q q Sequence q q Sequence Sequence q q Sequence Sequence
— - - - - - - - -
0 25 26 27 28 29 30 K1 32 3 35
0m X0m X 0m X0m X 0m X0m X 0m X0m X0m
“0m Y:-10.283 mm Y:-10.283 mm ¥:-10.283 mm Y -10.283 mm ¥:-10.283 mm Y -10.283 mm Y:-10.283 mm Y -10.283 mm
:0m Z: 28.749 mm Z: 28749 mm Z: 28.743 mm Z: 28749 mm Z:28.748 mm Z: 28749 mm Z: 28749 mm Z: 28749 mm
Virtual Screen
Ray Tracing System
Analyzer




Further Info about Advanced Zemax Import

» Due to the complexity and the differences of both programs (Zemax & VirtualLab) even the
advanced import algorithm needs to make certain assumptions and has some limitations.
« Example assumptions:

— The used wavelengths of the Zemax file are used to define the spectrum of the VirtualLab
source.

— The entrance pupil diameter of Zemax defines the input field size of the source in
VirtualLab.

 Example limitation:
Lateral positions and angles of the fields specified in Zemax are ignored. Such configurations

need to be reset manually after the import.

For more detailed information please consult the manual or help file.
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