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Where — Who — What
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Where — Who — What

LightTrans \

distribution of
VirtualLab Fusion,
together with
distributors worldwide

technical support,
generation of
examples, seminars
and trainings

engineering projects/

WYROWSKI
PHOTONICS
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Where — Who — What

All technigues shown in this seminar
are available in
VirtualLab Fusion software

or/and as W
8l consulting & engineering services! [ SSERAET

6 www.LightTrans.com



LightTrans — Short Overview

DNA of LightTrans

Understand and exploit physical optics

effects for optical design applications

products and services

Software. Engineering. Prototyping.

core product

VirtualLab Fusion: fast physical optics

design & simulation software

7 www.LightTrans.com



What's Coming Next #1 ...

» classification of physical optics vs ray optics

» first demo of VirtualLab and its usage concept

e our view about the demands on an optical simulation & design software

e our basic simulation approach

« limitations of conventional ray tracing

8 www.LightTrans.com



Clarification of the Basics of VirtualLab

Diffractive and Geometric Branches of Physical Optics



Physical and Geometrical Optics: Traditional Understanding
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Physical and Geometrical Optics: Traditional Understanding

* Physical Optics

Physical Optics ~ Light represented by electromagnetic
fields which

— are governed by Maxwell's equations.

Ray Optics

« Geometrical/Ray Optics:
— Light is represented by mathematical
rays (with energy flux) which

— are governed by Fermat’s principle
which is mathematically expressed by

ray equation.
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Geometrical Optics for Electromagnetic Fields

Principl
Optics

ples
tics

d) edition

7th (expand

Max Born and
Emil Wolf

Electromagnetic Theory of Propagation,
Interference and Diffraction of Light

i

Foundations of geometrical optics

3.1 Approximation for very short wavelengths

THE electromagnetic field associated with the propagation of visible light is character-
ized by very rapid oscillations (frequencies of the order of 10'* s~) or, what amounts
to the same thing, by the smallness of the wavelength (of order 10-% cm). It may
therefore be expected that a good first approximation to the propagation laws in such
cases may be obtained by a complete neglect of the finiteness of the wavelength, It is
found that for many eptical problems such a procedure is entirely adequate; in fact,
phenomena which can be attributed to departures from this approximate theory (so-
called diffraction phenomena, studied in Chapter VIII) can only be demonstrated by
means of carefully conducted experiments.

The branch of optics which is characterized by the neglect of the wavelength, i.c.
that corresponding to the limiting case Ay — 0, is known as geometrical optics,” since
in this approximation the optical laws may be formulated in the language of geometry.
The energy may then be regarded as being transported along certain curves (light
rays). A physical model of a pencil of rays may be obtained by allowing the light from
a source of negligible extension to pass through a very small opening in an opaque
screen. The light which reaches the space behind the screen will fill a region the
boundary of which (the edge of the pencil) will, at first sight, appear to be sharp. A
more careful examination will reveal, however, that the light intensity near the
boundary varies rapidly but continuously from darkness in the shadow to lightness in
the illuminated region, and that the variation is not monotonic but is of an oscillatory
character, manifested by the appearance of bright and dark bands, called diffraction
fringes. The region in which this rapid variation takes place is only of the order of
n de of the wavelength. Hence, as long as this magnitude is neglected in
comparison with the dimensions of the opening, we may speak of a sharply bounded
pencil of mys.# On reducing the size of the opening down to the dimensions of the

The historical development of geometrical optics is described by M. Herzherges, Strahlenaptik (Berlin,
Springer, 1931), p. |79; Z Instrumentenkunde, 52 (1932), 429-435, 485493, 534542, C. Carntheodory,
Geomerrische Optik (Berlin, Springer, 1937) and E. Mach, The Principles of Physical Optics, A Historical
and Philoxophical Treatmens (First German edition 1913, English translation: London, Methuen, 1926;
weprinted by Dover Publications, New York, 1953).

# That the boundary becomes sharp in the limit as £, — 0 was first shown by G. KirchhofT, Forfesumgen i
Math. Phys., Vol. 2 ( Mathematische Optik) (Lexpaig, Tuebner, 1891), p. 3. See also B. B. Baker and E. T
Copson, The Mathematical Theary of Hiygens* Principle (Onford, Clarendon Press, Znd edition, 1950),
p 79, and A Sommerfeld, Optics (New York, Academic Press, 1954), §35

ie




Geometrical Optics for Electromagnetic Fields

3.1 Approximation for very short wavelengths 125

But by (38), (15) and (25),
e
T (gradSY a7

so that we finally obtain the following expressions for the ratio of the intensities at any
two points of a ray:

i

(40)

I n

the integrals being taken along the ray.™

3.1.3 Propagation of the amplitude vectors

We have seen that, when the wavelength is sufficiently small, the transport of energy
may be represented by means of a simple hydrodynamical model which may be
completely described in terms of the real scalar function S, this function being a
solution of the eikonal equation (15). According to traditional terminology, one
understands by geometrical optics this approximate picture of energy propagation,
using the concept of rays and wave-fronts. In other words polarization properties are
excluded. The reason for this restriction is undoubtedly due to the fact that the simple
laws of geometrical optics concerning rays and wave-fronts were known from experi-
ments long before the electromagnetic theory of light was established. It is, however,
possible, and from our point of view quite natural, to extend the meaning of
geometrical optics to embrace also certain geometrical laws relating to the propagation
of the “amplitude vectors® e and h. These laws may be easily deduced from the wave
equations (16)—(17).

Since S satisfies the eikonal equation, it follows that K = 0, and we see that when
ko is sufficiently large (4 small enough), only the L-terms need to be retained in (16)
and (17). Hence, in the present approximation, the amplitude vectors and the eikonal
are connected by the relations L = 0. If we use again the operator &/8t introduced by
(38), the equations L = 0 become

ge 1 2 a1
5*5 (Y‘S L (;:_‘H)L‘ ¢ (e-gradln n) grad§ = 0, (41)

oh 1( 2g_ e

— h+ (h-gradlnn) gradS = 0. (42)
i VL & or ) = g

These are the required transport equations for the variation of e and h along each ray.
The implications of these equations can best be understood by examining separately
the variation of the magnitude and of the direction of these vectors.

* It has been shown by M. Kline, Comm. Pure and Appl. Maths., 14 (1961), 473 that the intensity muuuf
may be expressed in terms of an integral which m\nhu the prm ipal radii of curvature ed
wavefronts. Kline’s formula is .mmm generalization, to inhomogeneous media, of the formula u-& See
also M. Klinc and L. W. Kay, ibid, 1

page 125

“According to traditional terminology, one
understands by geometrical optics this
approximate picture of energy propagation, using
the concept of rays and wave-fronts. In other
words polarization properties are excluded. The
reason for this restriction is undoubtedly due to the
fact that the simple laws of geometrical optics
concerning rays and wave-fronts were known from
experiments long before the electromagnetic
theory of light was established. It Is, however,
possible, and from our point of view quite natural,
to extend the meaning of geometrical optics to
embrace also certain geometrical laws relating to
the propagation of the 'amplitude vectors' E and
H.”




Physical and Geometrical Optics: Unified Theory

* Physical Optics:

— Light represented by electromagnetic
fields which

— are governed by Maxwell's equations.

Physical Optics

_ _ N Principles of
physical optics Optics

generalization of
geometric optics
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Physical and Geometrical Optics: Unified Theory

* Physical Optics:

— Light represented by electromagnetic
— = T T fields which
— are governed by Maxwell's equations.

Physical Optics

diffractive -

( geometric

— Transition between diffractive/geometric
branch fully specified and controlled by
mathematical concepts
—> diffractive and geometric field zones

Physical optics In N

geometric zones can be as
fast as ray tracing

\_ sometimes even faster! )

Ray Optics




Physical and Geometrical Optics: Unified Theory

* Physical Optics:
— Light represented by electromagnetic

diffractive - - TN fields which
— are governed by Maxwell's equations.

Physical Optics

( geometric

— Transition between diffractive/geometric
branch fully specified and controlled by
mathematical concepts
—> diffractive and geometric field zones

* VirtualLab Fusion deals with the
transitions between diffractive and
geometric branches of physical optics
automatically (steady development).

Ray Optics




Modeling and Design with Fast Physical Optics

« Compared to ray tracing no light information is lost by fast physical optics.

 Ray tracing is included in VirtualLab Fusion software on a solid base knowing about
the power and the limitations of ray optics.

« By going beyond ray tracing
— You win more information about the light in your system
— You get better insight into the performance of your system
— You can include and investigate more effects
— You can model with higher accuracy

— You are ready for new optical design concepts and by that for innovative
optical solutions
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Basics 0004 (v1.1)

Easy Setup & Simulation



Quick & Clear

No matter if it's
« Ray Tracing or Field Tracing
e In 2D or 3D,

VirtualLab allows an easy, quick and intuitiv approach to setting up and
simulating optical systems.

- Demo example with simple plane wave light source

24 www.LightTrans.com



Optical System in VirtualLab‘s Light Path View

1. To build a system
elements are just

added via

4: impleSetup_GeneralSimulation.lpd

E=R(ECR =5

1 1 d
d r a n r O &- Light Sources -
g p ' - Coordinate Break E
[~ Components
(- Ideal Components
-~ Camera Detector Plane Wave Camera Detector
(- Detectors . )
[ Analyzers N 7 =l
0 600
Xi0m
Y:0m
Ray Tracing System ESIC
Analyzer
800 B
A

2. To simulate a
system the desired
simulation engine is
chosen, then Go!

PR A

e e S Lo - T O WP LTy
i
{ Simulation Engine | Ray Tracing System Analyzer A P Go!

25
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Simple Simulation Results

BA 3 Ray Distribution 3D
3D View 2D View

Plane Wave (0)

~ % No matter, if it's conventional Ray Tracing
= or any Field Tracing method...

u 17: Virtual Screen #600 after Plane Wave #0 (-] (... EI@

Ray Distribution

... VirtualLab is comparatively easy to be used.

Paosition

¥ [mm)
0 0,333,

-0.33..,

-0.33.. 0 0.333..
X [mm]

I3 10: Camera Detector #600 after Plane Wave 20 .., E\@

Chromatic Fields Set

¥ [mm]

0.5 1] 0.5 1
X [mm]
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Requirements for an Optical Design & Simulation
Software



What Is to Be Regarded for Optical Simulations?

An optical software programm should be able to model ...

1. ... systems consisting of all kinds of
a) light sources
b) optical elements
C) detectors

2. ... the light propagation in the different regions of the system.

3. Furthermore, the design and optimization of diverse optical elements or systems is
of interest.

- What does this mean?

28 www.LightTrans.com



1.a Advanced Source Modeling

e Coherent laser beam propagation

« Partially coherent source modeling and propagation:
— Temporal coherence
— Spatial coherence

e Ultrashort pulse

e Rigorous regard
of polarization

29 www.LightTrans.com



1.b Modeling of Elements and Systems

Different elements are differently to be modeled, e.g.:

e lenses, prisms, etalons
* micro/nano/diffractive optical elements
* holographic and grin elements
e waveguides

o freeforms and scatterers

e multi-layer structures, gratings
e coatings

30 www.LightTrans.com



1.c Access to Any Light Field Parameter

* |nnovative optical design often requires accurate access to e.g.
— intensity, amplitude
— wavefront, phase
— aberrations (e.g. Zernike & Seidel)
— beam parameters
— polarization
— degree of coherence
— efficiency, power, stray light
— poynting vector, energy flow
— pulse duration, chirp, ...

« Definition of customized merit functions
» Export of laser data to Matlab ...

31 www.LightTrans.com



2. Light Propagation

Adequate light propagation models are required for diverse conditions:

 Enormous variety of different types of optical surfaces & media
— smooth freeform surfaces
— microstructured surfaces
— multilevel surfaces
— miniaturized components
— inhomogeneous media

e Simulations of Complex Systems
— varying sizes and dimensions

32 www.LightTrans.com



3. Design, Optimization & Tolerancing

analyzing

varying & reinvestigate

« diverse design approaches (IFTA, inverse design, parametric optimizations, cells array
designs, ...)

» |ocal and global optimization algorithms
« simulation series by parameter run

e position, tilt and fabrication tolerances
 Monte-Carlo simulations
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Optical Simulation Approach



Optical Areas of Application

scatterer freeforms

diffuser SLMs

DOEs, CGHs

waveguides

Hm, nm
structures _
fibers
gratings
crystals
lens arrays | .
nonlinear
_ components
prisms,
etalons, ...
free space

lenses




Simulation Approach

One modeling technique for all fields of application?

...due to diverse limitations

36
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Limitations of Simulation Approaches

Geometric Optical Solutions with Conventional Ray Tracing

Rigorous Solutions

If light is just represented by conventional rays and is propagated by geometric optical rules,
several physical optical effects cannot be regarded.

|.e. diffraction effects (deflection and energy distribution due to sharp/small structures), Fresnel
effects (interaction with media interface), polarization effects (cross talk between E, and E,) are
neglected.

Even with today‘'s PC technology: Rigorous
modeling is restricted to small volume
regards.

A rigorous modeling of entire systems is not
practical!

37

www.LightTrans.com



Benefit from All Kinds Of Available Methods

As expected, neither the most approximated nor the rigorous modeling
approach alone are suited for many of today‘s applications.

In order to simulate full optical systems we need to be able to use different
methods adapted to the particular regard — within one simulation process.

= VirtualLab‘s Approach

38 www.LightTrans.com



Optical Areas of Application: Approaches

Field Tracing

geometd
base

solutions

approximate Ray Traci ng
solutions

rigorous solutions




System Modeling and Physical Optics

 Ray Tracing is based on geometrical optics and often gives a very
good impression of more complex systems’ behaviour, too.

* Field Tracing and its diverse propagation techniques (from
geometrical to physical optical) gives you much more information.

- Geometrical optics stays an important basis and is used if
appropriate.

- Field Tracing allows to use alternative propagation methods in
case geometrical optics is not accurate enough.

Physical optics and geometrical optics
techniqgues must work smoothly together
In modern system modeling and design!

40 www.LightTrans.com



Flexibel Approach for All Kinds of Systems

detector

different modeling techniques
\

rigorous methods

+ non sequential propagations (not shown here)

including approximated &
41 www.LightTrans.com



2"d Generation Field Tracing Specifics

= 3: Ray Tracing Result 3D [E=REch ==

3D View | 2D View

Adjacent figure depicts the
concept that VirtualLab handles
the last propagation to each
detector with special regard.
Either...

« geometrically

» semi-analytically

* rigorously

The current 2" Generation Field Tracing simulation engine is the beginning of a new simulation concept.

Currently it uses geometrical optics rules in most parts of the system except for:
» a Gaussian source

» the last propagation distance

where a diffractional regard is applied if required.

VirtualLab Fusion automatically switches between these different light handling.

42
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Classic Field Tracing Techniques in VirtualLab

1. Free-space propagation

a. Spectrum of plane wave integral (SPW) /FOF Field Tracing 2nd Generation
b. Fresnelintegral for many of these methods

¢. Farfield integral we use new and more efficient

d. Geometrical optics propagation algorithmic approaches.

e.  Automatic selection operator \_ J
f. further specialised methods

Rotation operators (electromagnetic fields on arbitrary planes)
Rigorous modeling for plane interfaces, prisms, cubes etc.
Geometrical optics field tracing

Thin element approximation (TEA)

Beam propagation method (BPM) (split-step)

Fourier modal method (FMM)

Finite Element Method (FEM) (with JCMWave)

... More are added steadily ...

© 0 N O Ok WD

43 www.LightTrans.com



Benefit from Field Tracing

As the name suggests, field tracing allows to regard and evaluate the light as complex
electromagnetic field throughout the system, thus

« amplitude
 phase
data of the E field are stored.

And due to diverse applicable physical optics algorithms accurate investigations of
e polarisation

* interference

e coherence

« diffraction

effects iIs made possible and all other derivable optical quantities can be calculated.

44 www.LightTrans.com
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Ray Tracing Engine Comparison:
VirtualLab Fusion vs Code V vs Zemax

Zongzhao Wang, Tingcheng Zhang and Irfan Badar

Date: 2017, Dec, 31t

Applied Computational Optics Group, Jena

China Aerospace Science and Technology (CAST) Corporation



System

llustration (Lens System with Tilted Surface)

Code V

C\

LT e
M&Mjﬁ/ :—{‘ VY

r

T8 12: Ray Distribution 30 [r=a]rE ]

3D View 2D View
Double Gauss - U.S. Pg
Zemax

Vi rtual Lab Fusion Zemax OpticStudio 16 SP2

() L

46
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Specification of Simulation Parameters

« working wavelength: 587nm

e polarization: E,-polarized

» effective focal length: 100.00049mm

* NA of System: 0.2499

e diameter of plane input wave (entrance pupil): 50mm
 field of view (FOV): 0°

e vignetting: O

e tilt angle of 7" surface about its x-axis: -3°

47 www.lighttrans.com



Dot Diagram Comparison: Target Plane
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Precise Comparison: Positions all in Accordance

Ray position at initial plane

No. Lateral coordinates No. Lateral coordinates
(0, 15 mm) (0, 7.5 mm)
(0, -15 mm) 5 (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 um, 1.9162 mm) (56.77 um, 1.9162 mm) (56.77 um, 1.9162 mm)

49
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Ray Tracing in VirtualLab Fusion

 Ray Tracing System Analyzer

e Detector
— Spot size
— Wavefront error (Zernike polynomials)
— Focal length analyzer

e Parametric optimization

50 www.lighttrans.com



Parametric Optimization of An Achromatic Doublet



Schematic and Light Path Diagram

Light Sources

Coordinate Break
Components

Ideal Components
Camera Detector

Detectors

[+- Analyzers

Plane Wave

DL

0

Ray Tracing System
Analyzer

@

800

Achromatic Doublet
(01S) Camera Detector
= =
i 601
.X: Om .)<: om
Y:0m |¥:0m

Z 20 mm

801

Focal Length Analyzer

| 45667 mm

30 View | 2D View

Plane w{a 10T

Hromatiz O

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

>

l ¢ b :
Flane Conical Cylindrical

v

aad | [imser | [ BEEE

]| el || oo |
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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

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

53 www.lighttrans.com



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
ok ol Lrgh o [ M M M e N

Focal Length Analyzer #801 |Back Focal Length of Com_. | 49978mm  49979mm  49.978mm  49979mm 49979mm 49979 m 43,979 mm
Back Focal Length of Com._. 50.01 mm  50.011 mm 5001mm  B0.011 mm B0.0Tmm  BO.OTTm 50.011 mm

<

[,::, Create Output from Selection ] E= 7: Back Focal Length of Component #2 fora W... | = | & |
Numerical Data Array
Diagram | Table | Value at x-Coordinate <Back ot > Shaw LED

»

0.055

Back Focal Length of Componen... [m]
0.05

0,045

4 focal length )
after optimization

‘;:

100 150
Simulation Step

200

250

300

54
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Comparison of Results

Dot Diagram (initial setup) Dot Diagram (optimized)

B8 50: Camera Detector 2601 after Achromatic Do... | = || B ||u&Em| B8 51: Camera Detector 2601 after Achromatic Do... | = || B ||uEim|
Ray Distribution Ray Distribution
Position Position

Y [Mm]
Y [Him]

55 www.lighttrans.com
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Limitations of Conventional Ray Tracing



Ray & Field Tracing

ptical iviodeling
Fermat’s . Physical Maxwell’s
Principle Ray OptICS Optics Equations
AN //\
dealing with positions and directions of dealing with electromagnetic
rays and related quantities like OPL fields E and H
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Ray & Field Tracing

ptica

odeling

|

Ray Optics

Fermat’s
Principle

|

Physical
Optics

Maxwell’s
Equations

/Ray Optics Modeling ...

e gives great basic insight into light propagation.
» often sufficient for optical design, e.g. in standard lens design.

o suffers from serious limitations...

)
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Ray Tracing Concept

Source modeled by aw (Rays are traced by determining
their positions and directions.

- suitable ray bundle.
3D View 2D / ~ /

\

,< Ul

Law of refraction (conclusion from J

Fermat principle) is applied per ray.

-
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Ray Tracing Concept: Collimated Light

3D Viey

parallel rays

\

/

AL

AT

. S44itmm |
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Ray Tracing Concept: Point Source (Spherical Wave)

| divergent rays
»| Starting at -

infinitesimal
small point

61 www.LightTrans.com



Ray Tracing Limitations: Gaussian Source

3D View | 2D View

Reference Wavelength (Vacuum)
Select Achromatic Parameter:

(®) \Waist Radius (1/e"2)

Half- i
O g e

O Rayleigh Length

. B4sdimm
1
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Ray Tracing Limitations: Gaussian Source

Diffractive I

, 97047 mm

63
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Ray Tracing Limitations: Gaussian Source

3D View | 2D View

geometric field tracing.

6:-RayTracing Result 38 Connection of diffraction integral with

, 97047 mm
I 1

64
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Ray Tracing Limitations: Gaussian Source

4 .
Assumption
B 5: Ray Tracing Resuit| F1€ld i in its so-called geometric zone!

3D View :;;D View '_

 B3T0Emm

65 www.LightTrans.com



Ray Tracing Limitations: Focusing => Diffractive Zone

3D View | 2D View

L.

: =
y —
) -
. =
. =

|

Switching from GFT to diffractive
propagation (DFT)

. S44itmm |
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Ray Tracing Limitations: Vectorial Modeling

3D View .
120 V| low f# requires

vectorial treatment of
fields.

h
—
e —
R
I

N [
g =
o

) .
u |
i —

. 8441mm
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Ray Tracing Limitations: Vectorial Modeling

surfaces must be taken into account!

-
3D View | 2D View

Energy losses and polarization effects at }

. S44itmm |

68
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Ray Tracing Limitations: Energy

30 View | 2D View

How to obtain the light distribution,
e.g. the irradiance by ray tracing?

I
l
|
I
|
|
l
.

8.4441 mm
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Fresnel Effect: Reflectance for TE/TM

air vs. BK7 glass

Parameters i
Abscissale) Incidence Angle
\Wavelength 532 nm

TEPolanzation  TM Polanzation

Polarization
TEand TM

Coefficient
Reflectance

air vs. silver

40 60 80

Reflectance [%]

20

10 20 30 40
Incidence Angle a (for A=532 nm) [*]

70

80

Parameters

. Polarization
Abscissale) Incidence Angle v
TEand TM
Wavelength 532nm
Coefficient
Reflectance
TE Polanzation TM Polanzation
@© -
(=]
3
g o
= (=2
e
T
2
S
o
3 -
I -
o
T T T T T T 1 ]

10 20 30

40 50 60 70

Incidence Angle a (for A=532 nm) [°]

80




Fresnel Effect: Reflectance for TE/TM

air vs. BK7 glass air vs. silver
Farmeters : Polarization Parameters Polarization
Abscissa(e) Incidence Angle v TE o TH » Abscissale) Incidence Angle v TE and TH
\Wavelength 532 nm Wavelength 532nm
Coefficient Coefficient
TEPolarizaion  TM Polarization Fefiectance v e Polarsston 1M Polarston Reflectance
X g £
o [ a |
iR /Fresnel’s equations cannot N
o % % » w» = = | bederived/explained by 0 e M 80
Incidence Angle a (for A=532 nm) [*] Ferma.tvs prl nCI ple r A=532 nm) [°]
- regard of Fresnel losses

requires physical optics




Ray Tracing Limitations: Polarization Effects

3D View | 2D View |

.
a
a
|
a
|
)

A

Fresnel effects at interfaces does not
only influence the energy but also the
polarization.

. S44itmm |

J
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Ray Tracing Limitations: Polarization Effects

3D View | 2D View |

\JULE

The irradiance and any energy
guantity drastically depends on
Kvectorial effects for high NA systems.

. S44itmm |
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Ray Tracing Limitations: Gratings / DOE

local application of vectorial
grating response by grating

Qheory

gratings and diffractive lenses:

3.2845 mm
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Ray and Physical Optics

' '
' Physical
{ Ray Opt
ay ptics Optics

/Ray Optics Modeling ... A
e gives great basic insight into light {Demand for physical optics}
propagation. » . .
« often sufficient for optical design, e.g. in modeling and design!
standard lens design.
K suffers from serious limitations... /
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What's Coming Next #2 ...

o (different toolboxes of VirtualLab

* non-sequentiality

» fast physical optics

76
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@HTTRANS .

Basics 0013 (v2.0)

VirtualLab Toolboxes

Overview



Toolboxes

« Different toolboxes provide different functionalities. Users can select those they need.
 Each toolbox adds more tools to your VirtualLab.

* Any toolbox works also as a stand-alone software package, e.g., you may work with the
Grating Toolbox without a Starter Toolbox.

* Toolboxes work smoothly together in your VirtualLab.
Some toolboxes' power is greatly increased if combined with other toolbox(es).

» Typically customers use Starter Toolbox + additional one(s).
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VirtualLab Toolboxes

Starter Toolbox* }\
* with optional Non-Sequential Extention

[ Grating Toolbox J

Diffractive Optics
Toolbox

VirtualLab

Fusion

\ 4

[ Waveguide J

Toolbox

Laser Resonator
Toolbox

{ Lighting TooIboxJ
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Starter Toolbox (1)

Analysis and parametric optimization of optical systems including:
» refraction

 diffraction

* interference

e polarization

e coherence

e color

» ultrashort pulses (USPSs)
e coatings

allows sequential and non-sequential sim .
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Starter Toolbox (2)

You benefit in particular in different optical areas:

* micro and diffractive optics

« laser optics

« partial coherent source modeling, e.g. excimer and LED
 information and Fourier optics
* interferometry

* polarization optics

* near field optics

* high NA optics

e wavefront engineering

« ultrafast optics

e parametric optimization
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Diffractive Optics Toolbox

design and analysis of

« diffractive optical elements (DOE)
— Diffractive light diffusers
— Diffractive beam splitters
— Diffractive beam shapers
different common names:
— computer generated holograms (CGHs)
— kinoforms
— phase plates

* refractive beam shapers

82
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Grating Toolbox

» electromagnetic analysis of periodic structures
with the Fourier Modal Method (FMM):

— diffraction efficiency, near field, field inside grating and polarization analysis
— simulation of 2D & 3D periodic surface and volume gratings
— analysis of gratings with sub-wavelength features and above

 modular setup concept
e parametric optimization

83
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Laser Resonator Toolbox

e analysis of eigenmodes of stable and unstable resonators
 modeling of active media

e simulation of diffraction effects at
apertures and micro structures

e investigation of tolerances

« shaping of fundamental mode
by micro-structured mirrors

« LASCAD import
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Lighting Toolbox

e design and analysis of
grating, prism and mirror cells arrays
for light deflection:

— shaping and homogenization of
LED light

— generation of light marks
and light patterns

* Includes diffraction, interference,
and partial coherence effects
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Waveguide Toolbox enables ...

e non-sequential simulations
with many configuration options

e sSpecial waveguide component
— complete control of simulated light paths
— Inclusion of ideal and real gratings
— rigorously calculated grating efficiencies
— arbitrarly shaped & positioned grating regions *;Ta'lfye
— gratings on curved surfaces ‘, \
« powerful modeling & simulation options _/
— allow fully/partially illuminated
arbitrarily shaped apertures panel  E-Theta
— full regard of coherence effects R

e |deal for NEDs & HUDs “.

[
2
=)
g
©
=
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@HTTRANS .

Non-Sequential Optical Modeling
with VirtualLab Fusion

about the Non-Sequential Extension



Non-Sequential Extension (NSE)

Since 2018 VirtualLab introduced the so-called

Non-Sequential Extension (NSE).

VirtualLab without NSE also allows non-sequential simulations
namely by explicit specification of all light paths of interest.

- With the NSE, setting up systems and analyzing the different light paths for
iInvestigational purposes become much easier, intuitive and adjustable.
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Overview of Content

Two questions are answered and further information and examples are shown.

 Q1: What is sequential tracing?

» consequences for setup of systems

* energy regard

 Q2: How to enable & control/specify the non-sequential light paths of interest?

* some examples
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Question 1:
What is Sequential and Non-Sequential Tracing?



Optical Modeling Task

( h

Components J

L Detectors ]

91
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Optical Modeling: Sequential

92
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Optical Modeling: Non-Sequential
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Collimation System: Sequential Simulation

Chromatic Fields Set

I 53: Camera Detector 2600 after Collimation Lens 21 (T) (Field Tracing 2nd Generation... | = || =1 |[£3s|

<

)

H

— 3

N
+—1t
w
+H

l Data for Wavelength of 1.064 pm [1E-5 (V/m)~2]

--“III““‘.‘

ol

W

S

WSLD-1064-050m-1-PD

- fundamental Gaussian

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 ym between
x- and y-plane

high-NA 2 i \
laser diode L \ Y . 0.1016
Laser Components °  collimating objective lens (NA=0.63)

0.0508

| O
.5 0 0.5

-0

Perfect AR coating is assumed, so
sequential modeling is used.

X [mm]
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Collimation System: Non-Sequential Simulation

-

e

high-NA
laser diode

f .

DR
i

Laser Components
WSLD-1064-050m-1-PD

fundamental Gaussian
wavelength 1064 nm
divergence (FWHM) 20°x10°
astigmatism 11.6 um between
x- and y-plane

H:

[0 57: Camera Detector 2600 after Collimation Lens 21 (T) (Field Tracing 2nd Generation... | = || &1 |[£5s]

Chromatic Fields Set

G

/I

[T PP asaa

multiple reflections between

uncoated surfaces #4 and
#5, other surfaces are well
coated.

Simulation including interference
caused by multiple reflections between
uncoated surfaces takes 15 seconds.

v

Data for Wavelength of 1.064 pm [1E-5 (V/m)~2]

0.10263

0.10263

0.051314

5...E-09

-0.5 0 0.5
X [mm]
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Conclusion of Question 1

What is sequential and non-sequential tracing?

I
I
I
I
I
| | |
| | |
| | |
| | |
| | |
| | |
| | |
l I

» Users predefine the sequence of the « Light propagation does not follow any
components, and the light propagation sequence.
through them follows this sequence. » Light propagates through / reflects several
« Light propagates through / reflects from one times from one component.
component just once. Note: Linkages are still used, but only for the

purpose of referencing (position/orientation).
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Different Needs for Non-Sequentiality

A) for evaluation of undesired (detrimental) reflections
- ghost image effects
— stray light orders in waveguides
— ... (any back reflections between different surfaces in a system)

B) for simulation of intended (necessary) reflections
— systems with splitted light paths (e.g. any interferometer setup)
- systems with folded light paths (e.g. diverse telescope setups)
— etalons
- ... (whatever system makes use of multiple or reflected light paths)

97
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A) Unwanted Multiple Reflections / Light Paths

Setup with & without Non-Sequential Extension (NSE)



Back Reflection in Bi-Convex Lens

ray & field tracing simulation ray & field tracing simulation
with back reflections

without back reflections
12.728
i 6.3638
— . -8..E-10
04 0.6

T
-0.2 0 02

ghost image effect

12.83
6.415
3...E-08
04 0.6

www.LightTrans.com

B
E
>

X [mm]

X [mm]
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Setup in VirtualLab without Non-Sequential Extension (NSE)

without reflections

12728
o
S
E
Eo 63638
>
o
<
8.E10
0. 04 02 0 02 04 06
X [mm]

mmmmm

4 ) / \
GaussianWave Bi-Convex Lens (OIS) Camera Detector Lens Surface 1 (SOI)  Lens Surface 2 (SOI)
D D Gaussian Wave R=25mm R=-50mm
B — > >
0 1 601 [D[> g T I >
Z: 20 mm 0 1
\ _J AL Camera Detector
Lens Surface ¥(SOIl) Lens Surface 2 (SOI) 001
R=25mm(Turned) R=-50mm EELTul
. . . . > > :
seguential setup # sequential simulation ; p with only 1
. : back reflection
complex setup WAS necessary for non-sequential simulation | configured
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Setup Iin VirtualLab with Non-Sequential Extension (NSE)

without reflections

12728
o
S
E
£o 63638
>
o
<
8.E10
0. 04 02 0 02 04 06
X [mm]

mmmmm

4 ) 4 )
Gaussian Wave  Bi-Convex Lens (OIS) Camera Detector Gaussian Wave  Bi-Convex Lens (OIS) Camera Detector
D = D =
0 1 601 0 1 601
\_ J \_ J

Flag: Non-Sequential Tracing = False Flag: Non-Sequential Tracing = True

l.e. easy switching between
seguential & non-sequential simulations

difference for setup = 1 Double CLICK'!
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Energy Consideration

« collimation objective lens example
 near-eye display (NED) waveguide example



Accurate Representation of Resulting Light

—
=
——+
-

| —
Eee=e———
'_—‘-5‘4_’—
—_—
—
e e ————————
— F———
= ==
===
- =
—_——
== |
=
-—-———-__—

--mllIl‘ll“““

i
il

coherent mode #1

coherent mode #2

both coherent modes

%" _é: o 2 i o
% < ¥ <
6 4 I2 0 2 4 .- 6 4 2 ('I) 2 4 Elik | (;l
X [mm] X [mm]
* Non-sequential simulations require the T————— 0o Lot e comen
accurate consideration of energy .
conservation. K ) _
» Itis of paramount importance to know )
how much energy the different . 0 0
deflected light portions carry. s 4 2 0 2 4 6 4 2 0 2 4 s
X [mm] X [mm] 05 0 05
X [mm]
zoomed in
103
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Knowing Which Light Paths Are of Significance

Requirements for efficient
tests, designs, optimizations, simulations, (tolerance) investigations = ?

= accurate energy information + control options for light paths

(e.g. important for waveguide analyses)

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

near-eye display (NED) setup
with eye pupil extension (EPE) | -

X [mm]

Y [mm]
0

2

4
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2. Question:
How to Enable & Control
Sequential and Non-Sequential Tracing?

- Non-Sequential Tracing flag
- Channel Concept



Surface Channels

o Seftting A e Setting B e Setting C
Bare|+/+ | [ | B 6 /e, /- || -
[ ® [
* E *
LZ A & Z
645 mm 6.45 mm 6.45 mm
Surface +/+ +/- -- -+ Surface +/+ +/- -[- -+ Surface +/+ +/- -[- -[+
1st 4 1st 4 v 1st 4 v
2nd 4 2nd v 2nd v
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Surface Channels

o Setting D e Setting E
B7:+re, 11+ |4/ =N =R = B8 &: All Channels On =N =
O %;@Q<E>OEZ % %%QQ‘E O
X+ ’ s 52 %
L5y ;\Z_L» 7 "
y»l\/ 1\/»\ . Note: An activated channel
y V) = does not necessarily lead to
x / X / corresponding light path(s).
| - Lz E.g., the -/- and -/+ channel of
e e the 2" interface do not
influence the tracing, because
Surface +/+ +/-  -[- -+ Surface +/+ +/-  -[- -+ there is no backward incidence.
1st v 7 1st v v v v
2nd v 2nd 2R R A4
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Conclusion of Question 2

How to enable & control sequential and non-sequential tracing?

Property Browser
— —
= 7: - - -
E 48 Etslon Example ;EI,:F ?&Dvﬂu, - =+ || +/
1ewW
Simulation Settings - — Wl | —P

Enable Process Logging True

: >
v Generl / Pgﬁ;?:glgn d}‘;‘
Type General Optical Setup B %)
)

|lse Parameter Coupling Falze
» Environment

Air Pressure 10133 kPa
System Temperature 20 °C

+~ Field Tracing 2nd Generation
Sampling Accuracy 1

Fourier Transformation AccL 1

Mon-Sequential Tracing True e
* Mon-Sequential Tracing b
Energy Threshold 0.01 % &
Mazximum Level 100 o—pZ
Channel Resolution Accurac 1 £.45 mm

Show Only Paths That Hitz False

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

« Set the flag for Non-Sequential Tracing = True. 1st v v v
» For each surface 4 channels can be chosen to be regarded (+/+, +/-, -/-, -/+).  2n4 v
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B) Intended Multiple Reflections / Light Paths

Etalon, Interferometer, Telescope



Etalon Example

with regard of polarization of incident light



Optical Etalon

Configuration of input field
- plane wave

— polarization
a) E,-polarized
b) E,-polarized

Configuration of etalon

— cylindrical-planar

— center thickness 700 um

— cylindrical surface radius 1m

-
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Optical Etalon with Field Tracing Results

e Configuration of input field
- plane wave

— polarization
a) E,-polarized
b) E,-polarized

« Configuration of etalon
— cylindrical-planar
— center thickness 700 um
— cylindrical surface radius 1m

There is no 3rd light mode, because
the next back reflected light portion
carries no significant efficiency any more!

I 39: X Palarized Light

(o] = sl

Chromatic Fields Set

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

Y [mm]
0

1.02...

0.51...

Da.. [(v/m)~2]
025 075

0.5

1 1.5 2 25 3

Position in Section [mm]

I3 41: ¥ Polarized Light =)= =]

Chromatic Fields Set

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

Y [mm]
0

Da... [(V/m)~2]

025 075

0.5 1 1.5 2 25 3

Position in Section [mm]

a) X polarized light

b) y polarized light
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Interferometer Example

Michelson type



Michelson Interferometer Specification

camera detector

Gaussian laser beam . movable
wavelength: 632nm - mirror
waist radius (1/€2): 3mm x 3mm beam splitter -

b

fixed mirror with slight angle
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Michelson Interferometer Setup

setup without NSE

Camera Detector

<
<
\ A 4
N

mLL
o
i
-‘5.
@)
[=1]
&

Z:100 mm
Gaussian Wave |deal Beam $plitter | Plane Mirror
L

0 7
Z:1DDmm| Z100mm
Identity Opgrator

Ray Tracing System 7115

Analyzer
800

Ideal Plane Mirror

Z:100 mm |"‘

setup with NSE (*)

(*) if system is based on non-
sequential effect, and system is
build with NSE, simulation does not
make sense with deactivated NSE.

Camera Detector

-
604
zom *
Gaussian Wave Ideal Bearn Splitter Ideal Plane Mirror
L O -Or
0 1 s
Z:‘IDDmm| Z:‘IUDmm|
Ray Tracing System )
Analyzer IdEI,F’Iane Mirror
& O
7
800
7:100 mm |"
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Michelson Interferometer Simulation = Result (3D Ray Tracing)

\- 30 View
X [ ]
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Michelson Interferometer Simulation = Results (Field Tracing) 1

n 98: Camera Detector #604 after |deal Beam Splitter #1 (0] (Field Tracing 2nd Generatio... EI@
- Chromatic Fields Set
X -
n 98: Camera Detector #604 after |deal Bearn Splitter #1 (0) (Field Tracing 2nd Generatio... EI@
! y LN Chromatic Fields Set
V4 Data for Wavelength of 632 nm [(V/m)"2]
= 0.999
'
simulation time without NSE: ~3s > .
simulation time with NSE: ~ 2s B
| E
S . . I 04...
-5 0 5 T
X [mm]
: : : 2..E«
=5 0 5
real color y
[mm]

Inverse rainbow colors
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Michelson Interferometer Simulation = Results (Field Tracing) 2

X

b

simulation with
» varying distances of movable mirror
(from —600um to +600 um)

118 www.LightTrans.com



Michelson Interferometer Simulation = Results (Field Tracing) 3

3

X

b

simulation with

» varying distances of movable mirror
(from —600um to +600 um)

« and fixed mirror with slight curvature
(10m radius)
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Telescope Example

Herrig Schiefspiegler type



Modeling Task

How to calculate the point spread
function (PSF) at the detector plane,
taking the double-pass in the
telescope into consideration?

input field detector

plane wave
(point at infinity)
diameter 180mm

spherical mirror 1
- radius of curvature

. . 5140mm
spherical mirror 2

- radius of curvature
16200mm
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Ray Tracing System Analyzer Result

input field

spherical
mirror 1

spherical
mirror 2
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Field Tracing Results (PSFs) with Different Incident Angles

input field

from different directions /\
\

(0°, 0°)

Non-sequential field tracing
for the PSF calculation,
including double-pass between two mirrors,
takes less than 10 seconds

(0.4°, 0.4°)

1 30: 00, 0.0) =R ECR 5

‘Chromatic Fields Set

Data for Wavelength of 532 nm [1E8 (V/m)42]

[2=8 Eo =)

220202
Chromatic Fields Set

Data for Wavelength of 532 nm [1E8 (V/m)"2]

4.0659
~ 3.8771
<
o
fXe]
<
o0
- 8 "
= T <
E° 20329 £ 1.9385
> - g
-]
[x2}
o
o 3
&
-8..E-06 -1...E-05
-0.58 -0.56 0. 7.. 743 744 745 746
X [mm] X [mm]
Dsz 0409 [E=8EcE =5 D4 05,08 [E=8E=R 5
‘Chromatic Fields Set romatic Fields Set
Data for Wavelength of 532 nm [1E8 (V/m)~2] Data for Wavelength of 532 nm [1E8 (V/m)"2]
3.1959 1.8714
=
&
- S
=3 . o
E s E
= 1.5979 =
> > 3
&
g x =
> o
5]
=)
-4...E-06 -4...E-06
0.01544 0.01546 0.02344 0.02346
X [m] X [m]

(0.2°, 0.2°)

(0.6°, 0.6°)
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Conclusion

 VirtualLab Fusion offers both, sequential and non-sequential ray & field tracing!
— with total control of investigations of relevant light paths (energy consideration)

 Modeling of a lot of applications take advantages of non-sequential tracing.

e Further information
- www.lighttrans.com

—
(\L\IiHTTRANS

Surface +/+ +[- = -+

1st x X X
2nd X
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What Does Fast Physical Optics Mean?



Fast Physical Optics by Field Tracing

In Fast Physical Optics we comply with the following strategies:

1. Tearing: The optical system is decomposed into various regions in which different types of
specialized Maxwell solvers are applied.
—> guarantees physical optics

2. Interconnection: The solutions per region are connected (through non-sequential field
tracing) to solve Maxwell's equations in the entire system.
—> no loss of field information / accuracy

3. Choice of Domain: Field operations should be ~linear in the number of field samples N.
—> reduction of numerical effort / much faster computation

4. Special Fourier Transforms: The number of field parameters N should be minimized.
—> further reduction of numerical effort 2 making physical optics calculation really fast!
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Fast Physical Optics by Field Tracing

In Fast Physical Optics we comply with the following strategies:

1. Tearing: The optical system is decomposed into various regions in which different types of
specialized Maxwell solvers are applied.
—> guarantees physical optics
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Concept: Different Propagation Techniques (Maxwell Solvers)

* Field tracing concept

O0000 ©

[t ]

laser resonator @) ><— subsequent optical system —

L5 @

e ﬁ:ﬂz{‘?ﬂ?‘ -

laser crystal Glan polarizer waveplate

Free space: Diffraction integral
Lens & mirror: Geometrical optics
Grating: Fourier Modal Method (FMM)

Resonator: Fully vectorial Fox and Li algorithm

Crystals: fully vectorial field propagation, and include any types of
anisotropies

128
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Demonstrational Example:
Dynamics in Linear Polarization Conversion
In Uniaxial Crystals

Comparing Experimental with Our Simulation Results



Modeling Task

Y

input field

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

—> i
opt. axis

Y

calcite crystal

refractive indicies
polarizer #1 n, = 1.6558 polarizer #2
(x direction)  lens #1 ne = 1.4852 lens #2  (x/y direction)

What is the field behind the ?
second polarizer, when it is "
either along x or y direction?
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Results

polarizer #1

calcite crystal

(x direction)

\x

polarizer #2

Physical-optics simulation
of complete system
includes birefringence
and interference effects.

r

A )

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

B, 6: Electromagnetic Field Detector 2603 after Lens 22 24 (T) (Classi... | = || & |[wam]

Electric Field

[, 6 Electromagnetic Field Detector #603 after Lens #2 24 (T) (Classi... | = || =[]

Electric Field

Diagram  Table Value at fy)

polarizer #2 in x direction

1

Diagram  Table Value at (xy)

polarizer #2 in y direction

0.63
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Results

\x

calcite crystal

polarizer #1
(x direction)

polarizer #2

r

B, 6: Electromagnetic Field Detector 2603 after Lens 22 24 (T) (Classi... | = || & |[wam]

A )

[, 6 Electromagnetic Field Detector #603 after Lens #2 24 (T) (Classi... | = || =[]
Elcciric Ficld Electric Field
Diagram  Table Value at fxy) Diagram  Table ~Valus at fxy)
P & Electromagnetic Field Detedor#?li:&er:e::ﬂﬂm(C\ass\..‘ [E=REcE === Squared amp“tude Squared amp“tude
Diagram  Table ~Value at (ey) g 063
phase in selected region N
3.4
S
05 e 0315
e > ¢
E 0
> 4.
0 0
A5 -1 5 0 05 1 15 45 1 5 0 05 1 15
1 x [mm] x [mm]
X [mm] . . . .
polarizer #2 in x direction
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Fast Physical Optics by Field Tracing

In Fast Physical Optics we comply with the following strategies:

2. Interconnection: The solutions per region are connected (through non-sequential field
tracing) to solve Maxwell's equations in the entire system.
—> no loss of field information / accuracy

133 www.lighttrans.com



Interconnection of Regional Maxwell Solvers

Maxwell
solver 2

Maxwell
solver 1 :

)

|
|
I
I
Maxwell J |
|
|
|
I

solver 4

Maxwell
solver 3

Maxwell

i

|

: solver 5
|

l

VirtualLab uses equidistant and non-equidistant sampling
as well as gridded and non gridded data representations.
—> suitable data transfer and clever interpolation techniques are required
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Fast Physical Optics by Field Tracing: with Non-Sequentiality

In Fast Physical Optics we comply with the following strategies:

2. Interconnection: The solutions per region are connected (through non-sequential field

tracing) to solve Maxwell's equations in the entire system.
—> no loss of field information / accuracy

Kuhn, M.; Wyrowski, F. & Hellmann, C. (2012), Non-
sequential optical field tracing, in T. Apel & O. Steinbach,
ed., 'Finite Element Methods and Applications', Springer-
Verlag, Berlin, , pp. 257-274.

Non-Sequential Optical Field Tracing

Michael Kuhn, Frank Wyrowski. and Christian Hellmann
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Surface Channels

e Setting A Setting B
Bla/e |+ Bl s ore /| 40+
% 3 o 2
o® [
L LZ
6.45 mm £.45 mm
Surface +/+ +/- -[- -|+ Surface +/+ +/- -[- -+
1st X 1st X X
2nd X 2nd X
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Surface Channels

e Setting E

B8 & All Channels On
30 View

Surface +/+ +/- -[- -|+
1st X X X X
2nd X X X X
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Collimation System: Non-Sequential Simulation

-

e

high-NA
laser diode

f .

DR
i

Laser Components
WSLD-1064-050m-1-PD

fundamental Gaussian
wavelength 1064 nm
divergence (FWHM) 20°x10°
astigmatism 11.6 um between
x- and y-plane

H:

[0 57: Camera Detector 2600 after Collimation Lens 21 (T) (Field Tracing 2nd Generation... | = || &1 |[£5s]

Chromatic Fields Set

G

/I

[T PP asaa

multiple reflections between

uncoated surfaces #4 and
#5, other surfaces are well
coated.

Simulation including interference
caused by multiple reflections between
uncoated surfaces takes 15 seconds.

v

Data for Wavelength of 1.064 pm [1E-5 (V/m)~2]

0.10263

0.10263

0.051314

5...E-09

-0.5 0 0.5
X [mm]
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@HTTRANS .

Non-Sequential Field Tracing

Coupled Surfaces Analysis by Using Non-sequential
Field Tracing



Theory Background

e Global S matrix

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

’

incidence [
—_—

L

< L
reflection

transmission
_—

( ________
incidence
(backward)

L

|

— Recursion with respect to
number of regions / layers

* Non-sequential field tracing

s@ s(2)
locals ~A N
incidence [ < > transmission
—> ] < —
[ - >
—— [ < T
reflection > incidence
< - (backward)
[= >
— Recursion with respect to number of
light paths
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Planar Surface + Planar Surface

e Structure < Non-sequential field tracing

1aaum B2 28 Value #3: Efficiency of Efficiency Detector v2 (R) #604 after 100... [ = | & |[mE3s]
Mumerical Data Array
Diagram  Table = Value at x-Coordinate conve I'g ence
| (633 nmg !
= 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
= 2
Global S matrix S ) §
£ 0
Eff. (T) Eff. (R) _ T1:4.04%
4.04%  96% BRI
5 10 15 20 25 30 35
number of light paths
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Rectangular + Sawtooth Grating (parallel)

 Non-sequential field tracing e ... 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?
- - TO
o L_‘——I g - = o EE—
| T+1: 51.4%
N
: s o T-1:28.1% N=1.40
7 | ! | [ efficiency 1) Global S matrix (TM)
- | === Efficiency (T+1)
& — == Efficiency (TQ) T Eff R Eff
4 & ] 10 12 _ 0) - 0
number of light paths 1 28.1% 1 0.65%
< > 0 18.2% O 0.923%

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

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

4&;5 n;n 100 um S?On‘m
B T+1
P2 15: D:\OneDrive\, .\2018-01-22 Results Rect-Sawtooth TM_Trans... | = | |3 S
MNumerical Data Array EJ -
Diagram Table Value at x-Coordinate §
Q et ' - - " | (532 nm j TO
_ T+1: 51.4% — —>
e :
& Tr E=i 11: DA\OneDrive\..\2018-01-22_Results_Rect-Sawtooth_TM_Reflec... [ = || 2 |[m3m]
E Numerical Data Array
*§ 2 T Diagram Table Value at x-Coordinate T 1
T \ | n=1.46 r
| s | RO: 0.927% .
= et Global S matrix (TM)
Maximum Lg g‘
‘ g 3 R+1: 0.74% T Eff. R  Eff.
75 -1 281% -1  0.65%

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

I 0 18.2% O 0.923%
. Maximumn Level (Light Path Parameter | Simulation Settings) ) + 1 51.4% + 1 O . 740/0
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Computational Effort

o 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

Global S matrix Non-sequential field
tracing

3 3 3
~(Mx A My) ~(M.x +.My) .
(scaling with number of layers) ~ (Scaling with number of light
paths)

with M, and M,, as the number of diffraction (evanescent
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 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 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 convergence
i o o
c o - T(0, 1): 44.3%
I | Efficiency T(-1, 0)
Mmoo
:fr = == Efficiency T(0, )
i == Efficiency T(1, 0)
:; = w=  Efficiency T(0, -1)
E == Efficiency T(0, 1)
Zo |
= A\ . ”
T T T T ' I
4 6 8 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 (Tg)

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(+1, 0): 18.4%
—! i i
= -

-
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) 0. 1) /(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

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

20

15

10

. e P === = Efficiency T(0, -1)
;—B m: = === Efficiency T(0, 1)

T(-1, 0): 22.7%

" T(1, 0): 20.1%

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

e Efficiency T(-1, -1)

== Efficiency T(1, 1)

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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Fast Physical Optics by Field Tracing

In Fast Physical Optics we comply with the following strategies:

3. Choice of Domain: Field operations should be ~linear in the number of field samples N.
—> reduction of numerical effort effort / much faster computation
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Rigorous Propagation in Homogeneous Media

Different Computational Efforts

 The rigorous propagation in the x-domain 10000
(Rayleigh-Sommerfeld integral) has the 5000
complexity (i.e. numerical effort)
of N2with N ... the sampling number.

8000

7000

[ N“ operation ]

6000

5000

* Inthe k-domain the propagation reduces to
a simple product - linear in N.

« But two Fast Fourier Transforms are 3000
required (FFT & FFT1), which each 000
requires a sampling effort of N log(N).

4000

1000

i

10 20 30 40 50 60 70 80 90 100

[ 2 - Nlog(N) + N operation ]

can be extended to propagation between tilted planes

——NA2 —s—linear=N —e—N*Log(N) 2*N*Log(N)+N
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Field Tracing in Different Domains

(p:t)
bace ¢ Different domains!

(p,w) space- frequency

k-frequency

(K, w)

(K, 1)
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Field Tracing in Different Domains

(0.

/' )

In fast physical optics we

(p,w) space-frequency adapt the domain to the

modeling region to obtain
operations linear in N

when possible.
k-frequency N P J

(K, w)

_ Fourier transforms ]
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Fast Physical Optics by Field Tracing

In Fast Physical Optics we comply with the following strategies:

4. Special Fourier Transforms: The number of field parameters N should be minimized.
—> further reduction of numerical effort > making physical optics calculation really fast!

(What does it mean for the W

kFourier transform?
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Explanation for Numerical Effort

* In physical optics' algorithms a complex field representation is advantegeous (e.g. for the Fourier
transform calculations). Then field components are represented by their amplitude and phase values (A
and ¢) in the form V = A - e'¢. Thus phase modulations are handled in a 2w modulo mode.

—> To fulfill the Nyquist-Shannon sampling theorem each phase deviation of 27 radians requires at least
2-3 data points in 1D regard.

 Below the 2 modulo vs the unwraped phase representation is shown. The unwraped version
requires view data points for sufficient sampling together with a suitable interpolation.

333333

111111

uuuuuuuuuuuu
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Representation of Fields by Separately Handled Phase Factors

Vilp,z @) = [Vi(p,z,@)| exp (ige(p, 2, @) lexp (i (p,2,w))

J X

{ arbitrary amplitude and } { geometric/wavefront }

diffractive phase factor phase factor




Example: Phase Aberrations Are Handled in Geometric Factor

(p,z,w))

\

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

E‘_:'_ ter Zernike & Seide #1 (T) (Fie o || B & u Raw Data Detector #6071 after Zernike & Seidel Aberrations #1 (T) (Field Tracing Zn o || B &
Electric Field Ray Distribution
Diagram  Table Value at fx.y) Optical Path Length [m]
mponent [rad] [] o.1000s
[ 21416
E 10003
£ 7..E-08 =
=
o 10002
[mm] (mm
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Example: Spherical Field with Stop

Vi(p,z,w) =

l11TResd al Field
Light View Dat

3896 mm

Vi(p,z,w)|exp(igi(p,z,w)) exp(ig(p, z, w))

i

a

1.3776 mm

.0078

50389

1989E-9

‘ 18: Spherical Wavefront
Light View Data View

697.31 pm

-701.79 upm

-802.52 pm

798.05 pm W

Globally Polarized Hammonic Field ~ Phase  Zoom: 0.8 (650; 650)

\

p
storing spherical phase data

INn complex representation
requires fine sampling

J

- finding efficient ways to handle/store wavefront phase factors

» by analytical spherical phase factor (classic field tracing option; not always possible)
* by extracting a quadratic phase factor (semi analytical approach)
* by mapping concept (geometrical approach)
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Needed Sampling of Spherical Field with Stop

— S
Spherical phase factor vs. Sampling points
6500 —>-FFT
&
< [-Semi-Analytical FT
| | 5000
=,
2
< 3500
S .
ks
& 2000
m
n )
O0——0—0—0———0—0—H -
500 .
0 35 70 105 \__ 140 175 210/
Spherical phase factor (5-): [m™]

159 www.lighttrans.com



Example: Spherical Field with Stop

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

/ /

Bl 117: Residual Field | [sE @ B 12: Spherical Wavefront EI@

Light View  Dat Light View Data View

o]

3896 mm 1.3776 mm

697.31 pm

-701.79 upm

1989€-9 -802.52 pm 79805 pm |,

Globally Polarized Hammonic Field ~ Phase  Zoom: 0.8 (650; 650)

- finding efficient ways to hanlde/store wavefront phase factors

» by analytical spherical phase factor (classic field tracing option; not always possible)
* by extracting a quadratic phase factor (semi analytical approach)
[- by mapping concept (geometrical approach) ]
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Results of Fourier Transform

I|17R= idual Field =S EoR <=

Vilp,z,w) = |Vy(p,z,w)| exp(igs(p, z,w))exp (ip(p, z, w)) |

spherical wavefront

vvvvvvv

.3896 mm .1989E-9

initial field with spherical phase > FT

spherical wavefront with decreasing radius of curvature; increasing NA

weak wavefront factor strong wavefront factor

-223:' i lytical Fourier ow|[-E @ -215“ i-Analytical Fourier | = |‘ = ‘ -Z&Smi-Analy‘ti(alFourie'Transfnrm =N ‘@ -239:‘ i-Analytical Fourier Transf =2 E] |@
Light View  Data View Light View Data View Light View Data View Light View  Data View
11167 1.0899
E s 3 £
= = =
= wn
. 8 o w
Fourier : ; Z
+ w w w
w = [} n
~ 2 @© )
3 & G 3
t f - - 0.55833 - 4 =
2 5.
ranstorm 052924 : 05447
£ E £ £
= - = =
results : s :
+ &5 + +
& w & &
~ b4 @ v
S m = 3
= o & 2
. i 4.1169E-6 i 7.8628E-7 o
-1.077e 77E+05 1/m 6.8956E-7 -3.2463E+05 1/m 3.217E+05 1/m 1.5788E+06 1/m  1.5646E+06 1/m 5695E+06 1/m  6.5695E+ 8.9329E-8
< >
Anguiar Spectrum of Hamm Amplitude  Zoom: 0.065407  (3551; 3559) Anguiar Spectrum of Hamonic Amplitude  Zoom: 0.26274  (887. 889) Anguiar Spectrum of Harmonic Amplitude  Zoom: 0.26274  (887: 889) Angular Spectrum of Hamor Amplitude  Zoom: 011312 (2051: 2051)
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Types of Fourier Transforms for Field without Diffractive Factor

Regular FFT: Requires sampling of full phase information according to Nyquist- Shannon
theorem (number of sampling points NN¥a(3)).
—> suited for weak wavefront phase factors only.

Semi-Analytical FFT: Can analytically handle a wavefront phase represented by
Yi(x,y) =A+B-(x;y)+C-x-y+ D-(x?%y?), thus up to a quadratic phase factor. Only
the remaining/residual phase differences need to be sampled (number of sampling points
NNyq(wreS))_
-> suited for weak to moderate wavefront phase factors.

Geometric FT: wavefront can be sampled in its unwrapped real (non-complex) data

representation N ().
—> suited for fields with strong wavefront phase factors.

‘ Minimization of N enables fast physical optics!
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Triad of Fourier Transform Techniques

Spherical phase factor vs. Sampling points
6500 | o FFT

,-':’ --Semi-Analytical FT

| 5000

=

@

< 3500

&

=

S 2000

o

w

500 >
0 35 70 105 140 175 210
Spherical phase factor (5-): [m™]
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Triad of Fourier Transform Techniques

Spherical phase factor vs. Sampling points

8500 | o ppr

-[1-Semi-Analytical FT

5000

3500

2000

Sampling Paints [V, — &)

0 35 70 105 140 175 210
Spherical phase factor (%): [m=1]

« Techniques have been implemented in 2" generation field tracing engine in
VirtualLab Fusion.

« Algorithm is based on a hybrid sampling: combination of equidistant sampling,
non-equidistant sampling, analytical expressions.

e Automatic selection of techniques per operation.
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Fast Physical Optics Modeling Zones

Physical Optics Modeling

Diffractive Field Zone (DFZ)

Geometric Field Zone (GFZ)

~

165
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Fast Physical Optics Modeling Zones

Physical Optics Modeling

~

Diffractive Field Zone (DFZ) : Geometric Field Zone (GF2)

o\| [[yes

Is the geometric Fourier transform
accurate enough for application?

166 www.lighttrans.com



Fast Physical Optics Modeling Zones

Physical Optics Modeling

~

Diffractive Field Zone (DFZ) ! Geometric Field Zone (GFZ2)

modeling governed modeling governed
by N9 (3pres) § by N ()
K Semi-analytical FFT Geometric FT /

N@) « NWa@pres) « NWa(y)
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Field Zones in Fast Physical Optics

along z-axis through its focus

> 2
propagation
/ \direﬂion »

{Envelope of propagating field

168 www.lighttrans.com



Field Zones in Fast Physical Optics

(Envelope of propagating fieldw

alnnna z-avxis throiiah ite fociis

E= 30: Field Composition for Virtual Screen #600 after Spherical Wave #0 (-) | e
Mumencal Data Suray

Diagram | Table | Value at fcy)
Amplitude of Virtual Screen #5800 after Spherical \Wawve #0 (-) [Wim]
Ln 30.905
——
L
E w
E Lt
=
=]
m e 15.453
p
=
e
z
= o
=
(5=
Ly
= o
0.033333 0.0660667 o1 0.13333 . 16667 0.2 0.23333 0.26667 0.3 0.33333 0.36067
Distance Before (Wirtual Screen #5600 | Basal Positioning) [m]
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Field Zones in Fast Physical Optics

Geometric field Diffractive field Geometric field

zone (GF2) zone (DFZ) zone (GF2)
I I
| |
I I
| i > 2

propagation

| ' direction
| |
| |

Geometric FT Semi-analytical FFT Geometric FT

very fast fast very fast
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Field Zones in Fast Physical Optics

Geometric field Diffractive field Geometric field
zone (GF2) zone (DF2) zone (GF2)

Far field \I\ // Far field
zone zone

propagation
' direction

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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Field Zones in Fast Physical Optics

Geometric field
zone (GF2)

N l

Far field \:\
Zone

Diffractive field

zone (DF2)

Geometric field
zone (GF2)

e

Far field

I
/:/
Zone

Geometric FT

Zone Phase v
diffractive zone No —
geometric zone Yes general

far zone Yes spherical

tion
)n

Geometric FT
very fast

Semi-analytical FFT

fast

Geometric FT
very fast

> 2
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Example: Free-Space Propagation

Geometric field Diffractive field Geometric field
zone (GF2) zone (DF2) zone (GF2)
[ I
Far field \ Far field

zone I l zone
i Rayleigh-Sommerfeld Integral i >z
: ! propagation
| | direction

—1 .Y
“WVi(p,z) = Fi (exp (1kZAz) (FiVe(p, zo)))
Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast

173

www.lighttrans.com



FE E . H
EX am p I e: Free-sp aC e Pro p ag (p7 CU) q Rayleigh-Sommerfeld Integral>
Fr .7:,;1
D
Geometric field Diffre (k, w) ¥ > —
zone (GF2) ZOr E,=F, H E, =FE, H
| s —f |
\ | <0 <
Far field \ - SPW => Rayleigh-Sommerfeld Integral
zone ! ! '~ zone
) Rayleigh-Sommerfeld HJK i >2
| I :
ropagation
/ ﬁ/\ P diFr)ec?tion L
P 1 |

“WVi(p,z) = .7'-“,:1 (exp (il\ézAz) (FiVe(p, zo)))

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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Example: Free-Space Propagation

Geometric field Diffractive field Geometric field
zone (GF2) zone (DF2) zone (GF2)

]
/'/ Far field
I zone
GFZ inteqgral > >2

propagation
direction

/

Far field
zone

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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Example: Free-Space Propagation

Geometric field Diffractive field Geometric field
zone (GF2) zone (DF2) zone (GF2)

N

/

l
zone ! Nzone
] Far Field Integral / -2z
! propagation
| direction
|
[

\

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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E Ipverse ?eon}etrlc E, H
Example: Free-Space Propag< i el
(e
(K, w) —F——— A
Geometric field Diffrac E¢ ~ E. H E, = E H
zone (GF2) ZONe

<0

Far field
zone

|
r\zone _
l/ Z

propagation
direction

Far Field Integral

/

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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Example: Free-Space Propagation

Geometric field Diffractive field Geometric field
zone (GF2) zone (DF2) zone (GF2)

\ l /
]
Far field l \ /I/ Far field
zone 7 ! zone
>

Inverse GF

L

integral [/ :
propagation
/ ' direction = >
|
|

/

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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Example: Free-Space Propagation

Geometric field Diffractive field Geometric field
zone (GF2) zone (DF2) zone (GF2)
\ I i /
| |
Far field \I\ /I/ Far field
zone I l zone
Debye Integral > = ~2
/ l/ . propagation
' I direction
/ | |
[ |

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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Geometric Fourier
Example: Free-Space Propag(p.«) —¢-= QJ””“ Sp“e”ca'P/

Geometric field DIffr (1, ) —¥
zone (GFZ) Z0| E, = FE. H

Far field - SPW => Debye i
ye integral
Z0one 1
Debye Intergral > ] 1 -2

I ! propagation
' | direction

/ | |
[ |

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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Example: Free-Space Propagation

Geometric field Diffractive field Geometric field
zone (GF2) zone (DF2) zone (GF2)

\ | /
|

Far field /l/ Far field

l> zone

L

Zone
Propagation from GFZ to GFZ

[ | :
propagation
/ ' direction = >
/ I :
| |

Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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FE L | Geometric Fourier E ’ Geometric Fourier
(p,, w) —® transform D, u@
Example: Free-Space Propa L f

(:Fk)geom (‘7;; 1 ) geom
P
- (1, 0) A
Geometric field Diff E, = E. H E, = E. H
zone (GF2) Z(
z >
20 z

- SPW => Geometrical optics for fields
Far field

I
zone I l\ " zone
Propagation from GFZ to GFZ >2
/' — — \I l/ propagation
_— Energy conversation, absorption, direction
/ and Gouy phase shift is
automatically considered
N (mathematically proven) Y
Geometric FT Semi-analytical FFT Geometric FT
very fast fast very fast
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What's Coming Next #3 ...

« propagation techniques with examples

* sources (demonstrational examples)

» detectors (some impressions)
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Information about Propagation Techniques

Different Specialized Solvers of Maxwell's Equations



Optical Components

e elements with planar interfaces
e lenses

o freeforms

e gratings

 diffractive optical elements / lenses
e lens arrays
e crystals
 GRIN media

Real Part of Refractive Index

1.592

X [mm]
-04 -02 ) 02 04
@
oo

1.57..

T y T T i
-04 -02 0 02 04

Z [mm]

[2] ISUZU GLASS




Optical Components

* elements with planar interfaces

il

Real Part of Refractive Index

- 1592
=]
o
=1
£
E © 158..
x
o
<
<
S
! 1.57...

-04 -02 Q 02 04
Z [mm]
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Fresnel Effects

Fresnel effects calculator wit

coatings

] 71: Fresnel Effects Calculator
First Material
Name [Air
Catalog Material

State of Matter Gas or Vacuum

Switch Materials
Second Mateial
Name |Fused Silica
Catalog Material

State of Matter Solid

Coating

Name  [No Coating

= 7 Q

5 |2

% |2

Firsto
oMaterial

h different diagram, and possi

bilities to include

Tables Diagram
Parmeters Polarization
Abscissale) Incidence Angle ~
TEand TM
Vievlegt
Coefficient
Angle of Incidence | o] [ 89.999°
TE Polarization TM Polarization
o
2
Eo
=5
o
=
g
2 o
T
&
o
I
10 20 30 40 50 60 0 80
Incidence Angle a (fer A=532 nm) [7]
Close Help

] 71: Fresnel Effects Calculator

First Material
Name  [Air Q,
Catalog Material M=
State of Matter | Gas or Vacuum
Switch Materials
Second Materal
Name [Fused Silica a
Catalog Material V=]
State ofMatter | Sold
Coating
Name [StackO1_632 2nm
= 7 Q X
Second
Material
o

T/

o] ® =]
Tables Diagram
Parmeters Polarization
Abscissale) Wavelength ~
Transverse Bectric (TE)  ~
Vavelength [ 380.11om| | 710.19m
Coefficient
st idre o .
o
=
g9
=8
o
=
g
2o
T <
&
o
=
04 045 05 0.55 06 0.65 0.7
Vacuum Wavelength A (for a=0°) [pm]
Close Help
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Optical Components

e |enses

Real Part of Refractive Index

- 1592
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o
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o
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Extreme Case of a Lens

Investigation of a Ball Lens of Different Size
- Mie Scattering



Radius =10nm

Ex-amplitude

Data Vew

97.9 nm

-97.9 nm

-897.9 nm g87.% nm i

L jncident illumination

072012

0.36468

2.4195E-4

'[97-"9. 574)

o Vo
3.1406
£
=
o
-
(a3 ]
-3E-4
E
=
(=31
-
(=31
-3.1416
-87.9 nm 87.9 nm
Locally Polarized Harmonic Field - E Phase Zoom: 0.2523 (979; 579)




Radius =100nm

Ex-amplitude

Data Vew

Locally Polarized Harmonic = Amplitude  Zoom: 0.23676

1.0758
£
)
(Fy]
i
L]
(Fy]
u 0.55569
£
|
L
]
]
L
-500.5 nm 500.5 nm 0.035553
(1001; 1001)

o Vo
3.1406
£
=
L
i
&
L1
-3E-4
E
=
Ln
o
b’
Ln
-3.1416
-500.5 nm 500.5 nm
Locally Polarized Harmonic Fielc Phase  Zoom: 0.23676 (10071; 1001)




Radius = 300nm

Ex-amplitude

Daa iew

Ex-phase

Daa iew

36370 3.1406
E
E =1
= Ln
" 5 ! !
o !
] —_
1.819 -3E-4
g_ E
L 0
by L1
L] —
iy o
= ]
_ 3.0274E-4 ' -3.1416
1.5075 pm 1.5015 pm -1.5015 pm 1.5015 pm
Locally Polarized Harmonic© Amplitude  Zoom: 023177 (1007; 1001) Locally Polarized Hamonic Fielc Phase  Zoom: 0.24675 (1007; 1001)




Radius = S5ym

Ex-amplitude

Daa Vew

Ex-phase

oaa Ve
18187 3.1406
£
£ 3
= L1
L1 o
o =
= L
L1 [}
o
0.5933 -3E-4
s £
LA e
8 4
i o
o L1
1 [}
- 1.5861E-4 -3.1416
25025 pm 25025 pm -25.025 pm 35,025 pm
Locally Polarized Harmonic = Amplitude  Zoom: 0.23177 (1001; 1001) Locally Polarized Harmonic Fielc Phase  Zoom: 0.23177 (10071; 1001)




Radius = 8um

Ex-amplitude

Ex-phase

Daa Vew

oaa Vew
2417 3.1406
£
£ 3
0
3
= S
= =t
-+
12.085 -3E-4
AR E (it
R £
3 =
=+ i
' T
- 2.2425E-4 o N -3.1416
40,04 pm 40.04 gm -40.04 pm 40,04 pm
Locally Polarized Harmonic = Amplitude  Zoom: 0.23177 (1001; 1001) Locally Polarized Harmonic Fielc Phase  Zoom: 0.23177 (10071; 1001)




Radius = 10um

Ex-amplitude

oaa Ve
A
£
0
. 28.145
=t
(=]
ol
o
14,073
£
0
(%)}
o
(=3}
Lo
i 1.6858E-5
-18.32%9 pm 16.604 pm
£
Locally Polarized Harmonic = Amplitude  Zoom: 0.32753 (2001; 2001)

o Vo
A
£
0
o 3.1406
2
i
[}
-3E-4
£
0
(=)}
=
o
[Le]
i -3.1416
-17.54% pm 17.672 pm w
£ >
Locally Polarized Harmonic Fielc Phase  Zoom: 0.32753 {2001; 2001)




Radius = 100 um

Ex-amplitude

Light View | Data View

1975 pm

12114 pm

154,27 pm 157.27 gm o
>

Ex-amplitude

20,737

1.505 pm

10,406

0.074009

§BemOms e

-1.505 pm

£
Locally Polarized Hamonic Amplitude  Zoom: 0.83167 (1007; 1001)

Locally Polarized Harmonic Fie Amplitude  Zoom: 0.93688 (107; 301)




Examplary Evaluations: Computational Time

Sampling Points (SP) | Considered Number of Time
XxY Orders (Nt)(*)

2000 x 2000 2200 ?
1000 x 1000 1150 4d10h
2000 x 2000 150 1d 14h 40m
1000 x 1000 125 7h12m
1000 x 1000 80 2h 50m
1000 x 1000 30 21m
1000 x 1000 10 8m1lls

(*) number of considered orders necessary for accurate computation:
numerical effort is proportional to

For large spheres, Mie theory is numerically time consuming.

For lenses without high symmetry, Mie theory is not valid.
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Further Tearing

Field propagation through a curved surface
Free space propagation

Field propagation through a curved surface
Further non-sequentially propagation

> w N

i

=
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Further Tearing

2. Free space propagation
3. Field propagation through a curved surface
4. Further non-sequentially propagation

I

=
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Local Plane Interface Approximation (LPIA)

Ein [Eout

e For each k-value the so-called bidirectional (B)
operator(*) in space domain is the response of
the surface on a plane wave.

 Response is obtained by local satisfaction of
boundary condition.

-

surface between
two media (*) generalization of the bidirectional scattering distribution
function (BSDF)
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LPIA: FEM Reference Sinusoidal Grating

Structure: single interface with air and fused silica

Plane wave
input plane

medium1 air
e ‘A
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LPIA: FEM Reference Sinusoidal Grating

Structure: single interface with air and fused silica
Plane wave
input plane ‘
medium1 air

3 Mm

Local lens focusing effect ~ 10.64 pm I

202
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Comparison of Near Field: LPIA vs. FEM

[depth: 2 um]

* |ncident field:

— TE polarized plane wave;

— Wavelength: 532 nm;
— Normal incidence;

e Structure:
— Sinusoidal grating 2D;
— Air/Fused silica;
— Period: 10.64 um= 204;

e Qutput:

— Amplitude of the electric
field behind the
grating(LPIA);

— Amplitude of the electric

field behind the
grating(FEM);

087 0.9 093 097
' ' ' '

LPIA: Normalized Amplitude

X [um]

FEM: Normalized Amplitude

0.85 0.9 0.95
' '

X [um]

LPIA vs. FEM: Normalized Amplitude

— GFT
— FEM

0.85 0.9 0.95
L L

T T T T T T T T
-3 -2 -1 0 1 2 3 4 5
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Optical Components

e freeforms

[2] ISUZU GLASS
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0 02 04
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Freeform 1: Simulation through Freeform Interface

Z-Bxtension

Extension

2152ym|  Minimum 18468 m | Maximum 3052 ym

Close

Yuliy Schwartzburg, Romain Testuz, Andrea Tagliasacchi, Mark Pauly

Ecole Polytechnique Fédérale de Lausanne, Computer Graphics and Geometry Laboratory

High-contrast Computational Caustic
Design

[ 30: Virtual Screen #600 after Double Interf... [ = || & |

Y [mm]

To (V)42

0.... (V/m)»2

33... (mV/m)
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Freeform 1: Developing Result behind Freeform Interface

> Zis from 0 to 6 mm

206 www.lighttrans.com



Freeform 2: Research Design Topic: Plane Wave =2 , IAP“

target irradiance

target o
_ Iagne/-\ distribution
optical P
element -7
plane PPt
i wave -~ ~
o
mm====3 [ 100mm___ S
input plane \\\\\
N
150mm




Freeform 2: Mesh Design

target
reference plane
plane s
plane | -
i wave I -
|
|
—_—— 100mm
14mm — — — o mm e b SR -
T .
LS~
input plane ! T~—
~—

I

15mm

15 0

mesh on input plane

15mm

150ml'n

-75 1 B

-150 -

T T
-150 -75

T
75

1
150mm

mesh on
target plane




Freeform 2: Current Simulation Results from Freeform Design

Irradiance 532 nm [W,/m"2]

0,05

ray tracing result

1
with design surface
0.5
, . N ‘. ™ \\\ 1]

A ¥ [m]

¥ [m]
0

0.05

irradiance at target plane
(normalized)

X [mim]

Height Profile
(2D Contour line)




Freeform Example 3:
Measurement of Orbital Angular Momentum (OAM)

Martin P. J. Lavery, et al., "Refractive elements for the measurement of the orbital angular momentum
of a single photon," Opt. Express 20, 2110-2115 (2012)



Simulation in VirtualLab Fusion

A
' f Lateral shift:
\ | v | - 40 pm
! Fourier lens

Laguerre- Mode transformer
Gaussian



Laguerre-Gaussian

e Light source

Amplitude |E, |

Phase Arg(E,)

HD

ojo
b S Pl

212 www.lighttrans.com



Mode Transformer

Zi(x,y) = f(”(i 0 yarctan (1:) —xIn (#) +.\'—% (%(.\’2 +_1‘2)) Z(x.v) = —% |exp (—;—') cos (%) - % (%(uz +1'2))
—— [ S——
lens term | lens term
B QB @Q+9
l |
T 1.536023 mm 1430501 mm
Amplitude F/ Amplitude
\ J
|
, Mode transformer _
Input Laguerre-Gaussian After transformation

£ =2
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Mode Transformer

Zi(x,y) = ﬁ yarctan (1;) —xln (?) +x—% (%(-\’2 +J‘2)) Zy(x,y) = —f—(:i ) [exp (—;—') cos (%) - % (%[uz +1'2)):|
N— — —_———
lens term | lens term
QL b Q+@::
i g
\ 4,
T 1.536023 mm 1430501 mm
\ J '
Y =
; Mode transformer N
Input Laguerre-Gaussian After transformation

=2
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Mode Transformer

« Amplitude distributions before and after transformation

Ring-shape => Line-shape

Input

After transformation
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Mode Transformer

 Phase distribution before and after transformation

Helical => Linear phase

Input

After transformation
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Detection Part

e Shift theorem

— Alinear phase in one domain leads to a lateral shift in the other domain according to
Fourier transformation

Phase (¢ = 2) Detection part Squared amplitude
[ |
A
f
v i
Fourier lens Position

detector

Lateral shift:
15.8 um

217 www.lighttrans.com



Detection Part

e Shift theorem

— Alinear phase in one domain leads to a lateral shift in the other domain according to
Fourier transformation

Phase (¢ = 5) Detection part Squared amplitude

= | : )

A
f
\ 4 1
Fourier lens Position

detector

Lateral shift:
39.6 um
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System Functioning

Transverse
momentum
(linear phase)
A
' f Lateral shift:
\ ; v | ~40pum
Y )
Input OAM Mode transformer Fourier lens

(helical phase)

— An input orbital angular momentum (OAM) is firstly transformed
to transverse momentum by the mode transformer, which is
composed of two freeform refractive optical elements

— The transverse momentum is then transformed into lateral
position shift by a Fourier lens

— By precise measurement of the lateral shift, one reads the OAM
state i.e. the encoded information
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Visualization of Surface Profiles in 1D, 2D and 3D

Demo of Customization - here: Conversion Module



Task: Visualization of Surface Profiles

« To define the structure of any optical system it is pretty typical to define
components, which are oriented within the system.

« Each component can by typically defined by combining optical surfaces and
media.

* The visualization of these
building blocks is very important.

* VirtualLab provides several
options to visualize surfaces
iIn 1D and 3D.

* |n addition a 2D visualization
of surfaces Is possible.
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Standard Surface Visualization

Index|Dis1EI'u:e| Pasition |Type |Hu'nugerm|.|s Medium |Cnrrment
Sinusoidal Grating Int.. | Air in Homogeneous...
» 1 O0m Om E ) ﬁ ) q Enter your comr

I ¢ I ‘
Plane Conical Cylindrical
| | [ ] N CEEE
3D view of optical surfaces Edit dialog of optical interface sequence including
1D profile
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Customized Surface Visualization

Izl 1: C\Users\,..\2018-01-30_Christian_Hellmann_DisplayOfSurfaceSaglinVirtuallab.cs®

Source Code  Advanced Settings

13 using VirtualLabAPI.Core.LightPath; jf
14 using VirtualLabAPI.Core.Materials;

15 using VirtualLabAPI.Core.Modules;

16 using VirtualLabAPI.Core.Numerics;

17 using VirtualLabAPI.Core.OpticalSystems;

18 using VirtualLabAPI.Core.Propagation;

19

20 namespace OwnCode {

21 [// <summary>

22 / this module can be used to visualize a surface selected from the user defined catalog
23 / the user can select whether to visualize the interface as 2D or 1D data array

24 [/ </summary>

25 public class VLModule : IVLModule {

26 //f <summary>

27 / the name of the interface within the user defined catalog which shall be visualized
28 </summary>

29 string surfaceNameInUserDefinedInterfaceCatalog = "Sinusoidal Grating Interface with 1D v
< b3
Emar Description Line
Module started
Thread finished normally

Ln 48 Ch 23

Select name of surface which should be load from
user defined catalog.

2D

Numerical Datz Array.

= e B e Sl
Numerical Data Array
Diagram  Table  Vahue ot xCoordinate
_ =
B
£ 3
=
ES
0002 0004 0006 0008
Position On Profile Line ml
=, 6: 2D Height Profile of Sinusoidal Grating Interface with 1D-Roughness. (=2

Diagram  Table  Value at &)
Height Values [m]

¥ [mm)
001 0 001 002

0.0

[ 22881

-0.47445

-3.235

001 0.02
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Optical Components

e gratings

Real Part of Refractive Index
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Modeling Technologies

Electromagnetic analysis of gratings by

— Fourier Modal Method (FMM)
— (also called) Rigorous Coupled Wave Analysis (RCWA)

Approximated analysis by Thin Element Approximation

Integral Method

Merit functions:

Grating analysis for plane and general incident waves
Analysis include degree of coherence, color, polarization.

Diffraction efficiency

Near field

Far field

Field inside grating
Polarization analysis
Customized merit functions

m—— Transmitted Orders == Reflected Orders
— |ncident Wave

225
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Modeling Technologies

Grating analysis for general incident waves.

* Typically gratings are only a part of an entire optical
system

« |n addition to the grating there are e.g. illumination and
detector optics

« Simulation of multi-scale optical systems including
macroscopic optical components and gratings.

e Fourier Modal Method for general incident waves in
combination with other field tracing techniques
enables the simulation of such multi-scale optical
setups.
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@HTTRANS .

Ultra-Sparse Dielectric Nano-Wire Grid Polarizers

1D photonic crystal



Abstract

Ultra-sparse dielectric nanowire grids show
strongly polarization-dependent properties and
they can be employed as wideband reflectors [J. W.
Yoon et al., Opt. Express 23, 28849-28856 (2015)]. The
polarization-, wavelength-, and angle-dependent
properties of selected nanowire grids are
investigated by using the Fourier modal method
(FMM). Visualization of the interaction between
electric field and the nanowire grids are presented.

228
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Modeling Task

wavelength

[854, 1708nm)] reflectance?
G TE with respect to wavelength,
TM~ polarization and incident angle,

for different nanowire structures

v

i ol AT

d=854nm Fd z
Nanowire No. #1 #H2 #3
refractive index n 10 7.07 3.16
height h 269nm  270nm  292nm
filling factor F 0.01 0.02 0.1
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Results

 Reflectance vs. wavelength for different structures

—
3]
e

Zero-order reflectance (dB)

; ~, <! 61: Reflectance - TE === P=: 68 Reflectance - TM ===
f. Mumerical Data Array Mumerical Data Array
F ! Diagram  Table  Value at x-Coordinate Diagram  Table  Value at x-Coordinate
—— 0.01 100 Trves, g g
0.02 50 w = s 3
——= 0.1 10 '—I 8 =3
-10 10% =
:l:' ’ 8 & . 8 ° — Manowire #1
' = analysis over 80 e — Nanowire #2
— 1 - = g
3 wavelengths within Ch — Manowre =
20 1% % o 2 SGCOﬂdS' — Nanowire #1 % °
_.-.—.-..-'Ilﬁl e o T — Nanowire #2 xS
_a0 et 0.1% P w0 = MNanowire #3 E
e ('] T T T T T T T T T T T T T T T
f.’ 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
; Wavelength (um) Wavelength (um)
—404
. J
-50

Wavelength (A/A)

reference results from J. W.

12 14 16 18

Yoon et al., Opt. Express 23,

28849-28856 (2015)

Fourier modal method (FMM) simulation in VirtualLab

Nanowire No. #l— #2 — #3 —
refractive index n 10 7.07 3.16
height h 269nm  270nm  292nm
filling factor F 0.01 0.02 0.1
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Results

« Reflectance vs. wavelength & incident angle

Wavelength (A/A)

20

30 40 500 10 20 30 40
Angle of incidence (deg.)

reference results from J. W. Yoon et al.,
Opt. Express 23, 28849-28856 (2015)

10
09
08
07
06
05
04
03
02
01
00

50

B, 2: Efficiency R[0; 0] of Grating Order Analyzer 2800 (Results for ... | = || = | B, 7: Efficiency R[0; 0] of Grating Order Analyzer £800 (Results for ... [ = |-= ||
Numerical Data Array Numerical Date Array
Diogram  Table  Value at fug) Diegram  Table  Value at fry)
Reflectance #1 Reflectance #3
= 100 = 100
—~ Z —_ =
= 1S
=4 = 3 -
= - = -
E ) *-C—' “
D - 50 D - &Y
c c
@ = QO =
(5} [}
- > -
g - g
< [ < 0
10 20 20 40 10 20 30 40
Incidence angle (°) Incidence angle (°)

J

FMM simulation in VirtualLab

Nanowire No.

#1

N

#2

4 N

#3

refractive index n 10

height h
filling factor F

269nm
] 0.01

7.07

270nm 292nm
] 0.02

3.16

0.1
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Results

 Visualization of fields inside a nanowire grid

#3

F=0.1,
£ =10

TE

reference results from J. W. " — - - -
Yoon et al., Opt. Express 23, FMM simulation in VirtualLab (animation)

28849-28856 (2015)

Nanowire No. #1 #2 r#3 )
refractive index n 10 7.07 3.16
height h 269nm  270nm | 292nm
filling factor F 0.01 0.02 (0.1 |
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@HTTRANS .

Imaging Systems > Inclusion of Gratings

Rigorous Simulation of Holographic generated
Volume Grating



Task/System lllustration

=) ?

plane wave

reflection
volume grating efficiency
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Specification: Volume Grating

Hz-period
Ix-period
e g
thickness

Parameter Description / Value & Unit
type holographic generated
index modulation 0.01 (increased due to exposure)
thickness 70pum
period in x-direction 507.6nm
period in z-direction 292.5nm
tilt of modulation 59.9°

235
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Result: Angular Dependency of Reflection

=)

Reflection, -1st order

60

40

shift of angular dependent
> reflection due to holographic

interference angle of 59.9°

Efficiency R[-1, O] [%]

20

-_] I T I I 1

-60.3 -60 -38.3 -589
Cartesian Angle Alpha (Volume Grating #1... [*]
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Result: Wavelength Dependency of Reflection

Efficiency R[-1; 0] [%4]

20

60

40

=)

Reflection, -1st order

0.635

0.64

0.645

Wavelength (ldeal Plane Wave #0) [pm]

—

shift of wavelength dependent

reflection due to locally increased

effective refraction index
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Fields in Focal Regions

Example Wafer inspection system



Example of Multi-scale Optical System

Example: Wafer Inspection System Image plane

-

- ;
DUV-laser
-
\ High NA objective

0nm  90nm  oonm . 140nm lens system

i ' ' —

Complex  macroscopic
high NA imaging lens
system and microscopic
grating structure
(integrated circuit wafer
structure) in one optical
setup. Simulation results
can be found in Scenario
515

Imaging lens
(& polarizer)

50nm

125nn]
froonm . Structured wafer under test

period size

substrate thickness = lmm



http://www.lighttrans.com/documents_search.html?tx_abdownloads_pi1%5Bsword%5D=515

Base Grating Structure

90nm 90nm I90nm 140nm

50nm - -

100nm 125nm
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Base Structure Analysis

Intensity Image of Grating after Polarizer in

Intensity Image of Grating after Polarizer in
Y-Direction

X-Direction

Y [mm)
¥ [mm]

-0.2 -0.1 0 0.1 0.2

-0.2 -0.1 ] 0.1 0.2
X [mm]

X [mm]




Modified Grating Structure

40nm 140nm I90nm 140nm

50nm - -

100nm 125nm
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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

¥ [mm]

-0.2 -0.1 ] 0.1 0.2
X [mm]

Int rizer in

Y-1

¥ [mm]

-0.2 -0.1 ] 0.1 0.2
X [mm]




Optical Components

 diffractive optical elements / lenses

[2] ISUZU GLASS

X [mm]
-04 -02 ) 02 04

il

Real Part of Refractive Index
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@HTTRANS .

Nutshell (Hartwig Crailsheim v0.2)

Analysis of Sub-Wavelength Beam Splitter Structure
with Approximated, Rigorous and Semi-Rigorous
Method



Light, Structure & Analysis Methods

Height Values [pum]

-

-0.2886

-0.57721

wavelength: 532nm

Diffractive 1 : 7 x 7 Splitter
period: 7.56um

smallest feature size: 360nm
on-axis order separation: ~4°

Analysis Methods
» Thin Element Approximation (TEA)
* Rigorous Fourier Modal Method (FMM)

« Semi Rigorous Split Step Method (with
Periodic Boundary Conditions?)
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Analysis Results

TEA FMM Split Step

Efficiency (TEA) [%] Efficiency [%)] Efficiency (Split Step Period.) [%]

1.6851 n 5.8837 < 5.9855
-«
ol — 0
> - £
g o 0.84... 'G'E o 2.9419 @ © 2.9928
1 O ; r\l-l
-«
' N ¥
1...E-05 ' 7..E-05
5 0 5 -5 0 5
Order X Order # X X [1E6 1/m]
0 - O -+ — WO - L]
S
T WA g wn 4 U
— = a
< < - = < o < A
5 : z
= e o ; ™ 4 S ™ 4
T g )
T o A '8 N o oA
= = S
LI-I N I l I ] l l I “LI: N I I .% N
W=
L : L]
e o a ? o s a ? o
T T T T l T T T T T l T T T T l
-4 -2 4 6 8 10 -4 -2 0 2 4
. Coordinate Distance from First Point Coordinate [1E6 1/m]
Computation
Time of Instantaneous ~6min ~15s

Efficiencies
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Result Compilation

Field Inside
> Split Step & FMM
> Amplitudes



Period = 50 um; Smallest Feature = 4.7410um

Structure Height Profile Split Step FMM

IHEN

Amplitude of Ex [V/m] Amplitude of Ex [V/m]

! N : i .
|

0005 001 0015 002
0005 001 0015 002

j 0.995:..

0.995...

X [mm]
0

¥ [mm]
0

-0.02 -0015 -001 -0.005
-0.02 -0015 -001 -0.005

0.426... 0.426...

I T L)
0.2 0.4 0.6 0.2 0.4 0.6
Z [um] Z [ym]
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Period = 20um; Smallest Feature = 1.8964 um

Structure Height Profile Split Step FMM
Amplitude of Ex [V/m] Amplitude of Ex [V/m]
I..!| E - E -
o
8 ) [ee] m—
o
(el
2 w0
[=]
<
S <
(=]
g LaN]
C}' S— —
(=]
£ é £ E
E© 0.981.. 3o 0.981...
= . =
5]
S 4 o
S —— —|
3
2 h
<
o
8 ©
<
o
8  — (:I) —
<
0.393... 0.393...
0.2 0.4 0.6 0.2 0.4 0.6
Z [um] z [pm]
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Period = 10um; Smallest Feature = 0.9482um

Structure Height Profile Split Step FMM

Amplitude of Ex [V/m] Amplitude of Ex [V/m]

I.. s B 16108 = P 16108
- e - |
0.6

o « o -

.
o
| —
| ——
e
- — -
o o
o m
R .
T T
| ——
0.317... 0.317..
0.2 0.4 0.6 .

0.2 0.4
Z [um] z [pm]

o o

— —

0.964..

% [um]
0

0.964...

X pm]
0
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Period = S5pym; Smallest Feature = 0.4741um

FMM

Amplitude of Ex [V/m]

Structure Height Profile Split Step
Amplitude of Ex [V/m]

I..!l - -
E
=l 1.0672 1.0672
=
0.148.. 0.148...

www.lighttrans.com
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Result Compilation

Field Inside
> Split Step & FMM
> Phases



Period = 50 um; Smallest Feature = 4.7410um

Structure Height Profile Split Step FMM
Phase of Ex [rad] Phase of Ex [rad]

I..!l ] [ 3.1416 ] [ 3.1416

oJ o

o o

o (=]

uy u

o )

[a] (=]

o )

o (=]

u u

(] (=]

S S

(=] (=]

= =
£.-0 2...E-06 £.© -6...E-06
= =

uy u

o (=]

e =S

S S

o o

S S

u u

o o

S S

o o

o S

S =
-3.1416 -3.1416

02 04 06 02 04 06
Z [pm] z [pm]
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Period = 20um; Smallest Feature = 1.8964 um

Structure Height Profile Split Step FMM

Phase of Ex [rad] Phase of Ex [rad]

] 3.1416
w©

I 3.1416

IHEN

0002 0004 0006 0008

L eone-BF 7...E-06

X [mm]
0
X [Hm]

-0.008 -0006 -0.004 -0,002

-3.1416 -3.1416
0.2 0.4 0.6 0.2 0.4 0.6

Z [um] z [um]
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Period = 10um; Smallest Feature = 0.9482um

Structure Height Profile

IHEN

X [lum]

Split Step

Phase of Ex [rad]

0.2 0.4 0.6
Z [um]

3.1416

~f::E-06

-3.1416

X [m]

FMM

Phase of Ex [rad]

1

0.2 0.4 0.6
z [um]

3.1416

-1...E-06

-3.1416
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Period = S5pym; Smallest Feature = 0.4741um

Structure Height Profile Split Step

Phase of Ex [rad]

IHEN

X [lum]

0.2 0.4 0.6
Z [um]

3.1416

~1:E-06

-3.1416

FMM

Phase of Ex [rad]

0.2

0.4

z [um]

0.6

3.1416

-1...E-06

-3.1416
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Result Compilation

Field Inside + Efficiencies
> Split Step & FMM
> Phases



Efficiency Calculation

» For the calculation based on TEA and FMM, the Grating Toolbox was used.

* In case of the Split Step method the Starter Toolbox was used. But this analysis method is still
In the investigational phase. E.g. the result evaluation has to be improved.
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Period = 50 um; Smallest Feature = 4.7410um

Structure
Height Profile

INEN

X [mm]

-0.015  -0.01  -0.005 0 0005 001 0015 002

-0.02

Split Step

Phase of Ex [rad]

0.2

Z [um]

]

0.6

FMM

Phase of Ex [rad]

0.2

0.4
z [um]

0.6

3.1416

-6...E-06

-3.1416

Efficiency (Split Step) [%] Efficiency (TEA) [%]

Efficiency (FMM} [%]

15

10

15

10

15

10

10 15 20 25 30

Distance from First Point

0.5 0 0.5 1 1.5
X [1E6 1/m]

10 15 20 25 30

Distance from First Point
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Period = 20um; Smallest Feature = 1.8964 um

Structure
Height Profile

INEN

X [mm]

Split Step

Phase of Ex [rad]

1

0004 0006 0008

0,002

0

-0.008 -0006 -0.004 -0.002

0.2 0.4 0.6
Z [um]

FMM

Phase of Ex [rad]

l 3.1416

7....E-06

-3.1416

0.2 0.4 0.6

z [ym]

Efficiency (TEA) [%)]

Efficiency (Split Step) [%]

Efficiency (FMM) [%]

15

10

15

10

15

10

-3

10 15 20

Distance from First Point

2 0 1
X [1E6 1/m]

10 15 20

Distance from First Point

25

25

30

30
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Period = 10um; Smallest Feature = 0.9482um

FMM

Phase of Ex [rad]

Split Step

Structure
Height Profile

INEN

Phase of Ex [rad]

‘ [ 3.1416

-1...E-06

X [bm]

-3.1416

0.2 0.4 0.6 0.2 0.4 0.6

Z [ym] z [um]

Efficiency (TEA) [%)]

Efficiency (Split Step) [%]

Efficiency (FMM) [%]

15

10

15

10

15

10

10 15 20

Distance from First Point

04 02 0 02
X [1E7 1/m]

10 15 20

Distance from First Point

0.4

25

0.6

25

30

0.8

30
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Period = S5pym; Smallest Feature = 0.4741um

Structure Split Step FMM
Height Profile

INEN

(%]

15

Phase of Ex [rad] Phase of Ex [rad]

Efficiency (TEA)
10

14

Distance from First Point

®
3 o
3
v
5 2
= &
5 1LE06 3
< _% o
E ' T = T - T ' T I T ’ T 2 T . T ' I
0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8
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R s
=
s
T o
= ©
C
o
w u =
31416 £ I
(N}
02 04 06 02 04 06 t , ! o ? | S - —
2 4 5] g 10 12 14

Z[pm] z [pm]
Distance from First Point
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Design and Modeling of a Diffractive Lens

Based on Local Linear Grating Approximation (LLGA)



Task Description

optical element

NA=0.15 NA=0.3
spherical __--=> B Ty,
wave T e
100mm S0mm focal plane

e For a given input spherical wave, to design an optical
element to focus the input beam with a specific numerical
aperture (NA=0.3) and a required working distance

(50mm).
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Design Process: Functional Embodiment

reference
NA=0.15 plane ‘\ NA=0.3
spherical| __ -~ I T~
.‘::__» P U |_ ................................................... _/>
wave > (/// tocal
100mm 50mm oca
< »| plane

forward propagate — \ e hackward propagate

> |
|
|

@™™: phase @°Ut: phase
from input field from output field

The element is consider as a phase only function, which is the subtraction of
the phase from input and output field: ¢ (x,y) = @°"(x,y) — @™ (x,y)
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Design Process: Structure Embodiment

spherical
wave

HOE
NA=0.15 NA=0.3
‘\\
/"' \\\\
‘E:::: P S U PP ._._._._._._._._._._._._._._._._._._._._._/._;._/>
7 focal
100mm 50mm R plane
local grating: sawtooth type * The local grating of the HOE

A

JL °

1.3um

Is chosed as sawtooth type.
The 1st order is selected as
working order.

Local grating period A(x,y) of
the HOE is obtained with the
phase function.

2T

A Y) = ot
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Simulation with Designhed Result

¥ [m]

0,01

-0.01

-0.01 Q 0.01
X [m]
Oth order

dot diagram PSF
(RMS = 100nm)

(Airy disk diameter =

02 04

¥ [pm]

04 -02 0

04 02 0

T T T T
0.2 04 -4 -2 1] 2

X [um] X [um]

Intensity After the HOE

¥ [m]

0.1

-0.01

-0.01 o 0.01
X [m]
1st order

Y [m]

1.36

0.0

0.68

-0.01

-0.01 ] 0.01
X [m] o [(V/m)~2]
2nd order

2.5um)

5.08

2.54

0

[1E8 (V/m)~2]
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@HTTRANS .

Scenario 90 (3.0)

Simulation of Scattering at Rough Surface
with Thin Element Approximation (TEA)

Surfaces in VirtualLab are usually smooth. In contrast, real surfaces are always rough to a
certain degree.

This application scenario demonstrates the simulation of a Gauss beam that passes a
glass plate with a rough surface according to measured height profile data. In 1m distance
the scattered light is analyzed.



Modeling Task

mlS:IHuminating Beam [ =]

Light View | Data View

3

-279.73 pm 27973 pm

Light View Zoom: 2.5478

Gaussian laser beam
A 632nm
(1/e?) diameter: 100um

Im

Glass Plate
(Fused Silica)
with rough
2nd surface

Scatterd Light Field

on Screen="?
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Measured Surface Profile Data

Diagram | Table | Walue at fx.}'”

Height Values [pm]

¥ [mm]
-0, 0 005 01

-0

0.59347

-0.38583

-1.3651
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Result: Diffraction Pattern

in real colors In false (reverse rainbow) colors

= I 1,5878E-5
S £
s £
L —
- =
]
LM
.F' p ‘1.
e 7.9392E-6
LT
= )
E o]
T TLj
D 1
o '
0 -155.18 mm 155,18 mm 3.2187E-18

13518 mm 153518 mm




@HTTRANS .

Exercise (v0.9.1)

Analysis of System with Binary Lens



Modeling Task

75 3mm PSF & MTF calculation

A5 e

plane wave  diffractive lens
wavelength: 532nm (based on conical
& 2.5mm surface)

with 5% edge width 2 levels

”D:l 4: Plane Wave lllumination = )E )
A [

focal plane

effective focal length f=200mm
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Expected Result: Phase Directly after Lens

I 5: Virtual Screen #600 after Diffractive Lens #1 (.. | = || B ||nE3m|

Light View Diata View

3.0971
. -
- 1,333 mm 1,300 mm -3.1325

Globally Polarized Hamonic Field Phase  Zoom: 0.25551 (908; 9100

phase of field after lens
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Expected Result: PSF & MTF

B 7: Virtual Screen #6035 after Focus Plane 22 (0) (... | = || B ||nfi3m| E={ 6: Modulation Transfer Function 2604 after Foc... | = || = ||nfidm|
Light View Data View Numerical Data Array
A Dizgram  Table Value at foy)
E
= 30.374 Modulation Transfer Function [%]
e
=
(23]
- o
- ™
2
T
¥ o
-_5 —
15.187 z
= =
E
T O
= o
= @
m T
=] L
= oo
[t
o 0 -5..E-05
-189.22 pym 186.59 pm e i i i
Cylces per mm in X-direction
< >
Globally Polarzed Hamonic F Amplitude  Zoom: 12 261 (1830; 1828)

PSF 2D MTF
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@HTTRANS .

AppS.0009 (1.1)

Simulation of a Bifocal Hybrid Lens

Keywords: bifocal Lens, combined Interface, hybrid lens, multifocal
lens, multifocal, bifocal



Task Description

2.3mm 10mm

m 40: Plane Wave EI@
Light View | Data View l

1.734732824 mm

1.734732824 mm

-1.734732824 mm 1.734732824 mm ‘
plane wave bifocal lens with target plane

hybrid surface
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Task Description

Z-Bxtension
Extension

664pum  Minimum

Omm  Maximum

Center thickness of lens: 1 mm.
Diameter: 2.3mm

Radius of curvature of the spherical
surface: 10mm

Hybrid surface modeled as a superposition
of a spherical and a diffractive lens
surface.

Superposition of surface profiles by
combined interface of VirtualLab.

Diffractive lens parameters:
— Radius: Infinity

- A2:0.0022608

- A4:0.00038131

- A6: 2.74E-06
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On-Axis Intensity

The intensity along the optical axis can be taken as indicator for the focal

positions. Via parameter run the position behind the lens is varied. To speed up
the simulation, a separate LPD with the light distribution 9.37 mm behind the lens
as input field is used. Hence, the muliple propagation through this hybrid lens

IS avoided.

Eﬂ 9: Intensity Along Optical Axis EI@
Mumerical Data Array
Diagram |Tab|e |‘u"a||.|e at x-Coordinate
s
@ =
RV
R
E i
<
= =
E =
54
o :
["2]
T T T T T ]
9.3 9.4 9.5 9.6 9.7 0.8 9.9 10
Distance Before (Field Size and Sampling #2) [mm]

On-axis intensity depending on distance from lens. The two focal points in a
distance of 550um (at 9.37mm and 9.91mm) are visible.
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Ray Tracing System Analyzer: Results

8 6: Ray Distribution 30 =R == B8 6: Ray Distribution 3D o] a3
3D View | 2D View 3D View | 2D View

Boundary Index: [5_ Between the two foci #606 (Detector Flane) ']

Paosition

X [pm]

Left figure: 3D ray tracing result
Right figure: Spot diagram somewhere between the intended two focal planes.

The position of the two focal planes and the point spread function (PSF) can only be analyzed
by classic field tracing which includes the consideration of diffraction effects due to the
microstructured surface part of the hybrid lens (diffractive lens surface).
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Field Tracing: Point Spread Functions

-5cltnsn}r8 nd Focal Plane
nghl\ﬁw Data View

fensity = oca |3 [ | 3, Lensity (= ecliats 3 [ |
Light View | Data View Light View | Data View
o ~
1.181ES 6370 2.099E5
5.907E4 |5 @ 3185 [E] 10585 [E]
40256 . 4977E6
17.04 pm

20.31 pm
20,31 pm

21.59 pm

£ £ £
= 5 -
= o =]
i 7.804E-6 - -
-17.06 pm 18 pm - -16.62 pm 17.49 pm . -16.03 pm
tl [y 3 « [ r “
Light View Zoom: 1.877 Light View Zoom: 1.983 4 Light View Zoom: 1.983

PSF in focal plane 2,

PSF between
9.92 mm after lens

focal planes,
9.67 mm after lens

PSF in 1st focal plane,
9.37 mm after lens

www.lighttrans.com
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Optical Components

Real Part of Refractive Index

e lens arrays

- 1592
=]
o
=1
£
E © 1.58
x
o
<
<
S
! 1.57...

-04 -02 Q 02 04
Z [mm]

[2] ISUZU GLASS
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Light Shaping > Aperiodic Microlens Array

LED Top Hat Generation using Aperiodic Refractive Beam
Shaper Array



Task/System lllustration

LED + collimation aperiodic refractive beam camera detector
optic shaper array (aBSA)

| [ 1 [ 1

A

50mm | Angular Spectrum (Far Field)
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Specs: Light Source

f

0.4

0.3

0.2
J‘ 0.1

0 ¥

-30 -20 -10 0 10 20
Theta [°]

—--Measured Data from Fabricator Data From Gaussian Type Planar Source (VirtualLab)

Normalized Radiant Intenisty [a.u.]

30

Parameter

Description / Value & Unit

name/type

partially coherent source type
collimation

spectrum

FWHM radiant intensity

Seoul Z-LED P4 from Seoul Semiconductors
Gaussian type planar source

TIR lens from Carclo Optics (part no. 10003)
pure white light spectrum

9°
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Specs: Light Source

here Highlights
! » fast and accurate modeling of a white
light LED

» design and analysis an aperiodic
refractive beam shaper array to
optimize a top hat intensity pattern

e
]

spectrum model

-
N

—_

significant
performance
improvement
non-equidistant
sampling of the
spectrum Y,

Dot Cinen D) =]
vt et e
£

e
o4

x

Intensity Weight [a.u.]
o
[+2]

o
~

o
(N

o

370 420 470 520 570 620 670 720 770
Wavelength [nm]

——Measured Spectrum from Fabricator -e—Sampled Spectrum ——Integrated Spectrum

287 www.lighttrans.com



Specs: Aperiodic Refractive Beam Shaper Array

Bl 52: Subsets from (50:) Appended to (43) =|-=

Numerical Data Amay

Diagmm  Table Value ol x-Coordinale

- Histegram

B -]

08

Relative Frequency Of Shifts
04 0.6

02

shifts X fmm]

'-IIH | Hh_h

T T
-0.008 -0.006 -0.004 -0002 0 002 0004 0006 0.008

Histogram of Cell
Distribution Function

here

Highlights

Parameter

Description / Value & Unit

cell array aperture
number of cells

cell distribution function
substrate thickness
substrate material

20x20mm

124x124

guadratic polynomial
1mm

fused silica

» fast and accurate
modeling of a white
light LED

« design and analysis
an aperiodic
refractive beam
shaper array to
optimize a top hat
intensity pattern

parametrization of\
the distribution
function allows
optimization
regarding a desired

\ target pattern j
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Specs: Evaluation

2000000

ky [1/m]
0

0.5

-2000000

I
agb= (__
0
-2000000 0 2000000
kex [1/m]

Desired Target Pattern

Position Type of Evaluation Description / Value & Unit

a camera detector evaluates intensity pattern
b performance criteria evaluates conversion & window efficiency and
evaluation uniformity error regarding the desired target
pattern
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Results: Intensity Pattern (real color view)

= : {3 a Highlights

» fast and accurate modeling of a white
] | light LED

» design and analysis an aperiodic
: refractive beam shaper array to
: : : optimize a top hat intensity pattern

—
aperiodic beam shaper array periodic microlens array

ky [1E6 1/m)]
0
ky [TE6 1/m]
0

3 -2 -1 0 1 2 3
kx [1E6 1/m]
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Results: Performance Criteria Evaluation

& a

Highlights
» fast and accurate modeling of a white

light LED
design and analysis an aperiodic
refractive beam shaper array to

optimize a top hat intensity pattern

Value & Unit
Parameter Aperiodic Beam
Shaper Array

Value & Unit
Microlens Array

window efficiency 92.23%
conversion efficiency 89.34%
uniformity error 17.92%

99.93%
80.18 %
49.08 %
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@HTTRANS .

Modeling of Microlens Array with Different Lens
Shapes



Abstract

Microlens arrays are useful in many
applications, such as imaging, wavefront
sensing, light homogenizing, and so on. Due
to different fabrication techniques and for
different purposes, the microlenses can
appear in different shapes. In this example,
microlens array with different lens shapes —
square and round — are modeled. That leads
to apertures in different shapes, and the
difference in the focal plane due to aperture
effects is shown clearly. The change of the
focal spots with respect to the imposed
aberration in the input field is demonstrated.
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Modeling Task

input field
wavelength 633nm
diameter 1.5mm
uniform amplitude
phase distributions
1) no aberration

2) spherical aberration

3) coma aberration
4) trefoil aberration

1.24mm

X

4.356 mm

150pm

> »
> >
> >
> >
> »
> (Libqi/ >

o N
L) Z

How to calculate field on focal
plane behind different types of
microlens arrays, and how the
spot distribution changes with
input field aberration?
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Results

H 4%: Data Arrays - Wavefront Error #6071 after Zer... EI@

Mumerical Data Array

Diagram  Table

wavefront error [1]

y [mm]

-0.5

0.5

X [rru1m] |

no aberration

X
Z g
' ( ===
S )
R ( ===
‘ p
’ (<
4 \ Y
E\\\ . S T\\\\
9y, o
| e ( g
/ W ) \\\
() ( ‘\) )
(\ | or | [
| | {
L\\ ( i (>
;\\\\\ ( ™. A\ - (
<4 \\\ ‘ ({ \\\\\ (
Y g \/

n 50: Camera Detector #600 after Microlens (Square) Arra... EI@

Chromatic Fields Set

y [mm]

square microlens array

0 02 04 08

06 -04 -02

=1

Detector #600 after Microlens (Round) Arra... EI@

Chromatic Fields Set

round microlens array

36

=1

06 -04 -2 0 02 G4 06

diffraction due to
square aperture

X [mm]

diffraction due to
round aperture
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Results

n 58: Camera Detector #600 after Microlens (Square) Arra... EI@
X Chromatic Fields Set
H 55: Data Arrays — Wavefront Error #6017 after Zer... E@ Detector #600 after Microlens (Round) Arra... EI@
. Numerical Date Arrey square microlens array Chromaic Fields Set
iagram  Table
= 56 :
wavefront error [1] z g E round microlens array
12 > ( I 36
B—
— . ) z ¢
E = 315] 9 ( — ﬁ é ° %
: > () > 3 18
g — g " - - ® e & & & 8 g -
-0.5 o 0.5 - = 0 S @ @ @O0 R .
X [mm] 06 04 02 0 02 04 06 F '
0
\ X [mm] 06 04 02 0 02 04 06
spherical aberration | x [mm]
N\

"
/ N S " . . . .

S
(( g Loy, Fully physical-optics simulation of
| 3 | n system containing microlens array
( or | | takes 25 seconds.
| ,
L
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Results

n 61: Camera Detector #600 after Microlens (Square) Arra... EI@
X Chromatic Fields Set
H 60: Data Arrays — Wavefront Error #6071 after ZEI’..‘E@ Detector #600 after Microlens (Round) Arra... EI@
. Numerical Date Arrey square microlens array Chromaic Fields Set
iagram  Table
o 54 E
wavefront error [4] 4 g s round microlens array
9 > ( < 34
_® ) T3
E - 0 9 ( — é é o 27
- ‘ () >3 "
3 — =
_g g
-0.5 0 0.5 ' 0
X [mm] 06 04 02 0 02 04 06
]
\\ X [mm] 06 04 02 0 02 04 06
coma aberration | x [mm]
4 Y
™) W

(» \?fiafe {> \\fo\"”d Focal spots distribution
| ) > oy changes with respect to the
or | \, aberration of the input field.
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Results

n 64: Camera Detector #600 after Microlens (Square) Arra... EI@
X Chromatic Fields Set
H 63: Data Arrays — Wavefront Error #6017 after Zer... E@ Detector #600 after Microlens (Round) Arra... EI@
. Numerical Date Arrey square microlens array Chromaic Fields Set
iagram  Table
wavefront error [A] z g 3 “ round microlens array
3.5 > ( I 33
_® ) T3
E - 0 —-> ( —— — é o 245
; 5 () > 3 16.5
3 ———— = ) 2 @
3.5 i @ FR - S )
0.5 0 0.5 T ¥ 0 B
X [mm] 06 04 02 0 02 04 06 .
\ X [mm] 06 04 02 0 02 04 06
trefoil aberration , . | x [mm]
- W
Lo, . o Focal spots distribution
| NG | =y

| ) > oy changes with respect to the
or | \, aberration of the input field.
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Optical Components

e crystals

[2] ISUZU GLASS

X [mm]

0 02 04

-04 -02

Real Part of Refractive Index

1.592

1.57..

-04 -02 0 02 04

Z [mm]




Example — Stress Birefringence

e Laser-based soldering
— Contact free heating, versatile to use

)
— Localized and minimized input of energy ‘Ms

— Flux-free processing, no contamination \

Photo from Fraunhofer IOF

P. Ribes-Pleguezuelo et al., Opt. Express 25, 5927-5940 (2017)

« ANSYS e VirtualLab
— Structural/material definition — Convert stress into optical permittivity
- Transient thermal analysis data
- Stress simulation inside crystal - Simulation of field propagation through
component birefringent materials

300 www.lighttrans.com



From Stress to Birefringence

e Convert stress to optical permittivity
(for each layer inside stratified medium)

Stress tensor

01 0O O5
(% 0> U4> ?

O 04 O3

Permittivity tensor

(

€1
€6
€s

€6
€
€4

€sg
€4
€3

|

301
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From Stress to Birefringence

e Convert stress to optical permittivity
(for each layer inside stratified medium)

Stress tensor

01 Og O5
Og Oy U‘l-)
(0] 0) o
5 4 3 Piezo-optic constant

l AB,,, =|TTmnl0n

Changes in
impermeability tensor

AB, AB; AB:
AB, AB, AB,
AB: AB, AB;

302
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From Stress to Birefringence

e Convert stress to optical permittivity
(for each layer inside stratified medium)

Stress tensor Edit General Parameter: Double Array 20 *
Amay Dimension Specification
0-1 0-6 0-5 Mumber of Entries & s x & =
Make Entries &vailable in Parameter Run
Og 02 04 -
0-5 0-4 0-3 Array Index #0 ->
Piezo-optic constant D 1 2 3 4
0 -1.21E13 5.0BE-14 5.08E-14 0 0
—_— = 1| 5.08E-14 -1.21E-13 5.08E-14 0 0
l ABm - T[mn O-n % 2| bOBE-14 b.OBE-14 -1.21E13 0 0
% 3 D 0 0 -5.38E-13 0
Changes |n = 4 0 0 0 -5.38E-12
impermeability tensor
< >
ABl AB6 ABS Reset Table Export / Import
AB6 ABZ AB4 Cancel Help
ABS AB4 ABS Example: piezo-optic constant tensor for YAG crystal
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From Stress to Birefringence

e Convert stress to optical permittivity
(for each layer inside stratified medium)

Stress tensor

01 0O O5
Og Oz 04
O 04 O3

l AB,,, = T 0n

Changes in .
impermeability tensor Impermeability tensor
AB; ABg AB: B B¢ Bs
AB;, AB, AB, | B, B, B,

By, =|Bom|t+ ABp,

AB: AB, AB; B: B, B

\ Stress-free values
(related to refractive index/indicies)
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From Stress to Birefringence

e Convert stress to optical permittivity

(for each layer inside stratified medium)

Stress tensor

01 0O O5
Og Oz 04
O 04 O3

l AB,,, = T 0n

Changes in
impermeability tensor

AB, AB; AB:

Example: ordinary refractive index for BBO crystal

Relative Refractive Index n Configure Diagram

Absorption Coefhcient a

p

n g

C w = o]
= =

& \ a 5
E \ T 5
- o
v @ =
= = \ z
g o &
Eowm [N z
e = z
@ —
= (=g}
E ~ e 2=
[+F) — .
o 3

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vacuum Wavelength A [pm]

AB, AB, AB,
AB: AB, AB;

by bg b5
< B6 Bz B
By, =|Bom|+ ABy, B. B, B‘;

\ Stress-free values
(related to refractive index/indicies)
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From Stress to Birefringence

e Convert stress to optical permittivity
(for each layer inside stratified medium)

Stress tensor Permittivity tensor
01 0O Os €1 €6 €5
Og 02 Oy €6 €2 €4
Os 04 03 Piezo-optic constant €5 €4 €3
-1
lABm=7Tmn0n ‘[Gij] = |By]
Changes in .
impermeability tensor Impermeability tensor
AB; ABg; ABg By Bg Bsg
AB; AB, AB, — » | B¢ B, B,
AB: AB, AB; Bm =[Bom|+ ABm B: B, B

\ Stress-free values
(related to refractive index/indicies)
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VirtualLab Simulation

e Convert stress to optical permittivity

Source Code Editor
Source Code  Global Parameters  Advanced Settings
s s =l
E 6 /* Initialize the Harmonic Fields Set (HFS) for returr
= 7 HarmonicFieldsSet hfsReturn = new HarmonicFieldsSet(Ir
2| s
=il 2 /* Iteration through all member Harmonic Fields. */
E 18 for (_mt memberIndex = @; memberIndex < hfsRetur our
£ | 11 JExtraction of one single member Harmonic Field.
§ 12 -C-:u plexamplitude currentMember = hfsReturn[member
= | 13

14 #region stress data array, in lab system

15 // import 1D data arrays

16 Datafrray2D stressData = new DataArray2D(imported:?

17 Phy sicalPropert .Pressure,

18 Impor‘ted Str‘ess Data"

19 sampDistanceZ,

28 e8.a, // F:Lr's- goor'd:ma e

21 PhysicalProp .Length,

22 ",

23 1.a,

24 8.8, // first coordinate

S‘,'stemTempg
SystemPressf’
nputField [Hiy
CumentChanr
CumertChan
imported Stre
samp Distan S
AbbrPhotoel
testStressSc
testPhi [douii
spatial Embe
spatlaIEmbecI}
spatlaIOversi
spatlalOvers:,

-
wa-...‘..,v.....-..w

|

Stress tensor Permittivity tensor

0, 0Og Osg €1 € €5
Jg 0O 04 €g €2 €4
05 04 O3 Piezo-optic constant €5 €4 €3

l ABp, =[[pnd0n l [e)] " = [By]

Changes in Impermeability tensor

impermeability tensor
By By Bs
Bs B, B,
By, =[Bom|*+ ABp B. B, B,

AB, AB, ABg
ABy AB, AB,
\__ Stress-free values

AB; AB, AB,
(related to refractive index/indicies)

Conversion from stress tensor to the corresponding permittivity tensor
IS implemented by using the programmable component in VirtualLab
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Simulation Results

e Input field * Applied stress e QOutput field

1) @1064 nm I (@) no stress

(waist radius 50 pum)

(b) actual stress

2) @532 nMm

|Ex| E
| Y | (c) 10x stress

(waist radius 50 pm)

Note: we set the polarization
according to the SHG configuration

308 www.lighttrans.com



Simulation Results

* YAG crystal with 1064 nm input field (Ey)

(@) no stress (b) actual stress (c) 10x stress
3.0 yVim
=
=<
o
Tp]
o
I 0
[10.9 V/Im
E
==
(]
[Tp]
™
I 0

250 pm
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Simulation Results

* YAG crystal with 1064 nm input field (Ey)

(@) no stress (b) actual stress (c) 10x stress

[13.0 yV/m

Polarization
crosstalk (center)
because of

I birefringence
0

250 pm

[10.9 V/Im

250 pm

250 pm

310 www.lighttrans.com



Simulation Results

* YAG crystal with 1064 nm input field (Ey)
— Further check on the influence of stress-induced birefringence, we perform parameter run

from 1x to 201x stresses (with 101 steps)

from 1x to 201x stress

(b) actual stress (c) 10x stress
3.0 yV/m

(a) no stress

250 pm

(logarithm color for better visibility)

Calculation of 101 steps: ~ 90 s
with Intel Core i7-4910MQ

www.lighttrans.com
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Simulation Results

* YAG crystal with 532 nm input field (Ex)

(@) no stress (b) actual stress (c) 10x stress

[11.0 VIm

250 pm

250 pm

250 ym

312
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Simulation Results

* YAG crystal with 532 nm input field (Ex)
— Further check on the influence of stress-induced birefringence, we perform parameter run

from 1x to 51x stresses (with 101 steps)

from 1x to 51x stress

250 pm

ﬂ10 pV/m
0 (logarithm color for better visibility)

N |Ey|

250 um

www.lighttrans.com
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Optical Components

Real Part of Refractive Index
< 1.592
(=]
o
(=]
£
E © 1.58.
[l x
o
« GRIN media g
<
(=]
! 1.57...
1 i ]
-04 -02 Q 02 04
Z [mm]

[2] ISUZU GLASS




@HTTRANS .

Laser Systems > Beam Delivery System

Modeling of Graded-Index (GRIN) Multimode Fiber



Task/System lllustration

input plane detector plane refractive index n(x, y)
A 1.3
Y 1.0
100 um
xt> yt)
Z X

e ray propagation through a GRIN fiber

» electromagnetic field propagation through a GRIN fiber by

— arigorous Maxwell solver, the Fourier Modal Method (FMM) with
Perfectly Matched Layers (PMLSs)

— our newly developed very fast approximated Maxwell solver

316
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Specifications: Light Source

V4

detector plane refractive index n(x, y)

1.3

1.0

100um

Parameter Description / Value
coherence/mode single Hermite Gaussian (0,0) mode
wavelength 532nm

polarization linear in y-direction (90°)

distance between beam
waist and input plane

160um

317
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Specifications: GRIN fiber

o refractive index n(x, y)

To

r2
n,y)=ng [1-2-A-—

2 2
2

withr = \/x2 + y2 and A = ==
1

 inthiscase,n; = 1.3, n, =1.0,7; = 50um

input plane detector plane refractive index n(x, y)

A 1.3

Highlight !

arbitrarily customizable !

refractive index profile l
Y 1.0

|«
100um
X y
A A
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Results: 3D System Ray Tracing

input plane

detector plane

A

refractive index n(x, y)

1.0

dot diagram

u 29: Detector plane #602 after Double Interface ... El@

Ray Distribution

¥ [mm]

-0,005 0 0005 001

-0.01

Position

-0.01 -0.005 0 0.005 0.01
X [mm]
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Results: Switching to Our Fast Approach

input plane detector plane refractive index n(x, y)
x 1.3
Y 1.0
100pum
X {) y t>
z X

dot diagram

u 29: Detector plane #602 after Double Interface ... El@

Ray Distribution

¥ [mm]

-0,005 0 0005 001

-0.01

Position

switching from ray tracing to field T e

tracing by just one click

m Start Sources Functions Catalogs ;:
A
Gal Simulation Parameter Mew t‘.Optlni
= Settings  Owerview | Parameter Run :—-‘\)‘Jﬁﬁndf . .

_E P, Cument Simulation Engine :: nghllghts -
J0% Classic Field Tracing easy switching between
4% Field Tracing 2nd Generation ' ray and field tracing
ﬂr‘ Ray Tracing 8

0 Ray Tracing System praizer RSN

320
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Results: Our Fast Approach

detector plane refractive index n(x, y)

A 13

input plane

1.0

Y

X{»Z yt}x
E, Ey E,

100pum

E‘_{ 3: Electromagnetic Field Detector #600 after Re... EI@ E‘_{ 3: Electromagnetic Field Detector #600 after Re... EI@ E-_{ 3: Electromagnetic Field Detector 2600 after Re... EI@
Electric Figld Electric Figld Electric Figld
Diagram  Table = Value at fxy) Diagram  Table = Value at fxy) Diagram  Table = Value at fxy)
Amplitude of Ex-Component [mv/m] Amplitude of Ey-Component [V/m] Amplitude of Ez-Component [v/m]
1.1229.. 1.7999.., 0.0664...
o o o
E E E
E © 0.5614... E © 0.80999... E O 0.0332...
= > =
® 0 ® 0 = 0
-0... 0 0., -0... 0 0., -0... 0 =
X [mm] X [mm] X [mm]

Amplitude [V/m]
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Results: Our Fast Approach vs FMM

! ~40h I
FMM

1.3
x 1073
w Deviation between
results of both

approaches is < 1%

>

wirt ()7

0.005 Highlights

* high accuracy of new
propagation method
for multimode GRIN fibers

« consideration of polarization
crosstalk

0.0

322 www.lighttrans.com
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Source and detector modeling



Source

324



Video of sources

BEO-S348 - Wyrowski VirtualLab Fusion (2nd Generation Technology Update [Build 7.0.3.4]) = x

W Sources Funcions ~ Catalogs  Windows @ -
Ded @ 7 65 BEE =i il

New Open Save Light Optical Imaging Laser Virtual and Calculators | Starter Diffractive Grating  Laser  Lighting Waweguide
- Shaping = Metrology = Systems » Systems * Miced Reality = - cs* + Resonatorr -+ P Update Information

File Focus Topics & Calculators Toolboxes License

Detector Results




Partially Coherent Source: Lateral Modes

a set of point sources

326



Partially Coherent Source: Lateral Modes

shifted- elementary-mode concept

a

==

& 2: Gaussian Type Planar Source = e = & 5. Automatic Propagation Operator (2:) [f=e- = & 5: Automatic Propagation Operator (2:) [f=e- = & & Automatic Propagation Operator (2:) [f=e- =
Light View  Data View Light View  Data View Light View  Data View Light View  Data View

327 [3] Tervo, J., Turunen, J., Vahimaa, P. and Wyrowski, F. J. Opt. Soc. Am. A 27(9)(2014)



Gaussian Type Planar Source (Example)

’ Definition of Lateral Modes
Definition Strategy Bt

Number of Lateral Modes (maw: 2147483647)

Basic Parameters Spectral Parameters
Spatial Parameters Polarization Mode Selection =

[] Generate Cross Section

Source Field Parameters

Size of Source Plane 100 pm 100 pm
Reference Wavelength (Vacuum) 532nm w
Select Achromatic Parameter:

ol i i
(") Spatial Coherence Length 4.0383 pm 4.0383 pm
() Waist Radius (1/e"2) 5711 um 5711 um

Default Parameter Ok Cancel Help

Weight Function
Specification Type (@) Constant Weight (") User-Defined Weight

wieight Value

\_

& 23: Gaussian Type Planar Source
Light View | Data View

92,108 pm

-92,108 pm

-92,108 pm

(=] & )

92,108 pm




Modelling of Source

VCSEL far-field power

 Modelling of Source distribution
— Transfer the 1D data(a) o 582
into 2D field data (b) -% D 0.4 —‘/\/\
—- Calculate the source T2
modes by using = 01 005 0 0.05 0.1
Parametric Radius/ pm (@)
Optimization.

 The source contains
two Gaussian
Laguerre modes (d).

* The intensity
distribution is (c)

(b) () (d)




Pulse in Frequency Domain

e In frequency (wavelength) domain e Intime domain (envelop)
— Gaussian pulse — Fourier transform
Diagram  Table Value at x-Coordinate E Diagram  Table Value at x-Coordinate |I|
g o= g S 7
"J [ [ [ I‘ "J | [ [ [ [ | | 1
0.7 0.8 0.9 0. 0. 0 001 002
Wavelength [um] Time [ps]




Pulse in Frequency Domain

* In frequency (wavelength) domain * |Intime domain
— Gaussian pulse — Fourier transform

Dizgram  Table Value at xCoordinate

Diagram  Table Value at x-Coordinate E -

- = _ |
-

= =

e -

= = T un

. 5 O

E b

= =

% é S o

=] .

L =

0 S s

g 35 5 9

L . t

= m

@ (2

= = -

=

_:EE T | i | | i —
4 | | d 002 -001 0 001 002 003

0.7 0.8 0.9 Time [ps]
Wavelength [um] < >




Detectors - Examples

332



Detector of ray quantities

* Ray tracing system analyzer
e Spot diagram
e Spot size




3D Ray Tracing Analyzer: VLF

30 View 20 View

1443446364 mm

334
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Dot Diagram Comparison: Target Plane

 VLF spot size (Beam diameter RMS): 581.25 um (Centroid as reference)
« Code V spot size (RMS): 580.62 um

 VLF spot size (Beam diameter RMS): 880.42 pm (Chief ray as reference)
« Zemax spot size (RMS): 880.114 um

-
-
*
e @
*

P

L T
ke o 4

hi s T NI

T
e

T T

Pt
pEEE * * + +

T T T T T T T T T
04 -03 02 -01 o 01 02 03 04
X [mm]

Code V VLF Zemax
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Detector of ray quantities

Ray tracing system analyzer
Spot diagram

Spot size

Wavefront error




System lllustrations

] 20: Ray Distribution 3D e )

3D View | 2D View

[ | |
collimation objective lens / \
dot phase
: wavefront :
diagram view
error

Y [mm]
-1 -05 0 05 1

-1 -05 0 05 1

X [mm] beam param eters

asymmetric Gaussian beam
of IR laser diode (M2 = 1)
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Modeling & Design Results

B 21: Collimat... = |- =[]

Ray Distribution

B 5: Wavefront Error

(=2 =) a

Numerical Data Array Light View

8: Phase : - :

Data View

Direction Diagram | Table
R ‘Wavefront Error [A] E E 3,1406

20 o ' |Ray e Wavefront |

< " . |Directions Error o

L

o 16 3I2 IV Phase
::] 19: Ray Distribution 3D [E=N BR[| Position [mm] .
30 View |20 View Locally Polarized Hammor Phase  Zoom: 031349 | (626: 398) AnaIySIS
3D | ]
System :
Analysis Numerical Detector Results
Quantity Value & Unit
: wavefront error (RMS) 0.03A
Collimated

divergence Angle X x Y

M2 parameter in X x Y direction

0.02° x 0.01°

1.0180 x 1.1802
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Field Detectors

o Electromagnetic field: amplitude / phase/ real and imaginary part

E— | ===
| CE T g viw Dot viw
Light View  Data View

a

3.1406 Light View Data View

070711

559,46 pm
38345 pm

38345 pm

c 0.35355
5
- & g: Gaussian Wave
Light View  Data View Lght View | Data View 16 liew Data View
=
3.1219 - " 3.021 0
£ =
£ 3 P
m " =
b= 5] (327, 327)
(=3 —
-5.9825E o
E
7 E
-
g o 3
] (=]
3 =
-1.0043 mm 1.0043 mm 31338 = ' -3.021
s -1.0043 mm 1.0043 mm
= = -384.04 pm 384.04 pm
Globally Polarized Hamonic Field Phase ' Zoom: 26706 (85 85 Globally Polarized Hamonic Field Phase 'Zoom:3.2235 (35 85)
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Spatiotemporal Evolution of Femtosecond Pulse
Focus



Overview

[ 25: Virtual Screen 2605 after Gaussian Wave #..[ = || = |5

Light View | Data View

-7.2365 mm 7.2365 mm

Light View Zoom: 24622

Laser beam

f=1.7671 mm

Aspherical lens Focal plane

NA=0.68




Input Beam Pulse

I 100: Camera Detector #607 after Pulse 20 (-) (Fi.. | = || & [[34]

Chromatic Fields Set
~
™
E
E o
=
W 25
=2 -1 0
X [mm]
£

0.5

Time [ps]

Domain from -2 mm, 0 m] to [2 mm, 0 m] - Pulse Evaluation #606 after Pulse #0 (-) (Field Tracing 2nd Generation) E@
Pulse Component At Line
z L] | Fines 0s
Amplitude of Electric Field Component [V/m] X
0.9488...
2
0.4744..,
>
9y E-09
>
-0.. 014 012 -01 -008 -006 -004 002 O 002 004 006 008 01 012 014 O.




Simulation: Ex, Ey and Ez

 Enable the detectors Ex, Ey and Ez

Chromatic Fields Set

I3 75: Ex #603 after Identity Operator 2 (0) (Field ... | = || & |[s23]

Y [mm)

0.01

-0,01

Ey

I3 77: Ez #605 after Identity Operator £2 (0) (Field ... [ = || =) |[x23a]

Chromatic Fields Set

I 76: Ey 2604 after Identity Operator 22 (0) (Field ... [ = | & |23

Chromatic Fields Set

0.01

¥ [mm]

0,01

-0.01

-0.01

0 0.01

¥ [mm]

Y [mm]
0 0,01

-0,01

-0.01 0 0.01
X [mm]




Simulation: Pulse at Point (0,0)

 Enable Detector Pulse Evaluation

Chromatic Fields Set

(===

¥ [mm]

X [mm]

Pulse Comperert A Ore Poin

e

Dagrn Tabe Vake 2 xCoornte

Time St

P

026 o025 0027 00275 0026 00285 0029 00295 002 002305 0021 0025 0022
Time i)
B 90: Real Field of (83
Field Viector Component At One Point
Diagram  Table  Value at x-Coorcinate
E <
B
S o I i
S o
=
S o
g
58
£
< <
3 <
-4
002274 002276  0.02278 00228 002282 002284 002286 002288 00229 002292 002204 002296 002298 0023 002302

Time [ns]

Field




Imulation: Pulse along x-Axis

‘ﬁbu\xe(mpmmt(ﬁd inTims domain from [-2 m, 0 m] 2 [2 mer, 0 m] —Pulsz 2 Tracing 2nd Generai =S o=
I3 100 Camera Detector 2607 fterPutse 20 () (. | | 5 ] jan Tae Vee 6) [ [ Focs &
EreTerEFzas S Amplitude of Elzctiz Fie d Comaanent [v/m]
~ - 0.9488
E :
£ EX
Input x - :
> = -
=i o
5
Ze
2 1 0 1 2 3
X [mm] C.E0
< > 0. 004 -012 -01 006 006 004 002 0 002 04 006 0C8 01 012 D14 O
Time [ps]
o
L +
375 B #603 aterdentity Operator £2 0) Field... | == ) I 5: Pulse Component (Ex) in Time Domain from [-15 ym, 0 m] to [15 um, 0 m] - Pulse Evaluation #600 .. | = | L
Chromatic Fields Set Pulse Component At Line
Diagram  Table  Value at fxy) [ | Fimesir 2289
Amplitude of Electric Field Component [kv/m]
E v 0.2797.
X £ -
5 £
S ES
- S
z 0.1398...
5
s g
=3
3
£
-08
O Ly L= O+ | ) 8%: Pulse Component (E2) in Time Damain from [-15 um, 0 m] to [15 m, 0 m] - Pulse Evaluation 2600 ... |- || = s3]
Time [ns] Pulse Component At Line
I 77: £2 605 after Identity Operator #2 () (Field .. [-= || Diagram | Table  Value at (cy) [ Time Shift
Chs Fields Set
romatc Fields Amplitude of Electric Field Component [v/m]
45.173...
Output E, «
ES
s ©
B 22.586...
5
55
ERE
3
&
3..E-06
0. 00228 0.023 0.
X [mm]
Time [ns]




Focused Topics

LIGHT
SHAPING

Refractive optics
Diffractive optics
Diffusers

Microlens arrays

OPTICAL
METROLOGY

Interferometry
Microscopy
Monochromators

Spectrometers

IMAGING
SYSTEMS

Diffractive lenses
Advanced PSF/MTF

Ghost images

Inclusion of gratings

LASER
SYSTEMS

Beam delivery
Scanning systems
fs pulse modeling

Crystal modeling

VIRTUAL AND
MIXED REALITY

Near-eye displays
Waveguide HUDs
Freeform surfaces

Pattern generation
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Imaging and laser systems



Specification: Collimating Lens

Parameter Value & Unit

types of lens surfaces 3 lenses with 6
spherical surfaces

numerical aperture (NA) 0.63

materials M;: N-SF6*
M,,M;: N-BK7*

* from catalog "Schott _2014"
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Specification: Focusing Asphere

S
—
]
—

i}

Parameter Value & Unit

name/type convex-plano aspherical lens from Asphericon:
ALL12-25-S-U (A12-25LPX)

numerical aperture  0.23
material (M) N-BK7
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Specification: Detectors

Position Modeling Technique Detector/Analyzer
full system 3D system ray tracing general overview of light behavior in system

a ray tracing residual phase aberrations

b ray tracing dot diagram & focal beam size (X x y)

b field tracing intensity distribution

b field tracing focal beam size, M? value (x x y)

C field tracing focal region analysis by multiple 1D cross sections

in X- & y-direction
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Results: 3D System Ray Tracing

www.LightTrans.com
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Results: Field behind Asphere

Highlights

* |laser diode modeling inclusive astigmatism

+ diffraction at lens apertures

» advanced focal region analysis

3
A S e e

PR AT A

1.9776 mm

intensity

-1.9776 mm

-3.2418 mm 3.2478 mm

21T

3.1406

1.9776 mm
Phase of Component Ey [rad]
3

residual phase

-3 -2 -1 0 1 2 3

-3.1416 Position on Y-Axis [mm]

-1.9776 mm

-3.2478 mm 3.2418 mm

1D cross section of remaining phase

Simulation Time ~2s
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Results: Comparison with/without Astigmatisms

H\|ghI|ghts e
! « laser diode modeling inclusive astigmatism ¢

i | diod deling inclusi ti ti
) } » diffraction at lens apertures {
L b - § . |
Inte nS|ty i advanced focal region analysis

B A Ty

Y [mm]
0 0.01 0.02

-0.01

-0.02

-0.01 0 0.01 0.02

X [mm]

with

astigmatism

without astigmatism
(11.6um)
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Results: Focus Spot (PSF) & Parameters

RREEN

i

¥ [Hm)
0

4 ray tracing
without astigmatism

RMS diameter

(_(X>y) =6pm > 6um

X [pm]

dot diagram
of ray positions

Highlights|.

P T A

+ laser diode modeling inclusive astigmatism ¢
« diffraction at lens apertures

» advanced focal region analysis

" Mmmy—-m——-—-j

H
7
3

f
,
?
s
Ay
3
3

3
A S e e

field tracing

intensity

1/e2 diameter

beam quality

with astigmatism

(xxy)=11um x 19um

~

\_ M2=1.07x1.01
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Results: Field Analysis in Focal Region 1D

Highlights

R I

+ laser diode modeling inclusive astigmatism

+ diffraction at lens apertures

A g A o gy Pt

P AT ]

* advanced focal region analysis

T IO L NP A ISR

X [mm]
0 0.05
Y [mm]

0.05

X axis
y axis

— B
=

i i
= =
(=] o
B T
£ o E o E— e
= >
wn wn
= =
< 2
T T T T T i
0.0224 0.0226 0.0228 0.023 0.0232 0.0224 0.0226 0.0228 0.023 0.0232
Distance behind Asphere [m] Distance behind Asphere [m]

Z axis

(amplitudes in grey and inverse rainbow colors)
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Results: Field Development in front of Focus 2D

Highlights

+ laser diode modeling inclusive astigmatism ¢

N Mmmﬁmﬁ

3

. . i

+ diffraction at lens apertures {
4

P AT A

» advanced focal region analysis {
e

principal axis of beam ellipse changes from y- to x-direction.

0,02
002
0.02

¥ [mm]

¥ [mm]

Y [mm]
0

¥ [mm]
0

-0.02
-0.02
-0.02

02 . :1 . 0.02 -0.02 . :1 . 0.02 -0.02 . :1 . 0.02 -0.02 . :1 . 0.02 -0.02 . :1 . 0.0z
22.375mm 22.425mm 22.475mm 22.525mm 22.575mm

> 7

propagation distance behind focusing asphere
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Results: Focus Position in X vs Y Direction

. Highlights|. e
- in x direction i + laser diode modeling inclusive astigmatism

— |- iny direction ; + diffraction at lens apertures ;
= ¢ » advanced focal region analysis {

Diameter [mm]

002 004 006 008

"‘ T L] T T T |

0.0224 0.0226 0.0228 0.023 0.0232
Distance behind Asphere [m]

z-position of smallest spot diameter
IS different for x- and y-direction
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Document & Technical Info

code BD.0002
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@HTTRANS .

Mach-Zehnder Interferometer
Using Coherent Light



Task/System lllustration

reference path
phase delaying

beam splitter element mirror
light source: plane wave
20mm 20mm 20mm
20mm screen
20mm
20mm M 20mm 20mm
mirror investigated beam combiner I
element (e.g.

spherical lens)

object under test

f?

Intensity of the
interference pattern
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Results: 3D System Ray Tracing

H‘i’z 12 mm
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Results: Field Tracing with Tilt of the Object

Non-sequential
Non-sequential

-
-
-
——
-
-
—
-
—
-
-
—
-
-
-

1.1

3 mm

3 mm 3 mm 3 mm
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Results: Field Tracing Lateral Shift of the Object

Non-sequential

Non-sequential here

-
-
-
-
——
-
-
- 1
-
—
-
-
—
-
-

-

1.1

3 mm

363 www.LightTrans.com



@HTTRANS .

Interaction of Highly Focused Azimuthally
polarized Field with Nano Particle



Task/System lllustration

e

A | Nano particle
‘ .‘D 'H’ N’ h : - & (rectangular cuboid)

Azimuthally polarized wave !

[llumination field at focus

Transmitted near field
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Dot Diagram at Focal Plane: NA=0.85

~.
S
~
~
~
~
~q,
1 ~o
1 ~
~
~
~
~
~
~
~
~
S
~

150 nm

150 nm
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Field at Focal Plane: NA=0.85
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Transmitted Near Field

e -

/* Size of particle: 900 nm X600 nm X300 nm

-
- ~———
- ==
- ~———
~———
~——
S=——
S=——
Se———
See—as
Tee—e

3710

/
\

2 um
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Light Shaping



Light shaping by inverse approach

Concept of amplitude matching and consequences



Inverse Design Concept: HOE and Freeform

Target plane

Source
‘ Lens system ‘ Lens system ‘
#1 #2

Signal field




Inverse Design Concept: HOE and Freeform

Target plane

HOE
Source
‘ Lens system ‘ ‘ Lens system ‘
#1 #2

Signal field




Inverse Design Concept: HOE and Freeform

Target plane

HOE
Source
‘ Lens system ‘ <: Lens system <:
#1 #2

Signal field




Inverse Design Concept: HOE and Freeform

Target plane

Freeform

Source
‘ Lens system ‘ <: Lens system <:
#1 #2

Signal field




Inverse Design Concept: HOE and Freeform

Target plane
Freeform/HOE

Source

> (—
| —

0... -0.2 -0.1 i) 0.1 0.2 0.3
X [mm]

0. 0.025

¥ [mm]

Signal field




Inverse Design Concept: HOE and Freeform

Target plane

Freeform/HOE
Source
) Distance 1 . Distance 2 ‘
& s w s [ Forward propagated source field Signal field

X [mm]

and back propagated signal field
should have same amplitude e e
distribution to enable phase-only
manipulation for field

\transformation. /




Inverse Design Concept: HOE and Freeform

Target plane

Freeform/HOE
Source
‘ <: Additional <:
) Distance 1 . e el ‘

... -0.2 -0.1 Q 0.1 0.2 0.3

/Freedom of Phase: Signal phase
IS a free parameter in design,
when only the intensity is of
concern. Comment: Phase affects

Qhe 3D signal behavior.

Signal field




Inverse Design Concept: HOE and Freeform

Target plane

Freeform/HOE
Source
) Distance 1 . Distance 2 ‘

... -0.2 -0.1 Q 0.1 0.2 0.3

/Freedom of Phase: Signal phase
IS a free parameter in design,
when only the intensity is of
concern. Comment: Phase affects

Qhe 3D signal behavior.

Signal field




Imaging System Examples

1.single lens design
2. off-axis aberration control



1. single lens design

e Desing task: For a given spherical wave input, how to design a diffractive lens
to focus it with required NA and focal length.

diffractive
. lens
input
: NA=0.23 =0.
spherical NA=0.42
wave ~
_._._<_:_:_’_ft __________________ ‘ ___________________ i _*,_,_,_,_,_\,_,\_.}_ -
S e
input plane 100mm ~ 50mm ]

focal plane

380



1. single lens design

a. functional embodiment : a phase-only functional component
The phase function ¢(x, y) is obtained by the subtraction of the input field and the required signal field.

The functional component gives the required phase for the input spherical wave, and keep the input irradiance
as remained according to energy conservation.

functional
compor\:ent
. Data for Wavelength of 532 nm [1E9 (V/m)*2]
input plane focal plane
p p 1.276
E <A 0.638
e irradiance \e irradiance - ,
before the component after the component oo

¥ [m]

-0.02

o
=
o

1=k

1.25

¥ [m]

0.02

-0.02

1.33

X [pm]

PSF on focal plane

117




1. single lens design

b. structure: HOE

diffractive
: lens
Input -\ =023
spherical
wave
L 4
- s ‘
input plane 100mm

The structure of the diffractive
lens is designed as local
grating. In this case, the
grating is chosen as sawtooth
type, and the +1 order is used
as the working order.

focal plane

A: grating period

AGx,y) 21

2 T Wty
d: modulation depth
T thickness of base block.
For the design, the
thickness of the base block

iIssetas zero, T =0




1. single lens design

b. structure: HOE

ray tracing result with HOE (with the working order of +1 order)

t focal t focal plane t focal plane I focal pl
Z Z Z

-1 order O order +1 order +2 order




1. single lens design

diffractive
: lens
input _ _
spherical NA=0.23 NA=0.42
wave

L ECCCEt R W B -

input plane 100mm ﬁ 50mm focal plane
calculated phase of
“"phase of the working order behind the diffractiv;e? Rayleigh coefficient of Ex
Phase of Ex-Component [rad] = .

Wavefront phase [1E13 rad]

0,02
0.02
1.8
1.8

1.6
1.6

Y [m]
0

¥ [m]
0

Residual Phase [rad)
1.4

1.2

Fhase of Rayleigh coefficients Ex [rad]

-0,02
0.02

217
14 > | > |
1.35 0.71 _U = : .
| 4 d
= : T T — T — T ™ T
075 0.005 0.01 0.015 0.02 0.005 0.01 0.015 0.02
-0.02 o 0.02 '

-0.02 1] 0.02
X [m] *[m]

wavefront phase residual phase residual phase along cross-section

Distance from First Point [m] x [m]




1. single lens design

input
PU NA=0.23
spherical
wave
I
e
—
input plane

diffractive
lens

4
K /
‘q‘r
1

100mm

S0mm ﬁfocal plane

N

Ray tracing result

Position

X [pm]

Field tracing result

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

1.276
=
5 o @ 0.638
-
T 0
1 0 1
X [pm]

Dot pattern of the working order PSF

MTF (normalized)

0.6 0.8

0.4

0.2

Field tracing result

—_—

01 02 03 04 05 06 OF 08 09

Line Density X [1E2 cycles/mm]

MTF




2. aberration control

Task description: design a optical element to correct the aberration of a spherical lens illuminated with off-
axis input plane wave

focal plane

plane
wave

Here
dot diagram PSF

Data for Wavelength of 633 nm [1E4 (V/m)*2]

reference plane
for the optical element

54

¥ [mm]
¥ [mm]
5.35

5.3

-0.05 o 0.05

X [mm]

RMS = 127.9um




2. aberration control

a. functional embodiment

focal plane
functional H
component ere
Y
k.- '\ PSF
0.0226 Data for Wavelength of 633 nm [1E6 (V/m)*2]

5.35

¥ [mm]

¥ [mm|
53
o)

5.25

1044
-
o
0.02245
e > 0.522
o
4 2 0 2 4 G022

T T T
X [mm] -0.05 o 0.05

wavefront phase behind X
the functional component




2. aberration control

b. design HOE

HOE focal plane

A PSF
Y / ~

L - Z local grating: sawtooth type Data for Wavelength of 633 nm| [1E3 (V/m)~2] Data for Wavelength of 633 nm| [1E5 (V/m)*2] Data for Wavelength of 633 nm| [1E3 (V/m)*2]

4 2.2 9 2.2
v 1.1 : 4.5 : 11
0 o o
-0.05 o 0.05 -0.05 0 0.05 -0.05 0 0.05

¥ [mm] * [mm] ¥ [mm]

O order +1 order +2 order

5.35
5.35

535

¥ [mm]
5.3

¥ [mm]
5.3

¥ [mm]
5.3

525
5.25
5.25

the +1 order is used as working order




2. aberration control

c. design freeform surface

plane surface

T

freeform surface

Profile Height [pm]

w 5.82
-t
=
E 0.14
= o
&
v a -5.54

ol

Height Profile
(3D view)

X [mm]

Height Profile
(2D Contour line)

dot diagram PSF
"' | Data for Wavelength of 633 nm [1E5 (V/m)*2]
; 9.5
E @ - I
E
> —
o E o 475
ui =
| |
0.65 c; 0.;}5 - 0
X [mm] -0.05 0 0.05 -
RMS = 0.76um X [mm]
result without correction
m Data for Wavelength of 633 nm [1E4 (V/m)*2]
E
[l
E s
> £
£
m >

T
-0.05

RMS = 127.9um

T T
0 0.05
X [mm]




Light Shaping Concepts

 tailored aberrations (beam shaping)
e stored scanning process (diffuser & splitter)

* multichannel concept (cells array)




Light Shaping Concepts

» tailored aberrations (beam shaping)

» stored scanning process (diffuser & splitter)

* multichannel concept (cells array)




Light shaping by tailored aberrations

Refractive and diffractive optical elements



Beam Shaping: The Task

[ Source H Lateral Reshap%

Shaping Optics Target
Plane




Beam Shaping: The Task

MI:Gaussian Wave EI@ m3: Super Gaussian Wave EI@
Light View | Data View Light View | Data View
w
z 3
w0 ™
b s
-
w (=]
= 3
2 i
-559.46 um 559.46 pm -5.3949 mm 5.3949 mm
Light View Zoom: 2.5478 Light View Zoom: 1.2058




Beam Shaping: The Task

m4:Gaussian Wave EI@
Light View | Data View

Light View | Data View

1.07 mm
539459 mm

Lateral Reshaping

53949 mm

1.07 mm

-559 46 pm 55846 um -5.3949 mm 5.3949 mm
Zoom: 1.2058

Zoom: 1.3322 Light View

MS: Super Gaussian Wave EI@

Light Yiew




Basic ,Beam Shaping“ Task: Focusing

m 6: Gaussian Wave
Light View | Data View

24511 mm

24271 mm

-2.6096 mm

4

Light Yiew

T

[E=N(ECR =™

m

25856 mm

Zoom: 5.5249

Focusing

m T: Gaussian Wave
Data View

Light View

1.1432 mm

11432 mm

=% ECl 5

-1.1432 mm 1.1432 mm

Light View

Zoom: 1.2468




Basic ,Beam Shaping“ Task: Focusing

| Source p—> Focusing >

Shaping Optics Target
Plane




Basic ,Beam Shaping“ Task: Focusing

| Source =—>

Shaping Optics Target
Plane




Basic ,Beam Shaping“ Task: Focusing

| Source —>

NA determines spot size

Shaping Optics Target
Plane




Light Shaping by Aberrations

| Source —

NA determines spot size

Shaping Optics Target
Plane

Beam shaping can be understood as the
Introduction of aberrations to shape the focus!




ldeal Lens vs. Spherical Aberrations

e

m 3:Ideal Lens
Light View | Data View

[ o]

z
g
o
=
£
£
(w]
o
o
=}
-1.0006 mm 1.0006 mm
o~ 12
< 8
OS) 4
O 1 I 1 I I
0 80 160 240 320
Position [pm]
Light View Zoom: 0.97342

e

m 8: Spherical Aberrations
Light View | Data View

1.0006 mm

[ o]

E
E
w
o
=]
=]
-1.0006 mm 1.0006 mm
[}
= 08
05) 04
0 I I 1 1 I 1 ] I
0 80 160 240 320
Position [um]
Light View Zoom: 1.0066




ldeal Lens vs. Astigmatism

pr

(B 114: Ideal Lens Spot
Light View | Data View

1.0006 mm

1.0006 mm

-1.0006 mm

Light View

1.0006 mm
Zoom: 0.97342

pr

(B 110: Astigmatism
Light View | Data View

1.0006 mm

g
o
=
-1.0006 mm
Light View

1.0006 mm
Zoom: 0.97342




ldeal Lens vs. Coma

pr

() 114: Ideal Lens Spot =n EoR ="
Light View | Data View
=
g
o
<
g
o
o
-1.0006 mm 1.0006 mm
Zoom: 0.97342

Light View

pr

(B 109: Coma
Light View | Data View

£
(-a‘n
o
Q

=

o

=

-1.0006 mm 1.0006 mm

Light View Zoom: 0.97342




ldeal Lens vs. Mixed Aberration

-

m 114: Ideal Lens Spot
Light View | Data View

1.0006 mm

-1.0006 mm

-1.0006 mm

Light View

fo) O]

1.0006 mm
Zoom: 0.97342

pe

m 9: Mixed Aberrations
Light View | Data View

1.0006 mm

-1.0006 mm

-1.0006 mm

Light View

1.0006 mm

Zoom: 1.0066




Conclusions for Beam Shaping

Aberrations enlarge and reshape the focal spot of the
Ideal lens system

-

 The focal spot of the ideal lens system must be
— Smaller than the demanded shaped spot
— Not bigger than the smallest feature in the shaped spot

« Designing a beam shaping system must always be
started with selecting a lens system the NA of which
enables the required focal spot size

 Remark: Aberrations of lens systems are allowed,
because beam shaper can compensate that




Introduction of Aberrations

| Source j=— Lateral Reshap%

2. Add diffractive or
refractive beam

shaper 1. Replace lens surface by polynomial,
aspherical, or diffractive surface




What Kind of Aberrations Are Needed?

 Dependent on the input beam and the required beam profile in the target
plane aberrations must be introduced
* A Dbasic approach to estimate the required aberrations for a given beam

shaping problem is based on
— Determination of geometrical distortion to redistribute energy
— Calculation of phase function, which realizes the geometrical distortion




Geometrical Distortion Concept

Analytical beam shaping with application
to laser-diode arrays

Harald Aagedal, Michael Schmid, Sebastian Egner, Jorn Muller-Quade,
and Thomas Beth

Institut fiir Algorithmen und Kognitive Systeme, Universitdt Karlsruhe, Am Fasanengarten 5, D-76128 Karlsruhe,
Germanv

Frank Wyrowski

Institut fur Angewandte Physik, Friedrich-Schiller-Universitat, Max-Wien-Platz 1, D-07743 Jena, Germany

Vol. 14, No. 7/July 1997/J. Opt. Soc. Am. A 1549




Geometrical Distortion Concept

4

|G

>

X

Fig. 1. Distortion transforming a Gaussian beam to a uniform
distribution.

Vol. 14, No. 7/July 1997/J. Opt. Soc. Am. A 1549
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Light Shaping > Refractive Optics

Design of a Refractive Beam Shaper to Generate a
Circular Top-Hat

LightTrans International UG



Task lllustration

Input plane Detector plane

200 mm

0.5mm

Beam shaping
element

« Design a beam shaping element to shape a laser beam (fundamental mode)
to a circular Top-Hat.




Specification: Light Source

Input plane Detector plane

A
v

15 mm
Parameter Description / Value & Unit
type/number Gaussian beam
coherence/mode single Hermite Gaussian (0,0) mode
wavelength 632.8nm

beam diameter (1/e?) 8 mm x 8 mm




Specification: Beam Shaper Element

Input plane Detector plane

The variables for
this design

""""""""""""""" task: a;, with i =
2,3,4,..,16

1
200 mm
Aspherical interface
« Aspherical interface: Parameter  Value & Unit
i name/type Aspherical lens
h(x: y) — z a;r material N-BK7

[ thickness 5 mm

with r = \/XZ + yZ andiis polynormial size (diameter) 23 mm
der ind Distance to 200 mm
oraer Inaex R




Specification: Desired Pattern

Input plane Detector plane

A
v

0.5 mm

Parameter Description / Value & Unit
type/number Top-Hat (Super-Gaussian Wave)
wavelength 632.8nm

beam diameter (1/e?) 400 pm x 400 pm

edge width 40 pm




Specifications: Merit Functions for Design

Input plane Detector plane

A
v

0.5 mm

Parameter Description / Value & Unit
conversion efficiency > 90%
signal to Noise Radio (SNR) > 22 dB

maximum relative intensity of < 10%
stray light




Specifications: Detector

Input plane Detector plane

Position Modeling Technique Detector/Analyzer

a field tracing Intensity
b field tracing Value of merit functions




Optimization

Process

E:, 81: Refractive Beam Shaping Session®

Input Beam Parameters

This page allows to enter parameters of Gaussiar

The input beam of the beam shaping system is maoi
distribution and a beam quality of M=1. It is assum
means that the phase wil be constant.

The session editor allows to specify the input bean

Diffractive
Optics -

Beam Shaper Design

,Ej "Gaussian — Top Hat" Transmission Design

,Ej Ciffractive Beam Shaper

,Ej Refractive Beam Shaper

Beam Splitter Design

,Ej Regular Aray Beam Splitter

Three different defintions of waist and divergence angle are supported. |he required detinmion must be selected

before the parameters can be specified.

Defintion of Waist and Divergence Angle

(®) 1/e* \Waist Radius, Divergence Half Angle
() 1/e? \Waist Diameter, Divergence Full Angle

1/e*
(") FiwHM \waist Diameter, Divergence Full Angle f

n W, Wy, wy...Waist Radius
w Bhravsansaniss Diverzence Anele

< Back Finish

NI N TR YT ORI SRR T T ST S

* Design Process is easily done by
using the Refractive Beam Shaping
Session.

— Fill the parameters in illustration
— Next!

e Click Finish, the beam shaper
design is done immediately.

Design time - ~0.016 s !!!

* RO.0001_Refractive_Top_ Hat Beam_Shaper_Session_Editor.seditor



Results: Refractive Beam Shaper

Input plane

Detector plane

| I—
ailn Thoal atdifnEista - : e o
- Radius of Curvature | Sirf ,-,-,| :
Conical Constant | [;.| g
- :
2glynomial Orders 1
Number of Orders 165 f
*| Order [Unit] Parameter Value h}
i
11 0 :
2 [mm®(-1)] 0.004467 1
A3 [mm™-2)] -1.5216e-05 .-f
14 [mm 3] 14144205 :
| 5 Tmmi-411 -2.0493e-06 ve

- 80: Virtual Screen #6071 after Target Plane #2 (0) EI@

Light View  Data View

349.99 pm

-349.99 pm

-344.97 pym 344,97 pm

Light View Zoom: 1.0108

Parameter Value & Unit

conversion 90.24%
efficiency

SNR 22.353 dB
stray light 10.872%

*R0O.0001_Refractive_Top_Hat Beam_Shaper_ LPD.lpd
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Light Shaping > Refractive Optics

Modeling of a Refractive Beam Shaper with Measured
Height Profile

LightTrans International UG



Task/System lllustration

Gaussian beam 2mm . 200mm

A
v

aspherical lens
(with fabrication error on
the second interface)

f)

intensity distribution
on focal plane

420



Highlights

« simulation of fabrication tolerances by importing
measurement data of height profiles

421



Specification: Light Source

Parameter Description / Value & Unit
type/number Gaussian beam

coherence/mode single Hermite Gaussian (0,0) mode
wavelength 632.8nm

polarization linear in x-direction (0°)

waist radius (1/e2)

4mm X 4mm

422

www.LightTrans.com



Specification: Focusing Asphere

- - - fabrication error of the height profile

<:| E

107nm

23mm

Highlights
* simulation of fabrication tolerances
by importing measurement data of A
height profiles

Parameter Value & Unit

name/type convex-plano aspherical lens

first interface plane interface

second interface aspherical interface with measured height profile error
material (M) N-BK7

423 www.LightTrans.com



Specification: Detectors

Position Modeling Technique Detector/Analyzer
a field tracing intensity distribution
b field tracing merit function detector

424 www.LightTrans.com



Results: Intensity Distribution

Highlights

* simulation of fabrication tolerances
by importing measurement data of
height profiles

q -
- — y 400
g g g
o o o
8 S 8
A I v I A I 0
: > - IA » < Ll
! 800 pm ! D 800 um "1 ! 800 pum !
intensity of field at focal intensity of field at focal measured intensity at
plane (without fabrication plane (with fabrication focal plane (with fabrication
tolerances) tolerances) tolerances)

425 www.LightTrans.com



Results: Merit Function Detector

Highlights
 simulation of fabrication tolerances

height profiles

by importing measurementdataof | = f---—-—-

Detector/Analyzer Result (without Result (with

fabrication error) fabrication error)
signal-to-noise ratio (SNR) 26.49dB 14.66dB
conversion efficiency 91.21% 87.15%
uniformity error 93.65% 99.73%

426

www.LightTrans.com



Modeling Task

Diffractive Beam shaper
Diameter: 2 x 2 mm

D) 6: Desired Top Hat (=l sl

Light View | Data View |

503.76 um

-503.76 ym

-503.76 pm 503.76 um

Light View Zoom: 1.915

Phase Levels: 16 Target
Plane
Illa) :1 yumnlnatmg BET =)
50 mm
llluminating Beam 1f-Setup

Intensity

Focal Length =50 mm

Top Hat Intensity
(free of speckles)

427

www.LightTrans.com




Modeling Task

* The following tolerances of the system are to be analyzed.
 The x tolerance values are regarded as 3-times * the standard deviation c.

Varied Parameters Value and Tolerances
Waist Radius of Input Beam (500 + 25) um

Etching Depths of all 4 Binary Masks + 2 % of original height
x-Position of Beam Shaper (0 £ 10) um

y-Position of Beam Shaper (0 £10) um

Focal Length of Lens (50 £ 0.5) mm




Simulation of Alignment Tolerances

[ Edit Stored Function @1 . - .
+  Simulation of shift tolerances must
G;E%E:J SS:Z::;T::atmn] [] Use Isolated Orientation be aCtlvated On TOleranCIng page Of
— Stored Function component and
Torsan P | Target Plane component.
Lxes Selection [ Axes of the Intemal Coordinate System v | | Axes .
g - « Tolerance values are varied by
on Parameter Run. The values set in
s on the component dialog are ignored.
OK || Cancel || Help
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Simulation of Etching Depth Tolerances

Edit Stored Function =
Stored Transmission
ﬁ‘ Type of Transmission [ Regulardy Quantized Phase-Only Transmission v]
Function
]
. Embedding and Pelation
- Embedding Frame Width 0=
osition Pixelation Factor 1=
rientatiol
T . Scale Emors
:_' [] Impose Linear Scale Error by Scale Factor 1
L Impose Mask Scale Errors
Mask Phase Modulation | Mask Scale Factor
: Mumber of
P Binary Masks
pil2 e
pi /4 :
pi /8
OK || Cancel || Help

o Simulation of mask etching depth
errors must be activated on
Function page of Stored Function
component.

Tolerance values are varied by
Parameter Run. The respective
settings in the component dialog
are ignored.

 Atolerance value of 1 represents
an optimum etching depth.
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Single Parameter Variation

 The laser beam radius has typically
I ————— Ra—— a strong influence on the optical
~ N performance of a beam shaping
i system.

e I  The Usage Mode: Standard must
= be selected for the variation of a
single parameter.

« Waist Radius X parameter must be
selected.

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

=
i
-
E

Distance to Input Flane
Lateral Offset X
Lateral Offset Y

Oversampling Factor

Wave #0 Input Field Size X
Input Field Size Y

Relative Edge \width

Order X

HEIDDDDDDDDDDD"

|\Visist Radius X (1£72) |
naist Hadius Y (/e

L]
Offset between x- and.. | [
= MIF a=z 5t |Rasal Pn | Nictanca Refars (|
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Single Parameter Variation

 The beam shaping system shows a

B 50: Signal-to-Noise Ratio of Diffracti... = || & |5 | strong sensitivity for a variation of
Mumerical Data Array .
S e Frrr—— the laser beam radius.

 The Signal to Noise Ratio (SNR)
will drop to 28.8dB.

35 40

signal-to-MNoise Ratio [dB]

30

I I I I I
0.48 0.49 0.5 0.51 0.52
Waist Radius X (1/e42) (Gaussian Wave #0) [mm]
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Monte-Carlo Simulation

Random mode for

Monte Carlo
simulation \ﬁ

Parameter Variation
has a Normal
Distribution with a
certain standard
deviation o

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

specifying how the parameters are varied per iteration.

2 37: AppS.0011_Tolerancing_BeamShaper_03_MultipleParameter.run

*fou can select one or more parameters which shall be varied as well as the resulting number of iterations. Several modes are av:

l—'sage Mode | Random v Normal Distribution vl l Use Seed of

5] |

The parameter range corresponds to

Filter Parameter Table by N

-3

3|

V

1[2[*[ Light Pp#tfElement | Category Paametsr

o
4

From

To

Stepsl]l Original Value | ~

/ /ﬂﬁ Radius X (1/e2)
/ sussian Vay Waist Radius Y (1/e°2)
/// Offset between x- and y-...
=] Distance Before

Lateral Shift X

Basal Lateral Shift Y

Fesitioning Spherical Angle Theta

Spherical Angle Phi

Angle Zeta
=] Translation Delts X
}fola}ed Translation Delts ¥

Eﬁ%{?snsgred Translation Delts 7

Aperture Diameter X
Aperture Diameter Y
Relative Edge \fidth
Accuracy Factor

Mask Scale Factor Pi
Mask Scale Factor Pi/2
Mask Scale Factor Pi/ 4
Mask Scale Factor Pi/ 8
=] Distance Before

Lateral Shift X

Basal Lateral Shift Y
Positicning

Spherical Angle Theta
Target Plane #3 Spherical Angle Phi
Angle Zeta

=] Translation Delta X
Isclated
Sonated.
f

Translation Delta Y
Translation Delts Z
= Ideal Lens 74 Basal Posi.. | Distance Before

OOl 000 OO0 @

475 pm
475 pm

-10 pm
-10 pm

058
0.2
038
0.2

525 pm
525 um

10 pm
10pm

102
1.02
1.02
1.02

< Back

200
200

200
200

200
200
200
200

Next >

w

Show LPD

A Seed can be
_ used for
reproducible
results of the
‘random’ series.

| Total number of
variations

Minimum and
_ maximum value of
all tolerances

defined by +30
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Monte-Carlo Simulation

= 41: Signal-to-Noise Ratio of Diffractive Optics Merit Functions #601 after Target Plane #3 (0) vs. Iteration Step = [R5

Numerical Data Array

Diagram | Table | Value at xCoordinate

T T T T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 g0 100 110 120 130 140 150 160 170 180 180
lteration Step

« Variation of the SNR depending on the random parameter set.

e The minimum SNR can be found from the diagram via the menu entry
Detectors > Minimum.

« Minimum SNR: 24.9 dB
 Average SNR: 33.7 dB




Resulting Field Distributions

H 47: Virtual Screen #600 after Target P... [ = |/ = |[sia] H 46: Virtual Screen #600 after Target P... [ = |/ = |[s3a]
Light View | Data View Light View | Data View

1.6071
E
El
~
o0
o
=1
i

- D
E
El
~
)
o
=1
[yl

Zoom: 0.5098 Light View Zoom: 0.5098

o Left: Ideal output intensity (SNR = 42.2 dB).
* Right: Light pattern with lowest SNR (SNR = 24.9 dB)

o Export of Monte-Carlo simulation results to external software (for example
Microsoft Excel) allows further statistical evaluations.




Light shaping by stored scanning process

Diffractive optical elements



Light Shaping Concepts

 tailored aberrations (beam shaping)

o stored scanning process (diffuser & splitter)

* multichannel concept (cells array)




Function Principle of DOE

DOE

[ Source H Lateral Reshap%




lllustration of Deflection

DOE

N\

/

Phase of transmission

m 22: Virtual Screen #6500 after Linear Phase #1 (... El@
Light View | Data View

£

(=21

N

=t

o

o

£

[=3]

w2

=t

L

L

~554.59 um 554.50 um

Globally Polarized Harmonic Field ~ Phase Zoom: 4.7193

57x57

Lateral Reshapin>

Intensity in target

m 44; Virtual Screen #601 after Field Size and Sa... El@

Light View | Data View

24061 mm

25061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




lllustration of Deflection

DOE

/

Phase of transmission

m 52; Virtual Screen #0500 after Linear Phase 1 (... El@
Caa Ve

E 3.1416
w
o
o
o
[
BE-4  |E
£
o
o
o
[=3]
[a=}
&
31406
-260.04 pm 257 74 um a
4 m [

Globally Polarized Harmonic Field Phase Zoom: 3.3241 145 x 57

Lateral Reshaping

Intensity in target

m 46: Virtual Screen #601 after Field Size and Sa... El@
Light View | Data View

2.5081 mm

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




lllustration of Deflection

DOE

/

Phase of transmission

m 50; Virtual Screen #0500 after Linear Phase 1 (... El@
Caa Ve

292 26 ym

.289.95 um

4 T 3

Globally Polarized Harmonic Field  Phase Zoom: 4.422 109x73

Lateral Reshapin>

Intensity in target

m 51: Virtual Screen #601 after Field Size and Sa... El@
Light View | Data View

2.5081 mm

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




lllustration of Deflection

DOE

/

Phase of transmission

m 57 Virtual Screen #0500 after Linear Phase 1 (... El@
Caa Ve

E 3.1416
w
o
o
o
[
BE-4  |E
£
o
o
o
[=3]
[a=}
&
31406
-260.04 pm 257 74 um a
4 m [

Globally Polarized Harmonic Field Phase Zoom: 8.4561 RIx 117

Lateral Reshaping

Intensity in target

m 58: Virtual Screen #601 after Field Size and Sa... El@
Light View | Data View

2.5081 mm

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




lllustration of Deflection

DOE

/

Phase of transmission

m 63: Virtual Screen #6500 after Linear Phase #1 (... El@
Light View | Data View
g 31416

o
™
o
o
o

5E-4 E
E
a
L
bkt
o
a0
o

-3.1406
-260.04 pm 257 74 um a
[ ¥
Globally Polarized Harmonic Field Phase Zoom: 8.1695 Mx 117

Lateral Reshaping

Intensity in target

m 64: Virtual Screen #601 after Field Size and Sa... El@
Light View | Data View

2.5081 mm

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




lllustration of Deflection: Sum

Phase of transmission

(D 65: Add (59, 63:) =8 (ECE(*>=
Light View | Data View

g 31416

w

=

o

5E-4

£

a

=+

(3]

[ts)

o

' -3.1406
-80.84 pm 92 221 um a
k

Globally Polarized Harmonic Field Phase Zoom: 54021 145x 117

Lateral Reshapin>

Intensity in target

m 68: Virtual Screen #601 after Field Size and Sa... EI@
Light View | Data View

2.5089 mm

-2.5089 mm

-2.5184 mm 2.5184 mm

Light View Zoom: 1.2306




Basic Design Situations: Splitting

Diffractive Beam Splitting: Deflected output fields
(beams) do not overlap




Basic Design Situations: Diffusing

Light Diffusing: Deflected output fields
overlap and (partially) coherent
Interference Is not controlled but speckle
pattern appears

out




Basic Design Situations: Diffusing

Light Diffusing;
overlap an
IS not co




lllustration of Diffuser Concept

Phase Amplitude

Intensity in Target Plane




lllustration of Diffuser Concept

Phase Amplitude
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Intensity in Target Plane




Light Diffusing

Amplitude
700"

Advanced diffractive
optics design techniques

Design technique (IFTA)
Implemented in VirtualLab™

SV
Jenex a%ﬁg Micro-structured
A




Feature Sizes of Element

Feature size
about 400 nm

4 height levels




Optical Experiment

Jena’s ,Skyline’




Show in VLF
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hO.1

Shaping a VCSEL Array to an High-NA Top Hat
Pattern



Abstract

VCSEL
Array

N

Collimation?

0.3 0.2 -0.1 0 0.1 0.2 0.3
X [m]

In the scope of this case study, the
design of an optical diffuser is
Investigated to shape a specific
VCSEL array to an high-NA top hat
pattern.




Modeling a Single VCSEL

 The presented VCSEL source is a multimode source consisting of two
superimposed Laguerre Gaussian modes, which are shown below.

b 21: Electromagnetic Field Detector #2604 after Multimod... E@ by 27: Electromagnetic Field Detector #2604 after Multimod... EI@
Electric Field Electric Field
Diagram  Table = Value at x-Coordinate Diagram  Table ~Value at x-Coordinate
- — ©
E ™ E -
= =
3 - 5 o
S » s~
§° 5
5 < 5 S
33 = o
3 &
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
X [mm] X[mm]
Laguerre Gaussian Mode 00 at 100um Distance with Laguerre Gaussian Mode 01 at 100um Distance with

18.14° Divergence (1/e?) 25.67° Divergence (1/e2?)




Modeling a Single VCSEL

« The radiant energy density of a single VCSEL at a
propagation distance of 100um is shown below.

0.5

-0.04

z 385.. g =
S 3 -
Q o

o =

=

: oz

—_ D

£ )
E © 192, < o
> (3? ”
g A

< <

<

3,

2. E-3 —

-004 -002 0 002 004

i T T T T T l
-0.04 -0.02 0 0.02 0.04

X [mm] ]
Coordinate [mm)]




Simulation of a VCSEL Array

VCSEL Radiant Energy Density [V/m?]
Array 0.879...
| ‘
100mm
» :
£ 0.439...

giooooooooooooooo > @

® O & 0O 0 0O O OO O O
g_...............

o 0 & & 00 0 00 0 00 0 00
‘___...............
o= o 0 0 000 0000 00 0 00
= ® ® & © & 00O 0 00 0 00
E©Sq1 ®© & & & 00 0000 0 0 0 00 0
> o O & 0 & 0000 00 0 00
g_............... -60 -40 -20 0 20 40 60
' ® @ & © & OO 0 00 0 00 X [mm]
ﬂ!_...............
T|eeeeeeeeeeeeeee  TheVCSELarray consist of 15x15

® & & 0 " O OO O OO O O
"c}-oolo?o?oo.o?oo.ooli VCSEL with a pitch of 50ymx50um and

03 02 o1 o o1 o2 o: os an angle of 60° for the hexagonal grid.

X [mm]




Pattern Generation for the Diffuser Design

As a next step, an optical diffuser is designed using the IFTA algorithm. Therefore, the design
target pattern is compensated regarding field pincushion distortion and radiant flux orthogonal to
the detector plane.

ap Parameter Value & Unit
Angular Size oo
o Design Pattern 120°%90
E Feature Size 270nmx330nm
g © ” Period 538.38 umx538.56 ym

Operation Orders | 1994x1632
Order Separation | 0.1x0.1°

B s : o< 1 Number Phase 16
X[1E7 1/m] Level

Compensated Design Target Pattern




Simulation Result without Collimation

The radiant energy density of a single
VCSEL propagating through the
designed diffuser at the detector plane
IS shown on the left.

Radiant Energy Density [V/m?]

0.599...

0.285...

Y [m]

1..E-10

0.2 0.1 0 0.1 0.2 VCSEL
X[m]
‘

Diffuser

——
100mm




Finding the Plane of Collimation

[mm]

Lateral Position

Radiant Energy Density [V/m?]

0 0025 005 0075 0.1

-01  -0075 -005 -0025

0.06 0.08 0.1 012 014 016 0.18

Propagation Distance [mm)]

I 61.25...

30.62...

Each VCSEL is separated by a pitch
of 50um. In order to collimate the
beam of each VCSEL they must be
separated first before a diffuser can
shape the beam. Therefore, a plane is
determined at a z-position of 100 um,
where the VCSELs are well separated
before they overlap. There, e.g. a
microlens array can be placed for
collimation.




Simulation Result with Collimation (NA 0.12)

Radiant Energy Density [V/m?] An ideal focal lens fun(_:tion with a
focal length of 200um is used to
collimate the beam of a VCSEL to a
divergence of 8.91° (Mode 00). The
result at the detector plane is shown

0.585...

. s ONthe left.
2...E-10 Ideal
0.2 -0.1 0 0.1 0.2 VCSEL Lens
K[m]
‘- ) I ——
100mm

Diffuser




Simulation Result with Collimation (NA 0.24)

An ideal focal lens function with a
focal length of 100um is used to
collimate the beam of a VCSEL to a
divergence of 2.34° (Mode 00). The
result at the detector plane is shown

Radiant Energy Density [V/m?]

0.421...

. e ONthe left.
2..E-09 Ideal
0.2 -0.1 0 0.1 0.2 VCSEL Lens
K[m]
‘- ) I ——
100mm

Diffuser




Simulation Result with Collimation (NA 0.24)

Radiant Energy Density [V/m?] The detector result of the collimated
~ 15x15 VCSEL array shaped by the
designed diffuser is shown on the left.

0.083...

Y [m]

2...E-07 VCSEL Ideal
) | ) | )
100mm

Diffuser




Micro Optical Component

Modeling of Rounding of Pixels



Modeling of Rounding of Pixels

e Several micro structured surfaces consists of rectangular pixels.
o Itis typically assumed that pixels have rectangular side walls and sharp
edges.

« EXxposure and etching processes during the fabrication of micro structured
surfaces can lead to a rounding of pixel edges.

 The edge rounding can be modeled in a good approximation by convolution
with a Gaussian beam.

466 www.LightTrans.com



Example with Data from Scenario 23.01

Mumerical Data Array

===

B
E
=

gram | Table

I Value at oL.y]l

o
=
=

o

o
=]
o

Height Profile [m]

W

% [mm]

m 25: Fabrication Data with Edge Tolerances

Numerical Data Array

=

Diagram | Table

| Value at éxy)|

o
=
=

o

o
=)
=

Height Profile [m]

-\

x [mm]

4.3..E-07

VirtualLab Module

Module RoundedEdge Tolerances.c
s can be used to calculate from a perfect
profile a profile with rounded edges.

Calculation steps:

Get a Data Array with the perfect profile
from the sampled interface.

Apply the module.

Set the Data Array with the modified profile
into the sampled interface.

Left side: edge rounding 2 um, sampling

distance 400 nm.
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Results with 4x Increased Brightness

Simulation Result of DOE with

Simulation Result of Designed DOE  Rounded Edges

BN Eol =55

- 54: Result of Designed DOE o[- B[] - 55: Result of Toleranced DOE
Light View | Data View Light View | Data View
M M
= =
= E
(=] =]
=t =t
~ ~
o] L]
= =
E E
[#2] [=2]
[ ==
L L
o} o)
-11.588 mm 11.3253 mm e -11.66 mm 11.233 mm e
£ > £ >




Comments on Diffuser Technology

« Very flexible in light pattern generation

* Robust against adjustment problems

 Coherent light leads to speckle pattern

» Size of speckle features can be adjusted by focusing system
« Diffusers work for partially coherent beams

« Partially coherent beams smooth the speckle pattern; effect can be simulated
with VirtualLab




Laser Show China
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Spatial Light Modulator

. SLM.0001
transmit phase values design & simulation of required
to SLM pixels phase values for actuating an
SLM module in order to generate
an arbitrary light pattern "

X

SLM.0003
investigates the influence
of lens aberrations on the
generation of the light
pattern A

SLM.0002
demonstrates the effects of
gaps between the SLM
pixels

.\\

L
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Spatial Light Modulator

VirtualLabrus




Light shaping by multichannel concept

Diffractive and refractive optical elements



Light Deflection by Cells Arrays

/ Single Cell

/]

Source Cells Array Target
Plane




Light Deflection by Cells Arrays

Source

/ Single Cell

m 13: Result of Camera Detector EI@

Chromatic Fields Set

¥ [mm]

3.33.. 6.66..

-3.3.. ]

-B.6...

SALE SR 0 3.33.. 6.66..

X [mm]

Target
Plane




Light Deflection by Cells Arrays

/ Single Cell

Source Cells Array Target
Plane

Cells Arrays are used typically for generation of binary light patterns




Light Deflection by Cells Arrays
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GCA - Green LED (Distinct Spot Overlap)




Task/System lllustration

"
>

|

cell array structure

built up with

e prisms
e gratings

* mirrors

Cell Array
Element

spherical wave
(point source)

|
!
/
d
0
)
l
"




Specification: Light Source

Parameter Description / Value & Unit
type RGB LED

emitter size 100x100pum

wavelength (473, 532, 635)nm
polarization right circularly polarized light
number of lateral modes 3x3

Total number of lateral and 27
spectral modes




Specification: Cell Array

|
SN wvaa LH:I\\
- )

Parameter Value & Unit
number of cells 100x100
cell size 125x125um

array aperture 12.5x12.5mm




Results: 3D System Ray Tracing
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30 View 2D View
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Results: Grating Cells Array

B8 55: LTG Logo After GCA #601 after Grating Cell Array => LTG Logo #1 (T)... | = || = |[ss]

Ray Distribution

Position

)
0 &
1 ®© =
1 >
) O | -
4 B =
o -
" Q.
0 . . . . .
-30 -20 -10 o 10 20 30
X [mm]

I 54: LTG Logo After GCA #601 after Grating Cell Array => LTG Logo #1 (T) ... | = || B |[s234]

Chromatic Fields Set

¥ [mm]

y pattern

. Jlorview)

for grating cells array
strong dispersion
effects occur

-30 -20 -10 o 10 20 30
X [mm]




Results:

Prism Cells Array

SNVII_I_.I.H::\.

spot diagram

B8 52: LTG Logo After PCA 2600 after Prism Cell Array => LTG Logo #2 (T) (... | = || B |[s239]

Ray Distribution

Position

e

il LicnTTrANs

10

¥ [mm]
0

10
i
{

-30 -20 -10 o 10 20 30
X [mm]

attern
view)

the dispersion is
significantly reduced by
using prisms

(real F)f?

I 53: LTG Logo After PCA #600 after Prism Cell Array => LTG Logo 22 (T) (. | = || & [[=Z35]

Chromatic Fields Set

-30 -20 -10 0 10 20 30

X [mm]




Results:

Mirror Cells Array

SNVII_I_.I.H::\.

/ pattern

?

due to reflective
approach no dispersion
effects occur

spot diagram

or view)

(rea

] — = &=
S
if\uﬁm?mm

X [mm]

I 51: LTG Logo After MCA #602 after Mirror Cell Array => LTG Logo 23 (R) .| = || = [[23s]

Chromatic Fields Set

X [mm]




White Light Simulation

Intensity
Grating Cells Array

Intensity
Prism Cells Array

Intensity
Mirror Cells Array

[ 5: :\Dokumente\..\LTG_Logo_By_GCA.cfs
Chromatic Fields Set

-
| —

(\ LIGHTTRANS
N\

—

L.

-0.03  -0.02 -0.01 0.01 0.02 0.03

[ 7: 1\Dokumente\..\LTG_Logo_By PCA.cfs

Chromatic Fields Set

B 5: 1D

okumenteh..\LTG_Logo_By_MCA.cfs

Chromatic Fields Set

¥ [m]

0.01 0.02 0.03

-0.03 -0.02 -0.01

¥ [m]

0.01 0.02 0.03

-0.03 -0.02 -001 o
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Virtual And Mixed Reality > Pattern Generation

High-NA Pattern Generation Using Two Beam Splitter
Elements

LightTrans International UG



Specification: First Beam Splitter

paraxial beam
splitter

Parameter Value & Unit
number of orders 11x11

order separation 1x1°

period 30.35x30.35um
pixel size 690x690Nnm
discrete height levels 8

material fused silica

surface
profile

Preview for Sampled Interface

57.958569 ym

Z-Extension
Extension

3.03034207 pm

Minimu m

-1.73162404 ym

Maximum 1.29871803 pm|




Specification: Second Beam Splitter

Parameter Value & Unit
number of orders 5x5

order separation 11x11°
period 2.73x2.73um
pixel size 130x130nm

discrete height levels 8
material fused silica

Preview for Sampled Interface

high-NA beam
splitter

Z-Extension

SurfaCe Extension 1010114023 m|  Minimum | 721.5100168rm|  Maximum | 288.6040067 nm|
p rOfl Ie Close Help




. Spot Diagram

Results
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Results: Output Evaluation

u 95: Virtual Screen #602 after Bearn Splitter |l 5x5 11° Separation #4 (T) (Field Tracing 2nd Generation... EI@

Ray Distribution

¥ [m]

0.6

0.4

0.2

-0.4 -0.2

-0.6

Amplitude of Ex-Component [V/m]

H
ased?

-0.6 -0.4 -0.2 o 0.2 0.4 0.6
X [m]

0.014417...

0.008803...

0.0031889...




Light Shaping Concepts

« Tallored aberrations
e Stored scanning process

e Multichannel concept:
Single Deflection

e Multichannel concept:
General

WYROWSK|
VirtualLab-rusion
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Final part

NED



Diffractive Optics

—
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Diffractive Optics
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Diffractive Optics
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Diffractive Optics

Integration of diffractive and refractive
elements: micro-optical system

497



Integrated Diffractive Optics

Integration of diffractive and refractive
elements: micro-optical system
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Integrated Diffractive Optics

E=

/—__\

e ——

Integration of diffractive and refractive
elements: micro-optical system
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Integrated Diffractive Optics

E=

/—__\

e ——

Integration of diffractive and refractive
elements: micro-optical system
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Integrated Diffractive Optics for Mixed Reality

Outcoupling
Eyebox 2D
® 0 O 0 <«
® 0 0 0 «
@ 0 0 0 -«
® @ 0 0 <«

4.32mm
—_
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Integrated Diffractive Optics for Mixed Reality

Outcoupling

Eyebox

© @ © 0
© 0 © 0
®© @ 0 0
®@ 0 0 0

il
[_oemarvitof mavaics |

DISSERTATIONS 47

DIFFRACTIVE OPTICS
FOR VIRTUAL REALITY DISPLAYS

ACADEMIC DISSERTATION

To be presented with permission of the Faculty of Science of the University of
Joensuu, for public criticism in Auditorium B1 of the University, Yliopistokatu
7, Joensuu, on September 16th, 2005, at 12 noon.
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Virtual and Mixed Reality: Imaging Systems

_#, -

\
 VR/MR glasses are sophisticated imaging devices.

 Development of VR/MR glasses demands advanced modeling and design of
Imaging systems.

 What are the special challenges in the modeling?

—
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Typical Imaging Quality Criteria

like
» Wavefront error
> PSF/IMTF

/- Modeling of imaging quality criteria\

» Criteria dependent on image point
\ position on micro display: FOV /

retina

@e\ﬁtion not fixed J
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PSF Calculation: Partially Filled Pupil

[Eye pupil centered

Imager

©
-
]
b
—

Panel

source

506



PSF Calculation: Partially Filled Pupil

Light fills the pupil
completely

retina
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PSF Calculation: Partially Filled Pupil

Partially filled eye

{Shifted eye position:
pupll.

retina

508



PSF Calculation: Partially Filled Pupil

/PSF/MTF calculation for
partially filled eye pupil:
Advanced diffraction

\_theory

retina
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Challenges in Modeling of VR/MR

« PSFKF/MTF calculation for partially filled exit pupils
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Results: 3D System Ray Tracing

5.843726767 mm
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Results: lllumination of Pupil

Highlight
advanced PSF and MTF evaluation
of fully or partly illuminated apertures

;I

2mm

IA

X [mm] fully illuminated }
dot diagram of ray positions intensity aperture
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Results: lllumination of Pupil

Highlight
advanced PSF and MTF evaluation
of fully or partly illuminated apertures

ﬁ (Boundary effect well-
L

N ppp— epp— sampled.
................ =
E| | oo |
E ......................................
partly illuminated
_ N X[mm] aperture by shifting eye
dot diagram of ray positions intensity to (1, 1)mm
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Results: PSF & MTF

Highlight
advanced PSF and MTF evaluation
of fully or partly illuminated apertures

i}

er Aperty (Fielc = 15: MTF (Two-Dimensional) - PSF & MTF #6711 after Aperture #13 ... [= |[= |[&2 ]
Chromatic Fields Set Numerical Data Array
Di
532 nm [(kV/m)*2] oo [Tabde | Voo &)
Amplitude of Summed Data [(mV/m)*2]
~ 0.321...
1.301...

o

o

(=] —
E £
E o 0.160... o © 0.650...
> L

-~

o

oS —

= ;

v -8..E-12 1...E-14
-1 0 1 ] ]
X [mm] X [1E6 1/m] Simulation
£ > -
Time ~ few

PSF 2D MTF seconds
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Results: PSF & MTF — Comparison

Highlight
advanced PSF and MTF evaluation
of fully or partly illuminated apertures

i)

< — MTF fU"‘y’ illuminated aperture E 15 I'.ITF-T.'.C-Dimen-:-ic:nal=—F';Fufrr;;;i:'al:l ;;!;:::—pem.u'e:l;‘-... EI@
— MTF partly illuminated aperture Diagram  Table Value at fcy)
S Amplitude of Summed Data [(mV/m)”2]
; _ 1.301...
£
= -
£ o MTF strongly depends -
L1 . . . =
38 on illumination of = o 0.650..
2 2
EZ aperture >
N -
L
: : : 1...E-14
' | 1 0 1
0.2 04 06 0.8 1 1.2 14 1.6 X [1€6 1/m]
m
X[1E6 1/m]
MTF profile line 2D MTF

(from system with partly
illuminated aperture)
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Spatial Guiding of Imaging Channel

Imager

©
c
]
)
—

Panel
source
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Spatial Guiding of Imaging Channel

human eye

One option for such
light guiding is the

use of waveguides.

Panel

source
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Spatial Guiding of Imaging Channel

human eye

Imager

Waveguide

with gratings

Panel

source
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Gratings, Detrimental Orders and Ghost Images

human eye
model
[Outcouplingl
ratin
grating >
)
e,
S &
5
Lz =
e —— ;
point
source '
F-Theta Incoutpllng J
lens grating
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Gratings, Detrimental Orders and Ghost Images

human eye

Ghost image model

effects

Detrimental
grating orders

®

-

point
source
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Challenges in Modeling of VR/MR

« PSF/MTF calculation for partially filled exit pupils
* Non-sequential modeling of imaging channels
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Challenges in Modeling of VR/MR

« PSF/MTF calculation for partially filled exit pupils
 Non-sequential modeling of imaging channels

« Imaging channels with gratings

— Non-sequential lightpath analysis including polarization dependent evaluation of grating
effects

— Inclusion of higher orders and straylight
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Result: 3D Ray Tracing
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Result: 2D PSF & 2D MTF

* non-sequential analysis of
propagation in the waveguide

» regard of wavefront aberrations for
PSF and MTF calculation

Chromatic Fields Set Numerical Data Array
Diagram  Table Value at fey)
532 nm [1E4 (V/m)*2]
Amplitude of Summed Data [(mV/m)*2]
~ 9.309...
- 0.3741..
= s
=] -
E = 3
E ° 4.654... £
> 2 o 0.1870..
5 > S
<
v : -2...E-08 =z
< ' 2..E-13
-0.01 0 0.01 45 1 05 0 05 1 15
PSF X [mm] MTE X [1E6 1/m]
£ >
Highlights
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Simulation of Waveguide with Curved Surfaces

x‘i'z

10.60047% mm

¥ | Position | Orientation | Surface

|Back Medium | Comme

1 (0m;0m;0m) (05, 07 07)
2 (0m;0m;1mm) (0°%0°% 0%

Conical Interface \n  Fused_Silica in..  Enter o

Conical Interface \n Airin Homogene . Enter ot

Parameter Value & Unit
type surface(s) conical
radius of curvature 500 mm
size of surface(s) 40 X 5 mm

total profile height

6.2500391 pm

For waveguide applications it is
very important to investigate the
effect of surface deformations.

Therefore we introduce curved
surfaces instead of planar surfaces
to describe the waveguide stack.
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Result: 3D Ray Tracing
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Result: 2D PSF & 2D MTF for Curved Surfaces

Chromatic Fields Set

Mumerical Data Array

532 nm [1E4 (V/m)~2]

Diagram  Table Value at (xy)
Amplitude of Summed Data [(mV/m)*2]

A o 9.130...
= o 0.374...
= £
E ° 4.565... oo 0.187...
}_ L
> -
[}
S
v < -1..E-07 o 1...E-13
-0.46 -0.44 -0... 2 1 0o 1 2
X [mm] X[T1E6 1/m]
PSF . s MTF
Highlights

* non-sequential analysis of
propagation in the waveguide

» regard of wavefront aberrations for
PSF and MTF calculation
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Result: 1D MTF Curved vs. Planar

— MTF Curved Surfaces

— MTF Plane Surfaces

02 03

Amplitude of MTF [(mV/m)"2]
0.1

T T T T T T T T T T T T T T T L] L] l

01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16 1.7
k< [1E6 1/m]

Highlights ﬁ

* non-sequential analysis of
propagation in the waveguide

» regard of wavefront aberrations for
PSF and MTF calculation
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Evaluation of FOV Effects

point
source

waveguide

F-Theta
lens

W [mm]

o]

0,005 0,01

-0.01 -0.005

human eye
model

T
T

T T T T T T T ™
1.285 1200 1295 132 1305 131 1315 1.

¥ [mm]
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Evaluation in FOV Effects

PSF 2D MTF 1D MTF (along X)
(Squared Amplitudes)

& 1.984603
R o 0.9923..
T T T T T 1 6..E-21
T T T T T T T T T i
-1 -0.5 0 0.5 1

1.28 13 1.32 134 136 -04  -03 02 -0 o 01 02 03 04
X [mm) ¥ [1E6 1/m) Coordinate [1E6 1/m]

0.04

0.02
0.5
1.2 14 16 18

¥ [mim)
0.0z 1]
Y [1E6 1/m]
05
Amplitude of Summed Data [1E-9 (V/m)~2]
1

02 04 06 08

0.0

1

human eye
model

point
source
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Challenges in Modeling of VR/MR

« PSFKF/MTF calculation for partially filled exit pupils
 Non-sequential modeling of imaging channels

« Imaging channels with gratings

— Non-sequential lightpath analysis including polarization dependent evaluation of grating
effects

— | Inclusion of higher orders and straylight

532



Results: 3D System Ray Tracing

So
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~,
~
~

[ Gratings
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Result I: Only 0" Non-Reflected Orders

output
2D system ray grating region Highlights
tracing view {} tailored light guiding within a waveguide
(xz-plane) using surface gratings

Region Channel Order Efficiency
input forward T0 20%

gratiir?gplrjégion output  forward TO 20%

n 23: Camera Detector 2611 after Waveguide #135 (T) (Field Tracing 2nd Generation) EIIEI
Chromatic Fields Set

individual specification option
0033s.. for simulated diffraction order
for each region

5332 nm [(V/m)~2]

0.0198..

_ == 1 intensity pattern (inverse rainbow colors)
X fmm with modulation due to polarization
effects from lens surfaces
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Result II: Plus +1st Non-Reflected Orders

2D system ray
tracing view
(xz-plane)

output grating region

=

.

input
grating region

n 22: Camera Detector #611 after Waveguide #15 (T) (Field Tracing 2nd Generation)

Chromatic Fields Set

532 nm- [(V/m)~2]

¥ [mm]
0

0.1552..

0.0776...

-6..E-07

Highlights

tailored light guiding within a waveguide
using surface gratings

Region

Channel

Efficiency

input
input
output
output

20%
20%
20%
20%

intensity pattern (inverse rainbow colors)
different order modes are summed coherently
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Result lll: Plus Back Reflections

2D system ray
tracing view
(xz-plane)

output grating region

input
grating region

u 27: Camera Detector 2611 after Waveguide #15 (T) (Field Tracing 2nd Generation)

Chromatic Fields Set

532 nm- [(V/m)~2]

Y [mm]
0

0.1689...

-6..E-07

Highlights

tailored light guiding within a waveguide
using surface gratings

Region Channel Order Efficiency

input forward T0 20%
input forward T+1 20%
input backward RO 10%
output  forward TO 20%
output  forward RO 10%
output  forward T-1 20%

intensity pattern (inverse rainbow colors)
with multiple reflected light modes
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Result IV: Further Multi-Reflected Orders

output grating region

y4

Highlights

2D system ray

tracing view

(xz-plane)

tailored light guiding within a waveguide
using surface gratings

-6..E-07

¢ Region Channel Order Efficiency
{ . input grating region —| input  forward TO 20%
N input  forward T+1 20%
I3 31: Camera Detector #611 after Waveguide #15 (7) Field Tracing 2nd Generation) (=3[R === nput forward = 20%
Chromati Fields Set input backward RO 10%
sz nm [/mel output  forward TO 20%
~ e output  forward RO 10%
output  forward T+1 20%
. 0.0844.. output  forward T-1 20%

intensity pattern (inverse rainbow colors)
with further multiple reflected light modes
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Exit Pupil Expansion
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Exit Pupil Expansion
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2D Exit Pupil Expansion (Levola)

ATTTTTTTTA

Outcoupling
Eyebox 2D Expansion 0
® @ @ 0 « \
® @ @ 0 «
® @ @ O <«
®@ @ 0 0 <

4.32mm
—_
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Challenges in Modeling of VR/MR

PSF/MTF calculation for partially filled exit pupils
Non-sequential modeling of imaging channels

Imaging channels with gratings

— Non-sequential lightpath analysis including polarization dependent evaluation of grating
effects

— Inclusion of higher orders and straylight

Multichannel imaging system
— Evaluation of channel distribution in eyebox

541



Modulated Grating Regions

/Grating regions

with different

grating parameters /7 /
NS
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Aperture Effects at Region Boundaries

/Fields do not necessarily ‘ y

hit one region only but canJ

be split at region
\poundaﬂes.
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Challenges in Modeling of VR/MR

PSF/MTF calculation for partially filled exit pupils
Non-sequential modeling of imaging channels

Imaging channels with gratings

— Non-sequential lightpath analysis including polarization dependent evaluation of grating
effects

— Inclusion of higher orders and straylight
Multichannel imaging system

— Evaluation of channel distribution in eyebox
— Multiple aperture effects along lightpath of each channel
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Multiple Channels in Eye Pupil

Outcoupling

Eyebox 2D Expansion 0
® @ @ 0 « \
® o@o «
® @ ©® O <«
®@ @ 0 0 <
g _432mm
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Multiple Channels in Eye Pupil

ATTTTTTTTA

Outcoupling
Eyebox 2D Expansion

<

O)
G

O)
O)

-
®
®

O]
O]
O)

©
©
©
+

5._‘2 4.32mm
—_
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Multiple Channels in Eye Pupil

ATTTTTTT TR
’

Partial coherent
superposition of
channels

5._‘2 4.32mm
| |

547



Results: 3D System Ray Tracing
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Results: One Outcoupling Grating

Chromatic Fields Sat

Highlights

¥ [mm]

2 -1 0 12

525 nm [(V/m)~2]

0.0672...

0.0336...

« waveguide simulations including
rigorously calculated efficiencies
of sub-wavelength grating structures

Grating Value & Unit

Parameter

type sawtooth grating
period 395nm

height 140nm

549
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Results: Four Optimized Outcoupling Gratings

-

/

segmentation of
outcoupling grating

I

1 \ incoupling
outcoupling grating
grating

a Q |9

Highlights

different grating depths of each

08

0.75

Efficiency T[+1, 0] [%]
0.7

segment for optimized efficiencies

0.12

= N -

4 0.16 0.18
Modulation Depth [um]

0.2

0.22

0.24

of sub-wavelength grating struct
* specification & optimization of

multiple grating regions

for tailored output generation

e waveguide simulations including
rigorously calculated efficiencies

ures

Grating Value & Unit
Parameter

type sawtooth grating
period 395nm
depth G1  140nm
depth G2  145nm
depth G3 155 nm
depth G4 165 nm

550
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Results: Optimized Output Uniformity

Highlights

Y [mm]

2 -1 0 12

525 nm [(V/m)"2]

0.0826...

0.0413..

« waveguide simulations including
rigorously calculated efficiencies
of sub-wavelength grating structures
» specification & optimization of
multiple grating regions
for tailored output generation

Grating Value & Unit
Parameter

type sawtooth grating
period 395nm

depth G1  140nm

depth G2  145nm

depth G3 155 nm

depth G4 165 nm

551
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Challenges in Modeling of VR/MR

« PSF/MTF calculation for partially filled exit pupils
 Non-sequential modeling of imaging channels

* Imaging channels with gratings

— Non-sequential lightpath analysis including polarization dependent evaluation of grating
effects

— Inclusion of higher orders and straylight
e Multichannel imaging system
— Evaluation of channel distribution in eyebox

— Multiple aperture effects along lightpath of each channel
— Partially coherent superposition of channels for PSF/MTF calculation
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Multiple Channels in Eye Pupil

ATTTTTTT TR
’

Partial coherent
superposition of
channels

5._‘2 4.32mm
| |
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3D Ray Tracing Analyzer

3D View

wxn

1068850375 mm
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Result: Spots & Intensity at Pupil

ray tracing spot diagram

Highlights

e non-sequential ray and field tracing
analysis of waveguide optics

» definition of arbitrary in- and
outcoupling regions at the
waveguide containing ideal or real
grating surfaces

intensity
(real color view)

u 22 Camera Detector #608 after Aperture #15 (T... EI@

Ray Distribution

n 24: Camera Detector #608 after Aperture #15 (T... EI@

Chromatic Fields Set

Position

1.5

¥ [mm]
05

-05 0

-1.5

¥ [mm]

¥ [mm]
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Result: PSF at Retina

after Pup 3
Chromatic Fields Set

Highlights

effects

* non-sequential ray and field tracing
analysis of waveguide optics including
coherence, polarization and energy

» calculation of PSF and MTF of arbitrary
shaped and illuminated apertures

PSF incoherent

afte 3
Chromatic Fields Set

Y [mm]

532 nm [(V/m)*2]

0.02

-0.02

-0.02 0 0.02
X [mm]

36.88...

18.44...

-9..E-05

Y [mm]

002

-0,02

-0.02 0 0.02
X [mm]

532 nm [(V/m)*2]

2.606...

1.303..

-7..E-09
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Result: MTF at Retina

Highlights

* non-sequential ray and field tracing
analysis of waveguide optics including
coherence, polarization and energy
effects

» calculation of PSF and MTF of arbitrary
shaped and illuminated apertures

k.-

MTF coherent MTF incoherent
( =} 64: MTF (Two-Dimensional) - PSF & MTF #612 after Pup... = |3 |22 ] ] E=8 67: MTF (Two-Dimensional) - PSF & MTF 2612 after Pup... = | & |22 ]
Numerical Data Array Numerical Data Array

Diagram  Table Value at {xy) Diagram  Table = Value at {xy)

Amplitude of Summed Data [1E-9 (V/m)*2] Amplitude of Summed Data [1E-10 (V/m)"2]

< 0.156... - 0.392...
[V} o
E E
= —
© © 0.078... o © 0.196...
L L
> >

o o

¥ 1..E-21 ¥ 1...E-20

4 2 0 2 4 4 2 0 2 4
X[1E6 1/m] X[1E6 1/m]
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Result: MTF at Retina

Highlights

e non-sequential ray and field tracing
analysis of waveguide optics including
coherence, polarization and energy
effects

« calculation of PSF and MTF of arbitrary
shaped and illuminated apertures

- — MTF Coherent
. S — MTF Incoherent
% g — MTF Coherent y-polarized
o S MTF strongly
8 dependent on
% s coherence and
? - \ polarization
° effects Y,

0.5 1 1.5 2 2.5 3 3.5 4 45
[1E6 1/m]
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Waveguide Stack

Imager

Waveguide

with gratings
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Waveguide Stack

Stack of
waveguides
with gratings

fWaveguide consists of a\
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Challenges in Modeling of VR/MR

« PSF/MTF calculation for partially filled exit pupils
 Non-sequential modeling of imaging channels

* Imaging channels with gratings

— Non-sequential lightpath analysis including polarization dependent evaluation of grating
effects

— Inclusion of higher orders and straylight
e Multichannel imaging system
— Evaluation of channel distribution in eyebox

— Multiple aperture effects along lightpath of each channel
— Partially coherent superposition of channels for PSF/MTF calculation

Multilayer stack with spectral filter and polarization layers
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Challenges in Modeling of VR/MR

 PSF/MTF calculation for partially filled exit pupils
* Non-sequential modeling of imaging channels

* Imaging channels with gratings

- Non-sequential lightpath analysis including polarization
dependent evaluation of grating effects

— Inclusion of higher orders and straylight

e  Multichannel imaging system
— Evaluation of channel distribution in eyebox
— Multiple aperture effects along lightpath of each channel

— Partially coherent superposition of channels for PSF/MTF
calculation

«  Multilayer stack with spectral filter and polarization layers

Modeling must be based on non-

—) sequential physical optics to provide
access to all merit functions and to ensure
accurate modeling results.
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Challenges in Modeling of VR/MR

 PSF/MTF calculation for partially filled exit pupils
* Non-sequential modeling of imaging channels

* Imaging channels with gratings

- Non-sequential lightpath analysis including polarization
dependent evaluation of grating effects

- Inclusion of higher orders and straylight
e  Multichannel imaging system
— Evaluation of channel distribution in eyebox
— Multiple aperture effects along lightpath of each channel

— Partially coherent superposition of channels for PSF/MTF
calculation

«  Multilayer stack with spectral filter and polarization layers

—) The non-sequential physical optics modeling
must be fast to enable practical work.
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Efficiency Calculation in Optical Systems



Abstract

* In modern optical system design it is always important to evaluate the
efficiency of the system.

 If the efficiency in the detector signals is significantly smaller than 100% it is
also important for the optical engineer to understand
where the rest of the
light is going to.

 VirtualLab allow the
automatic evaluation
of the efficiency of
an optical system.




Modeling Task: Waveguiding without Outcoupling

T Efficiency
Top Sidewall

N
Efficiency f
Reflection AN Efficiency
f Reflection
Plane Wave &
—— —
4
Waveguide >
} Efficiency
Bottom Sidewall




Simulation Results

7\ Detector Efficiency

Top Sidewall: " o
93 206% Transmission 0,53691%
Reflection 4. 4525%
Top Sidewall 93,206%
Reflection: Bottom Sidewall 1,7849%
4,4525% Transmission: Total 99 981%

\ 0,53691% ’
o ‘</

Efficiency is calculated by building the
ratio between the source flux and the
flux at the detector.

Summation of all detector signal gives

Bottom Sidewall: .
93,206% the efficiency of the complete system.
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Some Info

 Webpages:
— Applied Computational Optics Group (http://www.applied-
computational-optics.org)

- Wyrowski Photonics UG (www.wyrowski-photonics.com).
— LightTrans (http://www.lighttrans.com/)

568 www.lighttrans.com
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