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« Technical support,
seminars, and trainings

Engineering projects /

/A
Optics Group R&D in

optical modeling and design
with emphasis on physical

Koptics

% WYROWSKI

pplied Computational B W RS a2 Loronics

Development of fast
physical optics software
VirtualLab Fusion

6 LightTrans International



Optical Design Software and Services

VirtualLabrusion

7 LightTrans International



Our Motivation and Key Messages



Motivation

* Optics and photonics is
enabling technology for the
development of innovative
commercial and industrial
products.
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Motivation

Optics and photonics Is
enabling technology for the
development of innovative
commercial and industrial
products.

* This development demands
sophisticated optical
modeling and design
software.
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Motivation

* Optics and photonics is
enabling technology for the
development of innovative
commercial and industrial
products.

* This development demands
sophisticated optical
modeling and design
software.




Challenge

 Modeling: Ray optics is currently used as the
. ' . . . fundamental
platform in optical modeling. Physical optics — hical Design
“patches” are added where most needed. This W
approach becomes an obstacle for innovation.

How to tackle this challenge?

Here Is our approach in
three key messages!




Paradigm Shift in Optical Modeling Needed

« Status quo: Ray optics is currently used as the platform in optical modeling.
Physical optics “patches” are added where most needed.

F)WILEY

FUNDAMENTALS OF y
PH OTO N I CS // Quantum Optics
Second Edition "// -
‘ Physical Optics
-

‘ Ray Optics

B. E. A. Saleh
M. C. Teich
and Applied Optics - Bahaa E.




Paradigm Shift in Optical Modeling Needed

« Status quo: Ray optics is currently used as the platform in optical modeling.
Physical optics “patches” are added where most needed.

Physical Optics

Ray Optics




Paradigm Shift in Optical Modeling Needed

« Status quo: Ray optics is currently used as the platform in optical modeling.
Physical optics “patches” are added where most needed.

Physical Optics

Ray Optics




Paradigm Shift in Optical Modeling Needed

« Status quo: Ray optics is currently used as the platform in optical modeling.
Physical optics “patches” are added where most needed.

| , N
Physical Optics Working in a subset

necessarily limits
Innovative workflows!

Ray Optics
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Message #1

Make physical optics the platform in
optical modeling
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#1. Make Physical Optics the Platform in Optical Modeling

« Status quo: Ray optics is currently used as the platform in optical modeling.
Physical optics “patches” are added where most needed.

 QOur proposal: To make physical optics the platform in optical modeling, with
ray tracing solidly embedded within.

Physical Optics

Ray Optics




#1. Make Physical Optics the Platform in Optical Modeling

« Status quo: Ray optics is currently used as the platform in optical modeling.
Physical optics “patches” are added where most needed.

 QOur proposal: To make physical optics the platform in optical modeling, with
ray tracing solidly embedded within.

For this paradigm shift physical Physical Optics
optics must be fast In practice!

Ray Optics




Fast Electromagnetic Modeling Required

* Physical optics modeling must be based on
solutions of Maxwell’s equations.

Physical Optics

Ray Optics




Fast Electromagnetic Modeling Required

* Physical optics modeling must be based on
electromagnetic field solvers.

Physical Optics

Ray Optics




Fast Electromagnetic Modeling Required

* Physical optics modeling must be based on
electromagnetic field solvers.

* Physical optics modeling must be fast. It
should be even as fast as ray tracing
wherever possible.

How to realize a fast electromagnetic
modeling in optics?

Physical Optics

Ray Optics
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Message #2

Field tracing enables fast physical optics
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#2: Field Tracing Enables Fast Physical Optics

Theor Y peek

Field Tracing comprises.

« Application of different
electromagnetic field solvers in
different regions of one system.

 Interconnection of any type of

general and specialized field solver.

nonlinear
crystals & components
anisotropic
components

waveguides
& fibers ~

scatterer Fleld

beam

splitters SLM &

adaptive
components

Solvers
diffusers ( \ gratings
diffractive diffractive,

free
Space prisms,
plates,

cubes, ...
lenses &
freeforms

apertures &
boundaries

Fresnel, meta
lenses

micro lens & HOE, CGH,
freeform DOE
arrays




#2: Field Tracing Enables Fast Physical Optics

« Application of different
electromagnetic field solvers in

different regions of one system. -....
 Interconnection of any type of

general and specialized field solver.
« Source mode concept to represent

coherent, partially coherent, and

ERAEIEaES




#2: Field Tracing Enables Fast Physical Optics

Field Tracing comprises.

« Application of different
electromagnetic field solvers in
different regions of one system.

 Interconnection of any type of
general and specialized field solver.

« Source mode concept to represent
coherent, partially coherent, and
Incoherent sources.

* ... and many more techniques

VirtualLabrusion

Fast Physical Optics
Software!




#2: Field Tracing Enables Fast Physical Optics

Field Tracing comprises.
« Application of different

electromagnetic field solvers in
different regions of one system.

Interconnection of any type of

general and specialized field solver.

Source mode concept to represent
coherent, partially coherent, and
Incoherent sources.

... and many more techniques

WYROWSK|

VirtualLabrusion

FAST PHYSICAL OPTICS SOFTWARE

Platform to interconnect any type of
general and specialized field solver:
 In-built solvers
« Customized solvers




#2: Field Tracing Enables Fast Physical Optics

VirtualLab enables the
Incorporation of any solver
and interconnects all needed
solvers with field tracing
technology!

VirtualLabrusion

Platform to interconnect any type of
general and specialized field solver:
 In-built solvers
« Customized solvers
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Message #3

Ray tracing is embedded In fast
physical optics
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#3: Ray Tracing Embedded in Fast Physical Optics

« Fast physical optics does not
replace ray tracing, but
enriches our way to do optical

modeling and design. Physical Optics
* We can just win!

Ray Optics




Unified Optical Modeling

Field Tracing

... from field tracing other techniques can
be deduced mathematically, e.g. ...

31 www.LightTrans.com



Unified Optical Modeling

Field Tracing Eg'yarT'f:é'lzg

Paraxial Field

Tracing Gaussian Tracing ay Tracing

Beam Paraxial Ray
Propagation Tracing

Field Tracing Ray Tracing

32 www.LightTrans.com



Unified Optical Modeling

Field Tracing

Paraxial Field

Tracing . Flux Ray

Beam Paraxial Ray
Propagation Tracing

Field Tracing Ray Tracing

33 www.LightTrans.com



Our Key Messages on Modeling

#1: Make physical optics the platform in optical modeling.

#2: Field Tracing enables Fast Physical Optics.

VirtualLabrusion

#3: Ray tracing is fully embedded in fast physical optics.

Fast Physical Optics
Software!

Fast physical optics does not replace ray tracing, but
enriches our way to do optical modeling and design.

34 www.LightTrans.com



Optical Design beyond Parametric Optimization



Challenge

* Design: Parametric optimization is the

standard optical design technique. This
approach fails in ever more cases because of

the growing complexity of components and
systems.
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Challenges

* Design: Parametric optimization is the

standard optical design technique. This
approach fails in ever more cases because of

the growing complexity of components and
systems.

 We propose to accompany
parametric optimization with
systematic design approaches.




Parametric Optimization and Systematic Design

How to find a good initiaI\

system for final
parametric optimization?

Parametric
optimization

40 www.LightTrans.com



Parametric Optimization and Systematic Design

Functional
design

Where and what should be [Er-ysum
done with incident light to optimization
obtain a desired function?

41



Parametric Optimization and Systematic Design

Functional
design

Result: Set of positions
and ideal responses of optimization
optical components.

Parametric

42
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Parametric Optimization and Systematic Design

Functional

design
Structural design

Design of structures which Parametric
enable the required optimization
responses.

-

43



Parametric Optimization and Systematic Design

Per source mode
and in combination

Functional - of all source modes!
deSIgn combination

Structural design
 Freeform surfaces I
* Diffractive surfaces

» Metalayers Parametric
* GRIN layers optimization

~
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Systematic Design

* This Iis a new R&D topic, but already starts to
be fruitful in some applications, e.g.
waveguide design in AR/MR, diffractive
optics, and freeform design.

« Though it works with ray and physical optics,
its full benefit is available on the physical
otpics platform.




Our Key Messages on Modeling

#1: Make physical optics the platform in optical modeling.

#2: Field Tracing enables Fast Physical Optics.

VirtualLabrusion

#3: Ray tracing is fully embedded in fast physical optics.

46 www.LightTrans.com



Our Key Messages on Modeling

#1: Make physical optics the platform in optical modeling.

VirtualLabrusion

47 www.LightTrans.com



Lens design and physical optics

Status quo In ray tracer software



Physical Optics in Lens Design

« Status quo: Ray optics is currently used as the platform in optical modeling.
Physical optics “patches” are added where most needed.

S MWW*’W

4 _ N
Physical Optics What is the role of
physical optics In
Graditional lens design? g

Ray Optics




Modeling Lens Systems

Chapter 1. Basic Optics and Optical System Specifications
The Purpose of an Imaging Optical System
How to Specify Your Optical System: Basic Parameters
Basic Definition of Terms
Useful First-Order Relationships

Chapter 2. Stops and Pupils and Other Basic Principles _

~$ECOND EDITION = The Role of the Aperture Stop

Entrance and Exit Pupils
Vignetting
Chapter 3. Diffraction, Aberrations, and Image Quality _

What Image Quality Is All About
What Are Geometrical Aberrations and Where Do They Come

From?
What Is Diffraction?
Diffraction-Limited Performance
v Derivation of System Specifications
Robert E. Fischer Chapter 4. The Concept of Optical Path Difference
Biljana Tadic-Galeb Ontical Path Diff. OPD) and the Ravleich Criteri
PRGT R IVoder ptical Path Difference ( ) and the Rayleigh Criteria

Peak-to-Valley and RMS Wavefront Error
The Wave Aberration Polynomial
Depth of Focus

50 www.LightTrans.com



Modeling Lens Systems

Object:
Point source

Image

51
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Modeling Lens Systems

Ray
bundle

Image

52
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Modeling Lens Systems: Ray Tracing

Ray
bundle

Ray tracing

Lens
system

Dot diagram

53
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Modeling Lens Systems: Ray Tracing

Stop Exit pupil

Ray
bundle

"o racing

Lens
system

\
Aberrations (OPL)

Image

54

www.LightTrans.com



Modeling Lens Systems: Ray Tracing

Stop Exit pupil

Ray
bundle

"o racing

Lens
system

Aberratlons (OPL)

How to obtain PSF/MTF?
By ray optics?

Point spead function
(PSF)

55
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Modeling Lens Systems

Stop Exit pupil

Ray
bundle

"o racing

Lens
system

PSF/MTF calculation
requires physical optics!

Physical optics modeling

\ 7 Point spead function
Aberrations (OPL) (PSF)

56
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Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell
L

c. 325 BC - 265 BC 1601-1665 1831-1879

57
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Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk Ernst
Alexandria Fermat Maxwell Abbe

> ; % ;.

c. 325 BC - 265 BC 1601-1665 1831-1879  1840-1905

Diffraction limited
resolution

58
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Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk Ernst Peter
Alexandria Fermat Maxwell Abbe Debye

ks ’v

|
|
c. 325 BC - 265 BC 1601-1665 1831-1879 1840-1905 1884-1966

v

Light in focal
regions

59 www.LightTrans.com



Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk Ernst Peter Harold
Alexandria Fermat Maxwell Abbe Debye Hopkins

\ = 3
b ",~
4
)
Fo
ad
)

c. 325 BC - 265 BC 1601-1665 1831-1879  1840-1905 1884-1966 1918-1994

v

Wave theory of
aberrations
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Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk Ernst Peter Harold Emil
Alexandria Fermat Maxwell Abbe Debye Hopkins Wolf

\ = 3
b ",~
4
)
Fo
ad
)

c. 325 BC - 265 BC 1601-1665 1831-1879  1840-1905
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Modeling Lens Systems: Diffraction Theory of Lens Systems

WAVES IN
FOCAL REGIONS

J J STAMNES Methods are
generalized and

included in VirtualLab!

1986; 603 pages

Waves in Focal Regions

Propagation, Diffraction and Focusing of
Light, Sound and Water Waves

Jakob T Stamnes

Center for Industrial Research, Oslo
and

Norwave AS

M T F B 13: MITF Comparison EI@

E - t - I Numerical Data Array
XI p u p I Diagram  Table  Value at x-Coordinate

= MTF (planar)
- MTF (curved)

Subsets #0, #1

0 02 04 06 08 1

— T T T T T T
02 04 06 0.8 1 12 14 16 18 2 22 24 26 28 3 32
Line Density X [1E2 cycles/mm]

Point spead function

Physical optics modeling

\
Aberrations (OPL)
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Modeling Lens Systems: Ray and Physical Optics

What to do when we have N | |
components like gratings, DOE’s, | Stop Exit pupll
fibers, and microstructures in the Connection of rays with
\_system? physical optics critical!
Ray

bundle Ray tracing Physical optics modeling

Lens
system

What to do for more

%eneral SOtl)JI‘CGS, ,l)'ke I Why and when is ray optics
aussian beams~ allow

ed in the system?

63 www.LightTrans.com



Modeling Lens Systems: Ray and Physical Optics

Stop Exit pupil

Connection of rays with
physical optics critical!

Ray
bundle

Ray tracing Physical optics modeling

Lens
system

What to do for more

%eneral SOtl)JI‘CGS, ,l)'ke I Why and when is ray optics
aussian beams~ allow

ed in the system?

64 www.LightTrans.com



Ray Tracer: Physical-Optics Add-Ons

/ - - \ St Exit il
Approaches are limited and " XItpUp!

do not provide the full

\benefit of physical optics!

/

Gaussian

beams e.g., POP, beamlets

Lens
system

65 www.LightTrans.com



General Physical-Optics System Modeling

Sources Components Detectors

/VirtuaILab Fusion: To make physical
optics the platform in optical modeling, with
_ray tracing solidly embedded within.

\

/

https://c2.staticflickr.com

66

www.LightTrans.com



Live example: Investigation of Focal Region of a
Singlet Lens



Example: Singlet

« Design of singlet with 100 mm back focal length by ray tracing in VirtualLab.

B8 2: Ray Distribution 3D =N =R

3D View | 2D View

Kk A

Q Q ¢ Ol

®
L <
17.038 mm
—

68



Example: Singlet

« Design of singlet with 100 mm back focal length by ray tracing in VirtualLab.

B 2: Ray Distribution 3D =N =R (>

30 View 2D View

17.038 mm
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Ray Tracing: Dot Diagram

I 8 Ray Distribution 3D
3D View 2D View

===t

B8 10: Camera Detector #604 after Optical Interfac... EI@

Ray Distribution

¥ [mm]
0 0.0%

-0,05

-0.05

Position

0 0.05
X [mm]
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Physical Optics: Intensity

I 8: Ray Distribution 3D EI@

3D View 2D View

L»Z n 13: Camera Detector 604 after Optical Interfac... = [ =) I

Chromatic Fields Set

¥ [mm]
0 0.05

-0.05

-0.05 0 0.05
X [mm]
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Physical Optics: Intensity

Physical optics
simulations in

seconds

632.8 nm [1E6 (V/m)~2]
o 1.9782
o
o
o
Eo 098911
=z
8
=
< 6..E-05
-0.04 -0.02 0 0.02 0.04
X [mm]
>
S : M/\/\/\M
o wn
= O]
i 0.01 0.02 0.03 0.04 0.05
Position in Section [mm]
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Analysis of Focal Region

s A
Analysis of

focal region
- N Y,

\w/ QQ+ Dl

73 LightTrans International - Online Course with University of Arizona - www.LightTrans.com



Ray Tracing

91 -100 mm

\
Analysis of
focal region

74




Physical Optics: 91 - 100 mm

™~
Analysis of
focal region

Q4 Dl
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Ray Tracing: Dot Diagram

I 8 Ray Distribution 3D

3D View 2D View
1 s 1 L}
aQ 4Ol

RGB plane
wave

E 15: Camera Detector #604 after Optical Interfac... EI@

bes
Ray Distribution

L»Z
Position

¥ [mim]

X [mm]

76 LightTrans International - Online Course with University of Arizona - www.LightTrans.com



Ray Tracing: Dot Diagram

=] o el

I 8 Ray Distribution 3D
90 View oM 1

3D View | 2D View
& Q 4

RGB plane
wave

O

L
¥
u 15: Camera Detector 604 after Optical Interfac... EI@ u 15: Camera Detector 604 after Optical Interfac... EI@ u 15: Camera Detector 604 after Optical Interfac... EI@
Ray Distribution L Ray Distributicn | Ray Distributicn
Position Position

Position

¥ [mm]
¥ [mm]
¥ [mm]

X [mm] X [mm]

X [mm]

77 LightTrans International - Online Course with University of Arizona - www.LightTrans.com



Physical Optics: Intensity

I 8: Ray Distribution 3D EI@
30 View 2D View

RGB plane

wave
==

n 16: Camera Detector #604 a&erOpttcalInterfac.. -E-g

®
{ 5 Chromatic Fields Set

¥ [mm]
0 0,05

-0.05

-0.05 0 0.05
X [mm]
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Physical Optics: Intensity

I 8: Ray Distribution 3D EI@

3D View 2D View

RGB plane

wave
==

®

b

I 16: Camera Detector 2604 after Optical Interfac... [~ |- |[s35]
Chromatic Fields Set Chromatic Fields Set

17038 mm

= u 16: Camera Detector #604 after Optical Interfac... | = || =] |@ = u 16: Camera Detector #604 after Optical Interfac... | = || =] |@
Chromatic Fields Set

0.05
0.05

Y [mm]
(
Y [mm]
8]
Y [mm]

0,05

0.05

0.05 0 0.05 0.05 0 0.05 0.05 0 0.05
X [mm] ¥ [mm] ¥ [mm]
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Lens modeling in VirtualLab Fusion

From ray tracing to field tracing



System lllustration

Code V

iy
Lt

A

150 mm

Double Gauss - U.S. Patent 2,53

VirtualLab Fusion

Ryout

Zemax
Zemax OpticStudio 16 SP2

DoubleGuass_Tilt_3.zmx
Configuration 1 of 1

81
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Dot Diagram Comparison: Target Plane
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Code V

Zemax

VirtualLab
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Precise Comparison: Position

Ray position at initial plane

No. Lateral coordinates No. Lateral coordinates
(0, 15 mm) 4 (0, 7.5 mm)
(0, -15 mm) (0, -7.5 mm)
(7.5 mm, 7.5 mm) 6 (7.5 mm, -7.5 mm)
Ray position at imaging plane
No. VLF Code V Zemax
1 (0, 2.1524 mm) (0, 2.1524 mm) (0, 2.1524 mm)
2 (0, 2.1536 mm) (0, 2.1536 mm) (0, 2.1536 mm)
3 (52.07 pm, 1.927 mm) (52.07 pm, 1.927 mm) (52.07 pm, 1.927 mm)
4 (0, 1.905 mm) (0, 1.905 mm) (0, 1.905 mm)
5 (0, 1.8825 mm) (0, 1.8825 mm) (0, 1.8825 mm)
6 (56.77 pm, 1.9162 mm) (56.77 um, 1.9162 mm) (56.77 pm, 1.9162 mm)

83
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Example: Parametric optimization of an achromatic
doublet



Schematic and Light Path Diagram

Ideal Components

Z 20 mm

Ray Tracing System
Analyzer

@

200 801

Camera Detector Achromatic Doublet
Detectors Plane Wave (015) Camera Detector
Analyzers
-
] i 601
.X: Om .)<: om
Y:0m |¥:0m

Focal Length Analyzer

| 45667 mm

=

3D View | 2D View
G ka2
BRQERO
Flane erettl Tt b Vil Serben 600)

8.1367 mm

Edit Optical Interface Sequence

Position / Index | Distance | Position | Type H Medium |C
Orientation i O0m Om Conical Interface N-BK7_Schott_2015in |- Enter your comr
2 2mm  Zmm Conical Interface Air in Homogeneous Me: Enter your comr
@ 2 100pm 21mm  Conical Interface MN-SF10_Schott_2015in Enter your comr
4 1mm 31mm  Conical Interface Air in Homogeneous Me: Enter your comr
Structure /
Function
Propagation

>
; ¢ I :
Flane Conical Cylindrical
W
Tools iff - aad | [imser | [ BEEE
0K || Ceneel || Help |
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Set Optimization Target

Constraint Specifications
Select and specify the constraints which shall be considered during optimization.

Constraint Host Constraint Name Use |'\weight | Constraint Type | Value 1 Value 2

Interface #1 (Conical Interface) | Radius of Curvature 1| Range -1E+300 m| 1E+300m
Interface #2 (Conical Interface) | Radius of Cunvature 1| Range -1E+300m| 1E+300m
Interface #2 (Conical Interface) | Distance 1| Range O0m| 1E+300m

Achromatic Doublet (OIS) #2 | Interface #3 (Conical Interface) | Radius of Curvature 1| Range -1E+300 m| 1E+300m
Interface #3 (Conical Interface) | Distance 1| Range O0m| 1E+300m
Interface #4 (Conical Interface) | Radius of Cunvature 1| Range -1E+300 m| 1E+300m
Interface #4 (Conical Interface) | Distance V] 1|Range Om| 1E+200m
Back Focal Length of Component #2 for a Wavelength of 473 nm ] 1| Target Value 50 mm
Effective Focal Length of Component #2 for a Wavelength of 473 nm ]

Focal Length Analyzer #301 Back Focal Length of Component #2 for a Wavelength of 532 nm g 1| Target Value 50 mm
Effective Focal Length of Component #2 for a Wavelength of 532 nm L]
Back Focal Length of Component #2 for a Wavelength of 635 nm V] 1| Target Value 50 mm
Effective Focal Length of Component #2 for a Wavelength of 635 nm [

< >

Tools i~ Target Function Value NaN

<Back || Next> | |Show LPDr

* Focal Length Analyzer
— Effective Focal Length is set to 50 mm: for all chosen wavelengths

86
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Optimization Result

ty 6: C:\Users\...\Focal.Length.Analyzer.Parametric.Optimization.opt*

O ptimizabon Resulis

Start or stop the optimization routine. The results are shown in the table.

b Gel
Simulation Step ]
Detector Subdetector 301 302 303 304 305 306 307
Distance (Achromatic Dou... 21836mm  21853mm  21843mm 218 mm 2183 mm 2184 mm 2,185 mm
Distance (Achromatic Dou .. 10954 pm 10562 pum 10956 pm 1056pm 10853 pm 10955 pm 109.6 pm
Distance (Achromatic Dou... 10237 mm 1.0235mm  1.0235mm  1.0236mm  1.0235mm  1.0235mm  1.0236 mm
Parameter Constraints Radius of Curvature (Achro..| 30928mm  20935mm  30%3mm 30835 mm 30926mm 30929mm 30835 mm
Radius of Curvature (Achro..| -28221mm -28233mm -28224mm -28231mm -28219mm -28223mm -28.231mm
Radius of Curvature (Achro..| -25627mm -25633mm -25.628mm -25632mm -25625mm -25.628mm -25.632 mm
Radius of Curvature (Achro..| -56.304 mm  -56.784 mm -BEBmm  -BETETmm  -BEBTmm  -36.20Tmm  -B6.737 mm

Focal Length Analyzer #8071

Back Focal Length of Com._..

Back Focal Length of Com_..

Back Focal Length of Com_.

<

49,578 mm
50.01 mm

495973 mm 45572 mm  43.579 mm
50.011 mm 50.01 mm  50.011 mm

IHSE Create Output from Selection l

B 7: Back Focal Length of Component #2 for a W... E=n =R

Mumerical Data Array

49.979 mm
50.01 mm

50.011 mm

| Diagram | Table | Value at x-Coordinate

0.055

Back Focal Length of Componen... [m]
05

0.045

< Back

ext > Show LPD »

4 focal length )
after optimization

‘;z

100 150 200 250 300

Simulation Step
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Comparison of Results

Dot Diagram (initial setup)

Ray Distribution

B8 50: Camera Detector 2601 after Achromatic Do... | = || B ||[ui3m|

¥ [pm]

Position

2

Dot Diagram (optimized)

B8 51: Camera Detector 2601 after Achromatic Do... | = || B ||uf3m|

Ray Distribution

¥ [pm]

Position
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Ray Tracing in VirtualLab Fusion

« Ray tracing engine is included
e Sequential and non-sequential in the same system
« Comment: No CAD system description yet

* More to come to support typical lens designer
workflows

 Easy and fast way of customization!

u 51: Carnera Detector #6071 after Achromatic Do... EI@

Ray Distribution

Position

¥ [pum]

-04 -02 0 0.2 0.4

-0.4 -0.2 0 0.2 0.4
X [urm]
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Customization of VirtualLab Fusion

Import of data for usage In
sources, surfaces, media, and
any other building block.

« Any building block allows also

a customization by
programming.

That can be done by in-built
programming editor or
externally in e.g. Visual
Studio: Language is C#

Source Code  Global Parameters  Snippet Help  Advanced Settings
= . PE— Aperture Diameter, ¥ [dou
% 1 ffcalculate curvature ] ApertureDiameter Y [dou
s |2 double curvature = 1.8 / RadiusOfCurvature; x [double ]
"',; 3 ffcalculate initial value for height value vy [double]
= |4 double height = curvature * (x * x + y * y); gad.'usgcur“amrde [d|§|u
=il = // avoid NaM due to numerical noise -> use ©.8 if arg is less than e.g [ coricalConstant [double
E 6 height /= 1.8 +
|7 Math.sgrt(Math.Max(8.8,
[= % . - A .
2|8 1.8 - (1.8 + ConicalConstant) * curvature * height));
mi e

18 [/return calculated height value

11 return height;
“y |&* | Check Consistency | Validity: !2 A Cancel Help

Almost no loss of performance!
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Build-In vs. Customized Surface Description

Index | Distance | Positi | Homogeneous Medium | Comment osition Index. | Distance | Position Homogeneous Medium |Comment

1 Om Om Conical Interface Fused_Silica in Homoge Enter your comr m on 1 Om Om Programmable Interface |

§Fused_Silica in Homoge Enter your comr
Air in Homogeneous Met Enter your comr

2 10mm 10 mm Flane Interface Air in Homogeneous Met Enter your comr 2 10mm 10mm  Plane Interface

2

Function

Tools i -

Tuulsﬁv _m InsEni
@ [ ][ cocat | [ b El o] [emed ] [t

Build-In Surface Customized Surface
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Implementation of Customized Surface

* The source code editor of the
programmable surface allow

T R rp— ===z the implementation of any
o emelannony, L B=se customized profile height
i | Pt e e s formula.

to || /Lreurn cotcuacad v vae * In addition the user can define

% g global parameters to
h(z, y) = Ry T parametrize the surface.
* These parameters are also
\! available in parameter run and

8 [F (e w4 (B parametric optimization.
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Simulation Result #1: 3D Ray Tracing

Time: about 1 sec Time: about 1 sec

Build-In Surface Customized Surface
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Simulation Result #2: Ray Tracing

Time: about 1 sec Time: about 1 sec
B8 11: Virtual Screen 2600 after Optical Interface 5. | = || B ||wm| B8 29: Virtual Screen 2600 after Optical Interface 5. | = || B ||wm|
Ray Distribution Ray Distribution
Position Position

0.04
0,04

0.02
0.02

¥ [mm]
0

¥ [mm]
0

0.02
0.02

0.04
0,04

Build-In Surface Customized Surface
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Simulation Result #3: Field Tracing

Time: about 2 sec

- 12: Virtual Screen 2600 after Optical Interface 5... | =] || (=] ||i&|
Light View Data View

124.2942232 pm

1242942232 pm

1233824717 ym

-123.3824717 pm
Locally Polarized Hamonic Amplitude  Zoom: 2.17001052 (129; 131)

Time: about 2 sec

- 32: Virtual Screen 2600 after Optical Interface 5... | =] || (=] ||i&|
Light View Data View

124.2949823 pm

1242949823 pm

-123.3832244 pm

1233832244 pm

Locally Polarized Harmon Amplitude  Zoom: 2170010907 (129; 131)

Build-In Surface

Customized Surface
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Ray and Field Tracing in VirtualLab

u 51: Camera Detector #601 after Achromatic Do... EI@

Ray Distribution

« Ray tracing engine included
e Sequential and non-sequential in the same system
« Comment: No CAD system description yet

* More to come to support typical lens designer
workflows PP S—

« Easy and fast way of customization
I 12: Virtual Screen 2600 after Optical Interface S... [ = || 1 |[55a]

« VirtualLab Fusion enables switching between ray
tracing and physical optics modeling by simply
changing the modeling engine

« That enables also fully vectorial and accurate
PSF/MTF modeling of lens systems

* Provides solid basis for source models in ray tracing

Locally Polarized Harmonic Amplitude  Zoom: 217001092 (129; 131)

¥ [Mm]

-04  -0.2 0 0.2 04

124.2842232 ypm

-124.2942232 pm
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Our Key Messages on Modeling

#1: Make physical optics the platform in optical modeling.

#2: Field Tracing enables Fast Physical Optics.

VirtualLabrusion

#3: Ray tracing is fully embedded in fast physical optics.
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Our Key Messages

#2: Field Tracing enables Fast Physical Optics.

VirtualLabrusion

08 LightTrans International
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Fast Physical Optics by Field Tracing

Brief introduction of concepts
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Physical Optics Often Not Practical because ...

« Source modeling by coherence functions with
subsequent propagation by four dimensional integral
operations: Unrealistic numerical effort

« Application of a single field solver, e.g. FEM or FDTD,
to the entire system: Unrealistic numerical effort

* Field operations of order O(N?) and higher: Typically
high numerical effort

* Nyquist sampling of complex field amplitudes: Often
results in high sampling number N

« Physical optics modeling in one coordinate system:
Often results in high sampling number N

* Physical optics is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

 However, the need
for it is growing!

« Way out of this
dilemma?

100
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Mathematical Concepts for Fast Physical Optics Include ...

 Linear operators and superposition principle

« Tearing and interconnection applied to Maxwell’s
equations
— Tearing: Application of regional field solver
— Interconnection of solutions in different regions
* Fourier transform to change mathematical domain

— Fast Fourier Transform MATHEMATICS
— Shift Theorem
— Convolution Theorem

= T /2
- Q-Integral formula / exp(c iz — o) da = \E exp (%))
« Stationary phase concept

« Transformation between coordinate systems

\ L. N. Bronshtein K. A. Semendyaye
G. Musiol H. Mihlig

HANDBOOK OF

Sixth Edition

@ Springer
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Mathematical Concepts for Fast Physical Optics Include ...

 Linear operators and superposition principle

« Tearing and interconnection applied to Maxwell’s
equations
— Tearing: Application of regional field solver
— Interconnection of solutions in different regions
* Fourier transform to change mathematical domain
— Fast Fourier Transform

— Shift Theorem
— Convolution Theorem N ; VirtualLab Fusion is
— Q-Integral formula / exp(c1a — cya?) da = \ﬁ exp ((—l) based on a
. —oo 2 des sophisticated usage and
« Stationary phase concept combination of
« Transformation between coordinate systems mathematical concepts.
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Physical Optics Often Not Practical because ...

« Source modeling by coherence functions with
subsequent propagation by four dimensional integral
operations: Unrealistic numerical effort

« Application of a single field solver, e.g. FEM or FDTD,
to the entire system: Unrealistic numerical effort

* Field operations of order O(N2?) and higher: Typically
high numerical effort

* Nyquist sampling of complex field amplitudes: Often
results in high sampling number N

« Physical optics modeling in one coordinate system:
Often results in high sampling number N

* Physical optics is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

 However, the need
for it is growing!

« Way out of this
dilemma?
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Physical Optics Often Not Practical because ...

« Source modeling by coherence functions with
subsequent propagation by four dimensional integral
operations: Unrealistic numerical effort

Physical optics Is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

However, the need
for it is growing!
Way out of this
dilemma?

104
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Source Mode Decomposition

Problem:

Source modeling by coherence
functions with subsequent
propagation by four dimensional
Integral operations: Unrealistic
numerical effort

Solution:

Each source field can be decomposed
Into a set of fully coherent, mutually
correlated and uncorrelated source
modes. Linear operators allow
modeling per mode.

+444 444444
+44 4444444
R R
S OO0
+44 444440 e

+44 4444404
O R R R R
R R R R R
+44 4444444
+444444444

105

LightTrans International



Physical Optics Often Not Practical because ...

« Source modeling by coherence functions with
subsequent propagation by four dimensional integral
operations: Unrealistic numerical effort

Physical optics Is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

However, the need
for it is growing!
Way out of this
dilemma?
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Physical Optics Often Not Practical because ...

* Physical optics is

typically
understood as to
« Application of a single field solver, e.g. FEM or FDTD, be too complex,
to the entire system: Unrealistic numerical effort slowly and in

general not feasible
In practical tasks.

 However, the need
for it is growing!

« Way out of this
dilemma?
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Physical-Optics System Modeling

Integral equations Differenti ations
#E-dS:l—///pdb’ v =
Maa o 1] co
# B-dS=0 .
£l
d
fE»d£=— [fB‘dS V x
% at JJs

e's
circultal law (with _ d B B
Maxwell's iEB -de = l‘l'/j;-] -ds 'Himnm/[:E -dS VxB=p (J - oy
ion)

Homogeneous medium, like air or vacuum |

R ——— )

source mode and components, I.e.
refractive index distribution.
|
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Physical-Optics System Modeling

~

eguations with one field solver,

e.g. FEM, FMM, or FDTD, for
entire system not feasible

~_ because of numerical effort! /

109 LightTrans International



Fast Physical-Optics System Modeling

~

= 4=7. | How to obtain a feasible and
= - | fast physical optics solution -
whenever possible?

addition) -
i W

110 LightTrans International



Fast Physical-Optics System Modeling

~

= 4=7. | How to drastically reduce the
= - | numerical effort in physical-
optics modeling?

addition) -
i W

111 LightTrans International



Physical-Optics System Modeling: Regional Field Solver

Field Solver
Prisms, ...

Maxwell Solver

: Gratings, ...
Field Solver

Lenses, ...

Field Solver micro-
and nano-
structures

112 LightTrans International



Physical-Optics System Modeling: Regional Field Solver

nonlinear

components
crystals & anisotropic

components
waveguides & fibers \

scatterer

free space

prisms, plates, cubes, ...

. lenses & freeforms

apertures & boundaries

Field Solver

diffusers ( \ gratings
diffractive beam splitters diffractive, Fresnel, meta
lenses

SLM & adaptive

HOE, CGH, DOE

componentsMICro lens & freeform
arrays

113
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Tearing and Interconnection: Regional Field Solver

Problem:

Application of a single field solver, e.g. crystals & components space  prisms,
FEM or FDTD, to the entire system: il pates,
Unrealistic numerical effort waveguides

' lenses &
& fibers . freeforms
sester - Field ' e
Solution: Solver
» Decomposition of system and diffusers granngs
application of regional field solver. . I
diffractive diffractive,

beam Fresnel, meta

* Interconnection of solver: Channel splitters
. SLM& * micro lens & HOE, CGH,
concept and lightpath 2aaptive Treetorm DO
decomposition e

lenses
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Sequential Connection of Regional Field Solver

Field Solver
Prisms, ...

Field Solver

: Gratings, ...
Field Solver

Lenses, ...

Field Solvef Micro?
and Nano-
structures

115 LightTrans International



Non-Sequential Connection of Regional Field Solver

Field Solver
Prisms, ...

Maxwell Solver

- Gratings, ...
Field Solver

Lenses, ...

Field Solver Mlcro—
and Nano-
structures

116 LightTrans International



Non-sequential Modeling: Algorithm

« VirtualLab analyzes the lightpaths
through a system by low sampled
physical- optics modeling without

diffraction effects at boundaries and —= s

apertures. : T
 Result of lightpath analysis: Set of Mﬁiss;;w -

all relevant (energy threshold) i

Maxwell Solver

T
sequential lightpaths. i vicro- and Naro-

« Conclusion: VirtualLab
decomposes non-sequential
modeling into a set of sequential
lightpath modeling.

117 LightTrans International



Non-sequential Modeling: Algorithm

« VirtualLab analyzes the lightpaths
through a system by low sampled
physical- optics modeling without
diffraction effects at boundaries and

Non-sequential modeling
in VirtualLab Fusion

AN

apertures. o |
» Result of lightpath analysis: Set of — relevant lightpaths
all relevant (energy threshold) |

sequential lightpaths. P |

« Conclusion: VirtualLab modeling perfiantptd
decomposes non-sequential
modeling into a set of sequential
lightpath modeling.

Combining results of all
lightpaths in detectors

118 LightTrans International



Non-seqguential Modeling: Channel Concept

. VirtualLab analyzes the lightpaths e VirtualLab Fusion applies

through a system by low sampled . _
physical- optics modeling without a sophisticated optical

diffraction effects at boundaries and channel concept to

apertures. enable the lightpath finder
* Result of lightpath analysis: Set of algorithm and by that fast

all relevant (energy threshold) : .

sequential lightpaths. physical optics.

« Conclusion: VirtualLab
decomposes non-sequential
modeling into a set of sequential
lightpath modeling.

119 LightTrans International



Surface Channels

Setting A

! & f+ || +/+
D View

Setting B

Setting C

u 5o S+, -] +1+

30 View

Bl 6 +re, -1 || +/-

30 View

o Ll
645 mm 6.45 mm 6.45 mm
Surface +/+ +/- -- -+ Surface +/+ +/- -/- -/+ Surface +/+ +/- -[- -/+
1st X 1st X X 1st X X
2nd X 2nd X 2nd X
120 LightTrans International




Surface Channels

Setting D Setting E
BR7ere, N+ B8 2: All Channels On
D View D View
) % 2
% %
k. k.
545 mm 545 mm

Surface +/+ +/- -/- -+ Surface +/+ +/- -[- -+
1st X X X 1st X X X X
2nd X 2nd X X X X
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Non-sequential Extension

 How to enable sequential and non-sequential tracing?

,
91: Optical Setup View (C:\Users\...\01_Etalon.lpd £90) = \
[#- Light Sources —
s— = =
Property Browser — 3:F_
EB5 90: Optical Setup Editor (C:\Users'_\01_Etalon.lpd #90) PFDDEQEtiDI'I
Simulation Settings Channels
~ Generl Etalon (planar-
Type General Optical Setup cylinderical surfaces) Camera Detector
Enable Process Logging True
Use Parameter Coupling False _—
~ Environment 3 GO0
Air Pressure 101.33 kPa = 7.6 o |

System Temperature 20 °C
~ Field Tracing 2nd Generation

Sampling Accuracy 1

R . "

Mon-Sequential Tracing True I
~Hon-Sequentd TTacing

Energy Threshold
Mazimum Level

0.01%
100
Channel Resolution Accuracy 1

Show Only Paths That Hit a C False

For each Optical Setup, enable the term Non-Sequential Tracing

Four channels can be chosen in each surface/component (+/+, +/-,
-[-, -I+)

A\

B 7 e, - -1 |+
3D View
>
i
N
%
®
b
o
o=
645 mm
"

Surface +/+ +/-

1st
2nd

X
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Modeling Task: Interference at Etalon

etalon

- center thickness 100um
- configurations

a) planar-planar (parallel)

b) planar-planar (tilted)

¢) cylindrical-planar

d) planar-spherical

input plane wave

- wavelength 532nm
- linearly polarized
along y direction

(also x for comparison)

intensity
pattern

123



Results

configuration
a) planar-planar (parallel)
- varying thickness

from100 to 99um

Constructive and
destructive interference
alternatively shows up
when the thickness of
etalon varies.
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Results

configuration
b) planar-planar (non-
paral Iel) n 69: Camera Detector #600 after Etalon (non-par... EI@
- center thickness 100um Chromatic Fields Set
- tilt of first surface tilt by 0.1°
1 tector #600 after Etalon (parallel ... EI@
Chromatic Fields Set
no tilt
1

y [mm]

X [mm]

Linear interference fringes x [mm]
appear due to linear change

of etalon thickness.
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Results

configuration
c) cylindrical-planar

i Center thICkneSS 1 OO “m n 75: Camera Detector #600 after Etalon (planar-... EI@
= Cyllnd rlcal Su rfaCe radIUS 1 m Chromatic Fields Set amera Detector #8600 after Etalon (planar-... EI@

Chromatic Fields Set

input polarization along y _ o
input polarization along x

1.0
1.35
0.5 :
D GIE’E
- _ 1]
-1 05 0 05 1 i i 0
-1 05 0 05 1

X [mm]

05
o 05

0.5

y [mm]

0.5

1

X [mm]

Polarization-dependent effect on the
interference is taken into account.

126



Results

configuration

d) planar-spherical
- center thickness 100um
- spherical surface radius -1m

n 78: Camera Detector #600 after Etalon (planar-s...] = [ (=] [

Chromatic Fields Set

1
D i |
0

=105 08 055 ]

X [mm]

0.5

y [mm]

0.5

Non-sequential
simulation of etalon
with curved surfaces
takes only 2 seconds.

@ Modeling of Etalon ...
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Surface Regions and Channels

Surfaces have four default
channels.

On surfaces regions of any shape
can be defined. Per region the four
default channels can be chosen
differently than for the entire
surface.

Per region ideal or real gratings,
via. stacks, can be specified.

« Channel orders define channels.

128 LightTrans International



Region Channels

Edit Waveguide

* Region(s) on surface g

— It Is possible to define
regions on a surface and

define their optical Q. region

Pmpert'es respectively, — e e
iIncluding the channel o [ conorsm @r0 e o e
settings. =

129



Region 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-Plus-Direction [ Plus-Plus-Direction [] Minus-Plus-Direction
[] Plus-Minus-Direction [] Minus-Minus-Direction [ Plus-Minus-Direction [] Minus-Minus-Direction
k] \c"lew - ' . . 3D ew

Note: region
channels provide
individual control

in addition to
surface channels

region channels -/+, -/- on region channel -/+ on

130



Region Channels with Grating

* Per region ideal and real
gratings can be specified.

e Comments:

— The shape of the regions can be
chosen freely.

— The region concept will be
further extended in VirtualLab
Fusion as a universonal surface
add-on!

u 33: Grating Region E@

30 View

Region on surface 1: -/+ channel on
Region on surface 2: +/+ channel on
[with TO, T+1, T+2 diffraction orders]

131 @ Channel Control for Non-Sequential Tracing ...




Modeling Task: Microlens on Plate

Edit Optical Interface Sequence X

 Alens should be illuminated with a
plane wave.

* The lens is smaller than the

g‘%ﬁ; Imeafl|[)is:'r.nm|ﬂpriﬁm |§TCDF:?callntethe Eﬁm::dmuﬂ;mfmmr i”uminating beam.

@, S — « Qutside the lens the surface is
planar and it is configured that the

light paths the plane (no
absorption).

| -

Function

—=—
ﬂI
=4
— [+
Propagation
Channels

e Y & 2

Flane Canical Cylindrical Aspherical Palynomial Sampled  Programmable

Tools | add | et EOEEE

ERE [ oK ]| Camced || Heb |




Ray Tracing Simulation (3D)

a0 View 2D View




Ray Tracing Simulation (3D) - Focus

B8 9 Ray Distributic
3D View 2D View




Ray Tracing Result (5mm behind Lens)

E 11: Camera Detector #601 after Lens #1 (T) (Ray Tracing)

Ray Distribution

¥ [mm]

Position

-8 8 % 8 8@

LR I T I

L I ]

L R

L
[

LI I R

L

* F e

E 11: Camera Detector #6017 after Lens #1 (T) (Ray Tracing)

Ray Distribution

Position

¥ [mm]

N n nc
o u Lo

X [mm]




Ray Tracing Result (Focus)

E 10: Camera Detector #600 after Lens #1 (T) (Ray Tracing)
Ray Distribution

Position

¥ [mm]

E 10: Camera Detector #600 after Lens #1 (T) (Ray Tracing]
Ray Distribution

Position

¥ [mm]

X [mm]

n
u

]




Field Tracing Result (Focus)

E==(r=n==)
Chromatic Fields Set /
Data for Wavelength of 532 nm [1E3 (V/m)~2]
L)
3
= 3.2893
-
b 2..E-15
X [mm]
>

oo |

Clip large values

¥ [mm]

-1

Data for Wavelength of 532 nm [(V/]

1.2176

0.001377

0.75 1

075 -05 025 0 025 05
X [mm]




Field Tracing Result (Focus)

Chromatic Fields Set

¥ [mm]

0 025 05 075 1

-075 -05 -025

=]

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

-1 075 05 025 0 025 05 075 1
X [mm]

2.4338

1.2176

0.001377

« This result is obtained by using one
channel.

* Next, lens and plane surface are
treated as two different channels.




Field Tracing Result (Focus) — Advanced Channel Handling

Chromatic Fields Set

¥ [mm]

25 05 075 1

0.

5 -025

-0.75

-1

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

075 05 025 0 025
X [mm]

0.5

0.75

il

1.2885

0.6445

0.0013...

e 3 Camera Detector #8600 (Surnmarized) (Field Tracing 2nd Generation)

Chromatic Fields Set

L]

Zoom in

0.1

¥ [mm]

0.05

-0.05

-0.1

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

1.2885
0.6449
0.0013...
-0 -0.05 0 0.05 0.1
X [mm]




Tearing and Interconnection: Regional Field Solver

Problem:

Application of a single field solver, e.g. crystals & components space  prisms,
FEM or FDTD, to the entire system: il pates,
Unrealistic numerical effort waveguides

' lenses &
& fibers . freeforms
sester - Field ' e
Solution: Solver
» Decomposition of system and diffusers granngs
application of regional field solver. . I
diffractive diffractive,

beam Fresnel, meta

* Interconnection of solver: Channel splitters
. SLM& * micro lens & HOE, CGH,
concept and lightpath 2aaptive Treetorm DO
decomposition e

lenses
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Physical Optics Often Not Practical because ...

* Physical optics is

typically
understood as to
« Application of a single field solver, e.g. FEM or FDTD, be too complex,
to the entire system: Unrealistic numerical effort slowly and in

general not feasible
In practical tasks.

 However, the need
for it is growing!

« Way out of this
dilemma?

141 LightTrans International



Physical Optics Often Not Practical because ...

* Physical optics is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

 However, the need
for it is growing!

« Way out of this
dilemma?

* Field operations of order O(N?) and higher: Typically
high numerical effort

142 LightTrans International



Operator Sequences and Switching Operator Domains

Problem:

Field operations of order O(N?) and

higher: Typically high numerical (p.)
effort

(K, w)

- Fa— = —
channels
2
Solution: NN S ;

« Modeling per lightpath by sequence
| S oaB
of operators: P and B O,
« Switching the domains per operator | /
to benefit from convolution
theorem.

_______________________
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Physical Optics Often Not Practical because ...

* Physical optics is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

 However, the need
for it is growing!

« Way out of this
dilemma?

* Field operations of order O(N?) and higher: Typically
high numerical effort

144 LightTrans International



Physical Optics Often Not Practical because ...

* Physical optics is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

However, the need
for it is growing!

« Way out of this
dilemma?

* Nyquist sampling of complex field amplitudes: Often
results in high sampling number N

145 LightTrans International



Homeomorphic Operators

Problem:

Nyquist sampling of complex field
amplitudes: Often results in high
sampling number N

Solution:

» General preference for
homeomorphic operators.

« Homeorphic and semianalytical
Fourier transform

146

LightTrans International



Fourier Transform Integral Operator

(p,w)
(K, )
channels ——— | CoONCept is heavily based on
source 1 Fourier transforms between
_ domains. y
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Fourier Transform Integral Operator

(p,w)
(e, w)
h | [ A
cramels T Fourier transform is integral
operator: Linear in N by FFT!
N Y

148 LightTrans International



Triad

of Fourier Transform Techniques

=O=Fast Fourier transform (FFT)
4000
== Semi-analytical Fourier tansform (SFT)
= Homeomorphic Fourier transform (HFT)
= 3000
[
o)
£
S
P
o
£ 2000
o
£
©
w
1000
0
0 0,1 0,2 03 0,4 0,5 0,6 0,7
Numerical aperture (NA) of the truncated spherical wave
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Physical Optics Often Not Practical because ...

* Physical optics is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

However, the need
for it is growing!

« Way out of this
dilemma?

* Nyquist sampling of complex field amplitudes: Often
results in high sampling number N

150 LightTrans International



Physical Optics Often Not Practical because ...

* Physical optics is
typically
understood as to
be too complex,
slowly and in
general not feasible
In practical tasks.

 However, the need
for it is growing!
« Way out of this

 Physical optics modeling in one coordinate system: .
Y P J y dilemma?

Often results in high sampling number N

151 LightTrans International



Application of Operators in Associated Coordinate Systems

Problem:

Physical optics modeling in one
coordinate system: Often results in
high sampling number N

Solution:

« Operators are applied in associated
coordinate systems.

* Fields are expressed in centric
coordinate systems: Consequent
use of shift theorem
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Field Tracing Concepts for Fast Physical Optics

1. Source mode decomposition and mode propagation.

2. Regional field solver and non-sequential
iInterconnection by channel concepit.

3. Switching between domains to obtain operators
linear in sampling number N wherever possible.

4. Minimization of sampling number N by using
homeomorphic operators wherever possible,
Including Fourier transform.

5. Consequent switching of coordinate systems to
minimize sampling effort.

6. Enabling and optimizing #1-#5 by field
decomposition strategies!
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Fast Physical Optics with VirtualLab Fusion

« Fast Physical Optics does not
replace ray tracing, but enriches

our way to do optical modeling and
deSign_ VirtualLabrusion

* Ray tracing iIs embedded and
accessible.

* Physical optics simplifies
development of systematic design
workflows.
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Investigation of Ideal Focusing Situation by Using
Debye-Wolf Integral



Modeling Task

input plane wave
wavelength: 532nm, 632.8nm
polarization: linearly polarized
in y direction

and in x-y diagonal direction

How does the
wavelength and the
polarization of the input
field affect the focal spot?

ideal high-NA objective lens
- NA=0.9

A - NA=0.5

/

/

How does the NA of the
objective lens affect the
size of the focal spot?

How does
defocus affect
the focal spot?
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Influence on Focal Spot from Wavelength

input plane wave
wavelength: 532nm,
or 632.8nm

- fixed linear
polarization in y

632.8nm

532nm

Ex |

Ey |

E, |

=8 Bl =)

E 5: Field Components
Electric Field

=8 Bl )

E 5: Field Components
Electric Field

=N BoR ==

E 5: Field Components
Electric Field

Diagram  Table ~Value at (x.y)

Amplitude of “Ex” [kV/m]

Diagram  Table Value at {xy)

Amplitude of “Ey” [kV/m]

Diagram  Table ~Value at (x.y)

Amplitude of “Ez” [kV/m]

EX2 + Ey2 + EZZ

B 6: Focal Spot o= ]
Numerical Data Array

Diagram  Table  Value at bey)

Power Density [1E9 (Vim)~2]

5.76 82.8 32,55 6.86
1 1n
o =
E ‘@ E
2.88 a2 O 414 16.275 =z < 343
= ( ) =
1n 1n
= <
0 0 0 o
-0.5 0 0.5 -0.5 0 0.5
X [pm] X [um]
FWHM x direction: 339nm
B, 11:Field Components =@ @5 | | B 1t:Field Components =@ @S] | | B 1i: Field Components [ ® = B5 12 Focal Spot (E= Bl
Electric Field Electric Field Electric Field Numerical Data Array
Diagram Table Value at fxy) Diagram  Table ~ Value at {x.y) Diagram Table Value at fxy) Diagram  Table = Value at bey)
Amplitude of “Ex” [kV/m] Amplitude of “Ey” [kV/m] Amplitude of “Ez” [kV/m] Powier Density [1E9 (V/m)*2)
6.85 98.5 — 387 9.7
n tn A i
=3 =} o
3.425 Eo 4925 Eo . 1935 B 485
> > -
s s °
0 0 0 ]
-0.5 o] 0.5 -0.5 0 0.5
X [pm] X [pm] X [pm]
FWHM x direction: 285nm
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Influence on Focal Spot from Polarization

input plane wave

- fixed wavelength:
532nm,

linear polarization in y
or in x-y diagonal

E, |

E, |

B 3: Field Components E=R(ECE "< ) S -] 3: Field Components oo | |5 3: Field Components =8
Electric Field Electric Field Electric Field
Diagram | Table | Value at fcy)

Diagram | Table | Value at xy)
Amplitude of Ex [kV/m]

Diagram | Table | Value at ()
Amplitude of Ey [kv/m]

Amplitude of Ez [kV/m]

2 2 2
E2+E2+E,
[E=NNER =

- 4: Focal Spot
Numerical Data Array

Diagram | Table | Value at fxy)
Power Density [1E9 (V/m)~2]

X [pm]

69.65 ‘ 387 9.7
S
=]
£ 34825 E E @ 1935 £Eo 485
= > > >
- n
k C"
0 0 0
-0.5 0 0.5 -0.5 0 0.5
X [uml X [pm]
= 11: Field Components [E < 11: Field Components E (53w E=, 11: Field Components IE] = 12: Focal Spot IE
Electric Field Electric Field Electric Field Numerical Data Array
Diagram  Table  Value at (xy) Diagram  Table Value at (x.y) Diagram  Table  Value at x.y) Diagram  Table  Value at )
Amplitude of “Ex” [kV/m] Amplitude of “Ey” [kV/m] Amplitude of ‘Ez” [kV/m] Power Density [1E9 (Vim)*2]
6.85 98.5 387 9.7
n
o
3425 S_. 49.25 E 19.35 E = 4.85
> = =
n
2
0 0 0 o
-0.5 0 0.5
X [um]
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Influence on Focal Spot from NA of Objective

Ex | |Ey | |Ez | Ex2 + Ey2 + Ez2

B 12: Field Components ol | B 16: Field Components o | | B 16: Field Components = EoE == B 15: Focal Spot =8 E=R T
Electric Field Electric Field Electric Field Numerical Data Array
Diagram | Table | Value at {xy) Diagram | Table | Value at fcy) Diagram | Table | Value at fcy) Diagram | Table | Value at (xy)
Amplitude of Ex [kV/m] Amplitude of Ey [kv/m] Amplitude of Ez [kV/m] Power Density [1E8 (V/m)A2]
317 28 5.4 7.87
. : : @ ]
c ) (=] S u
[ s 1.585 £Eo 14 £o 27 Y 3935
< > > > >
1 o n
Z 3 ‘| :
ideal high-NA objective 0 : 0 .
-0.5 0 0.5 -0.5 0 0.5 -05 0 0.5
lens Xt
= 11: Field Components [E < 11: Field Components E (53w E=, 11: Field Components IE] = 12: Focal Spot IE
Electric Field Electric Field Electric Field Numerical Data Array
Diagram  Table  Value at (xy) Diagram  Table  Value at (xy) Diagram  Table  Value at (xy) Diagram  Table Value at fxy)
Amplitude of “Ex” [kV/m] Amplitude of “Ey” [kV/m] Amplitude of ‘Ez” [kV/m] Power Density [1E9 (Vim)*2]
6.85 98.5 387 a7
O ]_ n
o )
I 3.425 s 4925 = 1935 B 485
> > =
< .
Z §
0 0 0 0
0.5 0 05
X [pm] X [um]
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Influence on Focal Spot from Defocus

Ex |

HE 21: Field Components

Electric Field

Electric Field

Diagram | Table | Value at fxy)|
Amplitude of Ex [kV/m]

Table | Value at fxy)
Amplitude of Ey [kV/m]

Diagram | Table | Value at fxy)
Amplitude of Ez [kV/m]

EX2 + EyZ + E22

(o ][O

% 22: Focal Spo
Numerical Data Array
Diagram | Table | Value at fcy)|
Power Density [1E8 (V/m)A2]

Diagram  Table ~Value at (xy)

Amplitude of “Ex” [kV/m]

Y [pm]

-0.5 o 0.5

| 685

3425

Diagram

Y [um]

Table Value at (xy)

Amplitude of “Ey” [kV/m]

-0.5

X [pm]

| 985

49.25

Diagram  Table ~ Value at (xy)

Amplitude of “Ez” [kV/m]

387
19.35
0
5 [ 05

-0.

Y{um]
0 0.5

-0.5

X [pm]

3.7 - - 29.27 1517 8.57
n 0
(=] o
E 1.585 B 14,635 = 7.585 £Eo 4285
> > > >
w 0
3 2
() - 0 0 0
05 0 05 05 0 05
X [pm] X [pm] X [pm]
T
Components =N Components =N mponents =2 12: Focal Spot (=N ==
Electric Field Electric Field Electric Field Numerical Data Array

Diagram  Table  Value at fxy)

Power Density [1E9 (V/m)*2]

9.7

4.85

o
-0.5 0 0.5

X [um]

¥ {um]
0 05

-05
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VirtualLab Technologies

Debye-Wolf integral

(1)

nonlinear free
crystals & components SPaC€  nrigms,

anisotropic

components @

waveguides
& fibers ~
scatterer -

Maxwell
Solver

beam
splitters

adaptive
components

freeform
arrays

diffusers ( \‘ gratings
diffractive diffractive,

plates,
cubes, ...

lenses &
freeforms

apertures &
boundaries

Fresnel, meta
lenses

SLM & micro lens & HOE, CGH,

DOE

# I1dealized component
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@HTTRANS N

Analyzing High-NA Objective Lens Focusing



Modeling Task

X

L..

high-NA objective
(NA=0.85)

input plane wave
wavelength 266.08 nm
beam diameter 3mm
linearly polarized

in X direction

How to perform ray tracing analysis
of the complete system?

How to calculate the
intensity distribution of
the focal spot including

vectorial effect?
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Overview

 The sample system is preset with
the high-NA objective lens included.

* Next, we demonstrate how to
perform simulation on the sample
system following the recommended
workflow in VirtualLab.

Geometry /
Channels

Plane Wave

N

High-NA Objective Lens

L]

Camera Detector

L/
0

1

X:0 pm
Y: 0 uym

Z:0 pm

Edit Optical Interface Sequence

R

609
X: 0 pm
Y:0 pm
Z: 748.74548 pm

"\ Electromagnetic Field
; Detector

—>
= 610

wont 0 IDJ0JON | 5---

Position Index | Distance | Position | Type Homogeneous Medium |Comment A
Orientation 0 Conical Interface F_SILICA_MISC in Hom: Zemax Interf
56 Conical Interface CAF2_MISC in Homoger Zemax Interf
@ 58m Co . Air (ZEMAX) in Homog te
960 pn Cor e F_SILICA_MISC in Hor tert
Sgﬁn\ﬂ;\ 910 um Cor e CAF2_MISC in Homoge: et
24mm Co e Air (ZEMAX) in Homoge: terf
11mm Co e F_SILICA_MISC in Hor erf
13mm Co e CAF2_MISC in Homoger Zemax Interf
43mm Co e Air (ZEMAX) in Homoger Zemax Interf
2mm c e CAF2_MISC in Homoger Zemax Interf
76mm Conical Interface F_SILICA_MISC in Hom: Zemax Interf
13mm 4 Conical Interface Air (ZEMAX) in Homoges Zemax Intert
V) oo Plana Intarfara Nie (7EMAY in Lnmanas Tamev Intart ¥
>
Plane Conical Cyindical
Tools Add
d @ oK Cancel Help
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Ray Tracing Simulation

« Choose Ray Tracing System _ S
Analyzer as the simulation engine % = =t
I T Element Linkage
at first. {f S =N
+ Click on Go! { | WA Objectve Lene | Ray Tracing on
 The 3D ray tracing result is
obtained.
Ray Tracing System Analyzer
(Classic Field Tracing
l;-l;,r TI;;I:‘I!:_:I System Anabyzer
166
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Ray Tracing Simulation

° Then’ Select Ray TraC|ng as the .Objective.Lens.Focusing.lpd #1)* (o[- | [wEE]
simulation engine. &  Logging i
. Target Element Linkage
° C“Ck GO! dndax Typa Fropagation Meathod OniOF
High-M& Objective Lens Ray Tracing Cin

* Then the dot diagram (2D ray
tracing result) is obtained.

T I
—

B s6: Electromagnetic Field Detector #6... [ = | & [&3
Ray Distribution

stion Engine | Ray Tracing System Anabyzer v D’ Go!
Classic Field Tracing
eld T@Ecing And (e

X [um)
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Field Tracing Simulation

« Switch to field tracing and select

Field Tracing 2@ Generation as the 1§ %" o
simulation engine. Target Elemar Linkage

Type Fropagation Method OniOF

° C||Ck Gol High-NA Objective Lens Ray Tracing —

2 Simulation Engine | Ray Tracing W |>Gu! |

zceic Fisld T=cing

Field Tracing Znd Generation
hay [racing

Ray Tracing System Anahyzer
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Field Tracing Results (Camera Detector)

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

The bottom figure shows the field
intensity by integrating E,, E, and
E, components: an obvious
asymmetry is seen due to the
relatively large E, component in
high-NA situation.

3 11: Focal Spot (Excluding E2)
Chromatic Fields Set

=

EX2 + Ey2

Y [pm]

0.54

: Focal Spot (Including Ez)

= Fon

Chromatic Fields Set

X [pm]

Y [pm]

EX2 + Ey2 + E22

1.08

04

0

04 0.2

-04 -02 0 0.2 04
X [pm
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Field Tracing Results (EM Field Detector)

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

NPT Hectromaggetsc Frekd m Focal Plane B 13: Blectromagnetic Field in Focal Plane === =) B 13: Electromagnetic Field in Focal Plane === E=n ="}
Electromagnetic Field Electromagnetic Field Electromagnetic Field
Diagram Table Value at (xy) Diagram Table Value at (y) Diagram Table Value at (xy)
Ex-Component [kV/m] Ey-Component [kV/m] Ez-Component [kV/m]
104 0.35 3.36
< < <
o o o
o o o
o o o
Eo 5.2 Ea 0.175 Eo 168
> > =
o o o
o S S
< < bt
S S S
: : 0 0 0
04 02 0 02 04 04 02 0 02 04 04 02 0 02 04
X [pm] X [pm] X [pm]
amplitude of E, amplitude of E, amplitude of E,
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Field Tracing Results (EM Field Detector)

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

B=. 13: Electromagnetic Field in Focal Plane
Electromagnetic Field

= = )
=5 HoN =)

Diagram  Table Value at (xy)

Hx-Component [A/m]

Y [pm]
-04 -02 0 02 04

04 02 0 02 04
X [pm]

148

amplitude of H,

EX: 13: Electromagnetic Field in Focal Plane o))
Electromagnetic Field
Diagram  Table  Value at fxy)
Hy-Component [A/m]
28.4
-
o
N
o
Eo 142
>
N
o
<
2
0

04 -02 0 02 04
X [pm]

amplitude of H,

E=; 13: Electromagnetic Field in Focal Plane
Electromagnetic Field

Diagram Table Value at (xy)

Hz-Component [A/m]

Y [pm]
04 02 0 02 04

04 -02 0 02 04
X [pm]

8.44

amplitude of H,
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@HTTRANS N

Chromatic Aberration Analysis of High-NA Objective
Lens



Modeling Task

X

L..

high-NA objective
(Patent:US04384765
NA=0.95)

input plane wave

- wavelength 473 nm,
568 nm, 780 nm

- beam diameter
3.48mm

- linearly polarized Field and energy

in x direction density at the focal
plane?
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Field and Energy Density at Focal Plane: Wavelength: 473 nm

!

IE, | E, | |E, | EZ+Ef+E/

B 10: Field Components == -4 10: Field Components = B 10: Field Components =5 o o Focal Spot fo o=
Electric Field Electric Field Electric Field hromatic Fields Set
Di Table | Value Diagram | Table | Value at Di Table | Valu 7
agram at fcy) y) iagram e at (cy) a for Wavelength of 470 nm [1E6 (V/m)~2]
Amplitude of Ex-Component [kV/m] Amplitude of Ey-Component [kV/m] Amplitude of Ez-Component [kV/m]

) ‘ y 14
1090

X [um]

Debye-Wolf
Integral

Ideal

EX2 + EyZ + EZZ

= 3: Focal Spot =8 =R~

Numerical Data Array

Diagram | Table | Value at fcy)
r Density [1E10 (V/m)*2]

m)

038

Y

-0.5 0 0.5

FWHM y direction:
~650 nm

FWHM y direction:
~230 nm
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Field and Energy Density at Focal Plane: Wavelength: 568 nm

]
ﬁ , Ideal

E |E, | |E, | E-+E E, X y Z
| X | y y
- 12: Field Components =5 EcH === B 12: Field Components =N EoR <= B 12: Field Components =] ] 11: Focal Spot =2 = 5: Focal Spot =)
Electric Field Electric Field Electric Field Chromatic Fields Set Numerical Data Array
D : Di : Diay T: Ve ] D :
agram | Table | Value at &cy) agram | Table | Value at fx) oon (ebiegliNekna ) Data for Wavelength of 570 nm [1€7 (v/m)~2] oo [Tele | Vobe ot )
Amplitude of Ex-Component [kV/m] Amplitude of Ey-Component [kV/m] Amplitude of Ez-Component [kV/m] Power Density [1E10 (V/m)2]

0

X [um] A hm X [um]

Ty FWHM vy direction: FWHM vy direction:
X ~280 nm ~280 nm
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Focal Spot of Different Wavelengths

 — EX2 + Ey2 + E22
> 7z

538Nnm 568nm 598 nm

Real |deal Real Ideal Real Ideal

B 20: Focal Spot = Mﬂ'@ - 3: Focal Spot = |[-& @ a 11: Focal Spot = ] = 5: Focal Spot =& @ |»] 9: Focal Spot E=n(EcN == §--1 5: Focal Spot () @
C it e 4 Chromatic

Numerical Data Array Numerical Data Arra) Fields Set Numerical Data Array

Diagram | Table | Value at (xy) oam | Table | Value at (xy)

Chromatic Fields Set Chromatic Fields Set y
. | ) Dex
Data for Wavelength of 568 nm [1E7 (v/m)~2] Data for Wavelength of 570 nm [1E7 (V/m)2]
Electric Energy Density [1E10 AU) Power Density [1E10 (v/m)*2]
n = w
C) 0 3 0 S
] =)
o 2,06 E o So 22 E _ s 3o
> 2° 06 > 20 055 >
> =
o n W
S n 3 0 S
= =
-0.5 0 05 e % 2 = -05 0 05 & T 8 ”
05 0 05 -05 0 05
X [um] X [pm]
X [um] X [pm]

y FWHM vy direction; FWHM vy direction; FWHM vy direction:
L> X

Diagram | Table | Value at (xy)

avelength of 598 nm [1E7 (v/m)*2]

lectric Energy Density [1E9 AU

~270nm ~280nm ~300nm
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Field and Energy Density at Focal Plane: Wavelength:

780 nm

]

L.,

E |E, | |E, | E2+Ef?+E,
| X | y Z y
B 8 Field Components =1 Eo = | 8: Field Components [E=3 Eo) %= B 8: Field Components [E=3 Eol == ] 7: Focal Spot = e =
Blectric Field Electric Field Electric Field Chromatic Fields
Diagram | Table | Value at (xy) Diagram  Table | Value at xy) Diagram | Table | Value at fxy)

Data for Wavelength of 780 nm [1E6 (V/m)~2]

Ty FWHM vy direction:
X 818 nm

Amplitude of Ex-Component [kV/m] Amplitude of Ez-Component [kV/m]

Yum]

Ideal

EX2 + EyZ + EZZ

’ B 7: Focal Spot fo o=

Numerical Data Array

Diagram | Table | Value at fy)

r Density [1E9 (V/m)~2]

FWHM vy direction:
389 nm
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Energy Density at Focal Plane Comparison

473 nm 568 nm 780 nm

o] 9: Focal Spot =3I =] 11: Focal Spot == o 7: Focal Spot =N HCN )
Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set
Data for Wavelength of 470 nm [1E6 (V/m)~2] Data for Wavelength of 570 nm [1E7 (V/m)*2] Data for Wavelength of 780 nm [1E6 (V/m)~2]
7 1.9
& i
o o
£Eo 35 = io 0.95
> > >
tn “
o o
0 e 0
-0.5 0 0.5 -0.5 0 0.5
X [pm] X [um]
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@HTTRANS N

Modeling of Meta-Lenses at Visible Wavelengths



High-NA Metalens Simulation

input plane wave
normal incidence
wavelength @532nm
beam diameter 2mm
polarization state

a) R-circular

b) Linear

c) L-circular

M. Khorasaninejad et al.,
Science 352, 1190-1194 (2016).

2mm

Desired to function
AY(p) = kon (f Vilell® + f2) as a focusing lens

RN

How to calculate the point

\

spread function (PSF) at the
focal plane of a metalens, with
polarization effects considered?

4

AN
A\ 4

f=725um
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High-NA Metalens Simulation

0 Behavior of the metalens obviously depends

(] . . . .

e - on the polarization states of the input fields.

GEJ 4 A\
uM: e Pommdc:po:atjc Fields Set - Ilﬁq Both deSI red lt ’E‘E] ‘ n1& L-CimuwpOIHiZEdC‘l:rz:atic Fields Set |?”?|@

[(v/m)*2]

bm (v/m2 and conjugate |m wm-a Only conjugate
1° modes modes

0.26

[ Only desired
mode

S _ _ _
LfE)_ é o 0.13 § (= 0.13 )_E. o 0.1
q— _ _ —
v R ;
2 1 0 1 2 0 2 1 0 1 2 0 -2 -1 0 1 2 0
X [mm] X [mm] X [mm]
R-circular polarization input linear polarization input L-circular polarization input
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High-NA Metalens Simulation

metalens

small detector size
for focal region
analysis

\

r

n 12: R-Circular Polarized Input
Chromatic Fields Set

(o @ )

n 11: Linear Polarized Input

Chromatic Fields Set

== E=n <"

B 10: L-Circular Polarized Input

Chromatic Fields Set

o

Data for Wavelength of 532 nm [1E7 (V/m)~2]

1.68
..,O“:
i © 0.84
>
..,O":
- - 0
-0.5 0 0.5
X [um]

R-circular polarization input

Y [pm]

Data for Wavelength of 532 nm [1E7 (V/m)*2]

0

-0.5 0 0.5

X [pm]

1.68

linear polarization input

Data for Wavelength of 532 nm [1E7 (V/m)*2]

Y [um)

(=)

-0.5 0 0.5

X [pm]

L-circular polarization input
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High-NA Metalens Simulation

metalens

4 A\
"\ 12:R-Circular Polarized Input [o ) @ |3 | | 3 1: Linear Polarized Input [roe]-Ei3s) | | I ¢ L-Circular Polarized Input =8 EcR "
Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set
Data for Wavelength of 532 nm [1E7 (V/m)#2] Data for Wavelength of 532 nm [1E7 (V/m)*2] Data for Wavelength of 532 nm [1E7 (V/m)*2]
1.68 1.68 1.68
0 i w
o < o
Eo 0.4 £o 0.84 Eo 0.84
> = -
wn o wn
oo = 27
FWHM=355um
J‘ T T T T T ) T T L)
-0.5 0 0.5 O -0.5 0 0.5 ¢ 0.5 0 0.5 0
X [pm] X [pm] X [um]
R-circular polarization input linear polarization input L-circular polarization input
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@HTTRANS N

Off-Axis Imaging Quality Analysis by High-NA
Microscope



Modeling Task

objective lens: Nikon
) ) - M=60X, NA=1.4, US6519092B2 tube lens
input spherical wave
- wavelength 587.5nm
- circularly polaried
- lateral shift in x-direction
Opm, 20pm, 60pum, 80um

PSF=?
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Focal Spot at Focal Plane with Lateral Shifts

Y [mm]

Data for Wavelength of 590 nm [1E2 (V/m)*2]

12
8
(=3
o 0.6
8
<
-0.02 0 0.02 2

X [mm]

Y [mm]

Data for Wavelength of 590 nm [1E2 (V/m)~2]

1.2
o u 0'6
-0.02 0 0.02 0

X [mm]

0.02

0.02

Y [mm]

Data for Wavelength of 590 nm [(V/m)*2]

86

0.02

-0.02

-0.02 0 0.02
X [mm]

Y [mm]

Data for Wavelength of 590 nm [(V/m)~2]

67
o - |
-0.02 0 0.02 0

X [mm]

0.02

0.02
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Peek into VirtualLab

Generate Spherical Wave

Polaization | Mode Selection | Samping |  Ray Sele
Spectral Parameters | Spatial Param

Medium at Source Plane
Non-Dispersive Material (n=1.52216) in Homogeneous Medium

Source Field: Longitudinal and Lateral Offset

5 Load | 7 Edt | Y

Edit Optical Interface Sequence

L «
B

Index Distance | Position | Type
Conical Interface

51mm ‘hm Conical Interface
2mm 7.1mm Conical Interface
75mm 146mm Conical Interface
51mm 19.7mm Conical Interface

I

Conical Interface

Distance to Input Plane 1
Lateral Offset | 0 pm
Input Field: Position, Size and Shape

\utomatic Setting
(®) Manual Setting Apply Lateral Offset of Source
Shape () Rectangular (® Elliptic
Diameter 450 |.|11I x 45

(® Relative Edge \Width
(O) Absolute Edge Width

18mm 215mm

Homogeneous Medium | Comment

E-SK10_HIKARI in Hom Zemax Interface
J-LAF7_HIKARI in Homc Zemax Interface
Air (Zemax) in Homogen Zemax Interface
BASF6_SCHOTT in Hon Zemax Interface
KZFH1_HIKARI in Home Zemax Interface
Air (Zemax) in Homogen Zemax Interface

f— —)
Chromatic Fields Set

d 68

20

Data for Wavelength of 587.5 nm [1E2 (V/m)~2]

1.1183..

0.5624...

0.0065...

structure demonstration
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@HTTRANS N

Resolution Investigation by Abbe Criterion



Modeling Task

input plane wave tube lens ’,

- wavelength 587.5nm
- linearly polaried
along y direction

objective lens: Nikon

M=60X, NA=1.4 image of grating="

US6519092B2
grating period
- 1000 nm
- 500 nm objective lens: ube len;
- s00nm Nikon i
el I —
X NA=0.75

"t - US5699196A
Y4

:wm Ient
objective lens: Nikon
M=20X, NA=0.5

US5920432A
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Results: Image of Grating

objective lens: Nikon
M=60X, NA=1.4
US6519092B2

d=1000nm

110: Image Plane
Chromatic Fields Set

(=] o ==

¥ [mm]

-0 005 0

Data for Wavelength of 587.5 nm [1E-3 (V/m)*2]

005 01

0.99

0.485
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Results: Image of Grating

191

objective lens: Nikon
M=60X, NA=1.4

- US6519092B2
[\ \\
\\‘ \
\ AN
RN
\ \
‘\ \\
VN
1 N
Voo
\ N
‘\ ‘\
AN
\ %
\ AN
‘\ \\
\ \
\ \

\

d = 500nm

1
1
1
\
1
1
1
\
A}
\
1
\
1
1
\
A}
1
1
1
1
\
\
\
1
1
\
1
1
\
1
)
1
\

111: Image Plane =]

Chromatic Fields Set

Data for Wavelength of 587.5 nm [1E-3 (V/m)*2]

0.63

005 01

¥ [mm]
0

0.315

<01 -0.05
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Results: Image of Grating

objective lens: Nikon
M=60X, NA=1.4

d=300nm

USE510002B2 [

126: Image Plane

Chromatic Fields Set

(=] & s

Y [mm]

Data for Wavelength of 587.5 nm [1E-3 (V/m)*2]

a

005 01

-0.1 -005

T T T T T
0.1 -0.05 (1] 005 041

<

X [mm]

>

0.1241..

0.0620...

-2..E-06
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Optical System for Inspection
of Micro-Structured Wafer



Modeling Task

Inspection objective imaging lens
- NA=0.9 - Newport SPX031AR.10
- effective focal length 2mm - effective focal length 500mm

- back focal length 750 um

beam splitter

input field

fundamental Gaussian
. go"mﬁgoan S 1 B - wavelength 266.08nm
- full divergence angle
o | 1zonm 0.075° t)

I - circularly polarized ‘
X

micro-structured wafer

image
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Results

imaging lens

input field

beam
splitter

1st diffraction

orders Ray-tracing analysis provides a fast

overview of the complete system,
including high-NA lens and grating.
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Results

behind micro-structured wafer

or #623 after Wafer #19 (R) (Field Tracing 3
Chroméatic Fields Set

nd Gene

Data for Wavelength of 266.08 nm [(V/m)*2]

¥ [mm]
0., 0 01

0.29944
0.14972
0

04 -0.2 o 0.2 4 0.6 0.8 1
X [mm]

1st diffraction
orders

Rigorous simulation of grating with

Fourier modal method (FMM) is

imbedded within the system simulation.

196

LightTrans International



Results

Chromatic Fields Set

image plane

0.018766

0.009383

Image is formed by interference of
different diffraction orders. Simulation of
complete system from input field to image 04 02 0 02 04
plane takes less than 5 seconds! i

Y [mm]
04 02 0 02 04
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Microscopy System with Structured lllumination



Modeling Task

input plane wave
wavelength 473 nm

linearly polaried . . .
with the lepimuthal objective lens: Nikon

angle 90°, 60°, 30°, 0° ) ) - M=60X,NA=1.4
collimation lens relay lens system tube lens - US6519092B2

A \ 4

L. | - - <

structured illimitation

IIWII

grating
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Results: Interference Pattern at Focal Plane

IITII

$ = 90°

u

o] 47: Focal Plane =5 (EoE
Chromatic Fields Set
Data for Wavelength of 473 nm [1E-3 (V/m)~2]
0.8288..
©
0
I
g 04144...
=
"
<
<
25 -2 -15 -1 05 @

X [um]
>

¢ = 60°

44: Focal Plane
Chromatic Fields Set

[E=E EoR &)

Y [um]
4 45 5 55 6

Data for Wavelength of 473 nm [1E-3 (V/m)"2]

0.7837...

0.3918...

25 2 -15 -1 05 g
X [um]

\ 4

¢ = 30°

41: Focal Plane
Chromatic Fields Set

[E=8 E=R &)

Y [um]
4 45 5 55 6

Data for Wavelength of 473 nm [1E-3 (V/m)~2]

0.6939...

0.3469...

25 2 15 -1 05 0
X [um]

Contrast is decreasing as the
azimuthal angle decreases.

$=0°

48: Focal Plane
Chromatic Fields Set

=R ECN )

¥ ium]
4 45 5 55 &

Data for Wavelength of 473 nm [1E-3 (V/m)~2]

T T T T T
25 2 -15 -1 05
X [um]

0.6492...

0.3246...
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Peek into VirtualLab

Edit Optical Interface Sequence

Configuration of optical setup g (] ¢ é

Achromat (Edmund Stop Fesition! ndex | Distance | Position | Type T Wedium | Comment
Optics: 49664) . QD_‘ Orientation || [ 1 Om Om  Conical Interface FDB0-W_HOYA in Home Zemax Inierf
2 3mm 2mm  Conical Interface S-LAHE3_OHARA in Hor Zemax Inierf
i |;| 4 @ | 2 26mm 5&mm  Conical Interface Air {Zemax) in Homogen Zemax Inief
4 34mm 9mm  Conical Interface S-LAHE3_OHARA in Hor Zemax Inierf
1 Sg‘uﬂ';' : 5 Smm  14mm  Conical Interface GFKTD_SUMITAin Hom Zemax Intert
6 52mm 19.2mm Conical Interface Air (Zemax) in Homegen Zemax Inief
—m— ||| | 7 150um 1935 mm Conical Interface Non-Dispersive Material Zemax Interf
=B ||[ | & 1000um 20.35mm Conical Interface LITHOTEC-CAF2_SCHI Zemax Inierf
o 3 RSt | | 9 63mm 2665mm Conical Interface J-KZFH1_HIKAR! in Hor Zemax Interf
Objective_Nikan_1.4NA_ Chamela || [ | 10 16mm 28.25mm Conical Interface Air (Zemax) in Homogen Zemax.
Sample AC254-200-B AC254-200-B (Turned) AC254-200-B  60=x_US6519092B2 Camera Detector | | 11 100um 28.35mm Conical Interface LITHOTEC-CAF2_SCH( Zemax
- 12 8mm  3535mm Conical Interface J-KZFH1_HIKARI in Hor Zemax
Gaussian Wave |;|D—|> |;|[;,- —D|;|[: :>|;|[: :>|;|[: ::sD 1o e ot ) e e
D"‘ 2 3 5 [ 7 600
0 Ray Tracing System . ‘
Analyzer Plane Coricsl  Cyindrical  Aspherical  Pohyromial  Sampled  Progra
800

Simulation Engine | Ray Tracing System Analyzer v

Ray tracing demonstration
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Laser-Based Michelson Interferometer and
Interference Fringe Exploration



Abstract

Michelson interferometer is a typical
configuration for optical interferometry.
Different configurations in the setup may
lead to different interference fringes, and
therefore it is worth of investigating the
relation between them. With the help of
non-sequential tracing technology in
VirtualLab Fusion, it is easy to set up and
to configure a Michelson interferometer,
and to visualize the interference fringe in
different situations. In this example,
several typical situations and the
corresponding fringes are demonstrated.
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Modeling Task

detector ’7

How does the interference fringe
NEICEICN change with respect to the shift and
L tilt of the movable mirror?

movable

mirror
beam PR~
splitter I
AR e Saaaaaaas .
monomode laser ] i tilt tilt I
wavelength: 635nm 1 ! 0.05 0.0 i
half-angle divergence: 2° : i ’)l /{\ ’)l > /{\ i
--“ : ’0':. 1
\‘ : ;"." i
o |
\ : I
‘\ 1 :
N |
N > D |
\ 1mm 1”"_“ |
W shift shift :

fixed mirror
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Result with Equivalent Optical Path

detector 3 7: Equivalent Optical Paths @
Chromatic Fields Set
movable =
. =
g beam mirror =
monomodade Splitter :
laser o
______________________ 3 2 1 0 1 2 3
X [mm]

Coherent superposition of two fields reflected
from planar mirrors at equivalent-path
positions gives no interference fringes.

___-_________________,
20mm
R

I
1
L)

fixed mirror
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Result with Shifted Movable Mirror

detector
movable
g beam mirror
monomoae splitter
laser

[ e s

Tmm

B e s s

fixed mirror

n 8: Movable Mirror Shifted by Tmm @

Chromatic Fields Set

Y [mm]
0

Shift of the movable mirror introduces
defocus, and therefore ring fringes are
observed at the detector plane.
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Result with Tilted Movable Mirror

detector

movable
mirror

beam

monomode splitter

laser

20mm

fixed mirror

I 9: Movable Mirror Tilted by 0.05 Degree E] (=] @

Chromatic Fields Set

Y [mm]

Tilt of the movable mirror leads to
parallel striped interference fringes are

seen at the detector plane.
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Result with Shifted and Tilted Movable Mirror

detector I3 10: Movable Mirror with Both Shift and Tkt~ | = || & | (3w
Chromatic Fields Set
movable o
mirror
""""""" ; E
I ERS
q beam i >
monomodade splitter ] .
laser : ~
i
] o™
] ’
]
]
“—> :
o lwi ] S G S
X [mm]

Combination of both shift and tilt of the
movable mirror gives rise to shifted ring
pattern in the interference fringe.

fixed mirror
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VirtualLab Technologies

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

waveguides
& fibers ~
apertures &
scatterer Maxwell boundaries

splitters SLM &

adaptive

components

diffusers ( \
diffractive
beam Fresnel, meta

micro lens & HOE, CGH,

@

lenses &
freeforms

Solver

gratings

diffractive,
lenses

freeform DOE
arrays

# I1dealized component
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Coherence Measurement Using Michelson
Interferometer and Fourier Transform Spectroscopy



Modeling Task

detector

-
Coherence property

of source Is under
Investigation!

\

fundam Gaussian
(central yAvelength 635nm)
a) bandwidth 50nm

b) bandwidth 100nm

20mm

fixed mirror

movable
mirror

20mm

shift
distance d

change of the lateral interference
fringes for different d values

()

point-wise measurement
with respect to d values
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Lateral Interference Fringes — 50nm Bandwidth

B 12: Shift Distance d = 0 =) [E- ) B~ 20: Shift Distance d = Tum =) E- ) B, 22: Shift Distance d = 2um [o ] & =)
Numerical Datz Array Numerical Datz Array Numerical Data Array
Diagram Table Value at (xy) Diagram Table Value at (xy) Diagram Table Value at {xy)
Irradiance [pW/m*2] Irradiance [pW/m*2] Irradiance [pW/m*2]
0.054 0.039 0.028
- -
E E
s 0.027 ERO 0.0195 0.014
> >
o~ o~
- -
0 0 0
4 2 0 2 4 2 0 2 4
X [mm] X “ X [mm]

Fringe contrast

changes along
L lateral position. )

fundamental Gaussian

(central wavelength 635nm)

a) bandwidth 50nm

shift
distance d
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Lateral Interference Fringes — 100nm Bandwidth

B 2: Shift Distance d=0

[ @ s

Numerical Data Array

Diagram Table

Value at (xy)

Irradiance [pW/m#2]

0.055

0.0275

[E={ 6: Shift Distance d=1um

Numerical Data Array

(o] e n)

B 7: Shift Distance d=2pm

Nm.(’ Almost NO

Y [mm]

Diagram Table Value

at ky)

Irradiance [pW/m*2]

0.0436

0.0218

Diagram Table

Value at (xy)

Irradiance

Interference
fringe visible!

J

0.0138

fundamental Gaussian

(central wavelength 635nm)

b) bandwidth: 100nm

shift
distance d

Broader spectral bandwidth leads to
shorter coherent length; and therefore
the interference fringe starts to vanish
sooner in comparison to the case with

narrower bandwidth.
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Pointwise Measurement

detector

movable
mirror

fundamental Gaussian
(central wavelength 635nm)
a) bandwidth 50nm

b) bandwidth 100nm

shift
distance d

20mm 20mm

20mm

fixed mirror

B 13: 50nm Bandwidth

(o] 2 )

Mumerical Data Array

Diagram  Table Value at x-Coordinate

Value #1: Radiometry Det... [uW/m* 2]

H ” 50nm bandwidth

0.04

0.02

T T T T T T T T T T T
T -2 il -1 0.5 (1] 0.5 1 1= 2 2.5

B} 14: 100nm Bandwidth
Mumerical Data Array

Diagram  Table Value at x-Coordinate

n 100nm bandwidth

0.04

0.02

Value #1: Radiometry Det... [uW/m* 2]

T T T T T T T T T T T
T -2 il -1 0.5 (1] 0.5 1 1= 2 2.5
Translation Delta Z (Movable Mirror #2 | Isolated Positioning) [pm]
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VirtualLab Fusion Technologies

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

waveguides
& fibers ~
_ apertures &
scatterer Field boundaries
Solver

diffractive l l
beam Fresnel, meta

micro lens & HOE, CGH,

diffusers

splitters SLM &

adaptive

components

@

lenses &
freeforms

gratings

diffractive,
lenses

freeform DOE
arrays

# I1dealized component
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Optical Coherence Scanning Interferometry



Modeling Task

Xenon lamp
black body spectrum
6200K temperature

power spectrum

1.0

0.9

0.8

380nm 750nm

s

100mm

interference

pattern

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

Y

A

Y

detector
A A
A A
achromat
Edmund optics
No. 49-664
> beam
splitter
A A
A 4 A /
fixed mirror

wwool

A

+—>

specimen
(movable)

height contour

rﬁ 0

6um

25um
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Simulated Interference Fringes

no shift of specimen 1 um shift of specimen 2um shift of specimen
I €0: 0 pm shit [E=H =R | I3 77: 1y it [E=H =R | I 78: 2 ym it [E=H =R |
Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set
Summed Data [(V/m)~2] Summed Data [(V/m)~2] Summed Data [(V/m)~2]
o] _ 48.317 o] _ 47.492 o] _ 44,136
o o o
3 3 3
g g g
o o o
E (=} 24,159 E (=} 23.746 E (=} 22.068
> > >
8 8 8
= = =
3 3 3
(=] (=] (=]
N -5..E-06 N -5..E-06 N -6..E-06
-0.01 -0.005 0 0.005 0.01 -0.01 -0.005 0 0.005 0.01
X [m] X [m]
< > < > < >

detector s

0
Xenon ‘ :ﬂ specimen (\
lamp | |
sﬁ)ft Contour lines of interference fringes
corresponds to the height contour of the
_ _ e o Beum Specimen under measurement.
fixed mirror
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VirtualLab Technologies

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

waveguides
& fibers ~
apertures &
scatterer Maxwell boundaries

splitters SLM &

adaptive

components

diffusers ( \
diffractive
beam Fresnel, meta

micro lens & HOE, CGH,

@

lenses &
freeforms

Solver

gratings

diffractive,
lenses

freeform DOE
arrays

# I1dealized component
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Fizeau Interferometer for Optical Testing



Modeling Task

detector
How does the interference
imaging fringe change for different
lens test flats?

test
flat

flat Different surface

profiles are under
investigation

beam
splitter

collimation

reference l
lens

L

spherical wave
wavelength 532nm
half-opening angle
26.6°

J

%
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Tilted Planar Surface under Observation

- .
I3 40: Fringe from Tilted Planar Surface
Chromatic Fields Set
Data for Wavelength of 532 nm [(V/m)~2]
1.81
t0n
o~
o~
detector ;

£
f=]

£

E° 0.905

>
L
g \
mn
o

tilted planar % :
0 05 1 15 2 25 3 35 4 45
surface X fmmi

Reflection from the test planar surface remain
as plane waves, but only with slightly different
direction, and therefore leading to parallel
striped fringes.

223 LightTrans International



Cylindrical Surface under Observation

A n 42: Fringe from Cylindrical Surface
Chromatic Fields Set
Data for Wavelength of 532 nm [(V/m)~2]
s 1.86
o~
o~
detector -
wn
o
E
E° 0.93
5
1
2
a0k
N
cylindrical % 5
0 0.5 1 1.5 2 2.5 3 3.5 4 4,5
surface X )

Reflected wavefront from the test cylindrical
surface gets curved in one direction, therefore
leading to parallel striped fringes but with
varying pitch.
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Spherical Surface under Observation

A 3 41: Fringe from Spherical Surface ’
Chromatic Fields Set
Data for Wavelength of 532 nm [(V/m)~2]
s 1.95

E

E° 0.975

reference spherical i o
ﬂat 0 0.5 1 1.5 2 2.5 3 3.5 4 45
surface X )
7

Spherical surface changes the reflected
wavefront in radial direction, thus the
interference fringes appears as concentric rings.
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VirtualLab Fusion Technologies

nonlinear free
space

crystals & components

anisotropic
components

waveguides
& fibers ~
scatterer _
dffusers
diffractive

beam

splitters SLM &

adaptive

components

@
(3)

Field
Solver

freeform
arrays

©

prisms,
plates,
cubes, ...

lenses &

9@ freeforms

apertures &
boundaries

diffractive,
Fresnel, meta
lenses

micro lens & HOE, CGH,

DOE

# I1dealized component
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Mach-Zehnder Interferometer



Modeling Task

reference path

3x beam expander f A How to calculate
X oo oxpam o 2mm e interference fringe with the
beam splitter possible shift and tilt of
| _>— > > > components considered?
| = = © =
He-Ne laser 1 “
fundamental Gaussian (" - - ?
wavelength 632.8nm Mlsa“gnment of Y'Y
components is -
considered. _g\ >
N—
J beam splitter
9|2mm |e
\ J
test path

(test object may tilt and/or shift)
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Interference Fringe Due to Component Tilt

7 tilt 7
H angle
> —\} > > Calculation of interference
. > pattern including element tilt
takes less than 2 seconds!
4 \
vn&lntafermceodegreeﬁlt - vnﬁ:lnterference3degreeﬁlt - vvu7:lnterfemnce5degreetilt - vn&lnterferencewdegreetilt -
0° tilt 5° tilt | 10° tilt
" |
= =
é é 2 ( 0.105
> > I
-0.5 X [mom] 0.5 -0.5 X [r;]m] 0.5
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Interference Fringe Due to Component Shift

Y Y
shift N
> ) > = Calculation of interference
> /A > pattern including element shift
takes less than 2 seconds!
{ \
vnQ:InterferenceOshift - vnﬁ:lmerference?‘”umshiﬁ N | I3 12: Interference 500um shift o vvn‘l.":lnlerfetenceﬂﬂ)pmshift e
0 shift 300pm shift _ 500pum shift 1000um shift
_ | . - -
I = e
é @ 0.095 .E,D ( O 0.105 é o ‘( ( ( 0.105
) e L || !
: X [mm] | x[mm] h x [mm] |
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Polarization Interference



Modeling Task

3x beam expander

4 A\ beam splitter

He-Ne laser
fundamental Gaussy

wavelength 632.8n Polarization
effects are of
importance here!

polarizer
(fixed)

polarizer
(rotatable)

_>| 2mm |<_

beam splitter
_)| 2mm |<_

interference

f)

How does the
interference pattern
change with respect

to the polarization
states of two arms?
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Interference Pattern Changes with Polarizer Rotation

| =

polarizer
(fixed)

polarizer
(rotatable)

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

rI:za:opegree Rotation === Ej rnzsus Degree Rotation =N S " ﬁ
Chromatic Fields Set Chromatic Fields Set
polarizer rotation by 0° polarizer rotation by 45°
0.05 0.05
E E
E © 0.025 E © 0.025
I3 26: 75 Degree Rotation @@ | I3 27: 90 Degree Rotation E]@
Chromatic Fields Set Chromatic Fields Set
polarizer rotation by 75° polarizer rotation by 90°

Y (mm]
05 -025 0 025 05

05 -025 0 025 05

X [mm]

0

—| 0.05 ; 0.05
(

Interference

disappears ooz
i completely!

05 025 0 025 05

X [mm]
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Interference Pattern Changes with Polarizer Rotation

[ 1 24 0Degree Rotaton e | : : —
Chromatic Fields Set // nz*‘"m"“"m'c’:mﬂsf:; [= ]2 ]
_ polarizer rotati y 0°
poIapzer . 0.05 _ 3
(fixed) o E -
s 8
E o 0.025 g 5
polarizer I 26: 75 Degree Rotation oo = T
(rOtatab I e) Chromatic Fields Set
polarizer rotation by 75°
I3 29: 1D Extraction from 75 Degree Rotation [al-o-] ]
F 0.05 Chromatic Fields Set
i |
Fringe contrast
= .
£ changes with

polarizer rotation.

-05 -025 O

025 05

05 025 O
X [mm]

1

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

\ Coordinate [mm]
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Interference Pattern

3 24: 0 Degree Rotation

[E=8 EcR ==

Chromatic Fields Set

polarizer
(x-direction)

polarizer
(x-direction)

Y [mm]
05 025 0 025 05

parallel polarizers

0.05

information is encoded

\
Interference

In polarization state!

0.025

& 27: 90 Degree Rotation
0 Chromatic Fields

polarizer
(y-direction)

Y [mm]
-025 0 025 05

-0.5

05 025 0 025 05

X [mm]
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Examination of Sodium D Lines with Etalon



Modeling Task

_ _ “¥yal lens
Multiple reflections [ jano - convex
HR - coating silica-spaced etalon) and corresponding ﬁ;.ﬁgi;ﬂ "
- reflectance ~ 80% interference ...

T\

- thickness =~ 530 nm
- material: Silicon Dioxide
& Titanium Dioxide

input spherical wave
- sodium D lines

@ 588.995 nm & 589.592 nm
- linearly polaried

along x direction
- half divergent angle is 2.3°

d; =70 mm d; =10 mm ds =f=100 mm

d, =1.686 mm d,=4.3mm
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Result: only Transmitted Field

B 22: Ray Distribution 3D (=8 E=E
3D View
sequential ](c)nly tranlsmlssmn e Q ¢ Dl
ray tracing rom etalon

®

L.-

10 mm \
I \
= 32: Input.Field [ ][] ] Deviation vs. Number of Back Relfections 5 39: Detector.Plane =N ol =)
Light View | Data View Light View | Data View
45% = = .
* sequential field tracing
E a0 (reference: 50 back reflections) -
% 35% é
30% ’
25%
20%
15%
_ 10% e
E E
o 5% O
5 g
™ 0% @
-2,9462 mim 3.9462 mm ° ? * € 8 10 12 1 1 1 -5.0086 mm 5.0086 mm
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Result: Transmitted Field + 2 Back Reflections

B 20: Ray Distribution 3D (=8 E=E
3D View
non-sequential multiple back reflections a Q9]
from etalon

ray tracing

® I

b

’ \
z 32: Input.Field =N == Deviation vs. Number of Back Relfections = 37: Detector.Plane =N ol =)

Light View | Data View
non-sequential field tracing

Light View | Data View a5
|

40% (reference: 50 back reflections)

35%

3.9462 mm
5.0086 mm

30%

25%
20%

15%

\";

-3.9462 mm 3.9462 mm -5.0086 mm 5.0086 mm

10%

5%

-3.9462 mm
-5.0086 mm

0%
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Result: Transmitted Field + 4 Back Reflections

B 18: Ray Distribution 3D (=8 E=E
3D View
non-sequential multiple back reflections a Q9]
from etalon

ray tracing

® I

b

’ \
z 32: Input.Field =N == Deviation vs. Number of Back Relfections = 35: Detector.Plane =R~

Light View | Data View
non-sequential field tracing

Light View | Data View a5
|

40% (reference: 50 back reflections)

35%

3.9462 mm
5.0086 mm

30%
25%
20%
15%
10%

5%

o X

-3.9462 mm 3.9462 mm -5.0086 mm 5.0086 mm

-3.9462 mm
-5.0086 mm
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Result: Transmitted Field + 6 Back Reflections

B 17: Ray Distribution 3D =N R

3D View

non-sequential multiple back reflections aQ D
ray tracing from etalon

® I

b

10 mm \
I \
= 32: Input.Field [ =] 3] Deviation vs. Number of Back Relfections 5 33: Detector.Plane =R~
Light View | Data View Light View | Data View
45% = = A
non-sequential field tracing
E a0% (reference: 50 back reflections) -
% 35% g
[3:1 30% wn
25%
20%
15%
10% \ =
o 5% O
AN g
s w B . g
-2,9462 mim 3.9462 mm ° ? * € 8 10 12 1 1 1 -5.0086 mm 5.0086 mm
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Result: Transmitted Field + 18 Back Reflections

B 9: Ray Distribution 3D (=8 E=E
3D View
non-sequential multiple back reflections a Q9]
from etalon

ray tracing

® I

b

10 mm \
’ \
z 32: Input.Field =N == Deviation vs. Number of Back Relfections = 24: Detector.Plane oo |3
Light View | Data View Light View | Data View
45% = = A
non-sequential field tracing

E 40% (reference: 50 back reflections) £
ry o 588.995 nm
E 35% g
[3:1 30% (F2]

25%

20%

15%

\
\

10% \\ e
£ \
g 5% \\ 8
3 » ~ 5 589.592 nm

-2,9462 mim 3.9462 mm ° ? * € 8 10 12 1 1 1 -5.0066 mm 5.0066 mm
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Result: HR-Coating Reflectance vs. Finesse

Coating R = 60% @ 589nm

B 31: 589 nm R = 60%
Light View Data View

5.0001749526 mm

-5.0001749526 mm

49647124407 mm

-5.0001748525 mm

Light View Zoom: 0.23837700761

e |

Coating R = 80% @ 589nm

B 30: 539 nm R = 80%
Light View Data View

5.0001749526 mm

-5.0001749526 mm

-5.0001748525 mm

Light View

B o =5

4.8647124407 mm

Zoom: 0.23837700761

I 29: 580 nm R =90% == ol
Light View Data View

X

o

o

N

o

o

i

<

o

©

(Fa]

o

o

E

-5.0073250318 mm 5.0073250318 mm

Light View Zoom: 0.13754100506

Coating R = 90% @ 589nm
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Result: HR-Coating Reflectance vs. Finesse

-1 25: Finesse vs. Reflectance ][]

Mumerical Data Array

5.0038 mm

Diagram | Table | Value at x-Coordinate

— R =60%
i 4=— R =280%
R = 90%

O

5.0017 mm

R =90%

-5.0055 mm 5.0055 mm

-5.0038 mm

Higher finesse,

higher contrast! ;:77'

4.9965 mm

-5.0017 mm

o1 02 03

)o? 08 09
=

-5.0017 mm 5.0017 mm

X [mm]

-4.9965 mm

-4.9965 mm 4.9965 mm

Extract 1D data along the diagonal line The higher reflectance, the sharper interference stripe
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VirtualLab Technologies

nonlinear free
crystals & components SPace
anisotropic

components @

waveguides
& fibers ~
_ apertures &
scatterer Field boundaries

Solver

diffusers (
diffractive
beam

splitters SLM &

micro lens & HOE,

prisms,
plates,
cubes, ...

lenses &

@ freeforms

gratings

diffractive,
Fresnel, meta
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CGH,

adaptive  fraeform DOE

components arrays
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Introduction

Optical fibers play an important role in various applications, such as telecommunication, sensing,
and lasers.

How to couple light into optical fibers with high efficiency is therefore of great concerns.

With the following topics, you may explore the possibilities of VirtualLab Fusion on solving fiber
coupling tasks, and learn about the typical workflows we recommend.

- Finding the optimal working distance for the coupling lens [Use Case]

- Evaluate the coupling efficiency with different coupling lenses [Use Case]

- Design of coupling lenses by parametric optimization [Use Case]

- Tolerance and sensitivity analysis for fiber coupling setup [Use Case]

Following the guide above, you will see the application of VirtualLab Fusion features, like
Parameter Run [Use Case] and Parametric Optimization [Use Case], in practical examples.
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Optimal Working Distance for Coupling Light into
Single-Mode Fibers



Modeling Task

coupling efficiency
to be maximized

single-mode fiber
mode field diameter = 3um

Edmund 65254
(spherical lens)
- effective focal

length 2mm

input field
fundamental Gaussian
wavelength 780nm
diameter 660 um

X

2 >

L> z optimal working distance d="?

» Is it the best solution to place the fiber end at the
ray-optics focal plane behind the lens?

* How to find the optimal working distance to
achieve maximum coupling efficiency?
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Focal Distance Found by Using Ray Tracing

Edmund 65254
(spherical lens)

m 42: Dot Diagram on Focal Plane EI\EI

Ray Distribution

Position

¥ [um]
0

d=1.561mm

Focal distance for the spherical
lens is found first by using ray
tracing in VirtualLab.

The beam diameter (RMS)
evaluated with ray tracing is
5.95um.
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Field Tracing Evaluation at Ray-Optics Focal Distance

input field Edmund 65254
fundamental Gaussian (SF}?e“t‘?al IfenS)I
wavelength 780nm - elfective Toca

coupling efficiency n=28.80%

. length 2mm i i
diameter 660 um g ! (overlap integral calculation)
X _d=1.561mm i
‘ (found by ray tracing)
V4
r N\
| 7: Intensity Distribution on Focal Plane =N Ecl = I3 2: Intensity Profile =0 =N
Chromatic Fields Set Chromatic Fields Set

intensity [1E3 (V/m)?]

7 8

8.36

418

y [um]

Field tracing in VirtualLab provide
access to the full field information at
any desired plane in the system.

intensity [1E3 (V/m)?]

1 2 3 4 5 6

T T T T T T T T T
4 -3 -2 -1 0 1 2 3 4

X [pum]
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Find Optimal Working Distance by Using Field Tracing

fundamental Gaussian

input field Edmund 65254
(spherical lens)

wavelength 780nm - effective focal

coupling efficiency n="2

diameter 660 um length 2mm i
1
. 1
<— varying -+ —>!
(from 1.5to 1.7mm)
121 15 CAUscrs\..\Fiber coupling with spherical fons Edniav] 65254 PhysicalOpiica Jpd. ParaemeserRam sin === <
Results

Start the parameter run and analyze its results

b Go!
[4] Use Cached Results for Next Run

Detector Subdetector
Varied Parameters
Fiber Coupling Efficiency #__ | Fiber Coupling Efficiency

l Iteration Siep

|Combined Output | 196 197 198 199] 200|

|

Data Array

695mm 1-.696mm 169"mm 1.-6.58‘mmA i.GQSmmA 17

——————

E=: 19: Searching Optimal Incoupling Position =n =R
Mumerical Data Array
Diagram Table Value at x-Coordinate
|
3 |
g |
g |
£ |
£ |
3 |
i |
2 |
|
1 I T T
1.55 1.6 1.65
Working Distance [mm]
A . .
7 The optimal working
-’ distance found by field

tracing is 1.585mm.
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Evaluation at Optimal Working Distance

input field Edmund 65254
; (spherical lens) . . - _
_fumjvzfcglltg' $a7u§05'nanq " effective focal coupling efficiency n=88.4%
) diame%er 660 M length 2mm (overlap integral calculation)

X ~d=1.585mm  _
‘ (found by field tracing)
V4
' A\
I 22: Intensity Distribution on Focal Plane =N = I 25: Intensity Profile =N =N <
Chromatic Fields Set Chromatic Fields Set
intensity [1E3 (V/m)?] N
21 5
) E-
™ ?/
= ™
. g = 1.05 ‘l:l—|_Jl -
The calculation of the || > _ >
. =
focal spot and the . 5 °
evaluation of the : =
. L. 4 -2 0 2 4 — e
coupling efficiency X [um] 4 32 ;[Jm]1 2 3 4
takes only 2 seconds!
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Peek into VirtualLab Fusion

Parameter Run for selected variables in system

W2 50: D:\OneDrive -...\Search the Working Distance of Fiber Incoupling Lens_Searching Optimal Distance by Field Tra... EI@
Results

Start the parameter run and analyze its results

b Gol

Use Cached Results for Next Run

lteration Step
Detector Subdetector Combined Ouiput 1 2 3 4 3

Varied Parameters Distance Before (Fiber End... | Data Array 15mm 150Tmm 1.502mm 1.503mm 1.504 mm

Fiber Coupling Eficiency # | Fiber Coupling Efficiency 7 14271%| 14219%| 142144

Data Array

n 7: Intensity Distribution on Focal Plane || @

Chromatic Fields Set

ray tracing system analysis

y [um]

intensity [1E3 (V/m)?]

Edit Fiber Coupling Efficiency

8.36

s visualization
and analysis

Detector Window and Resolution ~ Detector Function
(®) Specify Gaussian Mode Field
Geometry /
Lizrizk O Fiber NA 0.002
%M (®) Mode Field Diameter (1/€72)
Position / () Specify Customized Mode Field
Orientation
Mode Field
ol
@ ‘ [[] Efficiency Related to Incident Field of Optical System
Detector
Parameters
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Workflow Iin VirtualLab Fusion

Set up input Gaussian field
— Basic Source Models [Tutorial Video]

Import coupling lens from Zemax file
— Import Optical Systems from Zemax [Use Case]

Find focal distance using ray optics

Evaluate fiber coupling efficiency for initial working
distance with field tracing

Use Parameter Run to find optimal working distance

OPS, RF

b opticl ang

K Import to Numerical Data Amay
Imports text and images into a Data Amay
Import Harmonic Held Data from Bitmap File
= import Harmonic Feld Data from Text
= Imparts various text formats (ASCII, Field Information, PTF, Code V)
0

al
o Import Old VirtualLab Fles
= pens ¥ imports obsolete VirtualLab documerts (CA, DGR, DIAGRAM, PWF,

optical systems from Zemax ﬂ
Zemax Beam
Imparts beam files in binary format from Zem: =V
Edit Fiber Coupling Efficiency
Detector Window and Resolution  Detector Function
;@‘ @) Speci Mode
mmmmmm
e | | LS O Fiber NA 0.002
o
Position / O Specify ized Mot
uuuuuuuuuu
Mode
']
7
- [] Efficien: ted
dvo
Detector
Parameters
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https://www.youtube.com/watch?v=ck6_9DIPgFE
https://www.lighttrans.com/index.php?id=1305

VirtualLab Fusion Technologies

Edmund 65254
(spherical lens)
- effective focal

length 2mm

single-mode
fiber

nonlinear free
crystals & components SPaC€  nrigms,

anisotropic

components @

waveguides

& fibers @

scatterer - Maxwell
Solver

splitters

diffusers ( \
diffractive
beam Fresnel, meta

plates,
cubes, ...

lenses &

@ freeforms
apertures &
boundaries

gratings

diffractive,

lenses

SLM & micro lens & HOE, CGH,

adaptive
components

freeform
arrays

DOE
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Comparison of Different Lenses for Fiber Coupling



Modeling Task

input field Edmund 65254 coupling efficiency n,="?
- undamental Savesian e o) I
- wavelength 780nm - effective focal

single-mode fiber
- mode field diameter = 3um

_ : length 2mm )
diameter 660 um 9 When two lenses with the

same effective focal length
are available for fiber coupling
task, how to evaluate their
performance in terms of
coupling efficiency?

coupling efficiency n,=?
./

single-mode fiber
- mode field diameter = 3um

Edmund 64802
(aspherical lens)

- effective focal
length 2mm

input field

- fundamental Gaussian
- wavelength 780nm
- diameter 660 um

cover glass
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Simulation Results

input field Edmund 65254
fundamental Gaussian (spherical lens) ' P — 0
wavelength 780nm - effective focal Coupllng eﬂ:ICIenCy 771_884 Y0
diameter 660 ym length 2mm (overlap integral calculation)
X
I3 10: Intensity Distribution =N E=R(= I3 11: 1D Intensity Profile =N E=R(=
Chromatic Fields Set Chromatic Fields Set
intensity [1E4 (V/m)?]

]

2.1

1.5

Due to aberrations from the
spherical lens, the focal spot at the
end of the fiber deviates from a
Gaussian mode, and therefore it
leads to poor coupling efficiency.

0.5

intensity [1E4 (V/m)?]
il

=1
6]

T T T T T T T T T
-4 -3 -2 - ] 1 2 3 4

X [um]
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Simulation Results

input field
fundamental Gaussian
wavelength 780nm
diameter 660um

Aspherical lens controls the
aberrations well and that
guarantees a focal spot in
smaller size, and with Gaussian
profile that fits to the fiber.

Edmund 64802

(aspherical lens)

coupling efficiency n;=99.9%

- effective focal

length 2mm

(overlap integral calculation)

4

Chromatic Fields Set

I3 & Intensity Distribution [ ]

A\

intensity [1E4 (V/m)?]

3.72

& 7: 1D Intensity Profile

[o][® ]

Chromatic Fields Set

35

1.5 2 25 3

1

05

intensity [1E4 (V/m)?]

Field tracing
simulation of the fiber
coupling system takes
only 2 seconds.

0

T T T T T T T
-2 -1 ] 1 2 3 4

X [um]
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Peak into VirtualLab Fusion

S

Edit Optical Interface Sequence

(& "l
4 AV,
l"

§

§

nel

&

Position /
Orientation

»

Index | Distance | Position | Type Homogeneous Medium | Comment
1 Aspherical Interface D-ZLAF52LA_M_LIGHTI Zemax Interface
2 1.8922 mmr Plane Interface Air (Zemax) in Homogen Zemax Interface

8/3.22 pm

BK7_SCHOTT in Homo

nax Interface

imported lens from
Zemax file

I 6: Intensity Distribution [=x =R

Chromatic Fields Set

y [um]

intensity [1E4 (V/m)?]

1.86

visualization
and analysis

Edit Fiber Coupling Efficiency

-4 2 Detector Window and Resolution  Detector Function
X (®) Specify Gaussian Mode Field
Geometry /
Channels (O Fiber NA 0.002
(@) Mode Field Diameter (1/672)
Position / () Specify Customized Mode Field
Orientation
Mode Field =
B
m’_‘ [] Efficiency Related to Incident Field of Optical System
dvo
Detector
Parameters
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Workflow Iin VirtualLab Fusion

« Set up input Gaussian field
— Basic Source Models [Tutorial Video]

« Load different coupling lenses from Zemax files
— Import Optical Systems from Zemax [Use Case]

« Find optimal working distances for different lenses
— Optimal Working Distance for Coupling Light into Single- B2 e

Homogeneous Medium | Comment

Mode Fibers [Use Case]
and then compare their performance

2 13: C:\Users\...\Fiber coupling with spherical lens Edmun

Results
Start the parameter run and analyze its results

[ Use Cached Results for Next Run

d_65254_PhysicalOptics.lpd_ParameterRun.run

Detector | Subdetector
Varied Parameters Distance Before (Identity O.
Fiber Coupling Efficiency # .. | Fiber Coupling Efficienc:

Combined Output 196 197 198
Data Array

lteration Step
199 200

69%5mm 16%mm 1697mm 1698 mm 1639mm T o
o5 37067 | e 3565 sesea] IR

Working Distance [mm]
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https://www.youtube.com/watch?v=ck6_9DIPgFE
https://www.lighttrans.com/index.php?id=1305
https://www.lighttrans.com/index.php?id=1383

VirtualLab Fusion Technologies

Edmund 64802
(aspherical lens)

- effective focal
length 2mm

single-mode fiber

nonlinear free
crystals & components SPaC€  nrigms,

anisotropic

components @

waveguides

& fibers @

scatterer - Maxwell
Solver

splitters

diffusers ( \
diffractive
beam Fresnel, meta

plates,
cubes, ...

lenses &

: freeforms
apertures &
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gratings

diffractive,

lenses
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adaptive
components

freeform
arrays

DOE
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Parametric Optimization of Fiber Coupling Lenses



Design Task

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)?

——

single-mode fiber
- mode field diameter = 3um

coupling lens
(initial parameter from
Edmund 65254)
- effective focal

length 2mm

input field

- fundamental Gaussian
- wavelength 780nm
- diameter 660 um

7 e )l, S
. I\ ~ /I
>z t="? d=1.585mm
(fixed working distance)
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Evaluation of Initial Lens

I3 3: Intensity Distribution [ B S

Chromatic Fields Set

intensity [1E4(V/m)?]

2.1 The coupling efficiency obtained
from the initial spherical lens is not
optimal, due to mismatch to the

e mode inside the single-mode fiber.

n 4: Intensity Profile EI@

Chromatic Fields Set

initial lens parameters

- radius of curvature R=1.7mm
- conical constant k=0

- lens thickness t=0.8mm

y [um]

1.5

coupling lens
(Edmund 65254)
- effective focal

length 2mm

intensity [1E4 (V/m)3]
05

coupling efficiency n=88.4%

(overlap integral calculation)

X | X [um]

L.
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Parametric Optimization

initial lens parameters

- radius of curvature R=1.7mm
- conical constant k=0

- lens thickness t=0.8mm

n 3: Intensity Distribution
Chromatic Fields Set

==

intensity [1E4(V/m)?]

y [um]

1.05

n=88.6% /

3 4: Intensity Profile = c]
Chromatic Fields Set
~
—
g
S
£«
=2
=
<
<
LI
-
=
w
e 3
2
£
o 4
-4 2 -1 0 1 2 3 4

X [pm]

Numerical Data Array

E 37: Fiber Coupling Efficiency of Fiber Coupling v [ [ |@

Diagram Table Value at x-Coordinate

80

60

40

20

coupling efficiency

-O~J

20 40 60

optimization setup

100

aint

ensity Distribution
Chromatic Fields Set

s

y [um]

intensity [1E4(V/m)?]

3.22

1.61

parametric optimization of coupling
efficiency with downhill simplex

algorithm

I3 : Intensity Profile == Eo
Chromatic Fields Set

—
S

o
E
2w
<
w .,
-z
=
@
=
Ly
c <

o

4 -3 2 -1 0 1 2 3 4

X [pm]

optimized lens parameters

- radius of curvature R=1.704mm
- conical constant k=-0.67278

- lens thickness £=0.841mm
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Evaluation of Optimized Lens

I 8: Intensity Distribution =N EER

Chromatic Fields Set

intensity [1E4(V/m)?]

3.22
The coupling efficiency increases to
almost the ideal theoretical value

. after optimization of the lens.

n G Intensity Profile EIIEI

Chromatic Fields Set

optimized lens parameters
- radius of curvature R=1.704mm
- conical constant k=-0.67278

- lens thickness £=0.841mm ¥

y [um]

™ o

25

2

optimized
coupling lens
(conical surface)

1

intensity [1E4 (V/m)3]
1.5

05

coupling efficiency n=99.4%

(overlap integral calculation)

X [um]
I———>z

0
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Peak into VirtualLab Fusion

1 1 1 1 1 1 3 Intensity Distributi =]
parametric optimization with flexible B3 ensty Dstibuion B
Chromatic Fields Set
variables and merit functions definition . :
intensity [1E4(V/m)?]
[ 10: D:\OneDrive -...\Parametric optirmization of fiber coupling lens_Optimization.opt EI@ 5.1
Constraint Specthcabions -
Select and specify the constraints which shall be considered during optimization.
Constraint Host [Constraint Name| Use | ‘Weight | Constraint Type Value 1 Value 2 Start Value Contribution g - 1.05
Interface #1 1|Range -1E+303 mm| 1E+303 mm 1.7 mm — =2
Edmund 8525 interface #1 1 Range ~1000 1000 0 >
Interface #2 1| Range Omm| 1E+302 mm 800 pm :
Fiber Coupling | Fiber Coupling 1| Target Value 100 % 88.559 % 100 % nil\:lntensilyl"roﬁle
Chromatic Fields Set
]
&
~
E
- =
b . .
S result visualization in
H - -
~ various formats
—
= .
% S
o
£
o
4 3 2 1 1] 1 2 3 4
X [um]
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Workflow Iin VirtualLab Fusion

Set up input Gaussian field
— Basic Source Models [Tutorial Video]

Import initial coupling lens from Zemax file
— Import Optical Systems from Zemax [Use Case]

Evaluate fiber coupling efficiency with initial lens

- Optimal Working Distance for Coupling Light into
Single-Mode Fibers [Use Case]

Use Parametric Optimization to find proper
values for selected lens parameters

optimized
coupling lens
(conical surface)

|L 10: D:AOneDrive -..\Parametric optimization of fiber coupling lens_Optimization.opt

Constraint Specifhicabions
Select and specify the constraints which shall be considered during optimization.

Caonstraint Host (Constraint Name| Use | \Weight | Constraint Type Value 1 Value 2

Interface #1 1| Range -1E+303mm| 1E+303n
Eir!l'\und_EE-ZE- Interface #1 1|Range -1000 0

Interface #2 1| Range Omm| 1E+303n
Fiber Coupling | Fiber Coupling 1| Target Value 100 %

n=99.4%

(overlap integral calculation)
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VirtualLab Fusion Technologies
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(conical surface)
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diffusers ( \
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Tolerance Analysis of a Fiber Coupling Setup



Modeling Task

at designed
incoupling position
input field coupling lens v
fund tal G i (perfect alignment) . o
unwzrcsg,?gtha#gs(flnamn D B E— =>» coupling efficiency n=99.4%
diameter 660 ym single-mode fiber
X mode field diameter = 3ym
/I\—)Z
How does the coupling efficiency change lens tilt ]
with respect to alignment tolerance factors? Ve
longitudinal shift lateral "
\? shift

coupling lens

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

273



Coupling Efficiency vs. Fiber End Position Shift

input field

fundamental Gaussian

coupling lens

wavelength 780nm
diameter 660 um

L..

The coupling efficiency is
scanned with respect to the
fiber position shifts along both
axial and lateral directions.

coupling efficiency

lateral
shift

Contour plot helps with the

identification of the parameter range for
desired coupling efficiency threshold.

= o ==

Eﬂ 34: Coupling Efficiency vs. Fiber End Shifts

Numerical Data Array

Eﬂ 34: Coupling Efficiency vs. Fiber End Shifts

=N S

Numerical Data Array

Diagram

Lateral Position () [mm]

Table Walue at (xy)

0 0,005

-0,005

Fiber Coupling Efficiency [%a]

1.6

1.5 1.55 1.65

Longitudinal Position (Z) [mm]

Diagram  Table Value at fcy)

Fiber Coupling Efficiency [%]

100

50

1.57 1.59

Lengitudinal Position (Z) [mm]

1.6

1.58
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Coupling Efficiency vs. Coupling Lens Tilt

,, ‘* lens tilt

input field —
fundamental Gaussian _  EEEEEE— E=l 38: Coupling Efficiency vs. Coupling Lens Tit =
wavelength 780nm _ o Numerical Data Array
diameter 660pm Coup“ng eﬁ:ICIGnCy Diagram  Table Value at x-Coordinate
X § |
L) S
Physical-optics analysis of the -
coupling efficiency with respect 08 06 0402 0 02 04 06 08
to Iens t”t’ over 200 angIeS, Rotation #1 (about Y-£xis) (Optimized Cou... [7]
takes only 50 seconds.
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Peek into VirtualLab Fusion

multi-dimensional scanning of system parameters

Edit Fiber Coupling Efficiency X

12 5: D:\LightTrans...\Tolerance analysis of fiber coupling lens_02_Lateral and longitudinal shifts.run

(=B 5= T

Parameter Specification )
Set up the parameter(s) to be varied. /Q
Position /
Orientation
You can select one or more parameters which shall be varied as well as the resulting number of iterations. Several modes are available TS
specifying how the parameters are varied per iteration M7
dvo
Detector
Usage Mode | Scanning v Number of lterations: 1681 Perameters
o X | Show Only Varied Parameters
12 * Object Category Parameter Vary From To Steps StepSize = Original Value
= Fiber End | Basal Positioning Distance Be 1485mm 1.685mm 41 5 um
7 (Relative) Lateral Shift -10 pm 10 pm 41 500 nm

visualization of
coupling efficiency

Detector Window and Resolution  Detector Function
(®) Specify Gaussian Mode Field
) Fiber NA 0.002
@ Mode Field Diameter (1/"2)

() Specify Customized Mode Field
Mode Field

[] Efficiency Related to Incident Field of Optical System

H 34: Coupling Efficiency vs. Fiber End Shifts
Mumerical Data Array

=R EON &>

Diagram  Table Value at {xy)

Fiber Coupling Efficiency [3&]

Lateral Position () [mm]
0 0,005

-0,005

vS. tolerance factors 15 155 16 165

Longitudinal Position (Z) [mm]

100
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Workflow Iin VirtualLab Fusion

Edit Optical Interface Sequence x

Basal Posttioning  Isolated Positioning  Posttion Information (Absolute)
ﬁ‘ Posttion and Orientation
eometry

« Set up input Gaussian field
— Basic Source Models [Tutorial Video] B T

Translation Parameters Orientation Parameters

« Load fiber coupling lens e.g. from Zemax file “Q S

Reference Point to be
Used as Center Point

— Import Optical Systems from Zemax [Use Case] @ D
Function Orientation Definition Type | Sequence of Ads Rotations | ()
find the optimal working distance T e

1w s: D:\LightTrans...\Tolerance analysis of fiber coupling lens_02_Lateral and longitut

— Optimal Working Distance for Coupling Light into Single- | %ok
Mode Fibers [Use Case] Setup he parameers) o be vared

You can select one or more parameters which shall be varied as well as the resulting

or, optimize your own lens in VirtualLab e o e s e vt o

Usage Mode | Scanning v Number of Iterations: 1681

— Parametric Optimization of Fiber Coupling Lenses i

[U se Case] 12 - Ol:iec: Ca:@ Pari‘:meh Vry | ir:)m

« Use Parameter Run to scan over tolerance factors |
of concern
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category Application Use Case

- Comparison of Different Lenses for Fiber Coupling
- Parametric Optimization of Fiber Coupling Lens

further reading
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https://www.lighttrans.com/index.php?id=846
https://www.lighttrans.com/index.php?id=844

Fast Physical Optics with VirtualLab Fusion

« Fast Physical Optics does not
replace ray tracing, but enriches
our way to do optical modeling and
design.

* Ray tracing iIs embedded and
accessible.

* Physical optics simplifies
development of systematic design
workflows.

VirtualLabrusion

280 www.LightTrans.com



Our Key Messages on Modeling

#1: Make physical optics the platform in optical modeling.

VirtualLabrusion

281 www.LightTrans.com



Why Physical Optics?

Fast physical optics modeling with VirtualLab Fusion



Physical Optics Modeling and Design

-_

Physical Optics

Ray Optics

Physical optics provides the fundament of

Innovative concepts for harnessing light!

283 www.LightTrans.com



Physical Optics Enables Theoretically Solid Inclusion of ....

* Investigation of fields in focal regions

 Diffraction at apertures and of light beams

* Vectorial effects and polarization; no paraxial assumption
« Coherence phenomena and source models

« Ultrashort pulse modeling

* Interference and speckles

 Diffraction at gratings and diffractive optical elements

e Scattering effects

« Crystal and metamaterial modeling

« Nano- and microoptics

« Special effects like Gouy phase shift and Goos Hanchen shift
* Nonlinear optics

284 www.LightTrans.com



Modeling Task

rectangular grating (fused silica)
period: 450, 445, 440nm
duty cycle 50%

depth 610nm
wavelength 532nm Sample

Nﬂm»«w TR

along y direction
condenser lens objective lens tube lens
(NA=0.76) (NA=0.76) (NA=0.15)

plane wave

Physical
optics
needed

L.

How to calculate the image of the
sub-wavelength grating, taking the
grating diffraction and vectorial effect
in high-NA system into account?

285 www.LightTrans.com



Modeling Task

plane wave
wavelength 532nm
linearly polarized

Physical
optics
needed

condenser lens objel
(NA=0.76) (N7

L.

How t¢
sub-wa
grating dif
in hig

rectangular grating (fused silica)

period: 450, 445, 440nm
duty cycle 50%
depth 610nm

Investigation of fields in focal regions

Diffraction at apertures and of light beams

Vectorial effects and polarization; no paraxial assumption f
Coherence phenomena and source models

Ultrashort pulse modeling

Interference and speckles

Diffraction at gratings and diffractive optical elements
Scattering effects

Crystal and metamaterial modeling

Nano- and microoptics

Special effects like Gouy phase shift and Goos Hanchen shift
Nonlinear optics

286
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Modeling Task

plane wave
wavelength 532nm
linearly polarized
along y direction

| ‘

condenser lens objel
(NA=0.76) (N7

sample

L,
‘ How t¢
sub-wa
grating dif
in hig

rectangular grating (fused silica)

period: 450, 445, 440nm
duty cycle 50%
depth 610nm

Investigation of fields in focal regions X/
Diffraction at apertures and of light beams ;
Vectorial effects and polarization; no paraxial assumption \’
Coherence phenomena and source models
Ultrashort pulse modeling

Interference and speckles ,
Diffraction at gratings and diffractive optical elements \f
Scattering effects

Crystal and metamaterial modeling

Nano- and microoptics

Special effects like Gouy phase shift and Goos Hanchen shift

Nonlinear optics

287

www.LightTrans.com



Modeling Task

rectangular grating (fused silica)
- period: 450, 445, 440nm

S . . . dut le 50%
* Investigation of fields in focal regions \/ dgéﬁﬁgnm °

« Diffraction at apertures and of light beams \/

*  Vectorial effects and polarization; no paraxial assumption \/

« Coherence phenomena and source models Physical

+  Ultrashort pulse modeling PHB" B { ‘ » ’ optics

« Interference and speckles needed
|

« Diffraction at gratings and diffractive optical elements —
. Scattering effects ‘e lens tube lens
).76) (NA=0.15)

+  Crystal and metamaterial modeling

*  Nano- and microoptics

« Special effects like Gouy phase shift and Goos Hanchen shift  alculate the image of the

- Nonlinear optics ength grating, taking the 7
. ction and vectorial effect

in high-NA system into account?

288 www.LightTrans.com



Modeling Task

rectangular grating (fused silica)
- period: 450, 445, 440nm

- duty cycle 50%

- depth 610nm

plane wave
wavelength 532nm
linearly polarized
along y direction

sample

e Yt WK N ==

condenser lens objective lens tube lens
(NA=0.76) (NA=0.76) (NA=0.15)

L.

How to calculate the image of the
sub-wavelength grating, taking the
grating diffraction and vectorial effect
in high-NA system into account?

289

www.LightTrans.com



Modeling Task :

plane wave
wavelength 532nm
linearly polarized
along y direction

sample

Physical Physical -
optics ‘q q optics .
needed

heeded

Investigation of fields in focal regions \/ )

Diffraction at apertures and of light beams \/ /
Vectorial effects and polarization; no paraxial assumption Y |
Coherence phenomena and source models \

Ultrashort pulse modeling

Interference and speckles
Diffraction at gratings and diffractive optical elements \/
Scattering effects

Crystal and metamaterial modeling

Nano- and microoptics

Special effects like Gouy phase shift and Goos Hanchen shift
Nonlinear optics

condenser lens
(NA=0.76)

L.

| l |
objective lens tube lens
(NA=0.76) (NA=0.15)

How to calculate the image of the
sub-wavelength grating, taking the 7

grating diffraction and vectorial effect )
in high-NA system into account?

290
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Modeling Task

rectangular grating (fused silica)
- period: 450, 445, 440nm
- duty cycle 50%

plane wave - depth 610nm

wavelength 532nm sample
linearly polarized
along y direction

Physical N\t a1 B Physical A Tt | Phyﬁcal
ovtcs  J{f{} it NE= optics
needed o needed —

]

condenser lens
(NA=0.76)

objective lens
(NA=0.76)

e : N\ 7

Indication of parts of the system, where

effects obviously require physical optics.
Here and in other examples physical

optics modeling is used in entire system. |

\
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Results

input field linearly polarized
along y direction

Vectorial effect of electromagnetic field is shown in
the highly focused illumination field on the sample.

r N\
B 10: Electromagnetic Field Detector #614 after ... [-co- -2 3m) B 3 lectromagnetic Field Detector #614 after Co... |- -3-jaka) B 3 lectromagnetic Field Detector #614 after Co... |- -3-jaka)
Electric Field Electric Field Electric Field

Diagram Table Value at (xy) Diagram Table Value at (xy) Diagram Table Value at (xy)
IE,| [KV/m] E,| [kv/m] IE,| [KV/m]
0.15 5 1.5
) = = oy
3 o OO 0.075 3 .o 25 3 (=] O 0.75
> - \\ // > - > - ~—
0 0 0
2 1 0 1 2 2 41 0 1 2 2 4 0 1 2
X [um] X [um] X [um]
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Results

image plane
y gep

D

input field linearly polarized " Full physical-optics simulation of image formation of
along y direction sub-wavelength grating (modeled with FMM) in high-
NA imaging system takes less than 10 seconds.

'4 \
n 85: Image of 450 nm-Period Grating El@ n 87: Image of 445 nm-Periodi Grating El@ n 89: Image of 440 nm-Period Grating El@
Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set

8.6 1.96 2.24
= =
E 43 g (= 0.98 g = 1.12
> > >
= =
0 0 0
-10 0 10
X [mm] X [mm] X [mm]
450nm-period grating 445nm-period grating 440nm-period grating
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Imaging with Linearly Polarized Light

rectangular

grating
n?‘l: Image of Grating EI@
. . Chromatic Fields Set
input field
I 3: Input Field == =R Image of grating
Light View Data View 8.0
: | 2
o E o 4.3
0.5 > =
£
E 10 0 10 0
S linear polarization
- P | o X [mm]
-2.0028 mm 2.0028 mm
Locally Polari Summed Squared Amplitudes ~ Zoom: 31899  (79: 79)
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Imaging with Radially Polarized Light

rectangular

grating
n 73: Image of Grating E@@
. . Chromatic Fields Set
input field
I 5: Input Field == =R image of grating
Light View Data View 1.48
E 1
0.5 ;
Vector nature of light is
: .. taken into account, and T 0
% radial polarization 0 mtgrachon with grat!ng X [mm]
-1.9985 mm 18985 mm IS modeled by using
Locally P Summed Squared Amplitudes  Zoom: 0.55305  (443; 443) Fourier modal methOd.
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Imaging with Azimuthally Polarized Light

rectangular

grating
nTS\: Image of Grating EI@
Chromatic Fields Set
input field
A 7: Input Field == =R Image of grating
Light View Data View 1.01
: 1 =
- E L= 0.505
0.5 > =
£
E . 10 0 10 0
= § azimuthal polarization
- P | o X [mm]
-1.8985 mm 1.8885 mm
Locally P Summed Squared Amplitudes ~ Zoom: 0.55305 (443; 443)

296 www.LightTrans.com



Example of Multi-Scale Optical System

Example: Wafer Inspection System

x
<
N

Image plane

Physical
optics
needed

aging lens
R polarizer)

DUV-laser

50nm

§100nm

90nm  90nm  90nm 140nm
). 1 ! d

1

period size

substrate thickness = lmm

Physical
optics

125nn|

test




Base Grating Structure

90nm 90nm I90nm 140nm

<&
~

50nm J - :

100nm 125nm

“1

N
7

period size
substrate thickness = 1mm




Base Structure Analysis

Intensity Image of Grating after Polarizer in

Intensity Image of Grating after Polarizer in
Y-Direction

X-Direction

Y [mm]
Y [mm]

-0.2 -0.1 0 0.1 0.2

-0.2 -0.1 0 0.1 0.2
X [mm]

X [mm]

Simulation time few seconds




Base Grating Structure

90nm 90nm I90nm 140nm

<&
~

50nm J - :

100nm 125nm

“1

N
7

period size
substrate thickness = 1mm




Modified Grating Structure

40nm

140nm I90nm

<&
~

140nm

50nm \

100nm

N

V

“1

period size

N
e

substrate thickness = 1mm

125nm




Modified Structure Analysis

Intensity Image of Grating after Intensity Image of Grating after
Polarizer in X-Direction Polarizer in Y-Direction

Intensity Image of Grating after Polarizer in
X-Direction

Y [mm]

-0.2 -0.1 0 0.1 0.2
X [mm]

Int rizer in

YL

Y [mm]

-0.2 -0.1 0 0.1 0.2
X [mm]




Point Cloud Generation (Face ID)

L 1
di:r?qseterzzmm diametlt-;gfn?n ete‘ctor
A AN plane ]
VCSEL source P h yS | C al
Full divergence .
1 angle: 20° OptICS
|deal lenses needed
/

~ \ 4

0.2mm 5.8mm

— — Data for Wavelength of 1 um [1E-3 (V/m)~2] Data for Wavelength of 1 pm [1E-3 (V/m)*2]
- 16 16
(3] o~
E E
tm—— £° 03 £ 0
> >
f}l o~
hs v
LZ 0 0
Tmm -2 -1 0 1 2 -2 -1 0 1 2
—
X [mm] X [mm]

Ray tracing result intensity distribution on Lens2  intensity distribution on detector




Simulation Result

VCSEL source
Full divergence
angle: 20

0.2mm

Lens 1

diameter: 2mm

Lens 2

diameter: 2mm

Grating
period: 10um
diffraci

Physical
optics
needed

B8 114: Ray Distribution 3D
3D View

Ray tracing re:

sult

Detector
plane

Y [m])
0 0.2

-0.2
L}

L ]

L]

-0.4 -0.2

X [m]

dot pattern on detector plane

¥ [m]

Data for Wavelength of 1 pm [1E-5 (V/m)*2]

- 1
fend
z (+2,+3) order
o
Riad
2
[=
-+
2 0.5
Ll
- ©
E
(=
E
(=

0.124 0126 0128 013 0.132
X [m]

¥ [mm]

Data for Wavelength of 1 pm [1E-5 (V/m)*2]

- 1.2

(-1,-1) order

-G8 -5e

-60

@ 0.6

-62

-64




Simulation Result

Lens 1
diameter: 2mm

VCSEL source
Wavelength: 1um
Full divergence
angle: 20°

Lens 2
diameter: 2mm

N

Ray tracing result

Detector
plane

5.8mm v 600mm
Data for Wavelength of 1 pm [1E-3 (V/m)~2]
1.6
Y]
ﬁﬁ\___‘—_k_\_ ‘E‘
e —— E o 0.8
——% -
o
1mm 0
-2 -1 0 1 2

X [mm]

intensity distribution on Lens2

¥ [mm]

Data for Wavelength of 1 pm [1E-3 (V/m)*2]

1.58
- 0.79
0
-2 -1 0 1 2

X [mm]

-28

-30

intensity distribution on detector




Simulation Result

Lens 1
diameter: 2mm

VCSEL source J\

Wavelength: 1pm
Full divergence
angle: 20°

5.8mm

Lens 2
diameter: 2mm

Grating

period: 10pm

diffraction orders: 11 x 11

B8 104: Ray Distribution 3D
30 View

= o =

Ray tracing result

600mm

¥ [m]

0,2

-0.2

-04

Detector
plane
-
L ] - .
[ ] - . .
- . - .
LA B T
L] - L
L] * * =
. & ®
- . * "
- = ¥
L]
- . .
»
- . *
[ ]
0.4 -0.2

X [m]

dot pattern on detector plane

Y [m]

Data for Wavelength of 1 pm [1E-5 (V/m)*2]

1.12
. (+2,+3) order
= @ 0.56
! ' ! ' 1]

01225 0425 01275 013
* [m]

¥ [mm]

Data for Wavelength of 1 pm [1E-5 (V/m)*2]

- 1.2
g (-1,-1) order
o @ 0.6
| ' ' ' ' ' o




Simulation Result

DOE

period: 10um
diffraction orders: 11 x 11

Lens 1
diameter: 2mm

4

Lens 2
diameter: 2mm

VCSEL array
Number of VCSEL:
15 x 15

Full angle of single
mode: 20°

0.2mm 5.8mm

Detector
plane

600mm

K [m]

dot pattern on detector plane




Design Task

Gaussian beam

wavelength 4, 850nm
mode Hermite (0,0)
diameter 400um

Physical
optics

DOE

needed

A

beam splitter

phase level 2
NA(BTx 85)  55° x 55°
working dist. 50cm

308



Result: Phase and Target in K-Domain

target in k-domain

l 33: Target in k-domain EI@

Light View  Data View
H 1.92-10

Angular Spectrum of Hamenic Field (Globally Polarized)  Amplitude oof

Param. in one period

samp. dist. 600nNm

(6x = by)

period (py =py) 141um

Analysis

conversion 57.8%
effic.

o

Ongoing R&D:

Improved non-

paraxial DOE
design )
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Non-sequential coupling of FMM solver

Example: Reduction of numerical effort in modeling of
grating structures



Theory Background

 Global S matrix

global S \
s s(0) s
locals A Yo

§

incidence L
—_—

L

< L
reflection

transmission

( ________
incidence
(backward)

L

|

— Recursion with respect to
number of regions / layers

* Non-sequential field tracing

s s@)
locals ~ N
incidence L < > transmission
— > ] = —
[ - >
< [ < e
reflection > incidence
< ~ (backward)
[ P 7
— Recursion with respect to number of
light paths

311
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Planar Surface + Planar Surface

« Structure < Non-sequential field tracing

100 um

" B2 28 Value #3: Efficiency of Efficiency Detector v2 (R) #604 after 100... [ = | & |[mE3s]
Mumerical Data Array
Diagram  Table = Value at x-Coordinate conver g ence
| (633 nmg !
2 8 R: 96%
HZT: Value #3: Efficiency of E g &
=
Diagram  Table = Value at x-Co
o 5 10 15 20 ) 5 | 30 35
- S number of light paths
E‘\-. 9 < >
Global S matrix 2 o 3
£ 0
Eff. (T) Eff. (R) 1. 4.04%
4.04%  96% - I
5 10 15 20 25 30 35
number of light paths
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Rectangular Grating + Backside Coating

* Non-sequential field tracing

E=. 1: D:\OneDrive\..\2018-01-22_Results_Rect-Coating_TM_Transmis... | = || = |[x25s]

Mumencal Data Array

Diagram  Table Value atxCoordnate  convergence

3 1 ; i T+1: 23.6%
= - * * ®
2
% & == Efficiency (T-1)
g - Efficiency (TQ)
E = == Efficiency (T+1)
E
” | TO: 18.1%
E —=r— - - -
4 6 8 10 12 14
number of light paths
< >

... with backside coating

TO
—_—
- T-1
n=1.46 &
Global S matrix (TM)
T Eff. R Eff.
+1  236% +£1 0.762%
0 18.1% O 33.1%

313
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Rectangular + Sawtooth Grating (parallel)

« Non-sequential field tracing « ... with sawtooth coating
, T+1
B 15: DA\OneDrive\...\2018-01-22_Results_Rect-Sawtooth_TM_Trans... | = | & |[sZ3s] /Y
Mumerical Data Array 73
Diagram  Table Value at x-C convergence Jé?
N TO
o L el g - - - —_— >
T+1: 51.4%
\,
: . L T1:281% —
7 | I [ [ Eficiency 7-1) Global S matrix (TM)
- | === Efficiency (T+1)
) - == Efficiency (T0) T Eff R Eff
4 6 8 10 12 . 0 -
number of light paths 1 28.1% 1 0.65%
¢ ? o) 182% O 0.923%

+1 514% +1 0.74%
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Rectangular + Sawtooth Grating (parallel)

« Non-sequential field tracing « ... with sawtooth coating

550 nm

485
o 100 um N
K ML

T+1

E<2 15: D:\OneDrive,.\2018-01-22_Results_Rect-Sawtooth TM_Trans... | = || & |[s3m]

Mumerical Data Array

700 nm
b

Diagram  Table Value at x-Coordinate

R i - - - | (532 nm
T+1: 51.4% ==

wu 00[‘

F

=
; ) E=. 11: DA\OneDrive\..\2018-01-22_Results_Rect-Sawtooth_TM_Reflec... [ = || 1 |[e3a] \
E Numerical Data Array
*§ 2 Diagram  Table = Value at x-Coordinate
2 ¢ - T-1
) ) \ n=1.46 |
[ | | RO: 0.927% .
« || T3] e Global S matrix (TM)
Maximum Lg of i
‘ g3 R+1: 0.74% T Eff. R Eff.
3 5 Effidency (R-1) _1 281% _1 065%

Efficiency (R+1)
=m= Efficiency (RO}

— = 0 182% 0  0.923%
. Maximumn Level (Light Path Parameter | Simulation Settings) ) +1 51 .4% + l O . 740/0
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Computational Effort

« Parallel gratings

Global S matrix Non-sequential field
tracing

~M3 ~M3

(scaling with number of layers) (scaling with number of light
paths)

with M as the number of diffraction (evanescent included) orders
used in calculation

« Crossed gratings

Global S matrix Non-sequential field

tracing
3 —( M3 3

~(Mx X My) (Mx + My)

(scaling with number of layers) ~ (scaling with namber of light
paths)

X
with M, and M,, as the number of diffraction (evanescent
yt/I\> z — included) orders in both directions
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Rectangular + Sawtooth Grating (crossed)

e Structure

- Front: rectangular grating
(along x direction)

— Back: sawtooth grating
(along y direction)

e 100 um 550 nm
L

485 nm
|

Global S matrix (TM)
T Eff. R Eff.
-1,0 5.4% -1,0 57%
0,-1 4.2% 0,-1 5.8%
0,0 4.5% 0,0 13.8%
0,1 44.9% 0,1 4.6%
1,0 5.4% 1,0 57%
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Rectangular + Sawtooth Grating (crossed)

* Non-sequential field tracing (Tm)

P, 65: D:\OneDrive\...\2018-01-22_Results_Rect-OrthSawtooth0.7um_... | = || =) |[w3s|

Mumenical Data Array

Diagram Table Value at x-Coordinate

Subsets #0, #1, #2, #3, #4 (%]

40

30

20

10

convergence

- T(0, 1): 44.3%

Efficiency Ti(-1, 0

== Efficiency T(0, )
== Efficiency T(1, 0)
== Efficiency T(0, -1}
== Efficiency T(0, 1)
\ L
T T T T T T
4 6 & 10 12 14

number of light paths

Global S matrix (TM)

T Eff. R Eff.
-1,0 5.4% -1,0 5.7%
0,-1 4.2% 0,-1 5.8%
0,0 4.5% 0,0 13.8%
0,1 44.9% 0,1 4.6%
1,0 5.4% 1,0 5.7%
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Rectangular + Sawtooth Grating (crossed)

« Non-sequential field tracing (TE)

B, 82: DA\OneDrive\..\2018-01-22_Results_Rect-OrthSawtooth0.7um_... | = || B [[ss]

Mumencal Data Array

Diagram  Table Value at x-Coordinate

Subsets #0, #1, #2, #3, #4 [%)

=
o~

ut -
=

10

convergence

T(x1, 0): 18.4%
— L l
= =

-
T(0, 1): 17%

Efficiency T(-1, 0)

Efficiency T(0, 0)

== Efficiency T(1, 0)
e == Efficiency T(0, -1)
_/ - Efficiency T(0, 1)
T T T T T T
4 6 & 10 12 14

number of light paths

Global S matrix (TE)

T Eff. R Eff.
-1,0 18% -1,0 1.1%
0,-1 2.8% 0,-1 0.46%
0,0 11.9% 0,0 22.6%
0,1 17.1% 0,1 6.89%
1,0 18% 1,0 1.1%
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Rectangular + Sawtooth Grating (45° rotated)

e Structure X
T(1, 0)
- Front: rectangular grating
(along x direction) T(0, -1) /(1 )
— Back: sawtooth grating

(along x-y diagonal direction)

Global S matrix (TM)

= No common period!

=» Huge computational effort even
with approximated common period
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Rectangular + Sawtooth Grating (45° rotated)

* Non-sequential field tracing (Tm)

P, 5: D:\OneDrive\..\2018-01-22_Results_Rect-45RotSawtooth.7um._... | = || Bl |[wE3s]

MNumencal Data Array

Diagram Table Value at x-Coordinate convergence
T(-1, 0): 22.7%

- - -

" T(1, 0): 20.1%

20

-8 Efficiency T(-1, 0)
== Efficiency T(0, 0)

15

== Efficiency T(1, 0)
] : E il v N ;5 " |=m= Efficiency T(0, -1)

! === Efficiency Ti0, 1)
| - Efficiency T(-1, -1)
== Efficiency T(1, 1)

10

Subsets #0, #1, #2, #3, #4, #6, #5 [%]

S 10 1l 20 25

number of light paths

T(0, 0):
21.8%

) T(-1, 0)

Global S matrix NOT possible!

=» No common period

=» Huge computational effort even
with approximated common period
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@HTTRANS N

Advanced PSF & MTF Calculation for System with
Rectangular Aperture



Modeling Task

20mm

input plane wave

wavelength 532nm

circular shape
diameter
4mm to 10mm

/ ideal lens

rotated aperture

~ 530o

M(\((\

323




Results

X - I3 34: PSF - PSF & MTF 2607 after Ideal Lens 27 (T... [ .= ||-= | (23]
Chromatic Fields Set
L) z PSF
6.5
-
~
.E: S 3.25
=

input field v
diameter 10mm K 0

n 33: Camera Detector #6117 after Aperture 26 (T) EI@

Chromatic Fields Set

E=L 35: MTF (Two-Dimensional) - PSF & MTF #607 ... = || = |[uiae]
field behind aperture Homerica Dt Aoy

Diagram  Table Value at {xy)

MTF =2 36 MTF (Along x-Axis) - PSF & MTF 2607 after ... = || = |[mE3m]
R Numerical Data Array
o —
E Diagram  Table ~ Value at x-Coordinate
E 7
=
_ S
E o 0.5 o
—_— ] =
> > s
i £ LR
a £
@ 5
£ €=
¥ 3O e
0 =
=
2 0 2 -1 05 0 05 1
o
X [m m] Line Density X [1E3 cycles/mm] =
< >
T T T T " T T
\ 1 2 3 4 5 6 7
Line Density X [1E2 cycles/mm]
< >
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Results

X ~ [ 38: PSF - PSF & MTF #607 after Ideal Lens #7 (T... [ = |- &[]

Chromatic Fields Set
T—> z PSF

56

2.8

Y [pm]

input field
diameter 6mm R 0

n 37: Camera Detector #6171 after Aperture #6 (T) ... EI@

Chromatic Fields Set

=2 39: MITF (Two-Dimensional) - PSF & MTF 2607 ...| = || & |[3s]
H H Numerical Data Ar
field behind aperture : netics Bata ey
Diagram  Table = Value at bey)
3
MTF [=; 40: MTF (Along x-Axis) - PSF 8 MTF #607 after .. = || (=) |[iss]
n Numerical Data Array
— o E Disgram  Table ~Value at x-Coordinate
£ 2
5]
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Results

input field
diameter 4mm

n 41: Carmera Detector #6171 after Aperture #6 (T) ... EI@

Chromatic Fields Set

field behind aperture

1

0

E PSF Calculation with Rectangular Aperture.LPD

[ 42: PSF - PSF & MTF 607 after Ideal Lens #7 (T... | = |- &[]

Chromatic Fields Set
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[E=: 43: MITF (Two-Dimensional) - PSF & MTF 2607 ...| = || & |[3]

Numerical Data Array

Diagram  Table = Value at (xy)
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Analysis of Folded Imaging System with Multiple
Apertures



Modeling Task

field after passing influence on
through apertures PSF and MTF

point source
(532nm)

outcoupling
grating \ B gA----mmmmmmmmmmee
subsequent
iImaging optics
image
collimation plane
objective
(NA=0.15)
‘ ‘ incoupling
grating
waveguide
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Results

outcoupling
grating

incoupling
grating

point
source

Ray-tracing analysis provides a fast overview of
K-.i.vz the complete system in space, including
waveguide and coupling gratings.
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Results

outcoupling grating region
- centerat (15, 0mm)
- size 2.7x2.7mm

aperture of pupil

incoupling grating region
- centerat (0, 0Omm)
- size 2.7x2.7mm

¥ [mm]
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Results

outcoupling grating region
- centerat (15, 0mm)
- size 2.7x2.7mm

incoupling grating region
- centerat (0, 0mm)
- size 2.7x2.7mm

I

: i
i subsequent |
I imaging optics |
1

image
plane

Data for Wavelength of 532 nm [1E5 (V/m)~2]

~ k=]

] 15
075
; 0
001 0 001

X [mm]

PSF - >

Y [mm]
0 0.01

-0.01

v

Diagram  Table Value at (x.y)

MTF (normalized)

1
o~
(=3 0.5
o
-1..E-06
=25 [ 1 2

Line Density X [1E2 cycles/mm]

MTF

Line Density Y [1E2 cycles/mm]
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Results

outcoupling grating region
- centerat (15.5, 0mm)
- size 2.7x2.7mm

- rotated by 20°

aperture of pupil

incoupling grating region
- centerat (0, 0.7mm)
- size 2.7x2.7mm

— >
y
L» z aperture of aperture of
outcoupling incoupling
region region
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Results

outcoupling grating region
- centerat (15.5, 0mm)
- size 2.7x2.7mm

- rotated by 20°

incoupling grating region
- centerat (0, 0.7mm)
- size 2.7x2.7mm

1
subsequent i
imaging optics |

image
plane

Chromatic Fields Set

Data for Wavelength of 532 nm [1E5 (V/m)~2]

"~ o

; 1
i 0.5
3 0

Y [mm]
0 001

0.01

Diagram  Table  Value at (xy)

MTF (normalized)

1
o~
=1 0.5
o~
-5..E-06
25 ] 1 2

Line Density X [1E2 cycles/mm]
MTF

Line Density Y [1E2 cycles/mm]
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Results

= MTF (fully illuminated apertures)
© = MTF (partially illuminated apertures)
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02 04 06 08 1 1.2 14 16 18 2 22 24 26 28
Line Density X [1E2 cycles/mm]

comparison between MTFs with i |
full and partial illumination of the | subsequent |
| imaging optics |
aperture N .
image
plane

E Analysis of Folded Imaging System with Multiple Apertures.LPD

[ 24: PSF - PSF & MTF 2612 after Aperture 13 (T...[ .= | (&
Chromatic Fields Set

Data for Wavelength of 532 nm [1E5 (V/m)~2]
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Numerical Data Array
Diagram  Table ~Value at (x.y)
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Simulation Task

i

Effect on Point Spread Function (PSF)
and Modulation Transfer Function (MTF)?




Pupil Segmentation — PSF Evaluation

Diffraction
limited beam

Segmented
beam
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Non-Sequential Connection of Regional Maxwell Solver

Maxwell Solver
Prisms, ...

Maxwell Solver

Gratings, ...
Maxwell Solver

Lenses, ...

\EVOE Solver
Micro- and Nano-
structures

Maxwell Solver
Fibers, ...
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Lightpaths for Field Tracing Through System

( Components }

Detector ]

|
|
| |
| |
| |
| |
| |
|
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Lightpaths for Field Tracing Through System
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Lightpaths in Non-Sequential Modeling
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Lightpaths in Non-Sequential Modeling
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Lightpaths in Non-Sequential Modeling
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Lightpaths in Non-Sequential Modeling
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Lightpaths in Non-Sequential Modeling
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Lightpaths in Non-Sequential Modeling

345 LightTrans International



Lightpaths in Non-Sequential Modeling

¢ v e ra

I e b BT

- Wl i P e

gl

346 LightTrans International



Field tracing: Operator formalism

Field tracing diagrams

347 LightTrans International



Field Tracing Sequence per Lightpath

-

T — — — = = = — - Component/Region — —
operator B (Bidirectional

D — | = =

o N

Free space propagation 4 i N
operator P In general we deal with

| iIntegral operators in
| physical optics

Operator)
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Field Tracing Sequence per Lightpath

Seqguence of operators
per lightpath
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Field Tracing Sequence per Lightpath

/

Operators can be
applied In different

\

_mathematical domains! ,
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Electromagnetic Field Representation

- Fields are fully specified by two of six field components, that
IS with p =

« In the k-domain we have with k = (k;, k;)

(x

,Y)

Vi(p;w) =

Vi (k;w) =

(Vi(p;w), Va(psw)) -

~

(Vl(&;w), Va(k; w)) .

- Operators connect two fields via:

Vout( p; (.U)

~_out

Vi (kw)

= BV (p;w
= BVT(FL;CU

« The six field com-

ponents are defined

by:

V(r;w) =

ﬁ

[ )

x

SECES
ﬁ

N
=3

RORLR
3

€ £ €& € €

ﬁ

)
)
)
)
)
)

7
7
7
7
7
Y

AN AN AN T N TN N
ﬁ

\H:(r:w)/

- From E, and E, the

other components
can be calculated
on demand.
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Field Tracing Operators

« The operator matrices are given by:

B.. B . B.. B
B — xrax a:y) a11(1 B — ( ~CCCE ~.’17y)
(Bym Byy B’y&B Byy

« The operators B;; and B’ij are in general integral operators:

Maxwell

Solver

VU p;w) =//B(aﬁ,y,fc’,y’;w)Vi”(w’,y’;w)dw’dy’

f/out(mw)://g(km,ky,k;,k;;w)vin(k;,k;;w)dk;dk;
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Bidirectional Operators

We refer to B as the bidirectional operator, because it con-
nects the k-variables of the input and the output fields:

f/out(kmky)w)://B(kmjky,k;,k;,w)f/in(k;,k’y,w)dk’mdk;

It can be understood as the physical-optics generalization
of the Bidirectional Scattering Distribution Function (BSDF) | Solver
in ray tracing. |
Independent of the domain we refer to B-operators in field
tracing for the algorithms of regional Maxwell solvers.

The propagation operator through free space, e.g. P is a
special case of a B-operator which gets a special symbol
because of its importance.

Maxwell
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Field Tracing Sequence per Lightpath

/

Operators can be
applied In different

\

_mathematical domains! ,
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Field Tracing Diagrams

B

(1 ) )

e ——
channels s I e I )

source 1 2 detector
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Field Tracing Diagrams: Ultrashort-Pulse Modeling

— in —_out

V_L (pvt) VL (pa t)

channels
source 1 2 detector
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Field Tracing Diagrams

B

(1 ) )

e ——
channels s I e I )

source 1 2 detector
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Field Tracing Diagrams

channels w

source 1 2 detector
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Field Tracing Diagrams

(p,w)

(K, w)

channels

source 1 2 detector
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Field Tracing Diagrams

V2 (p;w
(p,w) L) >
J{ﬂ 3—'[
(K, w)\ 5 > >
channels | \ | -

|
source 1
A\ -
|
. P
—

|
I
I
I
|
|
|
[
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Field Tracing Diagrams

Free space propagation
operator P

channels ] ]
source
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Free-Space Propagation Operator: x-Domain

P

channels | |
source 1
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Free-Space Propagation Operator: x-Domain

07 P S N

Rigorous propagation in x-domain (Rayleigh-Sommerfeld integral):
out m eXp(lk nR) . l % 2/
Vo (p, z // V" (p', z0) R <1k0n ? ) ® d“p

with R = /(x — x")2 + (y — y')2 + (Az)2.

channels | |
source 1
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Free-Space Propagation Operator: x-Domain

» A AL A

TZ&A_}__ I

<\/\\/:\,—___ |
A A 11

s ‘/x\v/ | 1

Y
_JN/:,AY ///,:__~
Ly & VW
:_ Hy Y vt 1
s::_:s: ///////::___ [

W W
\ ,,:fss " San
\ 1/ ////2

9___5\ o &/é;_:
°® o
® @ ®

LightTrans International
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Free-Space Propagation Operator: k-Domain

(p;w) >

(K, W) —f— >

channels —f————}————

source 1
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Free-Space Propagation Operator: k-Domain

Rigorous propagation in k-domain:

Tout(x,2) = ViN(k, 29) X exp (u‘éz(x)Az)

~

(K’aw) I%

channels | I

source 1
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Free-Space Propagation Operator: k-Domain

e

Se°
— e
ﬂ.
—>e
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Free-Space Propagation Operator: k-Domain

e A f —)o).
P - >
e —>9
- >®
® >9
o> o
- ot
- —
- »o
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Field Tracing Sequence per Lightpath

( Aperture modeling J

= =

Free space propagation
operator P
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Propagation Through Aperture: k-Domain

V1T(p;w)
(p,w) Integral operator
F
CA%) -
P B- P
channels | |
source 1 2
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Propagation Through Aperture: x-Domain
[ Truncation: 1:1

/\ Mapping-type
in operator
Vi(pw) P g

B
(P, w)
(K, w)
channels | [—— |

source 1 2
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Switching Domains: Preferable Operators Linear in N

e.g. curved
gpaperture } surface operator
operator

(P, w) e.g. etalon
operator
(K';, (.U) - l—]—.—I—I—I—I)
P
channels

e.g. grating operator
(per order)

free-space 3 4
propagation incl. tilt
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Homeomorphic and semianalytical Fourier transform

Reducing sampling effort of Fourier transform integrals
and sampling in modeling in general



Wavefront Phase of Electromagnetic Fields

We identify in both domains the common smooth part of the
phase and separate them from the field components and ob-
tain:

Vilp,z,w) = Us(p,z, @) exp(ig(p,z,w))
— |Vy(p,z,w)|expige(p, 2, @) xpiplp, 2, @) |

~ ~

Vi(x,z,w) = Ap(x,z,w) exp (ip(x,z, w))
= |Vy(x,z,w)| exp (i&(x,z,w)) Eexp (ip(x, z, w)) J
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Example Spherical Field

Vi(p,z,w) = |Vi(p,z,w)| exp(igi(p, z, ) exp(iy(p, 2, w))

‘ 18: Spherical Wave EI@ . 18: Spherical Wavefront o |=E)
B View

ght View Data View Light View Data View

-802.52 ym 79805 pm

Globally Polarized Hamonic Field = Phase Zoom:0.8  (630; 630)
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Example Gaussian Beam in Its Waist

Vilp,z,0) = |Vi(p,z,w)| exp (ipe(p, 2, @) exp (i (p, 2, w))

/ _/

- 1: Gaussian Wave EI@ - 15: Wavefront EI@
Light View  Data View Light View Data View
1.0015 E ]
. 2

£ z

& A

-« —
un
)

0.50077

£

E

5] £

=1 o

) o

[ o

§ 0 i

-554.5% pm 550,07 pm ' .
-1.3692 mm 1.5692 mm
Globally Polarized Hamonic Field  Amplitude  Zoom: 42382 (57 57) Globally Polai Phase (Spherical Aberrations)  Zoom: 2.5765 (85: 85)
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Example Propagated Gaussian Beam

Vi(p,z,w) = [Vi(p,z,w)|exp(igi(p, z, ) exp(iY(p, 2, w))
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Example Gaussian Laguerre Beam in Waist

Vi(p,z,w) = |Ve(p,z,w)|exp(ipi(p, z,w)) exp (ip(p, z, w))

. 5 Gaussian Wave EIIEI - 5: Gaussian Wave EI ‘ 15: Wavefront EI@
Light Wiew Data View Light View Data View Light View Data View
-

E 1 c 3.1406 £
L =9 o
- o
2 2 A
o o -

@

m

0.5 -5E-4

E
E o E
o 2 £
= % 5
o i e
= ' L
o 0 N - -3.1416 =

. . -383.45 pm 38345 pum ' L
-383.45 pm 383.45 pm -1.5682 mm 1.5692 mm
Globally Polarized Harmonic Fir Amplitude  Zoom: 0.75535 (327, 327) Globally Polarized Harmonic Field Phase Zoom: 0.83792 (327, 327) Globally Polai Phase (Spherical Aberrations)  Zoom: 2.5765 (85; 85)
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Example Propagated Gaussian Laguerre Beam

Vi(p,z,w) = |Vi(p,z,w)|exp(igi(p, z, ) exp(iY(p, z,w))
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Example Propagated Gaussian Laguerre Beam

Vi(p,z,w) = [Vi(p,z,w)|exp(igi(p, z, ) exp(iy(p, 2, w))

/

B 13: Gaussian Laguerre Propagated [fo & ms) I 14: Phase Dislocation EI@ B 12: Spherical Wavefront EI

Light View Data View Light View Data View Light View  Data View

426,62 pm
43183 uym
697.31 pm

£
=
£ 5 2
= e} -
) S 8
N o 3
3 - 2 Z
: ! -802.52 pym 798.05 pm
-447.43 pm 426,62 pm -442.23 pm 431.83 pm < >

Globally Polarized Hamonic Field Amplitude  Zoom: 6.9836  (42;42) Globally P Phase (Spherical Aberrations)  Zoom: 3.1 (24; 84) Globally Polarized Hamonic Field  Phase Zoom: 0.8 (690; 630)
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General Example with Aberrations

Ve(p,z,w) =\ |Valp,z,@)| exp(ipe(p, 2 w)) exp (it (p, 2, w))

P
Arbitrary amplitude and
phase of diffractive factor.

\-
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General Example with Aberrations

¢

Vi(p,z,w) = [Vi(p,z,w)|exp(igi(p, z, w)) exp(iy(p, z,w))

— 7 7 o e = @)=
Electric Field Ray Distribution
Diagram  Table Value at x.y) Optical Path Length [m]
Phase of Ex-Component [rad] =
0.10005
" 3.1416 ©
=
o
N
o
£ g 5 0.10003
E 7..E-08 =
>
o
=
<
C,’
©°
=
v
-3.1416
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.10002
X [mm]
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Wavefront Phase of Electromagnetic Fields

We identify in both domains the common smooth part of the
phase and separate them from the field components and ob-
tain:

Vi(p,z w) = Uslp,z,w) exp i (p,2,w))
= [Vi(p, 2, w)| exp(ige(p, 2, w)) exp (i (p, z, )

Vi(k,z,w) = Ay(x,z, w) exp (ip(x, z, w))

= |Vi(x,z,w)|exp (i) (x,z, w)) exp (ip(x,z, w))

4 N
FFT requires sampling of
complex amplitude V

N /
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Wavefront Phase of Electromagnetic Fields

We identify in both domains the common smooth part of the
phase and separate them from the field components and ob-
tain:

Vi(p,z w) = Uslp,z,w) exp i (p,2,w))
= [Vi(p, 2, w)| exp(ige(p, 2, w)) exp (i (p, z, )

~

Vi(x,z,w) = Ay(x,z,w) exp (iP(x, z, w))
= |Vy(x,z,w)| exp(id;(x,z, w)) exp (iP(x, z, w))

- 0 enable fast physical optics modeling we o

must avoid sampling of strong wavefront phase
Q‘actors for Fourier transform.

/
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Modeling the Propagation Through a Stop

Spherical wave Field after stop (Amplitude)

7 o
B 117: Residual Field =R
I Sto p Light View Data View
[] 1.0078
3
&
™
0.50389
3
o0
m
-1.3896 mm 1.3776 mm 3.1989E-9
Globally Polarized Hammonic Fir Amplitude  Zoom: 0.32582 (855; 855)
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Modeling the Propagation Through a Stop

I 117 Residual Field [E=8 E=R |

Light View Data View

Spherical wave

0.50389

I Stop (p,w)

(K, w)

channels

source
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Modeling the Propagation Through a Stop

I 117 Residual Field [E=8 E=R |

Light View Data View

Spherical wave

0.50389

I Stop (p,w)

(K, w)

channels
source
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Results of Fourier Transform

(p,w)

(K, w)

channels |

source

B 117 Residual Field
Light View Data View
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Increasing NA

G:l mapping!

For strong wavefront
phase Fourier
transform performs

/
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Results of Fourier Transform

. Bl 117: Residual Field = Eoh |

- - N
—or strong wavefront

nhase we obtain
M nomeomorphism

e hetween both domains.
NG "
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Increasing NA

Bl 223: Semi-Analytical Fourier Transform [r=e]-@ -: I 216: Semi-Analytical Fourier Transf = oh B 229: Semi-Analytical Fourier T | @ Semi Iytical Fourier Transf = @
Light View  Data View Light View Data View Light View Data View Data View
1.2585 11167 10893 1.1225

£ £ E £

3 = =

% w0

8 g $ $

? X AL w w

w & @ n

=~ @ = 3

S & I A

- ° 055833 - s

L2 5.
0.62924 > 0.54497 0.56123

E = E E

8 8 8 3

+ B + +

w = w w

~ 2 @ 0

8 m E g

e N ] A

m 114 . - o
4,1169E-6 : 7.8628E-7
-1.077E+05 1/m 1.077E+05 1/m 6.8956E-7 -3.2463E+05 1/m 3.217E+05 1/m 1.5788E+06 1/m 5646E+06 1/m -6.5695E+06 1/m  6.5695E+06 1/m 8.9329€-8
< > < >

Angular Spectrum of Ham Amplitude  Zoom: 0.065407  (3551; 3559) Angular Spectrum of Hamonic Amplitude  Zoom: 0.26274  (887: 889) Angular Spectrum of Harmonic Amplitude  Zoom: 0.26274  (887; 829) Angular Spectrum of Hamoi Amplitude  Zoom: 0.11312  (2051; 2051)

389 LightTrans International



Homeomorphic Fourier Transform

* The bijective mapping characteristic can be mathematically derived by
application of the stationary phase approximation to the Fourier integral.

« That results in a formula for the homeopmorphic Fourier transform

It requires significantly less (gridless) sampling points than the FFT and
reduces the computation time drastically.

* Planes in which fields allow the homeomorphic Fourier transform are situated
In the homeomorphic field zone (HFZ). The far-field zone constitutes a
special case.

« The determination of the homeomorphic zone can be done by mathematical
criteria only.

* In VirtualLab Fusion we replace the FFT by the homeopmorphic Fourier
transform automatically when a user-defined accuracy level is reached.
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Homeomorphic Fourier Transform

/I\/Iathematics of homeomorphic Fourier\
transform quite straightforward.

Implementation challenging because of
hybrid sampling together with suitable
\ Interpolation techniques! /
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Types of Fourier Transform Algorithms in VirtualLab Fusion

« Fast Fourier Transform FFT
- Fast for weak wavefront phase

« Semianalytical Fourier transform
— Fast for wavefront phase with medium local gradient
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Linear and Quadratic Wavefront Phases

 We assume to have field components of the form
Vilp) = Uilp)exp(ir(p))
= Us(p) exp (iv"*%(p)) exp (ivg(p))
= U;*(p) exp (ivg(p))
with the polynomial phase of 2" degree
g(p) =A+B-p+Cay+D- (2%, y°)

« We assume that exp (iv4(p)) is given by its real-valued
coefficients A, B,(C'and D.
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Linear and Quadratic Wavefront Phases

o0 f 5 T
exp(cir — cox”)dr = | [ —exp
—00 €2
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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

« Homeomorphic Fourier transform (HFT)
— Accurate for strong wavefront phase

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

of Fourier Transform Techniques

=0=Fast Fourier transform (FFT)
4000
== Semi-analytical Fourier tansform (SFT)
= Homeomorphic Fourier transform (HFT)
= 3000
)
2
£
=
P
o
£ 2000
o
£
©
w
1000
0
0 0,1 0,2 03 0,4 0,5 0,6 0,7
Numerical aperture (NA) of the truncated spherical wave
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Triad of Fourier Transform Techniques

=O=Fast Fourier transform (FFT)
4000
== Semi-analytical Fourier tansform (SFT)
= Homeomorphic Fourier transform (HFT)
= 3000
é Still critical for very strong aberrations
z or astigmatic fields. Further
o .
£ 200 techniques under development!
g
w
(
1000
w—w—w—w—w—w——m—w-imf—
’ 0 0,1 0,2 \ 0,3 0,4 0,5 0,6 0,7
Numerical aperture (NA) of the truncated spherical wave
. R »
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