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Jena, Germany — The Beginning (1866-)
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In the Tradition of Ernst Abbe: Next Generation Optical Design
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University of Jena

Applied Computational )

Optics Group R&D in
optical modeling and design
with emphasis on physical
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Wyrowski Photonics

Wyrowski Photonics
Development of fast
physical optics software
% VirtualLab Fusion
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LightTrans International

LightTrans \

 Distribution of VirtualLab
Fusion, together with
distributors worldwide

» Technical support,

f& R e, s 8 vrowsK BE seminars, and trainings

N .- A, ' A L pHoTonics R Engineering projects /
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Optical Design Software and Services
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WYROWSK|
VirtualLabrusion

VirtualLab Fusion

The idea behind it




WYROWSKI

VirtualLab Fusior VirtualLabrusion

FAST PHYSICAL OPTICS SOFTWARE

The idea behind it



VirtualLab Fusion (VLF)

From
real lab
to
virtual lab
(VirtualLab)

Pictures from http://de.wikipedia.org/
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VirtualLab Fusion (VLF)

 Why Fusion? (Reason #1)

- Ray tracing

— Physical optics modeling: Field tracing
Virt

ualLabrusion

A

Fermat

Pierre de PRSI
F

Light representation by rays
provides ray positions, directions,
and optical path/wavefront
phase.

Light representation: Rays
Equations: Fermat’s principle

James Clerk

Maxwell
__ Light representation by fields enables

access to any information about light,
nght representation: EleCtrOmagnetiC fields induding ray information.

Equations: Maxwell’s equations
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VirtualLab Fusion (VLF)

 Why Fusion? (Reason #1)
- Ray tracing
— Physical optics modeling: Field tracing

Pierre de WYROWSK|

VirtualLabrusion

Fermat

Light representation by rays
provides ray positions, directions,
and optical path/wavefront
phase.

Light representation: Rays
Equations: Fermat’s principle

James Clerk
Maxwell
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@HTTRANS -

Study

Ray Tracing Engine Comparison:
VLF 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 lllustration

Code V

i

K e X e

l Double Gauss - U,S5. Patent 2,53 VIrtuaILab FUSIOn

w

150 mm

ayout

Zemax
Zemax OpticStudio 16 SP2

DoubleCuass_Tilt_3.zmx
Configuration 1 of 1
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Dot Diagram Comparison: Target Plane
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Precise Comparison: Position

Ray position at initial plane

No. Lateral coordinates No. Lateral coordinates
(0, 15 mm) 4 (0, 7.5 mm)
(0, -15 mm) (0, -7.5 mm)
(7.5 mm, 7.5 mm) 6 (7.5 mm, -7.5 mm)
Ray position at imaging plane
No. VLF Code V Zemax
1 (0, 2.1524 mm) (0, 2.1524 mm) (0, 2.1524 mm)
2 (0, 2.1536 mm) (0, 2.1536 mm) (0, 2.1536 mm)
3 (52.07 pm, 1.927 mm) (52.07 pm, 1.927 mm) (52.07 pm, 1.927 mm)
4 (0, 1.905 mm) (0, 1.905 mm) (0, 1.905 mm)
5 (0, 1.8825 mm) (0, 1.8825 mm) (0, 1.8825 mm)
6 (-56.77 pm, 1.9162 mm) (56.77 um, 1.9162 mm) (56.77 pm, 1.9162 mm)
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Aberration Theory
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Example: Parametric optimization of an achromatic
doublet



Schematic and Optical Setup

Ideal Components
Camera Detector Achromatic Doublet
Detectors Plane Wave (018) Camera Detector
- Analyzers
o
0 vl 601
X0m HKom
Y:0m Y:i0m
Z:20 mm Z:49.667 mm
Focal Length Analyzer
w0
| i e 1
QQ@o::
Mew Arne Jr oy
AR e

Edit Optical Interface Sequence

| Homogeraous Wadium | Comment

B || Dl
— 2 2w 2o Cosical ietariuce
m |7 M00um 21 Concel rtetsce
st ||

N-BC7_Schon_2015 i k- Enter your comr
At in Homogeneous Mex Exter your coms
N-SF10_Schos_2015 i Ertier your comr
Air in Homogeneous Mex Erter your comr

1 B

A | EELTS IO
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Set Optimization Target

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

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

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

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

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

< >

Tools i~ Target Function Value NaN

<Back || Next> | |Show LPDr

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

ty 6: C:\Users\...\Focal.Length.Analyzer.Parametric.Optimization.opt*
O ptimizabon Resulis
Start or stop the optimization routine. The results are shown in the table.

b Gol
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.. |  10954pm  10962pm  10856um  1086pm  10952pm  10955pm  108.6um [ \
Distance (Achromatic Dou.. | 10237mm  1.0235mm  10235mm  1.0236mm  10235mm 10235mm 10236 mm focal le ngth
Parameter Constraints Radius of Curvature (Achro..| 30929mm 30935mm  3093mm 30935mm 30926mm 30929mm  30.935mm . . .
Radius of Curvature (Achro| -28221mm  -28233mm  -28224mm  -28231mm -28219mm -28223mm  -28.231mm aﬂer Op“ m|Zat|0n

Radius of Curvature (Achro..| -25627 mm -25633mm -25.628 mm -25.632mm -25.625mm -25.628 mm  -25.632 mm
Radius of Curvature (Achro..| -56.204 mm -56.724 mm -BEEmm -567E7Tmm  -56B1mm -56.801mm -56.737 mm

Back Focal Length of Com - | IR TS IEIE S MO NETTIEE)

Focal Length Analyzer #801 |Back Focal Length of Com.. | 43578mm 49578 mm 495978mm  4857%mm  43.579 mm 'E{:I{:I-I mm}

Back Focal Length of Com._. 5000mm B001Imm B00ITmm  50011mm  50.01 mm | 1 { 2

. j 49.973 mmy
IHSE CraateOthpLﬂfr{:mSBch:tinnl K?:Mﬁoultﬂqlﬁd(m“buw_g_ oo Joid

oo \ 20011 m y

Dagam  Tidde | Veton of # Conrtnds
< Back Mext > Show LPD
k‘wﬂ_ - . ‘.

]

Q085

Hack Focd Leng® of Campores
L3

0oes

& 00 150 200 50 30
Srmiatan Step
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Comparison of Results

Dot Diagram (initial setup)

Ray Distribution

u 50: Camera Detector #6071 after Achromatic Do... | (=] || (=] ||£h|

Y [Mm]

Position

2

Dot Diagram (optimized)

u 51: Camera Detector #6017 after Achromatic Do... | (=] || (=] ||£h|

Ray Distribution

Y [Him]

Position
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Ray Tracing in VirtualLab Fusion

* Ray tracing engine is included | o
_ o We will come to this point
« Sequential and non-sequential in the sa later!!!

« Comment: No CAD system description yet prem—

* More to come within next 12 months to support
typical lens designer workflows

¥ [pum]

-04 -02 0 0.2 0.4

-0.4 -0.2 0 0.2 0.4
X [urm]

26 LightTrans International



VirtualLab Fusion (VLF)

 Why Fusion? (Reason #1)
- Ray tracing
— Physical optics modeling: Field tracing

Pierre de JLESKL

VirtualLabrusion

ST PHYSICAL OPTICS 5

Fermat

Light representation by rays
provides ray positions, directions,
and optical path/wavefront
phase.

Light representation: Rays
Equations: Fermat’s principle

James Clerk
Maxwell

Light representation by fields enables

access to any information about light,
nght representation: EleCtrOmagnetiC fields inc|uding ray information.

Equations: Maxwell’s equations
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Example: Singlet Task 5

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

B8 2: Ray Distribution 3D = ol

3D View | 2D View

Kk A

Q Q ¢ Ol

%
L <
17.038 mm
—_
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Example: Singlet

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

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

a0 View | 2D View

17.038 mm
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Ray Tracing: Dot Diagram

I 8: Ray Distribution 3D EI@

3D View 2D View

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

Ray Distribution

Position

¥ [mm]
0 0.0%

-0,05

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

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

I 13: Camera Detector 2604 after Optical Interfac... [-= |- & |@

Chromatic Fields Set

0.05

¥ [mm]
0

-0.05

0.05

-0.05 0
X [mm]

LightTrans International
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Physical Optics: Intensity

Physical optics
simulations in
seconds

6328 nm [1E6 (V/m)*2)
-~ 3
g
[=3
e 90911
&
o
v €

008 002 0

X [mmj

o0z 004

19782

[TEG (v/m)

0s 15

AAAAAAA

.01

c.03

Position in Section lm"‘l
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Ray Tracing: Dot Diagram

[P .
b Q DLl
RGB plane
T %‘@
LZ 17.028 mm
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Ray Tracing: Dot Diagram

I 8 Ray Distribution 3D

3D View 2D View
1 s 1 & A
aQ ¢ O

RGB plane
wave

B8 15: Camera Detector 2604 after Optical Interfac... | ‘= [-= |

bes
Ray Distribution

L»Z
Position

-

Y [mm)]

X [mm]

LightTrans International
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Ray Tracing: Dot Diagram

I 8 Ray Distribution 3D

30 View 2D View

RGB plane
wave

i

A

u 15: Camera Detector 604 after Optical Interfac... EI@

u 15: Camera Detector 604 after Optical Interfac... EI@

Ray Distribution

u 15: Camera Detector 604 after Optical Interfac... EI@

Ray Distribution

Ray Distribution

Position

Position

¥ [mm]

X [mm]

Position

¥ [mm]

¥ [mm]

X [mm]

LightTrans International
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Physical Optics: Intensity

I 8 Ray Distribution 3D
30 View 2D View

RGB plane
wave

==

K 16: Camera Detector 2604 fter Optical Interfac... |- - (el

Chromatic Fields Set

¥ [mm]

0.05

0,05

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

I 8: Ray Distribution 3D EI@

30 View 2D View

RGB plane
wave

LZ
.- .- .- 17038 mm
I 16: Camera Detector 2604 after Optical Interfac... [~/ -=-|[&35] || [ 16: Camera Detector 2604 after Optical Interfac... [-=-||-=-|[3s] || I 16: Camera Detector 2604 after Optical Interfac... [-—=-|[-=-|[m3]

Chromatic Fields Set Chromatic Fields Set Chromatic Fields Set

g o g o g o

> > >
-0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05

X [mm] X [mm] X [mm]
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Analysis of Focal Region

-

F-Mlqm”
30 Vew 20 Vaw

Analysis of
focal region

\

%

QQ 4O
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Ray Tracing: 91 - 100 mm

Analysis of
focal region

)

& O) o
/ aQ Q

|k
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Physical Optics: 91 - 100 mm

\!
Analysis of
focal region |
L J

—

R .
QAQ 0.

\\/’{
-
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Physical Optics: 95.5 -98.5 mm

R
Analysis of
focal region

-
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Analysis of Focal Region

ﬁ Tllted Iens: ﬁ

2.2 degrees J

& Q4O
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Ray Tracing

M 55 Ry Diitribustion 30

-

Tilted lens:
2.2 degrees

u 34: Camera Detector 2604 after Optical Interfac... EI@

Ray Distribution

¥ [mm]

0.1

0.05

-0.05

-0.1

Position

-3.95 -3.9 -3.85 -3.8 -3..
X [mm]
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Physical Optics

M 55 Ry Diitribustion 30

-

Tilted lens:
2.2 degrees

~

%3 E = = =
3 56: Camera Detector =604 after Optical Interfac... | = (=l

Chromatic Fields Set

Y [mm]

0.1

0.05

-0,05

-0.1

-3.95 -3.9 -3.85 -3.8 =33
X [mm]
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Ray vs. Physical Optics

M 55 Ry Diitribustion 30

-

Tilted lens:
2.2 degrees

~

E 54: Camera Detector 2604 after Optical Interfac... EI@

Ray Distribution

n 56: Camera Detector =604 after Optical Interfac... | = H (=] ]@

Chromatic Fields Set

¥ [mm]

0.1

0,05

-0.05

-0.1

Position

=205 .0 -3.85 -3.8

X [mm]

Y [mm]

0.1

0.05

-0,05

-0.1

-3.95 -3.9 -3.85 -3.8 =3

X [Imm]
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Ray vs. Physical Optics

M 55 Ry Diitribustion 30

4 )
Tilted lens:

2.2 degrees

B8 58 Camera Detector 2604 after Optical Interfac... [vo-|[-E ]

Ray Distribution

P

n 56: Camera Detector =604 after Optical Interfac... | o |[-E |
Chromatic Fields Set

Position

Y [mm)]
0 0.05 0.1

-0.05

-0.1

-3.95 =39 -3.85 -3.8 e

X [mm]

Y [mm)]
0 0.05 0.1

-0.05

-0.1

-3.95 -3.9 -3.85 -3.8 =35

X [mm]
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Ray vs. Physical Optics

4 N
— Tilted lens: =
2.2 degrees | o

> e
m 58: Camera Detector =604 after Optical Interfac... ! o[- ] n 56: Camera Detector 604 after Optical Interfac... [ |- @ |

|r z Ray Distribution Chromatic Fields Set

Position

0.1
0.1

0.05

0.05

Y [mm)]
0

Zoom
selection

-0.05

-0.1
-0.1

-3.85 -3.9 -3.85 -3.8 =3 -3.85 -3.9 -3.85 -3.8 -3...
X [mm] X [mm]
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Ray vs. Physical Optics

4 )

M 55 Ry Diitribustion 30

= 20 Weew

Tilted lens:

2.2 degrees
J

u 58: Camera Detector =604 after Optical Interfac... | ' —= I =] |

Ray Distribution

nSS: Camera Detector 604 after Optical Interfac... | = [-= |

Chromatic Fields Set

Position
A
o~
S
o
E o
=
o
o
o
v
-3.82 -3.8 -3.78
X [mm]
< >

Y [mm)]
0 0.05 0.1

-0.05

-0.1

-3.95 =3.9 -3.85 -3.8 =35

X [mm]
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Ray vs. Physical Optics

-~

T 55 Ry Diitribution 30
M0 e 30 Ve

Tilted lens:
2.2 degrees

~

l 58: Camera Detector =604 after Optical Interfac... | ©= [-= @

Ray Distribution

n 59: Camera Detector =604 after Optical Interfac... | ' —= l@

Chromatic Fields Set

Y [mm]

0.02

-0.02

Position

-3.78

-3.82 -3.8

X [mm]

Y [mm]

0.02

-0.02

-3.78

-3.8

X [mm]

-3.82
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Ray and Physical Optics for Lens Systems

- 58: Camera Detector 2604 after Optical Interfac... | = | (=] @

Ray Distribution

Position

0.02

Y [mm]
0

-0.02

-3.82 -3.8 -3.78

X [mm]

n 59: Camera

Detector 604 after Optical Interfac... | = [F= @

Chromatic Fields Set

-3.82 -3.8
X [mm]

-3.78

* Modeling of focal regions of lens systems just one
example of the need for physical optics modeling and
design.
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Basic Workflow in VirtualLab Fusion: Modeling

M2 Ry Outiibuson 30 Gl
30 Vew 20 Vi

Modeling in
VirtualLab
Fusion

Ray Tracing
System Analyzer

Provides 3D
system overview t"
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Basic Workflow in VirtualLab Fusion: Modeling

E 54: Carnera Detector 2604 after Optical Interfac... E\@

Ray Distribution

Position

0.1

h:?:::g::_gal:’“ Ray Tracing Ray trtacing :
. System Analyzer engine
Fusion

¥ [mm]
0

L Provides 3D

system overview

Delivers ray
tracing results B —
at detectors X [mmi

0.1 0,05
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Basic Workflow in VirtualLab Fusion: Modeling

Modeling in
VirtualLab
Fusion

Ray Tracing
System Analyzer

Ray tracing
engine

Field Tracing
(2nd gen engine)

Provides 3D Delivers ray Delivers field
system overview tracing results tracing results at
at detectors detectors
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Basic Workflow in VirtualLab Fusion: Modeling

'[

Field Tracing
(2nd gen engine)

L

L

Delivers field
tracing results at
detectors
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Basic Workflow in VirtualLab Fusion: Modeling

Modeling in
VirtualLab
Fusion

Ray Tracing
System Analyzer

Ray tracing
engine

Field Tracing
(2nd gen engine)

Provides 3D Delivers ray Delivers field
system overview tracing results tracing results at
at detectors detectors
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VirtualLab Fusion (VLF)

 Why Fusion? (Reason #1)
- Ray tracing
— Physical optics modeling: Field tracing

Pierre de JLESKL

VirtualLabrusion

ST PHYSICAL OPTICS 5

Fermat

Light representation by rays
provides ray positions, directions,
and optical path/wavefront
phase.

Light representation: Rays
Equations: Fermat’s principle

James Clerk
Maxwell

Light representation by fields enables

access to any information about light,
nght representation: EleCtrOmagnetiC fields inc|uding ray information.

Equations: Maxwell’s equations
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Ray and Physical Optics

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

5
-1 o
.
“

& . Today
| S o mmemen | | |

| g | | |
c. 325 BC - 265 BC 1601 - 1665 1831 —1879

v

More than 2000 years of ray optics

—)

About 150 years of physical optics

57 LightTrans International



Ray and Physical Optics

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

& . Today
| . | | | .
| ’ | | | ’

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

More than 2000 years of ray optics

—)

About 150 years of physical optics

Optical designh mainly based on ray optics
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Ray and Physical Optics

Euclid of Pierre de

Alexandria Fermat ' . [ | T FUndOmGn+G|
Ra\ ; Nptical Design

WARREN ). SMITH'S
Modern

. Optical

| : | Engineering |

c. 325 BC - 265 BC 1601 - 1665

More than 2000 years of ray optics

—)

About 150 years of physical optics

Optical designh mainly based on ray optics
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Ray and Physical Optics

Euclid of Pierre de
Alexandria Fermat

tracing
forever?

c. 325 BC - 265 BC 1601 - 1665
No and Yesl!

More than 2000 years of ray optics

Optical designh mainly based on ray optics
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Trend in Optical Design: Physical Optics

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

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

Generalization to physical optics concepts in design

Is It time for a paradigm shift?

Ray tracing remains an extremely useful
technique embedded in a more general approach!

61 LightTrans International



Physical and Ray Optics: Academical Understanding

WIWILEY
FUNDAMENTALS OF
PHOTONICS
Second Edition y Quantum Optics
.4 Electromagnetic
Optics
Wave Optics
Ray Optics

B. E. A. Saleh
M. C. Teich
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Physical and Ray Optics: Academical Understanding

V x E(r) = iwppH(r)

V x H(r) = —iwepé&(w)E(r),
V:.E(r) =0,
V:H(r)=0.

Vt["(r) x E(r) = wpuoH(r)

Vt/’ x H(r) = —wepé(w)E(r)
v‘/( E(r)=0

Vi(r) - H(r) =0

i

Foundations of geosetrical agniies

= k3n?(r).
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Ray and Physical Optics: Applications

Chapter 1. Basic Optics and Optical System Specifications
The Purpose of an Imaging Optical System
?JZ'SE How to Specify Your Optical System: Basic Parameters
M m = Basic Definition of Terms
n tlcal Useful First-Order Relationships
Chapter 2. Stops and Pupils and Other Basic Principles _

-+ SECOND EDITION e The Role of the Aperture Stop

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

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

From?
e What Is Diffraction?
Diffraction-Limited Performance
+ Derivation of System Specifications
Robert E. Fischer Chapter 4. The Concept of Optical Path Difference
Biljana Tadic-Galeb Optical Path Difs OPD) and the Ravleich Criteri
Paul R. Yoder ptical Path Difference ( ) and the Rayleigh Criteria

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

Object:
Point source

Image
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Modeling Lens Systems

Ray
bundle

Image
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Modeling Lens Systems: Ray Tracing

Ray :
—>
bundle Ray tracing
Lens
system

Dot diagram
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Modeling Lens Systems: Ray Tracing

Stop Exit pupil

Ray
bundle

"o racing

Lens
system

Aberratlons (OPL)

Image
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Modeling Lens Systems: Ray Tracing

Stop Exit pupil

Ray :
—>
i
Lens
system

Aberratlons (OPL)

How to obtain PSF
by ray optics?

Point spead function
(PSF)

69
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Modeling Lens Systems

Stop Exit pupil

Ray
bundle

"o racing

Lens
system

PSF calculation requires
physical optics!

Physical optics modeling

/ Point spead function
Aberratlons (OPL) (PSF)

70
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Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

g
[T
) .
.

c. 325 BC - 265 BC 1601-1665 1831-1879
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Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk Ernst
Alexandria Fermat Maxwell Abbe

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

Diffraction limited
resolution

v
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Imaging Optics: Ray Optics + PSF/MTF

Euclid of Pierre de James Clerk Ernst
Alexandria Fermat Maxwell Abbe

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

Diffraction limited
resolution

[ paradigm shift starts slightly from 200 years ago ]

v
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Imaging Optics: Ray Optics + PSF/MTF

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

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

v

Light in focal
regions
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Imaging Optics: Ray Optics + PSF/MTF

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

5
1 A
.
.

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

v

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

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

5
1 A
.
.

c. 325 BC - 265 BC 1601-1665 1831-1879  1840-1905 1884-1966 1918-1994 1922-2018

Polarization and
coherence
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Modeling Lens Systems: Diffraction Theory of Lens Systems

Exit pupll

WAVES IN
FOCAL REGIONS

J J STAMNES

Physical optics modeling Image

1986; 603 pages

Waves in Focal Regions

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

Jakob T Stamnes

Center for Industrial Research, Oslo
and

Norwave AS

/ Point spead function
Aberratlons (OPL) (PSF)
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Modeling Lens Systems: Ray and Physical Optics

What to do for more
general sources, like
Gaussian beams?

Ray
bundle

"What to do when we have
components like gratings, DOE’s
fibers, and microstructures in the

\.system?

J

Stop

Ray tracing

I Why
allow

Exit pupil

Connection of rays with
physical optics critical!

Physical optics modeling

and when is ray optics
ed in the system?

|
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Ray Tracer: Physical-Optics Add-Ons

Gaussian
beams

Lens

system

(Approaches are very limited
and do not provide the full

\benefit of physical optics!

J

Stop

Exit pupil

e.g., POP, Beamlets
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General Physical-Optics System Modeling

Sources

Vlrtual Lab rusion

Components

-

-

We demand full flexibility in
physical optics modeling.

~

)

Detectors

https://c2.staticflickr.com
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General Physical-Optics System Modeling

Sources Components Detectors

https://c2.staticflickr.com

Vlrtual Lab rusion

g Physical optics modeling A
g should be as fast as ray
_ tracing wherever possible! |
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Physical Optics Modeling and Design

Stop Exit pupil

What to do for more
general sources, like

y Gaussian beams?
Ray

physical =
OptiCS?  (mesmmmm

components like gratings, DOE'’s,
fibers, and microstructures in the
system?

Connection of rays with
physical optics critical!

Ray tracing Physical optics modeling

Why and when is ray optics
allowed in the system?
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Physical Optics Modeling and Design

Why
physical
optics?

1998 2000

Deutsche Agenda

Optische

Techngi®gien

HARNESSING

IREET

OptlcalSuen(e filr das 27. Jahrhundert

. and

Engineering
for-the

21stCentury_: :

o \ #® bmb-+f ==

Optical technologies are developing fast
and In a wide variety of applications!
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Physical Optics Modeling and Design

1998 2000
Wh | HARNESSING -~ 5 D“"tsch'cAgcnda
y G o
phySicaI OptlcaISaence tiv ¢udll 3sbrhumdart
=2 . and
Engineering - -

for-the

optics? S

Physical optics provides the fundament of

o \ #® bmb-+f ==

Innovative concepts for harnessing light!
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Physical Optics to Overcome Limitations of Ray Optics?

« Theoretically solid inclusion of

Diffraction at apertures and of light beams

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

Ultrashort pulse modeling

Interference and speckles

Diffraction at gratings and diffractive optical elements
Scattering effects

Crystal and metamaterial modeling

Nano- and microoptics

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

... any effect in classical optics

VirtualLabrusion
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Trend in Optical Design: Physical Optics

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

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

Generalization to physical optics concepts in design

It's time for a paradigm shift!

Ray tracing remains an extremely useful
technique embedded in a more general approach!

86 LightTrans International



Trend in Optical Design: Physical Optics

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

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

Generalization to physical optics concepts in design

It's time for a paradigm shift!

Physical optics do not replace ray tracing, but enriches our

way to do optical design. We can just win!

87 LightTrans International



Trend in Optical Design: Physical Optics

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

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

Generalization to physical optics concepts in design

It's time for a paradigm shift!

Physical optics do not replace ray tracing, but enriches our

way to do optical design. We can just win — if we do it smart!
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Physical-Optics System Modeling

IRy

89
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Physical-Optics System Modeling

source modes and components, i.e.
refractive index distribution.

...........

':'E‘.:f"’"‘ /( e N 348+ o .I'l', U Ea5 §xB e (ds ':| |
Homogeneous medium, like air or vacuum |

— e e e Y
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General Physical-Optics System Modeling

Sources

—
=
s |
—B
— ]
—m.
=N

Components

Physical optics modeling

Detectors

https://c2.staticflickr.com
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VirtualLabrusion

Source modeling in VirtualLab Fusion

The concept



Source Modeling

Source

 Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light

Essential starting point for all
follow-up modeling and design!
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Source Modeling: Mode Decomposition

* Any source field can be
decomposed into coherent and
mutually uncorrelated modes

g Source

R .
modes With a suitable set of source

. Laser modes any degree of coherence

 Laser diode - -

. LED and polarization can be

- OLED represented!

 Lamp \ p J

« Natural light
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Source Modeling: Mode Decomposition

Source Source
modes

Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light

* Any source field can be

decomposed into coherent and
mutually uncorrelated modes

 Gaussian modes

95
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Source Modeling: Gaussian Modes (Hermite)

Source Source
modes

Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light
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Source Modeling: Gaussian Modes (Hermite)

Source

 Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light

Source
modes

idit Multimode Gaussian Source

... {
C

Polanzatior Mode Setectior ampling Ray Selector
Basic Parameten Soectry Paraveten patial Parametens
Lenerate Croas Sechor

Paraneters of Fundamental Mode

Type Hermte Gaustian Mode

Refetence Vaueler gth (Vacuum) 832 nn

Select Achromatc Farameter

®) Wast Radius (Ve 2) 100 ym 100

Half-Angle Divergence

Haylesgh Lengtt

etaull Parameter Dk Cancel Helg
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Source Modeling: Gaussian Modes (Gaussian Laguerre)

- 20: Gaussian Wave E]@@ . .
polarization
~
£
LE 1.0053
=
a2
B 20: Gaussian Wave il_E 0.50266
Source
Source i ]
modes £ of =
o m I
= g (= | 5[]
o 3 0
-126.3% pm 128.45 pm
* Laser . v 8
I Ampli 21075 | (327:32 PR
(] Laser d |Ode 0.4 Globally Pc Summed Squzred plitudes  Zoom: 21075 (327: 327)
o~
. LED ;
3
+ OLED
=)
o
[ ] ) 0
Lam p -230.87 pm 22648 pm g
« Natural light 5 > 3
Globally Polarized Hamonic Fiel Amplitude  Zoom: 1.2458 (327. 327) §
. ﬁ -3.1416
amplitude 22948 pm 22651 pm J
< >
Globally Polarized Harmonic Field = Phase Zoom: 1.2458 (327; 327)

phase
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Source Modeling: Mode Decomposition (Laguerre Gaussian)

; E 22: Data Array created from "20: Gaussian Wav...

Numerical Data Array
Diagram  Table = Value at (xy)

' | I 21: Data Array created from *20: Gaussian Wav... [~ - [aal] J

Numerical Data Array

— Diagram  Table  Value at (xy) Imaginary Part of Field U [V/m]
?_, SO u rce Real Part of Field U [V/m] PN l 1.0002
— Source |:> : a2 .
= modes _ _ N
o - - :
= . Laser = @ ° I

» Laser diode 5 . 10002

« VCSELs .
« LED T - >
« OLED ‘ :

.| = Lamp real part

-1.0002

imaginary part

» Natural light
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Source Modeling: Mode Decomposition for VCSEL

|

=
=
—a
—.
—
—=
=

Source Source
modes

 Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light

Y [mm]
-01 -005 0 005 01

VCSEL far-field power
distribution (100um)

Relative

0,1 -0,05 0 0,05 0,1
Radius/ mm

Y [mm]

o D v o 2
A

5E
=z ns
g2 T
L E
5 k-
~Jd - | -
o =
4 - b
ans n L

Yinm)

oas

v inny

Mode (0, 0) Mode (0, 1) Sum
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Source Modeling: Mode Decompositon

Source Source
modes

Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light

* Any source field can be

decomposed into coherent and
mutually uncorrelated modes

« Gaussian modes

 Plane wave modes

 Shifted modes, e.g.
« Spherical wave
 Lambertian mode

101
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Source Modeling: Shifted Modes

modes
« Laser
 Laser diode
« LED
« OLED

« Lamp
« Natural light

102 LightTrans International



Source Modeling: Shifted Modes

Z 14 Optical Setup View (Optical Setup =13)*

an
it Conwne fonen 2t alnn
ugh ) Jatalog
Stored Complete Feld
S & Basic Source Models
ource Bk uvce Mkl
Fartially Coherert Source Models
3 X = 2
_ustomized Mode Planar Source
Saussian Tvoe Planar Source

© Laser
« Laser diol
« LED ~

« OLED L i Gt

* Lamp

« Natural li¢ = ===
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Source Modeling: Modes from Ray Data

Source Source
modes

Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light

* Any source field can be
decomposed into coherent and
mutually uncorrelated modes

 Modes from ray data

Osram GW CSSRMme LED (dome lens)

104

LightTrans International



Source Modeling: Modes from Ray Data

R AR RRARaR
L O O P o oh o ok R oh o

Sorce A AAAALOD DS

. R0
« Laser *f*.f*.*#.*.**
. Laser diode L4444 4444+

. oLep +4 44499449
amp 4449949444
e [ """ >+

Cooperation UEF and LightTrans:
Henri Partanen
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lllustration 1: Source Definition and Main Window Modeling

* Create two waves.
— By using the permanent ribbons, please generate two beams:

Plane wave Spherical wave

Diameter: 1.28 mm x 1.28 mm Diameter: 1.28 mm x 1.28 mm

Single wavelength: 632.8 nm Radius: 100 mm

Polarization: linearly polarized 0° Single wavelength: 632.8 nm
Polarization: linearly polarized 0°

— Add both beams
— Check the polarization state of the result field
— Calculate the related magnetic field

— Then create a spherical wave with polarization 90°, check the
coherent addition result
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lllustration 1: Video in VLF

Klick the following link to watch the video:

https://youtu.be/CqgigZ 5WOtU

107 LightTrans International


https://youtu.be/CgigZ_5WOtU

Task 1 Donut mode creation .

« Donut mode can be created by adding two Hermite
Gaussian modes up.

— By using the permanent ribbons, please generate two Gaussian

beams:
Hermite Gaussian mode: (1,0) Hermite Gaussian mode: (0,1)
Rayleigh length: 10 mm x 10 mm Rayleigh length: 10 mm x 10 mm
Single wavelength: 632.8 nm Single wavelength: 632.8 nm
Polarization: linearly polarized 0° Polarization: linearly polarized 90°

— Add both Gaussian beam

— Check the polarization state of the result field

— Detect the beam parameters of electric field

— Calculate the related Poynting Vector distribution
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Task 1: Video

Klick the following link to watch the video:

https://youtu.be/gEpkXoRLOZ0
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https://youtu.be/gEpkXoRLOZ0

Source Modeling: Mode Decompositon

Source Source
modes

Laser

« Laser diode
« LED

« OLED

« Lamp

« Natural light

* Any source field can be

decomposed into coherent and
mutually uncorrelated modes
* VirtualLab enables the usage
of any kind of source modes
« Spatial modes can be combined

with any power frequency
spectrum

110
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@HTTRANS -

Temporal Coherence Property Measured with
Michelson Interferometer



Abstract

Michelson interferometer is a typical
configuration for optical interferometry.
Such a basic setup is also widely
used for educational purpose, e.g., to
explore the temporal coherent
properties of sources with different
spectrum bandwidth. This use case
takes one laser source and one LED
as the sources to check the contrast
of interference pattern, as well as the
coherent lengths of both sources.
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Modeling Task

detector 7

taking the source spectrum and the
movement of mirror into
consideration

interference
pattern

movable
mirror

To recognize the interference
pattern, we give a 0.05° rotation to
the movable mirror.

K a). -1.5mm to 1.5mm

b). -15um to 15um

a). Laser source
- wavelength: 635nm
- spectrum bandwidth: 0.2nm

b). LED

- wavelength: 635nm
- spectrum bandwidth: 20nm

fixed mirror
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Results: Laser Source

Coherent length here is around 2mm. It matches that with literature, which
IS
A? 6352

L:AA: 02 nm = 2 mm
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Results: Laser Source

Coherent length here is around 20um. It matches that with literature, which
IS
A? B 6352

L:AA_ 20 nm =~ 20 um

115 LightTrans International



K\E(‘.‘.’HTTRANS -

Analysis of Coherence Effects in an Etalon Setup



Modeling Task

N

Relation between bandwidth

and temporal coherence time:
1 nm=>1ps

10 nm => 0.1 ps

plane
wave

intensity
pattern

-

L\
N

Runtime differences have
effect on interference:
Partial coherence effect.

J

waveguide

117
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Specification: Etalon

Parameter Description / Value & Unit
component Waveguide

number of surfaces 3

medium between surface 1 & 2 fused silica

medium between surface 1 & 2  silver

tilt of component 10°

tilt of plane surface 2 & 3 -3°

118
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Specification: Grating of First Surface of Etalon

119

‘I" I" I'|
Parameter Value & Unit
type ideal grating
position Ommx0mm
size Ommx0mm
grating period S0um

efficiencies

defined manually

LightTrans International



Specification: Grating of First Surface of Etalon

Parameter Value & Unit
efficiency T,.,0 40%
efficiency T,,—-1 40%
efficiency R,_0 20%
efficiency T__0 80%

Note: The period and the efficiencies of the propagating
orders are selected for demonstrational purpose.

From Front Side

Direction

Order Number

From Back Side

hrection

Order Number

Efficiency

T

0

0%
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Result: 3D Ray Tracing
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Result: Intensity Distribution (Coherently)

« The Camera Detector allows to define the coherence properties of the
Incident light.

« For a coherent incidence full interference pattern will be visible.

0.1

Y [mm]
01 0 01
0.05

-0.4 -0.2 0 0.2 0.4

Y [mm]

-0.05

X [mm]
[ simulation time: ~2s

-0.1

0.05 0.1 0.15 0.2 0.25

X [mm]
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Result: Intensity Distribution (Incoherently)

Edit Carmera Detector

Detector Window and Resolution  Detector Function

Coherence Parameters

Geometry | Summation Type Incoherent Summation w

Channels

ﬁ. Components to Integrate

Position / Ex-Component Ey-Compaonent Ez-Component
Orientation

View Settings of Result

N

!! (®) Real Color

Detector
Porortors () False Colar

* In case of iIncoherent summation no
Interference pattern will appear.

« All modes are interpreted
iIncoherently.
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Result: Intensity Distribution (Partially Coherent)

Edit Carmera Detector

Detector Window and Resolution  Detector Function

Coherence Parameters
Geometry / Summation Type Partial Coherent Summation w
Channels
Coherence Time ESps
ﬁ. Components to Integrate
CI;‘c_:sitti:tlj / Ex-Component Ey-Component B an d Wi d t h < O . 1 nm
nnnnnnn
View Settings of Result l nm => 1 p S
Hw® —_
“ (®) Real Color 10 nm => 01 pS
Detector
Porortors () False Colar

* In case of partially coherent
summation the run times of the
modes will be investigated for the
Interference behavior.
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Pulsed Fields in Focal Regions

Example of strong spatiotemporal coupling

( Task 15 W




Lens System Pulse Example

Example considers focusing of 5 fs pulse at 800 nm
5 mm f=1.7671 mm

/“
\ 4

Laser beam Aspherical lens Focal plane
NA=0.68
, e Temporal pulse represented in
Ert)=F"Frw)= —_/ Elir w)exp(—iwt) :
V2r J-a frequency domain.
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Pulse Modeling: Field Tracing Diagram Example

_—
Sneak Pear’
V'iip,t) vV (p,t)

ey l e
Elr.f = f:,lElr....'l = ﬁ./\El-r'“'.“"\'l’l_‘*'“ (L‘_.

(K, w)

channels
source 1 2 detector
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Lens System Pulse Example: Pulse in Focus

Result in frequency domain:
50 harmonic fields represent the pulse

[B) 4: G:\Dropbox\...\pulse.lens.hfs o I]E|
Light View | Data View |

Calculation of envelope function
In time domain at x-axis (40 pum)

Viip.t) V" (p.t)

41.51 pm

-41.51 pm

49.22 pm |

(k,w)

channels
2 detector
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Spatiotemporal Evolution: Pulse in Focus

Result in frequency domain

Time domain along x-axis: z-component

[B) 4: G:\Dropbox\..\pulse.lens.hfs
Light View | Data View |

=3 EoR =X

41.51 pm

-41.51 pm

-50.19 pm 48.22 pm

mn ’

m 10: Inverse Temporal Fourier Transformation (Time}

Pulse Component At Line

[ Diagram [Table |

Amplitude of Electric Field Component [V/m]

0.02

Position on Line [mm]

101
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Spatiotemporal Evolution: Pulse in Focus

Result in frequency domain
(D 4: G:\Dropbo..\pulselens hfs = Time domain along x-axis: z-component

Ught View | Dta Vew|

- m 10: Inverse Temporal Fourier Transformation (Time} N
E L ) Pulse Component At Line
& Diagram | Table .
—
= . - - .
Amplitude of Electric Field Component [V/m]
[ 236.8
: P
=1 S oo
A 5o :
g = A4
‘ S
-50.19 pm 4822 pm  _ §
<4 (11} ’ -
1 —-out - —
Viipt) Vi (p1) 2
(P, 1) 0.017 0.0171 0.0172 ———
F ime [ns]
“ »
) \\ 4 Bi
(p,w) >
Fi F5 " Fr
) \ 4 \ N\ N
(Ku u}) 7 ~ /: ~ /:
P P Bs P
channels i [o— I ]
source 1 2 detector
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Spatiotemporal Evolution: Pulse in Focus

Result in frequency domain

Time domain along x-axis: z-component

[B) 4: G:\Dropbox\..\pulse.lens.hfs
Light View | Data View|

41.51 pm

-41.51 pm

-50.19 pm

mn

=N N <=

49,22 pm

m 12: Inverse Temporal Fourier Transformation (Time}

Pulse Component At Line

" Diagram | Table

Amplitude of Electric Field Component

Position on Line [mm]
0.02

101

ANtA AR A AT
0.0169 0.017 0.0171

Time [ns]

[\e’ly' m]

n

n17

vul/

2.856E-06
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Spatiotemporal Evolution: Pulse in Focus

Result in frequency domain

Time domain along x-axis: z-component

[B) 4: G:\Dropbox\..\pulse.lens.hfs
Light View | Data View |

=3 EoR =X

41.51 pm

-41.51 pm

-50.19 pm 48.22 pm

mn ’

m 10: Inverse Temporal Fourier Transformation (Time}

Pulse Component At Line

[ Diagram [Table |

Amplitude of Electric Field Component [V/m]

0.02

Position on Line [mm]

101
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Spatiotemporal Evolution: Pulse in Focus

Result in frequency domain

A

[ 4: G:\Dropbox\...\pulse.lens.hfs
Light View | Data View |

44,65 pm

-44,65 ym

-48.45 pm

=N ECh <=

50.97 um

Time domain in (0,0): x-component

m 14: Inverse Temporal Fourier Transformation (Time)

Pulse (Electrical Figld Vector Component At One Point)

=1 o =

Diagram | Table

T
=
2 0144 4
=
£
=
£ 0108 -
& —_—
i

=
5 = 0072
()
=
=
s 0.036 4
5
o
w

0 1 T 1

4

0.0169 0.01698

T T T
0.01706

Time [ns]

T
0.01715
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Spatiotemporal Evolution: Pulse in Focus

Time domain in (0,0): x-component with carrier frequency

m 18: Envelope Function of Inverse Temporal Fourier Transformation (Time) 14

Electrical Field Vector Component At One Point

Diagram | Table

0.222

0.084 +

[kvym]

-0.054 o

-0.192 +

Electric Field Component (Real Part)

-0.33 4

T T T
0.01699 0.01702

1
0.01705
Time [ns]

T
0.01708

T
0.01711

T
0.01714
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General Physical-Optics System Modeling

Sources Components Detectors

—
=
s |
—B
— ]
—m.
=N

https://c2.staticflickr.com

. . )
Field representation provides

unsurpassed flexibility in

inal
_source modeling! )
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General Physical-Optics System Modeling

Sources

|
—m
—

|

=

Components

Detectors

https://c2.staticflickr.com
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VirtualLabrusion

System and modeling configuration

System building blocks



General Physical-Optics System Modeling

Sources

|
—m
—

|

=

Components

Detectors

https://c2.staticflickr.com
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General Physical-Optics System Modeling

Sources

e
|
—m
—
|
=

Components

Physical optics modeling

Detectors

https://c2.staticflickr.com

- . .
Field representation provides
unsurpassed flexibility in

\detector modeling!

~
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General Physical-Optics System Modeling

Sources

e
|
—m
—
|
=

Components

-

How does VirtualLab realize
fast physical optics modeling?
-

)

Detectors

https://c2.staticflickr.com
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Optical Modeling: The Common Understanding

James Clerk

Maxwell

Light representation: Electromagnetic fields
Equations: Maxwell’s equations

Universal Maxwell solver,
e.g., FMM and FEM
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Universal, Rigorous Maxwell Solver

'uli R

VirtualLab rusion

 Fourier Modal Method

LightTrans International
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Fourier Modal Method

e Sawtooth grating

— Diffraction angle and efficiency

X

w— TG MI000 D000 w— Reflecied Oroen
— InCICENt Wove

«20"

|
T3
T-2
T1
T0
T+1
T+2
T+3
R-2
R-2
R-1
RO
R+1
R+2
R+3

ol Order Angle| Efficiency

0 100%
52919°| 012312%
32131°| 02671%

15422°| 65654%

0°| 92988%
15422°| 56679%
2131° 41998 %
52919° 11.072%
52919°| 017409 %
R3] 177B%
15.422°| 049041 %

0°| 01924 %
-15.422°| 0.094529 %
-32131°| 0.099558 %
-52919°| 089336 %
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Universal, Rigorous Maxwell Solver

—

'uli R

VirtualLab rusion

Fourier Modal Method
Integral Method (WIAS Berlin)

LightTrans International

144



Universal, Rigorous Maxwell Solver

'uli g’

VirtualLab rusion

« Fourier Modal Method

* Integral Method (WIAS Berlin)

« Finite Element Method (Interface to
JCMWave; Zuse Institut Berlin)
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Universal, Rigorous Maxwell Solver

TTEE

irtualLab rusion

hodal Method
Aethod (WIAS Berlin)
'ment Method (Interface to
e; Zuse Institut Berlin)

FLaosmen Rl ke
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Universal, Rigorous Maxwell Solver

VirtualLab rusion

« Fourier Modal Method

* Integral Method (WIAS Berlin)

« Finite Element Method (Interface to
JCMWave; Zuse Institut Berlin)
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Task 2: Field Data Export and Import

« Export field data as figure/text

« Import field data into VLF and change the related numerical parameters.

Bl 2 imperted image (D-\ OneDrivel_\Gaussian 8. | «

LUight View Data View

-554.59 pm

Globally Folanzed Hamenic Feld

Ampltude Zo

By -

| Gaussian_Beam - Notepad

File Edit Format View Help

0 0 0
() 0 0
0 0 0
0 0 0

4.71803905730232E-15
2.75403930386765E-13

l6E-12 1.66170600073402E-11

2.78390986916028E-10

.E-10 1.72802427526285E-09
2.16979465399611E-08

5.14895334787802E-09

\8E-08 2.64130510454131

[SS R VR VI o]
(RN W]

%)

1.43857665581326E-14
1.60051583620747E-12
9.88428017425508E-11
1.53391967091419E-09
8.28574975118051E-09

[1697349759E-09 3.97691118376923E-08
1540771738E-08 2.27005696933725E-07

E-07 1

0
0
0

0

112AADO859°E82 QA)
1 20420 ) 194/

(IR

%)

000

5

2.76632926202975E

5.81720927414632E

3.6877864

5.14895334787802¢E

2.340504¢

6.7574406814009
1.44109069339954E-07

8.22587636693999E-07

06
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Task 2: Video

Klick the following link to watch the video:

https://youtu.be/INTM9EQgSS20
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https://youtu.be/iNTm9EgSS2Q

Universal, Rigorous Maxwell Solver

VirtualLab rusion

« Fourier Modal Method

* Integral Method (WIAS Berlin)

« Finite Element Method (Interface to
JCMWave; Zuse Institut Berlin)
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Fast physical optics modeling with VirtualLab Fusion

The concept of field tracing



Physical-Optics System Modeling

source mode and components, I.e.
refractive index distribution.

...........

':'E‘.:f"’"‘ /( e N 348+ o .I'l', U Ea5 §xB e (ds ':| |
Homogeneous medium, like air or vacuum |

— e e e Y
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Physical-Optics System Modeling

~

equations with one solver, e.g.
FEM, FMM, or FDTD, for
entire system not feasible

~_ because of numerical effort! /
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Fast Physical-Optics System Modeling

How to obtain a feasible and
fast physical optics solution -

whenever possible?

/

154
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Fast Physical-Optics System Modeling

How to drastically reduce the
numerical effort in physical-
optics modeling?

—\_ /
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Fast physical optics strategies

Tearing and interconnection



Fast Physical Optics Strategies: Tearing and Interconnection

« Tearing: The optical system is decomposed into regions in which different
types of Maxwell solvers can be applied:

— Rigorous solvers
— Solvers using mathematical approximations which exploit specific characteristics of field

and modulation of refractive index
— Always fully vectorial treatment
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Physical-Optics System Modeling: Regional Maxwell Solver

Maxwell Solver
Prisms, ...

Maxwell Solver

Gratings, ...
Maxwell Solver

Lenses, ...

micro- and nano- &

structures
Maxwell Solver

fibers, ...
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Physical-Optics System Modeling: Regional Maxwell Solver

nonlinear

components
crystals & anisotropic

components
waveguides & fibers \

scatterer

W EVOE

free space

prisms, plates, cubes, ...

. lenses & freeforms

apertures & boundaries

Solver

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

SLM & adaptive

HOE, CGH, DOE

componentsMICro lens & freeform
arrays

159
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lllustration 2. Propagation Operator

* Propagating a Gaussian beam with 10 um beam waist by 1 mm, 10 mm and
100 mm

Edit Automatic Propagation Operator X Logging Automatic Propagation Operator X ‘
Propagation Parameters Accuracy Selected Propagation Operator: A
Propagation Distance l 100 mm Fresnel Propagation Operator
Selection of Active Propagation Operators Estimated Deviation (Relative Power) and Effort:

SPW Operator [] Fresnel Propagation Operator SPW Operator: 0 (effort estimate: 4263 x 4263 pixels)

G re s Dot e oo SR g e 1
Geometrical Optics Operator:  1.7757 (effort estimate: 21 x 21 pixels)
Time needed for analysis of propagation techniques: 00:00:00.7798330
Estimated Output Field Size:  8.2956 mm x 8.2956 mm. v

Close

Ok || Comcel |[ Heb

Maxwell solvers can be approximated ones. Balance between accuracy and numerical effort is
always be search!
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lllustration 2: Video

Klick the following link to watch the video:

https://youtu.be/FzZWZ4IHIsQ8
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https://youtu.be/FzWZ4lHlsQ8

VirtualLab Fusion (VLF)

 Why Fusion? (Reason #1)
- Ray tracing
— Physical optics modeling: Field tracing

 Why Fusion? (Reason #2)

. VirtualLabrus
— Combining Maxwell solvers L

— VirtualLab Fusion can be understood as
a platform to connect Maxwell solvers:
* Rigorous
» Approximate

162 LightTrans International



Physical-Optics System Modeling: Regional Maxwell Solver

I< optical system

©
7
g

—
”H'#Iu 1

laser crystal waveplate

volume
waveguides gratings
& fibers

crystals &
anisotropic media

SLMs/adaptive

12

light tubes components
it nonlinear
scatterer Maxcwell components
. Solver
diffuser free space

prisms, plates,
cubes, ...

lens arrays

DOEs, HOEs, lenses
CGHs gratings freeforms
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Polarization Conversion

topological quadrupole [simulation]

a) xX-polarization

(b) y-polarization

1

phase in
selected region

164
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Physical-Optics System Modeling: Regional Maxwell Solver

volume HM & nm

. gratings  structures . .
waveguides crystals & anisotropic

& fibers media

SLMs/adaptive

light tubes components
scatterer nonlinear components
Maxwell
Solver
diffuser free space
lens arrays prisms, plates, cubes, ...
DOEs, HOEs, CGHs lenses

gratings freeforms
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VirtualLab Fusion (VLF)

 Why Fusion? (Reason #1)
- Ray tracing
— Physical optics modeling: Field tracing

 Why Fusion? (Reason #2)

. VirtualLabrus
— Combining Maxwell solvers L

— VirtualLab Fusion can be understood as
a platform to connect Maxwell solvers:
* Rigorous
» Approximate
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Fast Physical Optics Strategies: Tearing and Interconnection

« Tearing: The optical system is decomposed into regions in which different
types of Maxwell solvers can be applied:

— Rigorous solvers
— Solvers using mathematical approximations which exploit specific characteristics of field

and modulation of refractive index
— Always fully vectorial treatment
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Fast Physical Optics Strategies: Tearing and Interconnection

« Tearing: The optical system is decomposed into regions in which different
types of Maxwell solvers can be applied:

— Rigorous solvers
— Solvers using mathematical approximations which exploit specific characteristics of field

and modulation of refractive index
— Always fully vectorial treatment

* Interconnection: The solvers per region are connected through non-
sequential field tracing to solve Maxwell's equations in the entire system.

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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Sequential Connection of Regional Maxwell Solver

Maxwell Solver
Prisms, ...

Maxwell Solver

Gratings, ...
Maxwell Solver NE
Lenses, ... D g
A
Maxwell Solver |
Micro- and Nano- &

structures

Maxwell Solver
Fibers, ...
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Non-Sequential Connection of Regional Maxwell Solver

Maxwell Solver
Lenses, ...

Maxwell Solver
Prisms, ...

Maxwell Solver
Gratings, ...

STER Wh B
R ey N R (-
z,ﬁ*;"f,{pr:l cﬁ’a%“f f ‘1
R T A LA '»-r"‘b

Maxwell Solver

.r"“ ‘ -

Micro- and Nano- ’é
structures

Maxwell Solver
Fibers, ...
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Non-sequential coupling of FMM solver

Example: Reduction of numerical effort in modeling of
grating structures



Theory Background

 Global S matrix

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

’

incidence [
—_—

I

< [
reflection

transmission

( ________
incidence
(backward)

I

|

— Recursion with respect to
number of regions / layers

* Non-sequential field tracing

s s@)
locals ~ N
H >
incidence [ — > transmission
N
[ <
N
D < - € -
reflection Ly I8 > incidence
[ < ~ (backward)
<

.

— Recursion with respect to number of
light paths
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Planar Surface + Planar Surface

« Structure < Non-sequential field tracing

| (633 nmg

Global S matrix

Eff. (T) Eff. (R)

4.04% 96%

E=, 28: Value #3: Efficiency of Efficiency Detector v2 (R} 2604 after 100... [ = | & |[3a]
Mumerical Data Array
Diagram  Table = Value at xCoordinate conver g ence
g g oy
> & R: 96%
5 ‘
w |
= i
w
2
H 2T: Value #3: Efficiency of E @ Z
=
Diagram  Table = Value at xCof
T T T T T : T T
n 3 10 15 20 25 30 35
= .
_° number of light paths
= 5
= 2
c
2
= |
B 3
i i
# e
2 o 1:4.04%
= !
u i
fat ]

T
3

T T T T T
10 15 25 30 35

number ofzﬂlight paths
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Rectangular Grating + Backside Coating

* Non-sequential field tracing

Mumencal Data Array

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

... with backside coating

T+1

b

| (532 nmg TO
_— >

N\

5 T-1
n=1.46 o

Global S matrix (TM)

Diagram Table = Value at x-Coordinate convergence
] T+1: 23.6%
- - > > >
g
% o w= Efficiency (T-1)
g - Efficiency (TQ)
E o == Efficiency (T+1)
2
= ‘ TO: 18.1%
= —— - - -
A & g 10 12 14
number of light paths
‘ >

T Eff. R Eff.

+1  236% +1 0.762%
0 18.1% O 33.1%
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Rectangular + Sawtooth Grating (parallel)

« Non-sequential field tracing « ... with sawtooth coating
) : T+1
B 15: D:\OneDrive\..\2018-01 -22_R5uI‘E._Rect-Sawtooth_TM_Trans... E@ 7 /
Diagram Table Value at x-C convergence i
] ‘V | (532 nmg ' TO
o T+1: 51.4% \
g ) l_ T-1
: s o T-1:281% —
7 | I [ [ Eficiency 7-1) Global S matrix (TM)
- | === Efficiency (T+1)
) - == Efficiency (T0) T Eff R Eff
: numbﬁer of Iigaht path1sD - -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 « ... with sawtooth coating

: T+1
E<2 15: D:\OneDrive,.\2018-01-22_Results_Rect-Sawtooth TM_Trans... | = || & |[s3m] =15
Mumerical Data Array ~
Diagram  Table Value at x-Coordinate
S | (532 nm - 70
_ T+1: 51.4% — —
E 9 ‘
o E=: 11: D:AOneDrive\..\2018-01-22_Results Rect-Sawtooth TM Reflec... | = || 5 |[s3a]
E Numerical Data Array
*§ 2 T Diagram  Table = Value at x-Coordinate T 1
- \ | n=1.46 |
I | RO: 0.927%
T ® | . . .
« || T3] —t——a——a Global S matrix (TM)
Maximum Lg g‘
‘ g3 R+1: 0.74% T Eff. R Eff.

Efficiency (R-1) _1 28.1% -1 0.65%

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

4 7] 8 10 12

0 18.2% O 0.923%
. Maximumn Level (Light Path Parameter | Simulation Settings) ) +1 51 .4% + l O . 740/0
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Computational Effort

« Parallel gratings

—1

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 X My) ~(Mx + MJI) _
(scaling with number of layers)  (scaling with namber of light
paths)

with M, and M,, as the number of diffraction (evanescent
included) orders in both directions

177
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Rectangular + Sawtooth Grating (crossed)

e Structure

- Front: rectangular grating
(along x direction)

— Back: sawtooth grating
(along y direction)

Global S matrix (TM)
T Eff. R Eff.
-1,0 5.4% -1,0 57%
0,-1 4.2% 0,-1 5.8%
0,0 4.5% 0,0 13.8%

J\ 0,1 44.9% 0,1 4.6%
y z 1,0 5.4% 1,0 57%
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Rectangular + Sawtooth Grating (crossed)

* Non-sequential field tracing (Tm)

B=, 65: D:\OneDrive\..\2012-01-22_Results_Rect-OrthSawtooth0.7um_... | = | = |[x25m]

Mumenical Data Array

Diagram Table Value at x-Coordinate

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

40

30

20

10

convergence

- T(0, 1): 44.3%

Efficiency Ti(-1, 0
Efficiency Ti(0, 0
Efficiency T(1, 0)
Efficiency T(0, -1}
Efficiency Ti0, 1)

d ot

Global S matrix (TM)

A\

I
o

T
4

T T T T T
6 & 10 12 14

number of light paths

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

* Non-sequential field tracing (TE)

E=, 82: DA\OneDrive\..\2018-01-22_Results_Rect-OrthSawtooth0.7um_.. | = || = |[x23s]

Mumencal Data Array

Diagram  Table Value at x-Coordinate

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

=
o~

ut -
=

10

convergence

T(x1, 0): 18.4%

— - >

-
T(0, 1): 17%

Efficiency T(-1, 0)

Efficiency T(0, 0)

Global S matrix (TE)

== 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

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

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

(along x-y diagonal direction)

Global S matrix (TM)

= No common period!

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

« Non-sequential field tracing (Tm)

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

MNumencal Data Array

Diagram Table Value at x-Coordinate convergence

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 Strategies: Tearing and Interconnection

« Tearing: The optical system is decomposed into regions in which different
types of Maxwell solvers can be applied:

— Rigorous solvers
— Solvers using mathematical approximations which exploit specific characteristics of field

and modulation of refractive index
— Always fully vectorial treatment

* Interconnection: The solvers per region are connected through non-
sequential field tracing to solve Maxwell's equations in the entire system.

Let’'s have a closer look into how field
tracing connects Maxwell solvers.
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Non-sequential modeling: Lightpaths

Decomposition of modeling into lightpath operator
sequences



Non-Sequential Connection of Regional Maxwell Solver

Maxwell Solver
Lenses, ...

Maxwell Solver
Prisms, ...

Maxwell Solver
Gratings, ...

STER Wh B
R ey N R (-
z,ﬁ*;"f,{pr:l cﬁ’a%“f f ‘1
R T A LA '»-r"‘b

Maxwell Solver

.r"“ ‘ -

Micro- and Nano- ’é
structures

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

( Components }

Detector ]

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

Dats for Wavelength of 1.064 ym [1E-5 (V/m)"2|

— = =
high-NA — -
laser diode o 0.1016
e o -
Laser Components collimating objective lens (NA=0.63)

WSLD-1064-050m-1-PD

- fundamental Gaussian

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

0.0508

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

-05 0 0.5

X [mm]
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Collimation System: Non-Sequential Simulation

0.10263

|

Ul

1114
1|

T A
I

—_—
_"d_-_-_-
—_———
-__'—-——_.
_—'_-—___
————
1
|
————
—
—
—S—
e —
————————
—————
—————
—__—-
————————
———
—_h—_—-
——————————
—_———
%h%
——
e

/ > :E_; ° 0051314
high-NA T i
laser diode ' ~ O o 0.10263
Laser Components multiple reflections between
WSLD-1064-050m-1-PD uncoated surfaces #4 and
- fundamental Gaussian #5, other surfaces are well

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

coated.
0.051314

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

X [mm]

5..E-09
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Another Non-Sequential Example

Coherent length here is around 20um. It matches that with literature, which
IS
A? B 6352

L:AA_ 20 nm =~ 20 um
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Another Non-Sequential Example

¥ [mm]
01 0 01
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Field Tracing Sequence per Lightpath

-

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

D — | = =

o N

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

| iIntegral operators in
| physical optics

Operator)
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Field Tracing Sequence per Lightpath

Seqguence of operators
per lightpath
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Field Tracing Sequence per Lightpath

/

Operators can be
applied In different

\

_mathematical domains! ,
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Field Tracing Sequence per Lightpath

/

Operators can be
applied In different

\

_mathematical domains! ,
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Field Tracing Diagrams

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

Viip.t) vVi(p.t)
(p, t)
(p;w)
(k,w)

source 1 2 detector
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Field Tracing Diagrams

source 1 2 detector
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Field Tracing Diagrams

source 1 2 detector
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Field Tracing Diagrams

(p,w)
(k,w) >
channels = —— e ] l >

source 1 2 detector
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Field Tracing Diagrams

Viipw) B,

(p,w) =
lﬂ F1' Fr
(K, w) ~ : - ! - > |

K

channels {
source 1
. _
|
|

P

4

A 4

— — — — o o e w— w w— — m  w w m— m mm w w— w—
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Field Tracing Diagrams

Free space propagation
operator P

channels

t

source

209
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Free-Space Propagation Operator: x-Domain

P

channels i ]
source 1
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Free-Space Propagation Operator: x-Domain

(p,w) IL)

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

Rigorous propagation in x-domain (Rayleigh-Sommerfeld integral):

Vout p’ // Vm p Z )eXp(l;; nR) (lk e dzpl

channels I ]
source 1
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Free-Space Propagation Operator: x-Domain
(p,w)

#»,» A4
pra R Al
Js/\/:\ —___ |

X/ )> —___ |
\.JJQX:,Z:_ |
:ZSA L )
\ 2050 /,,,::_:
:_::5\//// ,::_ [

I LW

\\ W
/// :

\\ Wy,
\\\ Wiy I/&/a

!_5\ ® G/é-z
® @l
@ . ® @ ®

LightTrans International
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Free-Space Propagation Operator: k-Domain

(p,w) '
P
channels | I g
source 1
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Free-Space Propagation Operator: k-Domain

Rigorous propagation in k-domain:

Vou(x,z) = V™™ (x,20) X exp (iI;Z(K)Az)

(K, W) e

channels I I

source 1
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Free-Space Propagation Operator: k-Domain

_\
i
= e
Q—F —e
— 5
P
(K, w) —f—
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Free-Space Propagation Operator: k-Domain

L4
% § ;‘;‘ L} i‘
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Field Tracing Sequence per Lightpath

( Aperture modeling J

= =

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

V1 (p;w)

Integral operator }—*

channels

source 1 2
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Propagation Through Aperture: x-Domain

‘ A
Truncation: Mapping-
in type operator
Vi(p;iw) B ‘ 7
(p,w) —
(R,C&)) ----“fl:}:
P P
channels = I i
source 1 2
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Fast physical optics strategies

Switching the modeling domains to apply mapping-type
operators wherever possible



Fast Physical Optics Strategies: Switching Domains

e.g. curved
gpaperture } surface operator
operator

e.g. etalon
operator

- P Bs P |
channels q e.g. grating operator}
free-space 3 4 (per order)

propagation incl. tilt

221 LightTrans International



Fourier Transform Integral Operator

(p,w)
(k,w) — Y— : - —
P P B P B3 P
channels —f—— | CONCept is heavily based on
source 1 Fourier transforms between
_ domains. y
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Fourier Transform Integral Operator

(p,w)
(K, w) TELCETS
h | i T A
nneis - T . . . :
o o Fourier transform is integral
operator: Linear in N by FFT!
N Y
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Fast physical optics strategies

Reducing sampling effort of Fourier transform integral



Wavefront Phase of Electromagnetic Fields

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

Vi(p,z,w) = Uy(p, z,w) exp(ip(p, z,w))
= |Vi(p,z,w)| exp(ip¢(p, 2, w)) lexp(itp(p, z, w)) |

~

Vo, z,w) = Ap(x,z,w) exp(ip(x, z, w))
= |Vi(x,z,w)| exp (i&(x,z,w)) %xp (ip(x, z, w)) }
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Example Spherical Field

Vip,z,w) = [Vi(p,z,w)| exp (ipe(p, 2, w)) exp (9 (p, 2, w))

/

B 12: Sherical Viove o
Light Viaw  Cma Vaw —

»
4

( lllustration 3 in VLF W

Gaussian waist radius 10 pum
Prop 1 mm by SPW
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Example Gaussian Beam in Its Waist

Vi(p,z,w) = [Vi(p,z,w)| exp(ipi(p, z, w)) exp (i (p, z,w))

/

.1: Gaussian Wine - = E
Ught View Dt Vs
. H i
-554.56 um 35007 ym :
Gebaly Puaiges Hawone Feid  Anglitide  Joonw 42382 S50

| « RHRTE

/

=)
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Example Propagated Gaussian Beam

Vi(p,z, @) = |Vi(p,z,w)| exp(ige(p, 2, w)) exp(hp(p,z w))

.z srwu,-w(z:l

jorw  Dta
Zoom 35489 1651

Gobely Pomred Hamore: Tkt
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Example Gaussian Laguerre Beam in Waist

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

A ,\

B 3
lsc.um Wave .swmvun = lwmmm =
Data Ve sy —oa View
-1.5667 mm 5692 me
Giobely Polarsed Hemone 7 Ampitude  Zoser 2 7553 (%73 serised Herone Feld  Prase  Joom 033790 27 Oobsly Pols Phase (Sohancal Abarstions)  Zooe: 25763 i L
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Example Propagated Gaussian Laguerre Beam

Vilp,z,w) = |vp(p,z,w>|exp(1<o(< z,w)) exp(iy(p,2,w))

/ e

F = -
B 12 Gaussian Laguers Progogated ==
ww  Detn View

Sobaly Poraed Hamonc Feid Acpleude - Tooe £3E38 €2 42 Gichaly Prlatred Hamonk: Feld Fhse  Joom E363% K
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Example Propagated Gaussian Laguerre Beam

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

/

B 13 Goussian Laguercs Propagted [i=lE » B 14 Phazz= Dislocstion =i |R S|z l@ i
Lghs Vew  Deta View gt Vw03 \iew

i Ve Light View Dista View

-
3

24223 um 431,82 pm

Sobady Poaraed Hanon: Seid Acpleude Ttom 36X (242 (Gobhaty Pe Phase {Sphencal Abarrahona)  Zoom 31 19488
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General Example with Aberrations

V.- R ERRRRED  p)

{Arbitrary amplitude and }

phase of diffractive factor.
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General Example with Aberrations

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

(p,z,w))

B o | @ s o || @2
Electric Field Ray Distribution
Diagram  Tatle  Veloe ot ) Optical Path Length [m]
] 0.10005
" 31416
E L}
£ = 0.10003
>
-3.141 ~
b 06 04 02 0 02 04 08 0.10002
X [mm]
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Wavefront Phase of Electromagnetic Fields

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

Vi(p,z,w) = Uy(p,z,w) exp(ig(p, z, w))
= [Vi(p,z,w)| exp(ig(p, z,w)) exp(iy(p, z, w))
Vi(x,z,w) = Ay(x,z,w) exp (ip(x, z, w))

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

4 N
FFT requires sampling of
complex amplitude V

- /
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Wavefront Phase of Electromagnetic Fields

We identify in both domains the common smooth part of the
phase and separate them from the field components and ob-
tain:
Vi(p,z,w) = U(p,z,w) exp(ip(p, z,w))
= [Vi(p, z,w)| exp(ipi(p, z, w)) exp(iy(p, z, w))

Vi(x,z,w) = Ay(x,z,w) exp (ip(x, z, w))
= |Vi(x,z,w)| exp(ids(x,z,w)) exp (iP(x, z, w))

- 0 enable fast physical optics modeling we o

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

/
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Modeling the Propagation Through a Stop

Spherical wave Field after stop (Amplitude)

B 117: Residual Field o] &3]
I Sto p Light View Data View
[ ] 1.0078
<
O
(==
""f
0.50389
=
O
(o)
m
-1.3896 mm 13776 mm 3.1989E-9
Globally Polarized Hamonic Fir Amplitude Zoom: 0.32982 (855; 855)
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Modeling the Propagation Through a Stop

Spherical wave

0.50389

I Stop

Globally Polarized Hamonic Fir Amplitude  Zoom: 0.32982 (855; 855)

(K, w) .

channels

source 1
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Modeling the Propagation Through a Stop

Spherical wave

0.50389

I Stop

Globally Polarized Harmonic Fir Amplitude Zoom: 0.32982  (855: 855)

(K,w) ;

channels
source 1
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Results of Fourier Transform

Vi(p)

= / \
1.0078

For strong

wavefront phase
Fourier transform
performs mapping!/

(p,w)

Fi

0.50389

(k,w) .

P

channels i
source

Globally Polarized Hamonic Fir Amplitude Zoom: 0.32982  (855; 855)

Increasing NA

1o el Bl 235 Semi Analytcst Foorer Tunidsem [ l.mw.Mu;‘m-jm.‘m

Lt Ve Dt Vi Lyft View  Duts Veaw

Zoom 35T 3551, 355 degiw Soecmum of Marroos: Argltsce  Joon: 0 26274 N7, &0 fogua Spasture of Haworwe: Asvglituste  Toam 0268274 Bi7. 629 Acgaw Soecmum of e Aerpinuce  Toom 011173 51 2051
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Mapping-Type Fourier Transform

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

« That results in a formula for a mapping-type Fourier transform

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

* Planes in which fields allow the mapping-type Fourier transform are situated in
the geometric field zone (GFZ). The far-field zone constitutes a special case.

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

* In VirtualLab we replace the FFT by the mapping-type Fourier transform
automatically when a user-defined accuracy level is reached.
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Mapping-Type Fourier Transform

/I\/Iathematics of mapping-type Fourier\
transform quite straightforward.

Implementation challenging because of
hybrid sampling together with suitable
\ Interpolation techniques! /
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Mapping-Type Fourier Transform

4 N

* |f we detect fields in its geometric zone we
perform the mapping-type Fourier transform.
Accuracy of zone detection can be adjusted.

* Enables control of how accurate diffraction
effects are taken into account in modeling.

o /
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Types of Fourier Transform Algorithms

« Fast Fourier Transform FFT
- Fast for weak wavefront phase

« Semi-analytical FFT
— Fast for wavefront phase with medium local gradient
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Linear and Quadratic Wavefront Phases

« We assume to have field components of the form

Vi(p) = Uilp)exp(iv(p))
= Ui(p)exp (iv"(p)) exp (ivq(p))
= U;*(p)exp (ivg(p))
with the polynomial phase of 2"¢degree

Vq(p) =A+B-p+Caxy+D- (2 y°)

« We assume that exp (iv4(p)) is given by its real-valued
coefficients A, B,(Cand D.
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Types of Fourier Transform Algorithms

« Fast Fourier Transform FFT
- Fast for weak wavefront phase

« Semi-analytical FFT
— Fast for wavefront phase with medium local gradient

* Mapping-type Fourier transform
— Accurate for strong wavefront phase

‘ Combination of Fourier transform algorithms
enables fast physical optics!
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Triad of Fourier Transform Techniques

4000

[
=
=
=

Sampling Number

1000

=0O=fFast Fourier transform

=O=Semi-analytical FFT

='wmMapping-type Fourier transform

[ e e 3 S A 73 Ly Ly [y—p— —p— p— p— p—p—p— -\

0,1 0,2 0,3 0,4 0,5 0,6
Numerical aperture (NA) of the truncated spherical wave

0,7

e
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Triad of Fourier Transform Techniques

Sampling Number

4000

[
=
=
=

P
=
=
=

1000

=0O=fFast Fourier transform

=O=Semi-analytical FFT

='wmMapping-type Fourier transform

Still critical for very strong aberrations
or astigmatic fields. Further
techniques under development!

[r,8
L2 4 =

' /

s—rﬁ-ﬁa—a—a—a—m—m-a

0,1 0.2

\0.3

0,4 / 0,5 0,6 0,7

Numerical aperture (NA) of the truncated spherical wave

I )

247

LightTrans International



Very Fast Physical Optics Modeling: Mapping Sequence

| Vi) s
(p;w)
Fi
(Ko W) Yoy
P 2 _
channels i [ fo— j———
source 1 2 3 4

« Consider a modeling sequence (full system or part of it) for which all field
tracing operators and the Fourier transforms are of mapping type.
— That requires necessatrily, that Fourier transforms are only performed in planes in which
the fields are in its geometric zones.
« Mapping-type field tracing sequences can be evaluated as fast as ray tracing
of the same lightpath!
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Task 3 Free Space Propagation



Field Tracing Diagram

« Free space propagation
— Input fieldVi(p, zo) with {V;} = {E,.E,,E.,H,,H,, H.} and
[l =1,2,3,4,5,6 inplane z,
— propagate from plane zoto 2, Az = z — 2

VZ(P, Z()) W(p Z)
(p'ﬁ DJ) ® >
Fe F!
(k,w) - > &
Vi(k, z0) - explik, (Kk)Az] Vi(k, 2)

— Output field Vi(p, 2)
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Fourier Transform

 Different types of (inverse) Fourier
transform (FT) can be selected, depend
on the field
— (inverse) fast/reqular FT
— (inverse) semi-analytical FT
— (inverse) geometric FT

VZ(P, Z()) V}(pZ)
(p‘.'w) @ >

Fr F !
(K, w) ——F —_—

Vi(k, 20) Vi(k, 2)
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Modeling Task

pupil

Task:

Propagate the field after pupil
in three cases, and observe
the choices of (inverse) FTs

A\field after pupil

Truncated spherical field

Note:

Spherical phase is analytically
recorded and tackled, so the

_ residure phase of the field
sph. radius 5 mm amplitude residual phase after pupil is a constant

polarization linearly
polarized (0°)
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Results of Case 1

:1 H 92: Electromagnetic Field Detector 2601 after Fi... @
pu p| | Electric Field
Diagram Table Value at (xy)
Amplitude of Ex-Component [kV/m]
0.57707
E o 0.28854
=
-0.01 0 0.01 2...E-06
X [mm]
~AS
Note:
R s | RS Auatyzes ’ - Selection (_)f FTsis auto_matlcally
7 | . | done by VirtualLab Fusion.
e - Field after pupil is geometric
‘“%ﬁf&”;ﬁ{”l“‘ﬁ N field, so geometric FT is
ESEESEEEITT choices FTs selected
== space propagation in k-domain done. H H : H
st Cprdll O;I ) - Detected field is a diffractive
Toecior evalustion finished. (Dutation = 00:00:
Sior evaluation finished. (Dutat 00 98) geometnc FT

field in focal plane, common
smooth phase is constant, so
regular inverse FFT is selected

Istion by Field Tracing 2nd Generation finished.

regular inverse FFT
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Results of Case 2

B e )
Electric Field
Diagram Table Value at {xy)

pupil

Amplitude of Ex-Component [V/m]

11,186

Y [mm]

8 1..E-06
-0.1 0 0.1
X [mm]
Note:
a2 8 erctors | 9@ Anaiyzers H ST, Selection of FTs is automatically

done by VirtualLab Fusion.
oy repagsion oo oy e, Durtion - 00.0090.0030021) - Detected field is a diffractive
e e L i field, a quadratic common
‘%TéE%ﬁ!gﬁﬁﬁ%?&s%eﬁﬁﬁéjiﬁffﬁ?:ﬁf’“"e choices FTs smooth phase can be
(seometric Fourier Transformation done. . .
_‘T{iiéﬁas":m"’g‘t‘;?33&?3532%@318. .. geometric FT analytlca]Iy tackled, so inverse
St b i Troch a&éeene“f’a"m;nﬁamm semi-FT is selected

inverse semi-analytical FT

254 LightTrans International



Results of Case 3

B 1o e
pu p| | Electric Field
Diagram Table Value at (xy)
Amplitude of Ex-Component [V/m]
1.0062
g o 050309
-
0
-0.5 0 0.5
X [mm]
~AS
Note:
Pl A peraen ’_ B e Selection (_)f FTsis auto_matlcally
done by VirtualLab Fusion.
oy srapagahon e sy e Duration - 00.0000 0030038 - Detected field is a geometric, so
eyl iryi i inverse geometric FT is
i epagtedrio st e e < 0nm. - Choices FTs selected.

seometric Fourier Transformation done.
Free space propagation in k-domain done.

1verse Geometric Fourier Transformation done. 1
e o:& geometric FT

“uiation by Field Tracing 2nd Generation finished

inverse geometric FT
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Task 3: Video

Klick the following link to watch the video:

https://youtu.be/a21sd5CBjdk
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https://youtu.be/a21sd5CBjdk

Summary Field Tracing Concept

Fast physical optics strategy #1: Non-
sequential coupling of different Maxwell
solvers.

Fast physical optics strategy #2: Maxwell
solvers implemented in domains in which
associated B-operator is of mapping type —
wherever possible.

Fast physical optics strategy #3: Drastical
reduction of sampling effort of Fourier integral
by mapping-type Fourier transform in
geometric field zones.

e Strategies
Implemented In
VirtulLab Fusion
software.

« Steady development!

. WYROWSK(
VirtualLabrusion
FAST PHYSICAL OPTICS SOFTWARE
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Fast physical optics modeling techniques

Bidirectional operators for field tracing



Physical-Optics System Modeling: Regional Maxwell Solver

nonlinear

components
crystals & anisotropic

components
waveguides & fibers \

scatterer

W EVOE

free space

prisms, plates, cubes, ...

. lenses & freeforms

apertures & boundaries

Solver

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

SLM & adaptive

HOE, CGH, DOE

componentsMICro lens & freeform
arrays
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Modeling Techniques

Vi) g,

(K.w) ra rdl

channels —§ e e jeeesl—

source 1 2 3 4

¥

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

waveguides lenses &
& fibers ~ freeforms
apertures &

scatterer Maxwell boundaries
Solver

diffusers ( \ gratings
diffractive diffractive,
beam Fresnel, meta

splitters lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Modeling Techniques

nonlinear free
crystals & components SPaC€  nrigmg,
anisotropic plates,
components @ cubes, ...
i g waveguides lenses &
Viip) B, B. & fibers freeforms
(p.w) { i > @
Fr |F:' | Fe F.' | Fx apertures &
e a scatterer Maxwell @ boundaries
(K.w) vl — > — N— Solver
P P B, P B P @
channels _',04__ ~_—0~*~0 3 diffusers gratings
source 1 2 3 4 @
diffractive diffractive,
beam Fresnel, meta
splitters lenses
P SLM&  micro lens & HOE, CGH,
adaptive  geaform DOE
components ;5 avs
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Modeling Techniques

* VirtualLab provides an ever

Increasing number of rigorous and
approximated Maxwell solvers for
optical components and structures

of practical concern!
« Steady and strong R&D on

Maxwell solvers for fast physical

optics.

« Under development: Interfaces to

other software, e.g. FEM
JCMSuite, Optiwave, ...

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
it apertures &
scatterer Maxwell boundaries

beam Fresnel, meta
splitters

Solver
diffusers ( \ gratings
diffractive diffractive,

lenses
SLM& *1hicro lens & HOE, CGH,

adaptive  greatorm DOE
components 5 aug
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Modeling Techniques

* VirtualLab provides an ever

Increasing number of rigorous and
approximated Maxwell solvers for
optical components and structures

of practical concern!

Next: Overview of
techniques!

~

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes

waveguides lenses &
& fibers ~ freeforms
apertures &
Maxwell boundaries

scatterer

Solver
diffusers ( \ gratings
diffractive diffractive,

beam Fresnel, meta
splitters lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Free-Space Propagation

Rigorous free-space propagation op- Confinear  free
™ . components SPace risms
erator P in k-domain. s &, components R prere
components

Propagation between parallel planes

with distance Az is given by " tbers ~

cubes, ...
lenses &
freeforms
~_out

.Y A ~_1n scatterer - Maxwell ‘ ?)%?Jrrggra?isei‘
V' (k) =exp(ik.Az) x V (k). S

diffusers ' ‘ gratings
This operator can be generalized for ( \
the propagation between tilted planes. diffractive diffractive.

beam Fresnel, meta

splitters lenses

SLM & micro lens & HOE, CGH,

Propagation operator in k-domain Is .
. adaptive — teeform DOE
of mapping-type. components 4rraus
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Free-Space Propagation: Diffraction Integrals

« Together with the Fourier transforms mathematically the
propagation operator in space domain follows.

« For the propagation between parallel planes we obtain the
so-called diffraction integrals (convolution inegrals).

* If the rigorous Fourier transform is used for both (p.0) Vi) V()
transformations, the Rayleigh-Sommerfeld integral follows.
F 7
« With one mapping-type Fourier transform we obtain the
Debye integral, the far-field integral, and its (K, w) 2 >
generalizations. AT |
« Use of mapping-type Fourier transform only results in very source 1

fast mapping-type propagation, which may be understood

as the physical-optics generalization of ray tracing.
| T
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Stratified Media and Components with Planar Surfaces

« Rigorous operator in k-domain.
« Fast mapping-type operator with: crystals & components sheve  prisms,

space
t N anisotropic plates,
'H'Du — K components

cubes, ...
waveguides lenses &
& fibers ~ freeforms
apertures &
scatterer Maxwe”

boundaries

Solver
diffusers ( \ gratings
diffractive diffractive,

beam Fresnel, meta

splitters lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Stratified Media and Components with Planar Surfaces

* Rigorous operator in k-domain.

« Fast mapping-type operator with: crystals & componants smece  Prisms.
t in anisotropic plates,
F:’OU — K components cubes, ...

» Per plane interface B-operator is waveguides jenses &
layer/coating matrix metod.
scatterer - M ‘ apertures &
axwell

* The combination of the layer matrix boundaries

. : Solver
with free-space propagation allows ' ‘ |
; ] diffusers gratings
the rigorous modeling of plates, ( \
cubes, prisms and any component diffractive diffractive,

beam Fresnel, meta

which comprises of planar surfaces. splitters o lenses
micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Fresnel Effects

* Fresnel effects calculator with different diagram, and possibilities to include

coatings

3T Fromt t¥hecns Eatsdmr
Tre Maws

(o) Vore

Se of Matrer e e

Tcand M we

Soew Foand Shes
Loty Vatww

San of Matier Tima

i

[ Fista o)y
| oMaterial | Materi

Foerzeor

TEard M

[ lllustration 4 in VLF

268

> VY T 1
TV Fresmet s Calesdeme e @
Tre Maws N
e e a = ot i
Canns / acrvnain) Narvwars i " -~
Se of Ngtver G . S o =1 e
Caabcam
argle of rasece
Szt Ve ww

T W)
.

‘Material 4
/e

[ i

{7 Material
e
» R

Petuztance

555
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VazueTe Wassength A tfer 2207 Jemg
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Total Reflection

 Setup

- Air

Name  |No Coating ‘ ’ TE ‘ ™
o B B x Refecson 1 el 070123md )| 1 oo 14025ed 0
tmm 18783 expi  0.35062rad 1){ 2328 expl  070123rad )

Ission Plane
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Experiment 1: Total Reflection

* Results: Time averaged Poynting Vector

Input reflection transmission
10 ym

<

I
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Experiment 1: Total Reflection

* Results: Irradiance

Input reflection transmission
10 ym

v

A

IJ

10 ym
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Experiment 1: Total Reflection

* Results: Intensity

Input reflection transmission
10 ym

v

A

I

10 ym
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Experiment 2: Goos—Hanchen Shift

Input reflection transmission
12 pm
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Apertures and Boundaries at Regions

« Aperture: Kirchhoff's boundary

condition of diffraction theory, that nonfinear  free
. . . crystals & components space prisms,
IS truncation of field along aperture anisotropic plates,
boundary components cubes, ...
] wave_guides lenses &
« General boundaries of regions: Cut @ fibers ~ freeforms

field along boundary.

apertures &

. . scatterer Maxwell boundaries
« Sampling control of field at Solver
boundary via soft profile. diftusers ( \ gratings
 For very small pinhole apertures Siiractive difractive
Fourier Modal Method. s Fresnel, meta
SLM&  icro lens & HOE, CGH,
adaptive ¢ oaform DOE
components arrays
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Basic Diffraction Experiment

| 600 mm
| |
vr(-;ll? |p W ’ /

E 3: Optical Setup Editor (Optical Setup #3)*

‘ ".(. Path -i:_— Detectors | 2 @ Analyzers 5 Loggin

—1
f,‘\ [07/06/2018 13.03:25] Ray propagation through system finished. (Duration = 00:00:00.0005351)
[07/06/2018 13:03:25] Simulation of wavelength of 532 nm finished.
[07/06/2018 13:03:25] ========= Detector Evaluation =========
[07/06/2018 13.03.25] Detector evaluation for Camera Detector started.
[07/06/2018 13:03:25] Field propagated into start plane (distance = 600 mm).
[07/06/2018 13:03:25] Regular FFT used.
. . [07/06/2018 13.03.26] Free space propagation in k-domain done.
'p 'p [07/06/2018 13:03:26] Regularinverse FFT used.

[07/06/2018 13:03:28] Detector evaluation finished. (Duration = 00:00:02.8570726)

[07/06/2018 13:03:28] Simulation by Field Tracing 2nd Generation finished.

channels § —— i <

1 2 B |Tools i« Simulation Engine |Field Tracing 2nd Generation

(K, W) T

source
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Task 4 Poisson Spot

« Diffraction

| Vary distance |
From O to 2 mm

Gaussian : Stop:
Default 100 pm x 100 pm
parameters
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Task 4: Video

Klick the following link to watch the video:

https://youtu.be/GrDijaSt7U30
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https://youtu.be/GrDjaSt7U3Q

Lenses, Freeforms and Any Components with Curved Surfaces

« FMM+Perfectly Matched Layers

nonlinear free

* Rigorous operator for spherical crystals & components space  prisms.
surfaces (Mie theorie). components cobes. .
« Local Plane Interface waveguides lenses &
. . ; & fibers freeforms
Approximation (LPIA): Propagation ~
through curved surfaces by local scatterer Maxwell apertures &

satisfaction of boundary condition ' Solver =
diffusers

between different media. gratings
Analysis of optical elements with the local diffractive diffractive.

plane-interface approximation sSI?Srenrs Frefgfslé rsneta
SLM& * icro lens & HOE, CGH,
adaptive — geaaform DOE
Albrecht v. Pfeil, Frank Wyrowski, Andreas Drauschke, and Harald Aagedal components arrays

3304 APPLIED OPTICS / Vol. 39, No. 19 / 1 July 2000
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Modeling Task

air

nanocylinder Lot
(fused silica) _.-*"

L d

input field
focused Gaussian
wavelength 633nm
waist diameter 1um
(located at the center
of the cylinder)

45° linearly polarized

diameter
(0.5t0 1.5um)

__________________________________________________

How does the
electromagnetic
field interact with
the nanocylinder?
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Results

' nanocylinder

>  free space
.. diameter 1.5um

~ nanocylinder absent

.......
- -
i e

‘ B 62: TotalField (o] =] ] E=. 74 TotalField (o] =] S
S Numerical Data Array S Numerical Data Array
Diagram Table = Value at (xy) Diagram Table Value at (xy)
|E |Ex
0.9 1.1
g_ o 0.45 g_ o 055
X & X 3
: ‘ resonance and
' | interference due
05 1 15 2 25 ’ to reflections on
Z [um] Z [um] cylinder surface

Fourier modal method (FMM) combined with perfectly
matched layers (PMLs) enables the simulation of
aperiodic nano structures. See reference in M. Pisarenco,
etal., J. Opt. Soc. Am. A 27, 2423-2431 (2010)
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Results

" nanocylinder

diameter 1.5pm

- AX

" nanocylinder
- diameter 1.0pm

E= 74: TotalField

=N EoH

Numerical Data Array

Diagram Table Value at (x.y)

|El

11

X [um]
1 05 0 05 1

055
0 1 18 2 23 !
z [um]
I
—= 74 ToealField p— 7Y
B 70 ToralFild — e & T — B8 =
Nunerice Duts Acray - : pmihans A8
e Cisgwe Tt  Voke ot )
Uagree Tadke Voo ot iy
|Ex| lEyl =
r 111.4
1.2 -
T ) E .
3 = 13 3 [l
i < 9
x 4
s 1 15 2 28 ) SR
Z [Um
z [um] [um]
1
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Results

" nanocylinder

diameter 1.5pm

- AX

" nanocylinder

diameter 0.5pum

E= 74: TotalField
Numerical Data Array

=N EoH

B 75 ToralField

Cagrare Tatie  Vokie ot iy

Diagram Table Value at (x.y)

|El

11
— 3
S i
3 o 0.55
< 3

0

65 1 15 2 25

z [um]

|E,|

0 0% !

X [um]

Nunericsl Duts Acray

Z [um]

= Fio sl

11

stronger polarization-

P, 6 ToralField
Nuseric

| Cisgrare Tatie  Vioe ot i)

|E

= Hll

Z [um]

X [um]

dependent effect for
== gsmaller structures

o

|E,|

X [um]

0s

ey

[E=SEEE

15
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Scattering by the Spherical Particle: Mie theory



Abstract

Mie theory is the rigorous Maxwell’s solver for
the problem of absorption and scattering of a
global plane wave by a small spherical
particle with an arbitrary radius and refractive
Index. The resulting scattering effect is highly
dependent on the size of the particle.
According to its characteristics, scattering can
be classified into Rayleigh scattering, Mie
scattering, and Geometric Optics. The full Mie
theory is integrated in VirtualLab Fusion, and
the scattering by spherical particle with
respect to the radius of sphere is investigated.
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Modeling Task

NP

viewing screen
- Xz -plane
- origin: center of sphere

/

spherical scatterer

- material of sphere: fused siica

- surrounding medium: standard air
- radius of sphere: variable

global plane wave

- wavelength: 532 nm

- propagate along z direction

- linearly polaried along x direction

-
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Classification of Scattering

Particle radius

1cm

1mm

100 um

10 um

T um

0.1 um

10 nm

1 nm

|

|

0.1 um

1 um

10um 100 um 1 mm
Wavelength

1cm

10 cm

Scattering phase function

The intensity (radiance) at 6 relative to the normalized
integral of the scattered intensity at all angles.
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Rayleigh Scattering

Without incident field

sun
SRl g

o=

Diagram | Table | Value at )|

Amplitude of Component Ex [V/m]

X [um]

-0.1 -0.05

0.76
038
0
] 0.05 0.1
Z[pm]

r=30 nm

x =0.35

scattering phase function

D

Total field

=

Diagram | Table | Value at )|

B 19: 30 nm == ff
y4

X [um]
-0.05 0 0.05 0.1

-0.1

-0.1 -0.05

Amplitude of Component Ex [V/m]
1.6
0.8
0
0 0.05 0.1
Z[pm]
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Rayleigh Scattering ~~ Mie Scattering

Without incident field

Diagram | Table | Value at fy)|

Amplitude of Component Ex [V/m]

0.55

X [pm]

-0.4 -0.2 (0] 0.2 0.4
Z[pm]

r=100 nm

x=1.18

scattering phase function

O

Total field

24:100 nm
Numerical Datz Array

Diagram | Table | Value at fy)|

Amplitude of Component Ex [V/m]

X [pm]

-0.4 -0.2 (0] 0.2
Z[pm]

1.8

1.265
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Mie Scattering

Without incident field

= 8:1um

Numerical Data Array

=

Diagram | Table | Value at {y)

Amplitude of Component Ex [V/m]

X [um]
0

7.3

3.65

r=1um

x=11.8

scattering phase function

= >

Total field

7:1Tum
Numerical Data Array

Diagram

X [pm]

Table | Value at (y)

Amplitude of Component Ex [V/m]

6.6
<
o~
o 3.3
o
7
0
4 -2 0 2 4
Z[pm]
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Mie Scattering

Without incident field

Diagram | Table | Value at fcy)

X [pm]

Amplitude of Component Ex [V/m]

r=5um

59

X
I

Total field

X [pm]

184
< 9.2
|
| 0
8 6 -4 -2 0 2 4 6 8

Diagram | Table IVaheat(x.y)
I—> Z

Amplitude of Component Ex [V/m]

Z[pm]
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Geometric Optics

Without incident field

=1:oU0um :

Diagram | Table | Value at )|

Amplitude of Component Ex [V/m]

68
0
<
Lol
=
E° 34
x
S
2
0
-0.05 (o} 0.05
Z [mm]

r=50 um

X =590

Total field

=J:oU0um .

Diagram | Table | Value at )|

Amplitude of Component Ex [V/m]

Y [mm]
0 0.05

-0.05

-0.05

0 0.05
X [mm]

34
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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 8mlls

(*) 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

e
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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
* Field is propagated onto the
surface.
/ 7Ot (K ky) / B(kx, ky, Ky, ky, YW, ki) di’, dk;,
Surface between ‘
two media
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Local Plane Interface Approximation (LPIA)

Ein Eout
* Field is propagated onto the
surface.
* Response is obtained by local
‘ satisfaction of boundary
condition.
/ VoU (k. ky ) / B(ky, ky, K, k) V" (K, K.) K, dK,
Surface between ‘
two media
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Local Plane Interface Approximation (LPIA)

Ein Eout
/ LPIA: Local satisfaction of h
- boundary condition under the
. assumption of local plane waves
and local plane interface. )
two media
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Local Plane Interface Approximation (LPIA)

Ein Eout
Further propagation into suitable
reference plane by free-space
propagation.
4 y,
Surfa{e hetween VOUt(k.\‘I k}/) = -/K2 B (k.\‘/ k}/l k,\/ k:/) Viﬂ (kl\l k:/) dk,\ dk;/
two media
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Local Plane Interface Approximation + Propagation

Ein Eout

\
Further propagation into suitable

reference plane by free-space

S =) propagation. )

Surfzge between VOut(kx, k_t/) — /1\2 B(k'\., k.,,, k;., k;/) \”/in(k;., k;,) Clk_'\. clk;/

two media
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Lenses, Freeforms and Any Components with Curved Surfaces

Rigorous operator for spherical
surfaces (Mie theorie).

Local Plane Interface
Approximation: Propagation
through curved surfaces by local
satisfaction of boundary condition
between different media.

Very reliable and fast technique
for smooth surfaces.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers . freeforms
scatterer apertures &
Maxwell boundaries

Solver .
diffusers ( \ gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Simulations: Transmitted Field On Surface (TE polarized)

( High NA focus! }

Field inside

VY S T T B

20 pm ni I
no Air '

Fused silica

0 100

Calculated by FEM
(JCMSuite)
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Simulations: Transmitted Field On Surface (TE polarized)

O T T T T Field inside

T

s

20 um 1 |
n2 Calculated by FEM
Fused silica (JCMSuite)

0 L\/ TOU pm

Field on interface: Rigoros

08

078

-004 -003 -002 -0.01 0 0.01 0.02 0.03 0.04
Coordinate [mm]
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Simulations: Transmitted Field On Surface (TE polarized)

“ A— N —l— o _1— SO -1_ e _1_ o _1— RN Fleld InSIde A E e A
20 pm n . Tl
g Calculated by FEM Calculated by LPIA
Fused silica (JCMSuite) (VirtualLab)
0 L\/ TO0 pm
Field on interface: Rigoros Field on interface: LPIA

08
08

078
078

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
Coordinate [mm] Coordinate [mm)]
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Simulations: Transmitted Field On Surface (TE polarized)

O T T T T Field inside

20 pm ni
no Air :
Fused silica .
. >
xT

0 100 pm
Field on interface: Rigoros Field on interface: Comparison
3 > 08
T
T
o £
° 2.0.78
-004 -003 -0.02 -0.01 0 0.01 0.02 0.03 0.04 <E »
Coordinate [mm) 076 |
80 0 50

& (pm)

304 LightTrans International



Simulations: Transmitted Phase On Surface (TE polarized)

20 pm n :
no Air '
Fused silica |

0

100 pm
Phase on interface: Rigoros
3 .
22
5
S5 71
—O.I[M -0.02 [I) 0.[I)2 O.E]Lcl

Coordinate [mm]

Field inside

05

-0.5

Phase on interface: LPIA

-0.04 -0.02 0 0.02 0.04

Coordinate [mm]
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Simulations: Transmitted Phase On Surface (TE polarized)

I T T T T Field inside

20 pm n :
no Air :
Fused silica .
. '
xT

0

100 pm
Phase on interface: Rigoros Phase on interface: Comparison

g \ 100

i 3 50

= %

2 u %

g = -50

g

5 7 -100

-0.04 -0.02 0 0.02 0.04 50 0 50
Coordinate [mm] T (;z-m)
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Simulations: Transmitted Field Propagated (TE polarized)

i 1 1 Field inside

20 pm

Fused silica
Or-----------

Field propagated: Rigoros

Field\propagated: LPIA + Propagation

0.85 09

0.8

-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04

Coordinate [mm] Coordinate [mm]
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Simulations: Transmitted Field Propagated (TE polarized)

O T T T T Field inside

20 pm ni

Fused silica
ol 100 pum
Field propagated: Rigoros Field propagated: Comparison

0.95

09

0.85

0.8

Amplitude(V/m)

-0.04 -0.02 0 0.02 0.04
Coordinate [mm] . (pm)

308 LightTrans International



Lenses, Freeforms and Any Components with Curved Surfaces

Rigorous operator for spherical
surfaces (Mie theorie).

Local Plane Interface
Approximation: Propagation
through curved surfaces by local
satisfaction of boundary condition
between different media.

Very reliable and fast technique
for smooth surfaces.

Special case: Thin Element
Approximation (TEA) (Standard in

paraxial, Fourier, and laser optics).

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

lenses &
freeforms

apertures &
boundaries

Solver -
diffusers ( \ gratings
diffractive diffractive,

scatterer

waveguides
& fibers ~

\EYOYE

beam Fresnel, meta

splitters lenses
SLM&  icro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Thin Element Approximation

= St « In paraxial optics the local deflection at
the surface by refraction is neglected.

« Then just the optical path length is
considered and a phase term

m) =) proportional to the height profile is
obtained. |
Qﬂ_(nlﬂ L na:mt)
nin 70Ut A¢p(p) = h(p) h\

;

Surface between
two media
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Thin Element Approximation

= S « In paraxial optics the local deflection at
the surface by refraction is neglected.
« Then just the optical path length is
considered and a phase term
m) =) proportional to the height profile is
obtained.
e That is the thin element approximation
out (TEA) frequently used in paraxial
optics, e.g. Fourier and laser optics.
/ « Together with Fresnel integral for free-
space propagation the Collins integral

Surface between follows for lens systems.
two media
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lllustration 5: Airy Pattern (Optional)

=

Plane Wave |deal Lens Camera Detector
0 1 600
X:0m X0m
Y:0m Y:0m
Z0m Z5mm

Show features:

1. Parameters coupling (focal
length and distance between
lens and camera detector)

2. Parameter run

Physical effect:
NA increase, spot size decrease

I 26 Ray Distribution 3t = ®]=]

3D View 2D View

[ 30: Camera Detector #600 after Ideal Lens #1 (T... [-=- || - |[5]

Chromatic Fields Set

Y [pm]
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Task 5: Singlet

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

B =: Ray Distribution 3D
30 View 20 View

= HoR =

Q Q4 Ol

Plane wave
15 mm-
diameter

b

L.-

17.038 mm
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Example: Singlet

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

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

30 View 2D View

17.038 mm
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Ray Tracing: Dot Diagram

I 8: Ray Distribution 3D EI@

3D View 2D View

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

Ray Distribution

Position

¥ [mm]
0 0.0%

-0,05

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

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

I 13: Camera Detector 2604 after Optical Interfac... [-= |- & |@

Chromatic Fields Set

0.05

¥ [mm]
0

-0.05

0.05

-0.05 0
X [mm]

LightTrans International
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Ray Tracing: 91 - 100 mm

Analysis of
focal region

y,

& O o
1', Q4

| it
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Physical Optics: 91 - 100 mm

\!
Analysis of
focal region |
L J

—

[ .
QAQ 0.

\\/’{
-
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Physical Optics: 95.5 -98.5 mm

R
Analysis of
focal region

-
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Analysis of Focal Region

ﬁ Tllted Iens: ﬁ

2.2 degrees J

& Q4O
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Ray Tracing

M 55 Ry Diitribustion 30

-

Tilted lens:
2.2 degrees

u 34: Camera Detector 2604 after Optical Interfac... EI@

Ray Distribution

¥ [mm]

0.1

0.05

-0.05

-0.1

Position

-3.95 -3.9 -3.85 -3.8 -3..
X [mm]
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Physical Optics

M 55 Ry Diitribustion 30

-

Tilted lens:
2.2 degrees

~

%3 E = = =
3 56: Camera Detector =604 after Optical Interfac... | = (=l

Chromatic Fields Set

Y [mm]

0.1

0.05

-0,05

-0.1

-3.95 -3.9 -3.85 -3.8 =33
X [mm]
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Ray vs. Physical Optics

M 55 Ry Diitribustion 30

-

Tilted lens:
2.2 degrees

~

E 54: Camera Detector 2604 after Optical Interfac... EI@

Ray Distribution

n 56: Camera Detector =604 after Optical Interfac... | = H (=] ]@

Chromatic Fields Set

¥ [mm]

0.1

0,05

-0.05

-0.1

Position

=205 .0 -3.85 -3.8

X [mm]

Y [mm]

0.1

0.05

-0,05

-0.1

-3.95 -3.9 -3.85 -3.8 =3

X [Imm]
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Ray vs. Physical Optics

M 55 Ry Diitribustion 30

4 )
Tilted lens:

2.2 degrees

B8 58 Camera Detector 2604 after Optical Interfac... [vo-|[-E ]

Ray Distribution

P

n 56: Camera Detector =604 after Optical Interfac... | o |[-E |
Chromatic Fields Set

Position

Y [mm)]
0 0.05 0.1

-0.05

-0.1

-3.95 =39 -3.85 -3.8 e

X [mm]

Y [mm)]
0 0.05 0.1

-0.05

-0.1

-3.95 -3.9 -3.85 -3.8 =35

X [mm]
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Ray vs. Physical Optics

4 N
— Tilted lens: =
2.2 degrees | o

> e
m 58: Camera Detector =604 after Optical Interfac... ! o[- ] n 56: Camera Detector 604 after Optical Interfac... [ |- @ |

|r z Ray Distribution Chromatic Fields Set

Position

0.1
0.1

0.05

0.05

Y [mm)]
0

Zoom
selection

-0.05

-0.1
-0.1

-3.85 -3.9 -3.85 -3.8 =3 -3.85 -3.9 -3.85 -3.8 -3...
X [mm] X [mm]
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Ray vs. Physical Optics

4 )

M 55 Ry Diitribustion 30

= 20 Weew

Tilted lens:

2.2 degrees
J

u 58: Camera Detector =604 after Optical Interfac... | ' —= I =] |

Ray Distribution

nSS: Camera Detector 604 after Optical Interfac... | = [-= |

Chromatic Fields Set

Position
A
o~
S
o
E o
=
o
o
o
v
-3.82 -3.8 -3.78
X [mm]
< >

Y [mm)]
0 0.05 0.1

-0.05

-0.1

-3.95 =3.9 -3.85 -3.8 =35

X [mm]
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Ray vs. Physical Optics

4 )

T 55 Ry Diitribution 30
e 20 e

Tilted lens:
2.2 degrees

l 58: Camera Detector =604 after Optical Interfac... | ©= [-= @

Ray Distribution

n 59: Camera Detector =604 after Optical Interfac... | ' —= l@

Chromatic Fields Set

Position
A
o~
S
o
E o
=
o
o
«
v
-3.82 -3.8 -3.78
X [mm]
< >

0.02

Y [mm]
0

-0.02

-3.82 -3.8 -3.78
X [mm]
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Ray and Physical Optics for Lens Systems

- 58: Camera Detector 2604 after Optical Interfac... | = | (=] @

Ray Distribution

Position

0.02

Y [mm]
0

-0.02

-3.82 -3.8 -3.78

X [mm]

n 59: Camera

Detector 604 after Optical Interfac... | = [F= @

Chromatic Fields Set

-3.82 -3.8
X [mm]

-3.78

* Modeling of focal regions of lens systems just one
example of the need for physical optics modeling and
design.
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Basic Workflow in VirtualLab Fusion: Modeling

M2 Ry Outiibuson 30 Gl
30 Vew 20 Vi

Modeling in
VirtualLab
Fusion

Ray Tracing
System Analyzer

Provides 3D
system overview t"
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Basic Workflow in VirtualLab Fusion: Modeling

E 54: Carnera Detector 2604 after Optical Interfac... E\@

Ray Distribution

Position

0.1

h:?:::g::_gal:’“ Ray Tracing Ray trtacing :
. System Analyzer engine
Fusion

¥ [mm]
0

L Provides 3D

system overview

Delivers ray
tracing results B —
at detectors X [mmi

0.1 0,05
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Basic Workflow in VirtualLab Fusion: Modeling

Modeling in
VirtualLab
Fusion

Ray Tracing
System Analyzer

Ray tracing
engine

Field Tracing
(2nd gen engine)

Provides 3D Delivers ray Delivers field
system overview tracing results tracing results at
at detectors detectors
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Basic Workflow in VirtualLab Fusion: Modeling

Field Tracing
(2nd gen engine)
L

L Delivers field
tracing results at

detectors

332 LightTrans International



Basic Workflow in VirtualLab Fusion: Modeling

Modeling in
VirtualLab
Fusion

Ray Tracing
System Analyzer

Ray tracing
engine

Field Tracing
(2nd gen engine)

Provides 3D Delivers ray Delivers field
system overview tracing results tracing results at
at detectors detectors
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Task 5: Video

Klick the following link to watch the video:

https://youtu.be/dg0-lvXvUzO

https://youtu.be/7eKcCognd k
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https://youtu.be/dq0-IvXvUzQ
https://youtu.be/7eKcCognd_k

Task 6 Analysis the Collimation System of an Astigmatic Laser Diode

collimating objective lens (NA=0.63)

'e N\
X
T—) y4
high-NA
laser diode
Laser Components ?
WSLD-1064-050m-1-PD
fundamental Gaussian ngefront error,
wavelength 1064 nm divergence, ...

divergence (FWHM) 20°x10°

. . What is the wavefront error and
astigmatism 11.6 um between x- and y-plane

divergence of the collimated
beam, with the astigmatism
taken into account?
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Specification: Light Source

[ high NA

N

Y k.-

101

X [um]
Parameter Description / Value & Unit
type/number single mode IR diode laser from Laser

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

coherence/mode single Hermite Gaussian (0,0) mode
wavelength 1064 nm
polarization linear in y-direction (90°)
FWHM of beam divergence  20° x 10° (i.e. 16.97° x 8.49° referring to the 1/e?
with astigmatism waist radius), astigmatic shift set to 11.6um

initial M2 in x- and y-direction 1.00 x 1.00
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Specification: Collimating Lens

}.

Parameter

Value & Unit

types of lens surfaces
numerical aperture (NA)
materials

3 lenses with 6 spherical surfaces
0.63

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

* from catalog "Schott_2015"
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Specs: Collimation Objective Lens Overview

distances

____k_.j..

input field

radii of spherical
interfaces
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Specs: Collimation Objective Lens Parameters

Parameter Value & Unit  Parameter Value & Unit
distance d, 3.6915mm  conical radius R, —6.799mm
conical radius R, —-3.9068 mm
distance d, 2007mm  nical radius R, 21.051mm
distance d, RN onical radius R, -8.7395mm
distance d; 6.0005mm
distance d, 4 4892mm  conical radius Ry —5.0489mm
distance d 10814mm  conical radius Rg —7.0837mm
diameter D, 6.04mm  material M, N-SF6*
diameter D, 7.8576mm  material M, N-BK7*
diameter D, 7.1226mm _material M N-BK7*

* from catalog Schott 2015

Hint: please set diameter before
conical radius
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Specification: Detectors

il

e t 4
Position Modeling Technique Detector/Analyzer
full system 3D system ray tracing general overview of light behavior in system
a ray tracing phase aberrations (RMS of wavefront error)
a ray tracing ray directions from dot diagram
a field tracing intensity distribution
a field tracing beam parameters (for x x y):

« full 1/e? angle divergence
« M?2value
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Results

* Ray tracing — system in 3D space
N\

high-NA
laser diode

Ray-tracing analysis
provides a fast overview of
the system in space.
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Results

* Ray tracing — wavefront analysis

high-NA

laser diode

with or w/o

astigmatism
Wavefront  With Without
error astigmatism astigmatism
P-V 2.8961 0.0891
RMS 0.7041 0.0261

X

‘ s Laser diode properties,
- Including astigmatism, are
taken into account for the

ray-tracing simulation.

I < 23 Withoot Astigmatism N X

i PBe 22 Wath Astigeatism =5 e

Numencal Data Aeray

| Dagam  Table

wavefront error [1]

f D H J’JS
19
x [mm)

with astigmatism

Numencal Dats sy

efront error [1]

‘ 0.000

x [mm)

without astigmatism
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Results

* Field tracing — divergence and beam quality

high-NA
laser diode

with or w/o
astigmatism

Multiple physical parameters are
available for quantitative evaluations.

B3 25 Camera Detector #6511 afver Collimation e | — (= sl

Parameters  With Without
astigmatism astigmatism

div. angle (x) 0.024° 0.024°

div. angle (y) 0.051° 0.043°

M2 (X) 1.061 1.090

M2 (y) 1.009 1.007

X

L.

Physical-optics simulation of
whole collimation system
takes less than 2 seconds!

in:&cammD«mo.mamncm.mu- ==y

i

Chromane Fields Set

Chromatic Fiekds Set

n of collimated light
distribution of collimated light "

X imm]

X {mmj

without astigmatism

with astigmatism
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Task 6: Video

Klick the following link to watch the video:

https://youtu.be/6rdtPIBNSTS8
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https://youtu.be/6rdtPjBNST8

Feature: Sequential and Non-Sequential Tracing



What is Sequential and Non-Sequential Tracing?



Optical Modeling Task

( h

Components J

L Detectors J
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Optical Modeling: Sequential
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Collimation System: Sequential Simulation

Dats for Wavelength of 1.064 ym [1E-5 (V/m)"2|

— = =
high-NA — -
laser diode o 0.1016
e o -
Laser Components collimating objective lens (NA=0.63)

WSLD-1064-050m-1-PD

- fundamental Gaussian

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

0.0508

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

-05 0 0.5

X [mm]
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Collimation System: Non-Sequential Simulation

0.10263

|

Ul

1114
1|

T A
I

—_—
_"d_-_-_-
—_———
-__'—-——_.
_—'_-—___
————
1
|
————
—
—
—S—
e —
————————
—————
—————
—__—-
————————
———
—_h—_—-
——————————
—_———
%h%
——
e

/ > :E_; ° 0051314
high-NA T i
laser diode ' ~ O o 0.10263
Laser Components multiple reflections between
WSLD-1064-050m-1-PD uncoated surfaces #4 and
- fundamental Gaussian #5, other surfaces are well

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

coated.
0.051314

Simulation including interference
caused by multiple reflections between
uncoated surfaces takes 15 seconds. s o o
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Optical Modeling: Non-Sequential
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Conclusion of First Question

What is sequential and non-sequential tracing?

|

| ‘

| Vi /.

| / 7

| /// ! /:/// .

I /..jl// | /./ ;

| V4 | 4/

R e e N e e ts / L [ o )
« Users predefine the sequence of the « Light propagation does not follow any

components, and light propagation through seqguence.

follows the sequence. « Light propagates through/reflects several
« Light propagates through/reflects from one times from one component.

component just once. * Note: sequence of components here is only

used for positioning.
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Collimation System: Sequential Simulation

Dats for Wavelength of 1.064 ym [1E-5 (V/m)"2|

— = =
high-NA — -
laser diode o 0.1016
e o -
Laser Components collimating objective lens (NA=0.63)

WSLD-1064-050m-1-PD

- fundamental Gaussian

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

0.0508

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

-05 0 0.5

X [mm]
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Collimation System: Non-Sequential Simulation
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WSLD-1064-050m-1-PD uncoated surfaces #4 and
- fundamental Gaussian #5, other surfaces are well

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

coated.
0.051314

Simulation including interference
caused by multiple reflections between
uncoated surfaces takes 15 seconds. s o o
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How to Enable Sequential and Non-Sequential Tracing?

-- Channel Concept



Channels

« Setting A

! & f+ || +/+
D View

Z
i
G
%
[

X

.-

« Setting B

u 5o S+, -] +1+

30 View

« Setting C

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

30 View

o Ll
645 mm 6.45 mm 6.45 mm
Surface +/+ +/- -- -+ Surface +/+ +/- -/- -+ Surface +/+ +/- -[- -/+
1st X 1st X X 1st X X
2nd X 2nd X 2nd X
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Channels

e Setting D

« Setting E

B 7 sre, 11|41
D View

~
i
%
%
®

B & All Channels On
30 View

[ S =
6.45 mm 6.45 mm
Surface +/+ +/- -[- -+ Surface +/+ +/- -[- -+
1st X X X 1st X X X X
2nd X 2nd X X X X
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lllustration 6: Optical Etalon

« Configuration of input field

- plane wave

— polarization (try both)

« E,-polarized
* E,-polarized

« Configuration of etalon

— cylindrical-planar

— center thickness 700 um
— cylindrical surface radius 1m

10 3% X Polavized Light = e

Chromatic Fields Set

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

S 1.02..
o 0.51...
o
0
-2 -1 0 1 2

X [mm]

Y Imm]

Da. [(V/m)"2]
025

075

0.5 1 1.5 2 25 3

Position in Section [mm]

3 410 ¥ Polarized Light = e

Chromatic Fields Set

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

S 1.02..
o 0.51..
o
0
-2 -1 0 1 2

X [mm]

Y Imm]

Da. [(V/m)"2]

075

025

0.5 1 15 2 25 3
Position in Section [mm]

X polarized light

Video can be checked in https://www.youtube.com/watch?v=M5NevuRfsrq&t=1052s

y polarized light
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https://www.youtube.com/watch?v=M5NevuRfsrg&t=1052s

Conclusion of Second Question

 How to enable sequential and non-sequential tracing?
—

e

=2

91: Optical Setup View (C:\Users\...\01_Etalon.pd #00)

.. Light _Sourcs E ;: =
Property Browser — 3:F_
EB5 90: Optical Setup Editor (C:\Users'_\01_Etalon.lpd #90) PFDDEQEtiDI'I
Simulation Settings Channels

) Generd Etalon (planar-

Type General Optical Setup cylinderical surfaces) Camera Detector
Enable Process Logging True
Use Parameter Coupling False R

~ Environment 3 GO0
Air Pressure 101.33 kPa 7.6 o |
System Temperature 20 °C

~ Field Tracing 2nd Generation

Sampling Accuracy 1

R . "

Mon-Sequential Tracing True I
~Hon-Sequentd TTacing

Energy Threshold 0D01%

Mazimum Level 100
Channel Resolution Accuracy 1
Show Only Paths That Hit a C False

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

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

| Y P
ﬂ 3D View
2z
e
N
2
®
b
F
o=
6.45 mm
"

Surface +/+ +/-

1st
2nd

X
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Task 7: Collimation System: Sequential Simulation

P

high-NA
laser diode

\ 4

L.

Laser Components
WSLD-1064-050m-1-PD
- fundamental Gaussian
- wavelength 1064nm
- divergence (FWHM) 10°x20°
- astigmatism 11.6 um between

x- and y-plane

collimating objective lens (NA=0.63)

0.1016

Perfect AR coating is assumed, so

sequential modeling is used.

0.0508

——

-0.5 0 0.5
X [mm]
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Collimation System: Non-Sequential Simulation
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Laser Components multiple reflections between
WSLD-1064-050m-1-PD uncoated surfaces #4 and
- fundamental Gaussian #5, other surfaces are well

- wavelength 1064nm

- divergence (FWHM) 10°x20°

- astigmatism 11.6 um between
x- and y-plane

coated.
0.051314

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

X [mm]

5..E-09
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Task 7: Video

Klick the following link to watch the video:

https://youtu.be/s3BBNPZ1E-c
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https://youtu.be/s3BBNPZ1E-c

Task 8 Focus Region Explore

aspherical focusing
lens (NA=0.23)

collimating objective lens (NA=0.63)

<

high-NA
laser diode

22.25 mm to 22.85 mm, with e.g. 10 um step size.

>-<

Y

Laser Components
WSLD-1064-050m-1-PD alo N
- fundamental Gaussian
- wavelength 1064nm c(J10
- divergence (FWHM) 20°x10°
- astigmatism 11.6um between x- and y-plane What is the field in focal region behind
an aspherical lens? Especially, the
astigmatism of the laser diode must be
taken into account.
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Results

* Ray tracing — system in 3D space

Ray-tracing analysis
provides a fast overview of
the system in space.
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Results

* Field tracing

laser diode
with or w/o
astigmatism
diameter of focused beams
diameter With Without
astigmatism astigmatism
x direction 11.80um 11.41um
y direction 21.48um 19.23um

4 |
S |
0.02 o 500

X {mm]

B350 wthaut Astgmatism - = E

Crromatic Fields Set

without astigmatism

B3 51 weh Aigmatiem ol = el

Crromatic Fields Set

with astigmatism

Physical-optics simulation of whole
system, including collimation and focusing
lenses, takes only 2 seconds!
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Results

* Field tracing

BGMI&MW*WM““MMHM}EIE_VE'
Nunericl Dute Acray
Gagam  Tate  Voe ot byl

field amplitude in x-z section

X
e . 018563
‘ 5 minimum diameter
z = =
é: E o 0052834
( x :
o
<
high-NA : 1505
. 00223 Q0224 20225 00226 a2
laser diode
without astigmatism

27 00228

z [m]

"B, ¢ Etrect i Profie (V) S619 sfter Foce! lane #3 () (tracted Fekd 298 (Foekd Troci. |-} (o> faicom]

Nuneric Dute Acray
Cagwr Table Veeat iy
field amplitude in y-z section
018512
é o 0053062
Physical-optics simulation e
of field evaluation within | -
1 00223 00224 202325 00226 Qo327 00228
focal region, over 30 steps, 2 [m]
takes about 90 seconds.
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Results

* Field tracing

B 70 Ertacs Line Profie () 36+ wves Focal Plane 23 (1) (Estracted Feid &%) (Fekd Troci..| | (= s
Nurnericst Dute Accay
Oagam  Tate  Voe ot byl

field amplitude in x-z section

X
T_) 5 minimum diameter iz
: T
}< é c ’—— - > 005478
( T

hlgh'NA 00}23 Q0224 Q.0 00226 131E-05
laser diode
with astigmatism

Q27 00228

z [m]

"B, 40 Etroct i Profie (V) S619 aftes Foca! lane 23 () (ftracted ek 599 (Foekd Troci. -} (o> fmicom]

Nunericsl Dute Acrny
Cagar Tatle Voo oty
field amplitude in y-z section
Minimum beam diameters | minimum diameter e
appear at different positions = —L_’—-—
| d y directions, d £=_1 1 e
along x and y directions, due to ~ —
astigmatism of the laser diode. i
0&23 00224 0225 00226 Qo327 00228 o
z [m]
"
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Results

* Field tracing
TX—)
z guantitative measurement of
(% the evolution of beam
diameters in both directions
high-NA r N\
Ia§er diode (7B 15 eawe Dlaimater Chaniges (with Astigenatiom. oo~ [l "R 21 Beam Dismnetar Changes (without Astigmt., [-co | -23- [REas]
W|th or W/O Nureocal Dats Array Numerical Data Array
astlgmatlsm Diageam  Table  Yakue ot xCoomdnate Diagram  Table = Value at x-Coordinate
- — éoam Diametar X —_ we Boam Diameter Y
e we Beam Diameter Y € we Beam Diameter X
éa 0] LU VLA T A0 e ég ] ] L) OO A WENAY DTN
5 5
Q () 3
s 5°
© ©
3 v o ¥
0.0224 0,0;26 0.0;28 0.0524 0,0é26 0,0528
z [m] z [m]
with astigmatism without astigmatism
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Task 8: Video

Klick the following link to watch the video:

https://youtu.be/Og6rAoCHVKO
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https://youtu.be/Og6rAoCHVkQ

Task 1 Donut mode creation .

« Donut mode can be created by adding two Hermite
Gaussian modes up.

— By using the permanent ribbons, please generate two Gaussian

beams:
Hermite Gaussian mode: (1,0) Hermite Gaussian mode: (0,1)
Rayleigh length: 10 mm x 10 mm Rayleigh length: 10 mm x 10 mm
Single wavelength: 632.8 nm Single wavelength: 632.8 nm
Polarization: linearly polarized 0° Polarization: linearly polarized 90°

— Add both Gaussian beam

— Check the polarization state of the result field

— Detect the beam parameters of electric field

— Calculate the related Poynting Vector distribution
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Task 2: Field Data Export and Import

« Export field data as figure/text

« Import field data into VLF and change the related numerical parameters.

Bl 2 imperted image (D-\ OneDrivel_\Gaussian 8. | «

LUight View Data View

-554.59 pm

Globally Folanzed Hamenic Feld

Ampltude Zo

By -

| Gaussian_Beam - Notepad

File Edit Format View Help

0 0 0
() 0 0
0 0 0
0 0 0

4.71803905730232E-15
2.75403930386765E-13

l6E-12 1.66170600073402E-11

2.78390986916028E-10

.E-10 1.72802427526285E-09
2.16979465399611E-08

5.14895334787802E-09

\8E-08 2.64130510454131

[SS R VR VI o]
(RN W]

%)

1.43857665581326E-14
1.60051583620747E-12
9.88428017425508E-11
1.53391967091419E-09
8.28574975118051E-09

[1697349759E-09 3.97691118376923E-08
1540771738E-08 2.27005696933725E-07

E-07 1

0
0
0

0

112AADO859°E82 QA)
1 20420 ) 194/

(IR

%)

000

5

2.76632926202975E

5.81720927414632E

3.6877864

5.14895334787802¢E

2.340504¢

6.7574406814009
1.44109069339954E-07

8.22587636693999E-07

06
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Task 3

Task:

Propagate the field after pupil
in three cases, and observe
the choices of (inverse) FTs

A\field after pupil

Truncated spherical field

Note:

Spherical phase is analytically
recorded and tackled, so the

_ residure phase of the field
sph. radius 5 mm amplitude residual phase after pupil is a constant

polarization linearly
polarized (0°)
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Task 4 Poisson Spot

« Diffraction

| Vary distance |
From O to 2 mm

Gaussian : Stop:
Default 100 pm x 100 pm
parameters
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Task 5: Singlet

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

B =: Ray Distribution 3D
30 View 20 View

= HoR =

Q Q4 Ol

Plane wave
15 mm-
diameter

b

L.-

17.038 mm
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Task 6 Analysis the Collimation System of an Astigmatic Laser Diode

collimating objective lens (NA=0.63)

'e N\
X
T—) y4
high-NA
laser diode
Laser Components ?
WSLD-1064-050m-1-PD
fundamental Gaussian ngefront error,
wavelength 1064 nm divergence, ...

divergence (FWHM) 20°x10°

. . What is the wavefront error and
astigmatism 11.6 um between x- and y-plane

divergence of the collimated
beam, with the astigmatism
taken into account?

376 LightTrans International



Task8

* Field tracing

BGMI&MW*WM““MMHM}EIE_VE'
Nunericl Dute Acray
Gagam  Tate  Voe ot byl

field amplitude in x-z section

X
e . 018563
‘ 5 minimum diameter
z = =
é: E o 0052834
( x :
o
<
high-NA : 1505
. 00223 Q0224 20225 00226 a2
laser diode
without astigmatism

27 00228

z [m]

"B, ¢ Etrect i Profie (V) S619 sfter Foce! lane #3 () (tracted Fekd 298 (Foekd Troci. |-} (o> faicom]

Nuneric Dute Acray
Cagwr Table Veeat iy
field amplitude in y-z section
018512
é o 0053062
Physical-optics simulation e
of field evaluation within | -
1 00223 00224 202325 00226 Qo327 00228
focal region, over 30 steps, 2 [m]
takes about 90 seconds.
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Results

* Field tracing

B 70 Ertacs Line Profie () 36+ wves Focal Plane 23 (1) (Estracted Feid &%) (Fekd Troci..| | (= s
Nurnericst Dute Accay
Oagam  Tate  Voe ot byl

field amplitude in x-z section

X
T_) 5 minimum diameter iz
: T
}< é c ’—— - > 005478
( T

hlgh'NA 00}23 Q0224 Q.0 00226 131E-05
laser diode
with astigmatism

Q27 00228

z [m]

"B, 40 Etroct i Profie (V) S619 aftes Foca! lane 23 () (ftracted ek 599 (Foekd Troci. -} (o> fmicom]

Nunericsl Dute Acrny
Cagar Tatle Voo oty
field amplitude in y-z section
Minimum beam diameters | minimum diameter e
appear at different positions = —L_’—-—
| d y directions, d £=_1 1 e
along x and y directions, due to ~ —
astigmatism of the laser diode. i
0&23 00224 0225 00226 Qo327 00228 o
z [m]
"
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Results

* Field tracing
TX—)
z guantitative measurement of
(% the evolution of beam
diameters in both directions
high-NA r N\
Ia§er diode (7B 15 eawe Dlaimater Chaniges (with Astigenatiom. oo~ [l "R 21 Beam Dismnetar Changes (without Astigmt., [-co | -23- [REas]
W|th or W/O Nureocal Dats Array Numerical Data Array
astlgmatlsm Diageam  Table  Yakue ot xCoomdnate Diagram  Table = Value at x-Coordinate
- — éoam Diametar X —_ we Boam Diameter Y
e we Beam Diameter Y € we Beam Diameter X
éa 0] LU VLA T A0 e ég ] ] L) OO A WENAY DTN
5 5
Q () 3
s 5°
© ©
3 v o ¥
0.0224 0,0;26 0.0;28 0.0524 0,0é26 0,0528
z [m] z [m]
with astigmatism without astigmatism
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Feature: Sequential and Non-Sequential Tracing



What is Sequential and Non-Sequential Tracing?



Optical Modeling Task

( h

Components J

L Detectors J
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Optical Modeling: Sequential
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Collimation System: Sequential Simulation

Dats for Wavelength of 1.064 ym [1E-5 (V/m)"2|

— = =
high-NA — -
laser diode o 0.1016
e o -
Laser Components collimating objective lens (NA=0.63)

WSLD-1064-050m-1-PD

- fundamental Gaussian

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

0.0508

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

-05 0 0.5

X [mm]
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Collimation System: Non-Sequential Simulation

0.10263
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e

/ > :E_; ° 0051314
high-NA T i
laser diode ' ~ O o 0.10263
Laser Components multiple reflections between
WSLD-1064-050m-1-PD uncoated surfaces #4 and
- fundamental Gaussian #5, other surfaces are well

- wavelength 1064nm

- divergence (FWHM) 20°x10°

- astigmatism 11.6 um between
x- and y-plane

coated.
0.051314

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

X [mm]

5..E-09
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Optical Modeling: Non-Sequential
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Conclusion of First Question

What is sequential and non-sequential tracing?

|

| ‘

| Vi /.

| / 7

| /// ! /:/// .

I /..jl// | /./ ;

| V4 | 4/

R e e N e e ts / L [ o )
« Users predefine the sequence of the « Light propagation does not follow any

components, and light propagation through seqguence.

follows the sequence. « Light propagates through/reflects several
« Light propagates through/reflects from one times from one component.

component just once. * Note: sequence of components here is only

used for positioning.
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How to Enable Sequential and Non-Sequential Tracing?

-- Channel Concept



Channels

« Setting A

! & f+ || +/+
D View

Z
i
G
%
[

X

.-

« Setting B

u 5o S+, -] +1+

30 View

« Setting C

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

30 View

o Ll
645 mm 6.45 mm 6.45 mm
Surface +/+ +/- -- -+ Surface +/+ +/- -/- -+ Surface +/+ +/- -[- -/+
1st X 1st X X 1st X X
2nd X 2nd X 2nd X
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Channels

e Setting D

« Setting E

B 7 sre, 11|41
D View

~
i
%
%
®

B & All Channels On
30 View

[ S =
6.45 mm 6.45 mm
Surface +/+ +/- -[- -+ Surface +/+ +/- -[- -+
1st X X X 1st X X X X
2nd X 2nd X X X X
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lllustration 6: Optical Etalon

« Configuration of input field P = LT i

Chromatic Fields Set Chromatic Fields Set

— plan e Wave Data for Wavelength of 532 nm [(V/m)~2] Data for Wavelength of 532 nm [(V/m)~2]

) ) 5 1.02.. 5 1.02..
— polarization (try both)
) EX_pOlarlzed o 0.51... S 0.51..
* E,-polarized _ _
iz () iz 0
2 -1 0 1 2 2 -1 0 1 2

« Configuration of etalon

Y Imm]
Y Imm]

X [mm] X [mm]
— cylindrical-planar = =
~- center thickness 700pm & £
— cylindrical surface radius 1m g S ' 8¢S '
0.5 1 1.5 2 25 3 0.5 1 1.5 2 25 3
Paosition in Section [mm] Paosition in Section [mm]
X polarized light y polarized light
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Conclusion of Second Question

 How to enable sequential and non-sequential tracing?
—

e

=2

91: Optical Setup View (C:\Users\...\01_Etalon.pd #00)

.. Light _Sourcs E ;: =
Property Browser — 3:F_
EB5 90: Optical Setup Editor (C:\Users'_\01_Etalon.lpd #90) PFDDEQEtiDI'I
Simulation Settings Channels

) Generd Etalon (planar-

Type General Optical Setup cylinderical surfaces) Camera Detector
Enable Process Logging True
Use Parameter Coupling False R

~ Environment 3 GO0
Air Pressure 101.33 kPa 7.6 o |
System Temperature 20 °C

~ Field Tracing 2nd Generation

Sampling Accuracy 1

R . "

Mon-Sequential Tracing True I
~Hon-Sequentd TTacing

Energy Threshold 0D01%

Mazimum Level 100
Channel Resolution Accuracy 1
Show Only Paths That Hit a C False

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

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

| Y P
ﬂ 3D View
2z
e
N
2
®
b
F
o=
6.45 mm
"

Surface +/+ +/-

1st
2nd

X
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Wavefront Sensor:. 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 4.356mm
150pum
> > How to calculate field on focal
> ) g plane behind different types of
> s microlens arrays, and how
> > does the spot distribution
> > change with the input field
> e aberration?
W
S B /7
< qUafe O(/OQ'
z /@’78 /6’78
Ss Ss

or
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Results

| BN, &% Diata Arrays - Waesbromt Ervor 2601 eiter Zer..

Chagrare

y [mm]

Nunericl Duts Array

Tatee

wavefront error [1]

—x [rﬁm]

no aberration

Detector 2600 after Microlens (Round) Arra.., | = [| =) H#.d-

Chromatic Fields Set

round microlens array

’ u 32 Camerz Detector 5600 after Microlens (Square) Arra... E ?@
Chromatic Fields Set
square microlens array

§

E o

———— é o

> S

——— =
)

0,

(//70,

diffraction due to
square aperture

(color saturation
at 1/3 maximum)

diffraction due to
round aperture
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Results

I3 52 Camer= Detector 5500 after Microlens {Square) Arra... ——- i

Chromatic Fields Set

| B 30 Diets Arvps ~ Waevefromt Treee 260 sber Sp | |

1

wavefront error [1]

* [

| X [rhm]

round microlens array

04 06

X
= _ Detector #600 res Microlens (Round) Arfa. - | =) [sedm]
— el square microlens array Chromatic Fields Set 7

0 0.2

\ \ \ Y

y [mm]
y [mm]

\

\

0. 04 -0

)
((
spherical aberration , \
S
Y
Ua”e

’00,70 Fully physical-optics simulation of
system containing microlens array
or takes less than 10 seconds.
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Results

X ' n51:Camerdeectu%OOzé?ahﬁ:mimf(Sqwe}Am... E E
(B o Detn Areye - Werahront Erver 9601 vher o e 1 == Chuvenie Frebde et T e e
o ‘ square microlens array e P |
wavefront error [1] z g = * round microlens array
| — — -
— (S
X C = —— | £-
> S () > 2
coma aberration , \ . x [mm]
S, L
‘7‘/&,@ "0y, v Focal spots distribution
changes with respect to the
or aberration of the input field.
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Results

X ' nﬁi CamaaDdedm%DOaé?ahﬁcmjmf(Sqwe)Am... E—i
259 Ao oo e 41 s e | R Detector #600 after Microlens (Round) Ara_. | =) |[stim]
T ‘ square microlens array Chvamatic Fiekds Se
wavefront error [4] z g = round microlens array
§ — — | _:
— | = 3
X T g —1— || £:
- S () > 2
..X [rﬁm] | (
trefoil aberration , \ . x [mm]
S, L
‘7‘/6,@ "0y, v Focal spots distribution
changes with respect to the
or aberration of the input field.
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Task 9 (Final Lens Task) Import Zemax Data into VLF

* Import a Zemax file “Double Gauss 5 degree field”
« Check the rays propagation through the system

« Check the focus

3% Carmvers Dietectas 407 ster Dot (
Chnvor. Fudiy

3 5 Comes Dotmctsr 3101 stor Dol o 3-.. = | 1= il
Olwarutic Flebis Set
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Task 9: Video

Klick the following link to watch the video:

https://youtu.be/RJIvixD9HITo
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https://youtu.be/RJvjxD9HITo

K\EiHTTRANS -

(v0.9.2)

Zemax Import Options
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Two Zemax Import Mechanisms

« elementary import
« advanced import

In general the user has three options do start the import:
« drag'n‘drop a ZMX file into your VirtualLab window
* go via File menu - Import = Import Zemax System

« import from the edit dialog of an optical interface sequence (OIS) component via the
tools button

Which import technigue is used depends only on the fact if you have Zemax installed
and a valid license running or not:

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

* The elementary import technique needs only the Zemax' glass catalog directory in
order to load the right materials during the import.
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Elementary Zemax Import

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

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

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

the following:

Edit Optical Interface Sequence

Position / Index | Distance | Position |Type Homoegeneous Medium | Comment
Orientation 1 0m Om Conical Interface BKT in Homogeneous My Zemax Interface
B 2 6mm 6Emm Conical Interface F2 in Homogeneous Met Zemax Interface
B 3 Imm Smm Conical Interface Standard Air in Homoger Zemax Interface

Plane

Conical

. ~

Cylindrical

W

Add | | Insert | | [VElEtE |

0K || Cancel || Help |

8.81 mm

-

404

LightTrans International



Limits of the Elementary Zemax Import

= cale 'O/ =AM A LDlea@ w0 98
(s W@ J B0 LeThonese @

Complex System:
Chain of Prisms
along a Curve

- -0

Optical Interface

O

300

Analyzer

Gaussian Wave Sequence  Virtual Screen
D——
0 1 600
X0m X0m
Y:0m Y:0m
Z0m Z0m
Ray Tracing System

= o]

[0&)09/2016 17:55.07] »= Staring Zemax impart wa=
080972016 17.55:07) Waming DISZ INFINITY datected a1 Zemax wearfacs

(050972076 17.55.07]
[06,09/2016 17.5507)
08092016 175507
[O8/09/2016 17.55:07]

(0&/09/2016 17.55.07]
[08/09/2016 17.5507]
0&/09/2016 $7-55:07)
[06/0972076 17.55:07]
[08/09/2016 17.5507]
[0G/092016 175507)
[0&/0972016 17.55:07]
[O809/2016 17.55.07]
[0&/0972016 17.5507]
[08/09/2016 175507]

[08/03/2016 1755 07]

[O8/09/2016 17.5507] Waming Apenure diametar ZERO detected al Zemax maiface [ (defaul wil be used)
(080972016 17.55.07] Zemax Interface M unsupported type COORDBRK using plane imerface
[03/09/2016 17 55.07] Waming: Aperture diamater ZERQ datectad at Zomax edarface 4 {defaut will be used)
08092016 17.55.07] Zemax intertace #7 unsupponed type COORDBRK. using plans imerface

Waming. Apenure dismetsr ZERD detected al Zemax imarface 7 (delsull will be used)
Zemax Interface #10. unsupported type COORDEBRK, using plane imerface

Waming: Aperture diamater ZERO detected at Zemax mserface 10 (dafaut will ba used)
Zemax Intedace #13 unsuppoted type COORDERK. using plane insface

[05/09/2016 17.55.07] Waming Apenute digmetar ZERQ detectad sl Zemax marface 13 (defaul will be used)
(080972016 17.55.07] Zemax Interface #16 unsupported type COOROERK, using plane interface
08/05/2016 17 5507] Waming Aperue dismater ZERQ datected at Zemax mterface 16 (defauk will be used)
[08/09/2016 175507] Zemax Intertace #19 unsupported type COORDEBRK. uaing plane matace

Waming Apenure diametst ZERO datected 81 Zemax intarface 19 (defsul will be used)
Zomax Interface #22 unsupported typs COORDEBAK, using plana imarface
Waming Apetue dizmater ZERQ datected at Zemax imarface 22 {defaut will be usad)
Zemax Intedtace #25 unsupponed typs COORODSRK. i#ing plane marface
Waming: Apeture dizmeter ZERQ detected st Zemax interface 25 (defsul will be used)
Zamax Interface #28. unsuppored type COORDBRK, using plane intarface
Waming Apemure dismater ZERD detactad 3t Zemax weerface 28 (dafaul will be used)
Zemax interdace #31 unsupponad typs COORODBAK. using plans imaiface
Waming. Aperure diameter ZERO delected al Zemax intarfsce 31 (defaul will be used)
Zamax intertace #34 unsupparted type COOROBAK using plane imarface
Waming Aperture dismeter ZERQ datectsd at Zemax niarface 34 (dafaul will bs used)

[0S/0972076 17.55.07] === Zamax impoe Anizhed ==

Al

hetex | Owtecn  Pansion

>
Nym

¢ Awn

0w
Xl
Am
L
Nwem
Dom
0w
Yiva
N -

Tie
Fase vawtace

Hars retace
Flass rtmtace
Flave btwtace

Fase remisce
Fave rtwiece
Pve vtwine
Fase rierfsce
Rave biioce
Rese baertce

Cormont

Horcgewses Vi Covwwel A
At Zemd (¢ Hovagen E-xr.!
o1 (Larser) 12 Homagen Zaese leserd
1 E7_SCHOTT e Moy D bvsard
Aor (Jermal 1e Hamrogen Deran irard
St {Zarver) 10 Hovogen Jer (v
W ENT_SCHOTT m Hor Zersac feser
1 (Zersm] v Hovagen Jemm irtert
T
WEXT_SCHOTT m Horr Tewems irier
Sar 1 Demnay] ie Homeger Teenm irser!
Sot Zomm) 1¢ Hovegen Tome vt
WERT_SCHOTT i oy Jewmms loter!

By (Tl i Ui Tiame lonasd *
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Advanced Zemax Import

Plans Wave

Oob:al Interface Optical Interface

Ogtcal Intartece Cpticel Inertaca Optics irtartace

i

=
COptcal Interface Opticat Optical intart o
& <
om Xom
Y -10.283 e Y. -YD.2E3 reen
I 36748 rven 2 A5 e
L]
n
} 52422 mm

406

LightTrans International



Further Info about Advanced Zemax Import

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

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

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

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

need to be reset manually after the import.

For more detailed information please consult the manual or help file.
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Example: Freeform modeling

408



Measurement of Orbital Angular Momentum

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

 Light source

Amplitude |E, |

Phase Arg(E,)

nn

ojo
b Pl
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Mode Transformer

lens term

e s o i : £ 1Y X ‘\;’\'»%-1-{ 171, , % ab 1,5 3,
le.\.’i":"':*&,‘,il-j \R[Lll\ll{":]*“]h( i;—)‘**;(-:-\’f . | ')l Zl ll"“\]‘l Igi\( ]—-—-(»:m,)/'~\‘;)

| Amplitude | |
\ J

Mode transformer :
Input Laguerre -Gaussian After transformation

1.430801 oy

Amplitude
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Mode Transformer

am—
lens term

R s Y NS LA oo _ ab AN Lo VIRE G 4 P
Zl”"‘)—f{n—l) mman(.‘_) rln( i )+f u(:(r F17) Z;nv,\l-—‘r_l“—_l.| e\(p(—‘—r)sos(;)—ﬂ,(i(u +1)

lens term

T3 FH | %Q*‘H::.
) &

I

Phase

\
s Y
, Mode transformer NN
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

* 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
o A
[ )
A
f
\ 4 1
Fourier lens Position
detector

Lateral shift:
15.8 um
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Detection Part

* 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

Z \
[ \
A
—> ; —
v 1
Fourier lens Position

detector

Lateral shift:
39.6 um
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System Functioning

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

(helical phase)

— An input 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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System Functioning

Transverse

momentum
(linear phase)

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

Input OAM Mode transformer
(helical phase)

e Testing

— Using ParameterRun and set the angular order of input OAM
from 1 to 15, and measure the detected lateral position
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Feature: Position and Orientation



lllustration 7: Position and Orientation

Sphernical Lens (1) Sphencal Lens (3) Sphencal Lens (4)

Plane Wave (0) Apertige (2) Cameta De*ic'a (600)

i |

A
\4
A
N
A
N
N

20 mm 20 mm 20 mm 20 mm 20 mm
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Channels

Input channel coordinate system

N O Transmission channel coordinate system —
Z

Reflection channel coordinate system
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Basal Positioning
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Optical Setup 2

wave (0]
L

Sphencal Lens (1)

¥

Apedtige (2)

Sphetical Lens (3)

Sphencal Lens (4)

Carmieta Detect

/
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Basal Positioning and Isolated Positioning

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

Flane ' ave [0] “irtual Screen [B00)

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

Spherncal Lens [1]

“Wirwal Screen [G00]

Spherncal Lens [3] Sphernical Lens [4]

Plane way

Sphesical Lens 1)

Pliew Wave 10

3 Sohesical Lers 13)

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

Spbwecal Lo [4) Plane Wwave (0] Wirtual Screen [E00]

Creer 500 |
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Special Components: Mirror

o
L
dl

3D View: Optical System

426
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Special Components: Ideal Beam Splitter

3D View: Optical System = O X

Two perpendicular output
channels are automatically
defined.

X
t .&4

Close || Help |
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Task 10: Mach-Zehnder Interferometer



Modeling Task

reference path

4 A\
3x beam expander S| 2mm e
f \ beam splitter interference
> > 2 P,
He-Ne laser o .
4 —> < > < >
- fundamental Gaussian
- wavelength 632.8nm 20mm Y Y|, 20mm oomm Y Y
o
3
3 L] “\
P2\
= 3 ) =
> 1 >
beam splitt&r >
20mm s[2mm e 20mm 20mm
1\
test path

(test object may tilt and/or shift)
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Results

Y

W

tilt k

-

Calculation of interference

pattern including element tilt

takes less than 2 seconds!
\

T
3 8 trnsterence 30 degree tat
Crogrung Fretds Set

10 tilt

LightTrans International
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Results

-4

A 4

W v

shift _ _

> > Calculation of interference

> > pattern including element shift

takes less than 2 seconds!

4 \
D35 itsterence 0N b i i S

e - Lee——— =l [T — )

0 shift

Crrorrate Frelss St

ﬁm nbederence !lu-ﬂ

300 um shift Chromab b 5
500 um shift

e
2 (O

>

Crrorate Fredss Set

1000um shift
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Task 10: Video

Klick the following link to watch the video:

https://youtu.be/smW3HiLscYo
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https://youtu.be/smW3HiLscYo

Task 11: Michelson Interferometer

detector r)

taking the source spectrum and the
movement of mirror into
consideration

interference
pattern

movable
mirror

Source mode is Gaussin with 2°

divergent angle
To recognize the interference

pattern, we give a 0.05° rotation to
the movable mirror.

K a). -1.5mm to 1.5mm

b). -15um to 15um

a). Laser source
- wavelength: 635nm
- spectrum bandwidth: 0.2nm

b). LED

- wavelength: 635nm
- spectrum bandwidth: 20nm

fixed mirror Aperture size of beam splitter and

mirror is 40 mm
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Results: Laser Source

Coherent length here is around 2mm. It matches that with literature, which
IS
A? 6352

L:AA: 02 nm = 2 mm
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Results: Laser Source

Coherent length here is around 20um. It matches that with literature, which
IS
A? B 6352

L:AA_ 20 nm =~ 20 um

435 LightTrans International



Task 11:Video

Klick the following link to watch the video:

https://youtu.be/rO X4CspDeY
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https://youtu.be/rO_X4CspDeY

Summary

« Be familiar with the definition of position and orientation
« Analysis of alignment tolerance by using isolated positioning
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Gratings

 Gratings are rigorously modeled in the
k-domain by the Fourier Modal Method

(FMM), which is also referred to as
RCWA.

. The operator B is of the form

i —

- | B B
B(ﬁ:‘}”t, Hln) _ ( T Nﬂ::y)

« This is a fully vectorial operation. Mod-
eling via diffraction efficiencies is not
sufficient.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers . . freeforms
t apertures &
scatterer Maxwell boundaries

Solver
diffusers ( \ gratings
diffractive diffractive,

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

438
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Gratings: Rayleigh Coefficients

Each incident plane wave (k™) must

be multiplied by the Rayleigh matrix nonlinear  free
B to obtain one grating-order related ammotropic SRR e
DUtpUt plane wave (ROUT)- components cubes, ...
waveguides lenses &
¢ . & fibers ~ freeforms
—O0u outy _ py/..out _imyxys~"/ o in
VJ— (H, ) o B(E y K )VJ— (ﬁ ) apertures &
scatterer Maxwell boundaries
: . : Solver
« The Rayleigh matrix is given by '
diffusers gratings
B — (Rmm R:cy) diffractive '. diffractive,
T R R beam Fresnel, meta
yaxr yy splitters lenses
SLM&  micro lens & HOE, CGH,
adaptive  greatorm DOE
components ;5 avs

with the Rayleigh coefficients R for the
order of concern.
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Gratings

VirtualLab Fusion treats the
calculation of all matrices
automatically and stores the results
In lookup-tables for later usage.

For large grating periods VirtualLab
automatically switches to faster
modeling technigues (LPIA, TEA).

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
t apertures &
scatterer Maxwell boundaries

Solver
diffusers ( \ gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Gratings: Example Sinusoidal Grating

VirtualLab Fusion treats the
calculation of all matrices
automatically and stores the results
In lookup-tables for later usage.

For large grating periods VirtualLab
automatically switches to faster
modeling technigues (LPIA, TEA).

\
Efficiency for sinusoidal
surface grating: air to fused
silica: FMM, LPIA, TEA
N\ J

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
t apertures &
scatterer Maxwell boundaries

Solver
diffusers ( \ gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Efficiency of +15t Order: Period 0.9 — 20 um; Depth 630 nm

E 4% Comparnson = ||-E |ﬁ,|

Mumerical Data Array

Diagam Table Value at x-Coordinate

30

25

KEﬁiciency for sinusoidaI\

=
: 2/
2 surface grating: air to
; - \fused silica )
= , = LPIA
FiimhA
L —#= TEA (with Fresnel)
I}.I}II}E I}.E;I}:L D’.E;D’Er I}.I}II}E D.E%1 I}.I}I12 I}.E;M D.E;1Er I}.I}I1E!

PeriodToUse (Optical Setup Parameter | Global Parameters of Coupling Snippet) [mm]
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Efficiency of +15! Order: Period 0.9 — 8 um; Depth 630 nm

E= 47: Comparison = |- |
Mumerical Data Array
Diagram Table = Value at x-Coordinate
== - S e ——
2 Efficiency for sinusoidal
H o . .
7 surface grating: air to
¥ “r-
g = _fused silica D
g
&
L
- = LPIA
FMM
L == TEA (with Fresnel)
1.5 2 2.5 3 3.5 4 4.5 5 5.5 & 6.5 Fi 7.5 8
PeriodToUse (Optical Setup Parameter | Global Parameters of Coupling Snippet) [pm]
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Gratings

VirtualLab Fusion treats the
calculation of all matrices
automatically and stores the results
In lookup-tables for later usage.

For large grating periods VirtualLab
automatically switches to faster
modeling technigues (LPIA, TEA).

Remark: Integral method for
slanted gratings under
development as alternative
techngiue to FMM for tolerancing.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...

scatterer

\EYOYE boundaries

waveguides
& fibers ~
. Solver
diffusers ( \ gratings
diffractive diffractive,

lenses &
freeforms
‘ apertures &

beam Fresnel, meta

splitters lenses

SLM & micro lens & HOE, CGH,

adaptive  fraeform DOE
components 5 aug
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Gratings

VirtualLab Fusion enables modeling
of any kind of stacked grating
structures.

That includes surface gratings with
coating.

VirtualLab Fusion also provides the
analysis of holographic volume
gratings.

Optimization and tolerancing is
available.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
it apertures &
scatterer Maxwell boundaries

beam Fresnel, meta
splitters

Solver
diffusers ( \ gratings
diffractive diffractive,

lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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K\E(‘.‘.’HTTRANS -

Analysis of Blazed Grating by Fourier Modal Method



Abstract

The Fourier modal method (FMM) can be used to

[ —— | analyze grating efficiencies rigorously. In VirtualLab
" you can setup your grating system, perform the

rigorous analysis, and present the results in
different format (e.g. grating order collection, single
values, ...). In combination with the parameter run
you can also scan a given parameter space to
investigate the performance of the specified
structure for different configurations. For the
evaluation of the results of the parameter run,
several evaluation tools are available to give you
the best insight in your optical setup.

4
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Modeling Task

Incident plane wave

incident angle (8) 40°

wavelength (1) 932nm
polarization 0° (along x axis)

Efficiency of
first order ?

o/

Sawtooth grating parameters

period 600nm

modulation depth  1.5um X
material in front air L ,
material behind fused silica
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Results

- e “| Polar diagram
used for projected visualization of grating efficiencies for
transmission and reflection
Results in transmission:
- o Angle Efficiency
Oth order -26.107°  6.1579%
e = [= ==
Crsin s 15t order 9.6014°  93.266 %
Freene 2"d order 50.682° 0.57293%
- g e7ees Order collection
" ordersx display of efficiency or other quantity with respect to e.g.
diffraction order, angle, etc.
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Results

E=: 17: Efficiency T[+1: 0] of Grating Order Analyzer #800 (Results for Individual Orders) v... | = || = |[meam| Bl 15: Efficiency T[+1: 0] of Grating Order Analyzer #2800 (Results for Individual Orders) v... [ = || & |[nESm]|
Mumerical Data Array Mumerical Data Array
Diagram Table Walue at xCoordinate Diagram Table Walue at xCoordinate
o
o =
=
] .
g
oo -
oo
= |
g
=
=l
= = =
=3 - =
(] (]
2= = = |
ol ST T | =
= =
)y )y
s B 5|3
= =
i i
2 & A
2 =
] = |
=
Lo
= R =
=
32 34 36 38 A0 42 A4 46 A8 0.46 0.48 0.5 0.52 0.54 0.56 0.58
Spherical Angle Theja (Sawtooth Gratirgg #1 | Basal Positioning (Relative]) [°] avelength (ldeal Plane Wawve #0) [pm]

Parameter variation (fixed 1=532nm) Parameter variation (fixed 8=40°)
theta 30°-50° wavelength 450nm - 600nm
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Results

VirtualLab allows to plot the
efficiencies also as 1D multigraphs.

Efficiency T[+1; 0] [%]

896,278
= Each curve is associated with one
g incident angle. Y
=
o
5 _=
= 72.981 £
2 .
E £
v ;..
= =3
= -2
: .
z 5
= -3
[=% x o
” — . 49683  §
046 0.48 0.5 0.52 0.54 0.56 0.58 0.6 i @
Wavelength (Ideal Plane Wave #0) [pm] ;;
< e
g )
o 3
Parameter Variation o o om 0w 05 on om om om on ot 0w om o
theta 300 - 500 Wavelength (ideal Plane Wave 20) [um]

wavelength 450nm - 600nm
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Step 1: Configure a Grating (Video)

Klick the following link to watch the video:

https://youtu.be/plaamDT58f4

452


https://youtu.be/p1aamDT58f4

Step 2: Check the Convergence

Klick the following link to watch the video:

https://youtu.be/EK2SISHRODs

453


https://youtu.be/EK2SlSHRQDs

Step 3: Simulation of Grating Properties

Klick the following link to watch the video:

https://youtu.be/OpSefzqUDAQ
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https://youtu.be/OpSefzqUDAQ
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Sample Configurations of Slanted Grating Medium
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Sample Slanted Grating #1

(Grating Material
Mame |Fused Silica

Catalog Material

State of Matter

Groove Material

MName |Vacuum

Catalog Material

State of Matter

Edit Slanted Grating Medium

Basic Parameters  Scaling  Periodization

0O

Solid

jo,

Gas or Vacuum

Fill Factor |

50 %| Refersto_. (@ Bottom () Top

z-Extension |

'I|.rn|

Slant Angle Left |

45°| [= | Slant Angle Right | 45°

[ ] &pply Coating

Q

Corcel | | Hep

Diagram

X [pm]

Table [©
Real Part of Refractive Index
[] 1.4611
[F g’
n .
o A 1.2306
[F g’
'::I' -

-0.5
Z [pm]
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Sample Slanted Grating #2

Edit Slanted Grating Medium

(Grating Material
Mame |Fused Silica

Basic Parameters  Scaling  Periodization

=

Catalog Material (=
State of Matter Solid
Groove Material
Mame |Vacuum
Catalog Material =]
State of Matter Gas or Vacuum
Fill Factor | 30 %| Refersto . @ Bottom () Top
z-Extension | 500 nm |
Slant Angle Left | 45°| [= | Slant Angle Right | 45°
Concel | | Heo

Diagram

X [pm]

Table [©
Real Part of Refractive Index
[] 1.4611
[F g’
n .
o A 1.2306
[F g’
'::I' -

-0.5
Z [pm]
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Sample Slanted Grating #3

Edit Slanted Grating Medium

Basic Parameters  Scaling  Periodization

(Grating Material

[ ] &pply Coating

Mame |Fused Silica (o]

Catalog Material dBV 4RI
State of Matter Solid

Groove Material

Name |Vacuum Q

Catalog Material v | 2 =

State of Matter Gas or Vacuum

Fill Factor | 30 % || Refers to . @) Bottom () Top

z-Extension 500 nm

Slant Angle Left 20°| |= | Slant Angle Right 10

m oK Cancel Help

Diagram

X [pm]

Table [©
Real Part of Refractive Index
[] 1.4611
[F g’
n .
o A 1.2306
[F g’
'::I' -

-0.5
Z [pm]
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Sample Slanted Grating #4

z-Extension | 500 nrn|

Apply Coating
Coating Material

Mame |[Chromium

Catalog Material

State of Matter Salid

Coating Thickness

50 nm

[,

Slant Angle Left | 20| [= | Slant Angle Right |

o ———mee RS e
Fill Factor 80 %| Fefers to .. (@ Bottom () Top

20 nm

jo

Dm|

Dml

X

QK Cancel

Help

Diagram  Tahle

X [pm]

Real Part of Refractive Index

2.8641

1.932
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@HTTRANS -

Parametric Optimization and Tolerance Analysis of
Slanted Gratings



Modeling Task

wavelength 532nm

—
=

n=1.716 @532nm .
| performance with the

slope deviation due
to the fabrication
technique taken into
account?

linearly polaried
along y direction

wl& C ~

filling factor X

period c/d=2 PR

d=405nm (fixed)

ant andl /epifu'_ﬁ?e How to optimize the T, order
sian a”‘{?) &/ matera diffraction efficiency, by adjusting
P= ] T,, the slant angle ¢, grating depth h,
/ and filling factor ¢/d?
— /

. > To episulfide In addition, how to

Input plane wave ; \ " material evaluate ﬂ‘;e grating
/

C

/
—

o
(D
©
—
o

Q= (qozi; ®2)/2

>
I
)
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Results — Parametric Optimization

initial structure optimized structure
H : Efficien +1; 0] of Grating Order Analyzer vs. Simulation 5te -
| 28 Efficiency T[+1: 0] of Grating Order A :?mﬁz?gat:maly Step =N =R == /
Diagram Table Value at x-Coordinate &/
£ > S -0+ =340 L—"
To) C c/d=50% > B 1 W /C/d=57%
s w 2 =[5+
I Q3 10 T
° 2. T
Gi'v - o /
|—+ o | /
h=500nm 5 10 15 20 25 30 33 40 45 50 55 60
optimization setup h=324nm
Order Efficiency parametric optimization — downhill simplex — Order Efficiency
1 11.551% with rigorous Fourier modal method for grating 1 0.267%
0 72 795% efficiency calculation 0 6.027%
+1 11.551% +1 91.275%
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Results — Tolerance Analysis

The fabrlcated Slanted gratlngs Often ShOWS Hdﬂ:Eﬁiciean[H;ﬂ] of Grating Order Analyzer #3800 (Results for Individual Orders) vs, 5l... EI@
a deviation from the perfect parallel grating Nomeical Dte Ay

H . - Diagram  Table Value at xCoordinate

lines. Such slope deviations should be taken i~ -

into account for the tolerance analysis.

S
> &
=
@
& . | over 90%
e
= ~~
- fixed average slant angle | | . . | . . | |
(p — ((Pl + (pz)/z — 340 35 36 a7 38 20 40 41 42 43
- fixed filling factor slant angle ¢, []
c/d=57% _ _ _ _ _
- varying ¢, from 34 to 44° Rigorous simulation with Fourier modal method, for

tolerance analysis over 50 steps, takes 30 seconds.

& Slanted Grating ...
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Grating Optimization: Video

Klick the following link to watch the video:

https://youtu.be/ReOLnklrgRs
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https://youtu.be/ReOLnklrgRs

@HTTRANS -

Rigorous Simulation of Holographic Generated
Volume Grating



Abstract

reflection
-

« Holographic generated volume

gratings, with a thickness much
larger than the wavelength, often
shows a narrow bandwidth around
particular wavelength and angle.
Following the two-beam
Interference exposure process, a
volume grating inside fused silica is
generated and simulated with the
rigorous Fourier modal method
(FMM) in VirtualLab. Both the
spectral and angular dependent
reflection property of the grating are
analyzed.
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Modeling Task

z-period
292.5nm

\

x-period
507.6nm

-1st order reflection?
-

holographic volume
grating generated by
two-beam interference
(640pum, 59.9° angle)
exposure process, with
refractive index
modulation of 0.01

- based on fused silica

incident angle
around 60°
(to be varied)

input wavelength
around 640nm
(to be varied)

thickness
70um
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Results

« Wavelength scanning

Efficiency R[-1; 0] [%]

20

60

40

-1st order reflection

FWHM 3.45nm —>

"‘ ] ] I l
0.635 0.64 (.645
Wavelength (Ideal Plane Wave $0) [pm]

v
shift of wavelength dependent
reflection due to locally increased
effective refraction index

rigorous FMM analysis
of single wavelength
within 18 seconds

-1st order reflection?

. N

incident angle\\.
fixed at 59.9°

wavelength varying
from 630 to 650nm

292.5nm

wug9'L09

70um
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Results

« Angle scanning

-1st order reflection 292.5nm

o
ul
e 3
= o
— » S
C o “, 3
oY FWHM
= g < 0.55° \
& ' -1st order reflection?
@ >
oo angle varying
from 58.8 to 60.8° 3/ 7
] | | | | \ '0"
-60.5 -60 -58.5 -59

Cartesian Angle Alpha (Volume Grating #1... [7]

70um

wavelength
fixed at 644nm

& \olume Grating ...
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K\E(‘.‘.’HTTRANS -

Task 12: Grating at Littrow Configuration- Tuning a
Dye Laser



Tunable Dye Laser

MIirror -
(99% reflection)

output

grating

(as reflector)

« (Gain spectrum

— Amplification of dye is from 550 nm to
710 nm

- We would like to take use of the full
range of amplification to build up a
tunable laser

Ga

550 nm 710 nm
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Grating Equation

« Incident plane wave has wave vector kI = (ki?, kln ki
 Grating period A = (A, A))
« The output orders are discrete, and wave vector for the order (i,j) is

Joout — [In 4+ Z_T[l-
X X Ax
kout km _|_2_T[
Ay
2
kgut — . <27T[ nout) — (k)(gut2 + k}c;utZ)
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lllustration: Calculator of Grating Equation

D 95: Diffraction Angle Calculator EI = @ 1
Grating Period 1.5 ym Diagram  Table ° I i
o Orpler dlre.ctlons are calculated by
‘wiavelength USIng gratlng equathn
Diffraction Orders - i We may flnd:
eximum Snoun Orer i — Period decreases, order
Reflected Orders Range | 2| | 2| . .
Transmitted Orders Hange| ~4| | 4| Separatlon Increases
Fest Materl — Refractive index increases,
Name [ Q more propagation orders
Catdog Nateris v 7] & — 1 Order direction is just
Smectlister | related to grating period and
Switch Materials refractive index. Nothing about
S grating structure.
Fused Silica Q m— Transmitted Orders == Reflected Orders
e |ncident Wave
Catalog Material vl |2 Lj
State of Matter Solid Separate Diagram Close Help
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Littrow Mount

« Configuration
— Angle of grating 6; =>-15t order of 4; has
opposite direction with the incident beam
— In out tunable laser, we aspect

« -1st order should have a high reflectance,
so the grating works as a reflector

* No other reflection orders are desired.
— In the next two pages, we give detailed

calculation of the period and condition.
Here we directly give the parameters:

* Incident angle
9' = 20°

= Grating period
Ag 633nm

~ 2nm;sind! 2 x 1.0003 X sin 20°

d = 0.925um
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Grating Sturcture

* Initial guess

— To enhance the -15t reflection
order, which is towards the
Incidence, we think of using
orthogonal planes to the wave
vector, as I1s shown.

— Itis a triangular grating, with
one side just perpendicular to
the incidence.

— With grating period and the
iIncident angle, the triangle is
determined.

WU GZ6

=P
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Optimization

* Check the total reflection efficiency and transmission one. Do we need HR-

coating?

« Add the HR-coating and vary the modulation depth and check when we can

achieve highest efficiency?

Eﬂ 31: Efficiency R[+1; 0] of Grating Order Analyze... EI@

Mumerical Data Array

Diagram Table Value at x-Coordinate

=
@

=
[r=

=
-

Efficiency R[+1; O] [%]

=
o~

T T T T
0.2 0.4 0.6 0.8
Modulation Depth (Triangular Grating #... [pm]

Parameter Run

269.48 nm

E=} 34: Medulation Depth (Triangular Grating #1 | 5... EI@

Mumerical Data Array

Diagram  Table  Value at x-Coordinate

0325

03

0,275

Modulation Depth {Triangular... [um]

T T T
10 20 30

Simulation Step

Parameter Optimization
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Littrow Mount

 Littrow Condition (Ewald’s sphere)

— We need the -1st reflection order:
kx—1 = kxo — Ky -
- We require -1st reflection order has opposite o |
direction with the incident:

kx—1 = —kxo
— Therefore:
21T
K, = in 2k, = 2k sin 6!
— The grating period: =
d 2T AO

2k sinf!  2nsin 6!
with n is refractive index of air and A, is central
wavelength
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Diffraction Angle Control

« We wish that only 0 order and -1st

order exsit, while they others are
evanescent:

3K, > 2k

* Related equations to the incident angle
91

1
ing! >—
Sin 3

> 0! > 19.48°

* Therefore

* |ncident angle
9! = 20°
= Grating period

Ag 633nm

d= = 0.925um

2m; sind' 2 X 1.0003 X sin 20°
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Diffraction Angle Control

* VL - Diffraction angle calculator

rm 1: Diffraction Angle Calculator = | = |ﬁ| . . .
- — | = Grating period: 925
Grating Period 995 rm Diffraction Orders
Maximum Shown Order 515 nm
Incident Angle =@ Reflected Orders Range ] 0 = |ncident ang le: -20°
Viavelength £33 nm Transmitted Crders Range -1 2 - Wavelength - 633 n m

Superstrate Material

Mame |Standard Sir
Catalog Material ']

State of Matter Gas or Vacuum

Substrate Materal

Mame |Fused Silica
Catalog Material ']

State of Matter Solid
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Diffraction Angle Control

* VL - Diffraction angle calculator

rm 1: Diffraction Angle Calculator | = | =] | 2 | . . .
— | = Grating period: 925

. 995 Diffraction Orders

reing Maximum Shown Order S nm
TEIELLILE 20 Reflected Orders Range 1 0 = |ncident angle: -200°
Wavelength £33 rm Transmitted Crders Range -1 2 - Wavelength: 633 nm
Superstrate Material

Mame |Standard Sir fa

Catalog Material -

State of Matter Gas or Vacuum

Substrate Materal
Mame |Fused Silica

Catalog Material -

State of Matter Solid

+80° T-3-80°

s Reflected Orders

Transmitted Orders == |ncident \Wave
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Grating Sturcture

* Initial guess

— To enhance the -15t reflection
order, which is towards the
Incidence, we think of using
orthogonal planes to the wave
vector, as I1s shown.

— Itis a triangular grating, with
one side just perpendicular to
the incidence.

— With grating period and the
iIncident angle, the triangle is
determined.

WU GZ6

=P
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Grating Sturcture

* VL optimization
— Via the grating toolbox in VirtualLab, we can define
such a triangular grating as

Structure | Height Discontinuities | Scaling of Elementary Interface | F‘erindizatinnl

Special Trangular Grating Values

Projected Side Ratio
OR

Alpha

Beta

Commaon Grating Values
Extension

Grating Period

0.13358 - Period

=
-

20 S
:%
e/ [

a b
925nm  Modulation Depth 297 nm

Grating
period: 925
nm
Modulation
depth: 297 nm
Alpha: 20°

— Then using FMM to examine the -1st order
reflection coefficients, while changing the

482
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Gratings

VirtualLab Fusion enables modeling
of any kind of stacked grating
structure.

That includes surface gratings with
coating.

VirtualLab Fusion also provides the
analysis of holographic volume
gratings.

Optimization and tolerancing is
available.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
it apertures &
scatterer Maxwell boundaries

beam Fresnel, meta
splitters

Solver
diffusers ( \ gratings
diffractive diffractive,

lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Example of Multi-Scale Optical System

Example: Wafer Inspection System Image plane

Imaging lens
(& polarizer)

High NA objective

o 90nm 0 740w 7|lens system
T
50nm .
12500
[ ! . Structured wafer under test

period size

substrate thickness = Ilmm




Base Grating Structure

90nm 90nm I90nm 140nm

- ,
\4

100nm 125nm

“1

N
7

period size
substrate thickness = 1mm
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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]
Y [mm]

-0.2 -0.1 0 0.1 0.2

-0.2 -0.1 0 0.1 0.2
X [mm]

X [mm]

Simulation time few seconds




Base Grating Structure

90nm 90nm I90nm 140nm

- ,
\4

100nm 125nm

“1

N
7

period size
substrate thickness = 1mm
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Modified Grating Structure

40nm 140nm I90nm

<&
~

140nm

NN 7|

50nm :

IS

100nm

V

“1

period size

N
e

substrate thickness = 1mm

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 Int arizer in
X-Direction Y-[

-0.2 -0.1 0 0.1 0.2

-0.2 -0.1 0 0.1 0.2
X [mm]

X [mm]




@HTTRANS -

Task 13

Optical System for Inspection
of Micro-Structured Wafer



Abstract

In semiconductor industry, wafer inspection
systems are used to detect defects on a wafer and
find their positions. To ensure the image resolution
for the microstructures, the inspection system often
employs a high-NA objective and works in the UV
wavelength range. As an example, a complete
warfer inspection system including high-NA
focusing effect and light interaction with
microstructures is modeled, and the formation of
Image is demonstrated.
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Modeling Task

inspection objective

- effective focal length 2mm
- back focal length 750 um

(1)

r

beam splitter

o

et vee—teamssa—toer s

L.

|

input field

- fundamental Gaussian
- wavelength 266.08nm
- full divergence angle
. 0.075°

- circularly polarized

F0nm , #nm, $nm 140nm

micro-structured wafer

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

s

f?

image
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Results

imaging lens

input field

splitter

1st diffraction

orders Ray-tracing analysis provides a fast

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

\d

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

behind micro-structured wafe

¥ [mm]
0., 0 01

04 -0.2 o 0.2
X [mm]

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

0.6

0.8

0.29944

0.14972

0

1st diffraction
orders

Rigorous simulation of grating with
Fourier modal method (FMM) is
imbedded within the system simulation.
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Results

—

bl

‘_ -

4

-

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

Chromatic Fields Set

Y [mm]
04 02 0 02 04

image plane

04 02 0 02 04
X [mm]
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Diffractive, Fresnel, Meta Lenses

« For small apertures rigorous
modeling, e.g. by FMM.

« For most practical situations local
assumption of linear grating or
specific nanostructures.

 In order to investigate stray light
use of LPIA/TEA or split-step
techniques.

* Further techniques under
development.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
it apertures &
scatterer Maxwell boundaries

beam Fresnel, meta
splitters

Solver
diffusers ( gratings
diffractive diffractive,
lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Imaging with Diffractive Lens

diffractive
; lens
nput " \a=0.23 NA=0.42
spherical
wave
O g »
input plane 100mm ) 50mm " focal plane
local grating: sawtooth type _ _
5 A: grating period
2T
Alx,y) =
IVo(x,y)

d: modulation depth

T thickness of base block.
For the design, the thickness
z of the base block is set as

‘ zero, T =0
r
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Imaging with Diffractive Lens (Modeling with rigorous

RCWA/FMM

intensity before

) ) diffractive
the diffractive lens _ len
NpUt -\ 1A=0.23 °ne NA=0.42
. spherical o -
S wave .
I e
Eo *',‘ """"" * i
input Iar':e
put p 100mm 50mm focal plane
intensity behind the diffractive len
0.86 0.86
E o 0.43 E o E o 043 E
> > > >
. 0 ‘ ' 0
-0.02 0 0.02 [ = 2] -0.02 0 0.02 e | -0.02 0 0.02 [ = 2]
X [m] X [m] X [m]
-1 order +1 order +2 order
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Imaging with Diffractive Lens

m.p"“ NA=0.23
spherical
wave
[ 3
-
input plane

diffractive

lens
MNA=0.42

= 2

100mm 50mm

Ray tracing result

Position

X [pm]

A4p

5

ﬁfnc al plane

N

Field tracing result

Data for Wavelength of 532 nm [1E9 (V/m)*2]

1.276

0.638

Y [um]
0

Dot pattern of the working order PSF
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Metalens based on Birefringent Nanofin Structure

« Analysis with different input polarizations

[ Conyergent 1\¢\Iinear polarization elliptical pol. circular pol.

o} O —0--

js—a 355nm

: (FWHM)
- A\
H N
4mm
[ Divergent —
field |

1.7x107

0.25

0

500
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Diffractive, Fresnel, Meta Lenses

« For small apertures rigorous
modeling, e.g. by FMM.

« For most practical situations local
assumption of linear grating or
specific nanostructures.

 In order to investigate stray light
use of LPIA/TEA or split-step
techniques.

* Further techniques under
development.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
it apertures &
scatterer Maxwell boundaries

beam Fresnel, meta
splitters

Solver
diffusers ( gratings
diffractive diffractive,
lenses
SLM & micro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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HOE, CGH, DOE

« For small apertures rigorous
modeling, e.g. by FMM.

« For most practical situations local
assumption of linear grating or
specific nanostructures.

 In order to investigate stray light
use of LPIA/TEA or split-step
techniques.

* Further techniques under
development.

nonlinear free
crystals & components space prisms,
anisotropic plates,

components cubes, ...
waveguides lenses &
& fibers ~ freeforms

apertures &
scatterer Maxwell boundaries

Solver
diffusers \ gratings

diffractive,
Fresnel, meta
lenses

diffractive
beam

splitters SLM &

adaptive
components

micro lens & HOE, CGH,
freeform DOE

arrays
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Gaussian to Top-Hat: Structural Design by HOE

Gaussian wave T
high NA (0.01) HOE T
]
E —f———— i
_ 20mm 30mm
Unwanted electromagnetic ~<_
effects in HOE too strong for Tt~
T~

small local periods (high NA).

target
plane

0.065 0.065 0.065
5 S
[ o

00425 E o 00325 E o 0.0325

o -

b= S
S S

0.0 0

-0.01 0 0.01 e Ul
X [m] X [m]
-lorder O order +1order
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Gaussian to Top-Hat: Lens + HOE

Gaussian wave
high NA (0.01) spherical -
lens -

2mm

target
plane

Hybrid solution:

« Spherical lens provides major
divergence power

« HOE controls/introduces aberrations
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Gaussian to Top-Hat: Structural Design

Gaussian wave . N
high NA (0.01) spherical T
lens Pt
£ l’* -
E e NN
o 20mm - 30mm
“Z2mm TN
HOE T~ target
~~» | plane
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Gaussian to Top-Hat: Structural Design

Gaussian wave . N
high NA (0.01) spherical T
lens Pt
- "’—' - >
E S S . | N ) S,
o 20mm - 30mm
“Z2mm TN
HOE T~ target
~~» | plane
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Gaussian to Top-Hat: Lens + HOE

The result irradiance on target plane is compared with the previous case without the lens.

0.065 0.065 0.065
3 5 S
o [=] o
' E s E - .
without the lens =~ oos  Eo oos E o o0z25
5 = &
0.02 T 0
-0.01 0 0.01 Luttirm =2] -0.01 0 0.01 TuMirm *2) JuMim 2
X [m] ¥ [m]
7.5E-08 i _
2 : :

. E o 375608 E SEY E ec
Wlth the |enS s = =y 3.75E-09 = o 3.75E-09
S S 2

0 0 i
001 0 001 (/2] 001 0 00 W/m 2] 001 0 001 (W/m 2]
%1l X [m] X [mi]
-lorder O order +lorder
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HOE, CGH, DOE

« For small apertures rigorous
modeling, e.g. by FMM.

« For most practical situations local
assumption of linear grating or
specific nanostructures.

 In order to investigate stray light
use of LPIA/TEA or split-step
techniques.

* Further techniques under
development.

nonlinear free
crystals & components space prisms,
anisotropic plates,

components cubes, ...
waveguides lenses &
& fibers ~ freeforms

apertures &
scatterer Maxwell boundaries

Solver
diffusers \ gratings

diffractive,
Fresnel, meta
lenses

diffractive
beam

splitters SLM &

adaptive
components

micro lens & HOE, CGH,
freeform DOE

arrays
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Micro Lens and Freeform Arrays

« Space domain approach:

LPIA/TEA for entire array.

For arrays with small pitch it is
better to consider array as grating
and apply grating modeling in k-
domain.

Under development: Space domain
approach with separated channels
for lenses in array.

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
t apertures &
scatterer Maxwell boundaries
Solver
diffusers gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses

SLM& HOE, CGH,
adaptive micro lens & DOE

components freeform
arrays

509
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SLM & Adaptive Optics Components

« Space domain approach:
LPIA/TEA for entire array. nonlinear  free

crystals & components space prisms,
anisotropic plates,

* For arrays with small pitch it is components cubes
better to consider array as grating waveguides

lenses &
and apply grating modeling in k- & fibers ~ ”eef"”“s
doma|n - ‘ aperture_s&
scatterer \WEVOYE boundaries
» Under development: Space domain Solver
approach with separated channels dffusers granngs

for structures in array.

diffractive diffractive,
beam Fresnel, meta
splitters lenses

SLM & micro lens & HOE, CGH,
adaptive  freeform DOE
components  arrays
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Diffractive Beam Splitter

« Gratings modeling technqgiues:
FMM and LPIA/TEA

« For high NA beam splitter split-step
techniques.

ilI\LIGHTTHANS

Light Shaping

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes

waveguides
& fibers

lenses &
. freeforms

apertures &
\EYOYE boundaries
Solver

diffusers ' \‘ gratings
diffractive diffractive,

beam Fresnel, meta

scatterer

splitters lenses
P SLM.& micro lens & HOE, CGH,
adaptive  fraeform DOE
components arrays
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@HTTRANS -

Comparison of Different Method of Modeling Binary
Grating

Huiying Zhong
The sample comes from 2018-01-10_ Hartwig Crailsheim_FieldInside&Efficiency-
Comparison



Task Description

Ideal plane wave
Wavelength is 632.8 nm
Polarization state:

- Case AtoD:E, —
- CaseE!E, -

1D binary grating
(1 to 6 beam splitter)

Period

Case A: 50 pm
Case B: 20 pm
Case C: 10 um
Case D&E: 5 pm

To be calculated:
field inside
the grating

Wwelo

Period

EMoency I

W% 10 A0

To be calculated:
diffraction efficiency

Calculation of ideal plane wave propagation through a binary grating by using Fourier modal method, split-step method, split step mask
decomposition, and thin element approximation.

Comparison of field inside grating and diffraction efficiency calculated by different methods.
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Case A Amplitude: Period=50 um, Smallest Feature = 4.7410um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA

02
0.02

0.02

om
oM
oo
0.01

Amplitude of Ex [V/m]

J 2

. , . — S

o — — T ——— o
: - 1

I

: : = ; ——— <

e —————— (4}
02 04 06 02 04 06 02 04 06
VA

X
02 04 06
Z [um] Z [um] Z [uym] Z [pm]

x [mm]
0

X [mm)
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Case B Amplitude: Period=20 ym, Smallest Feature = 1.8964 um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA
Amplitude of Ex [V/m]

X [um]
0
X [pm]
0
X[pm]
0

02 04 06 02 04 06

02 04 06
Z [um] Z [pm] Z [pm] Z [pm]
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Case C Amplitude: Period=10 um, Smallest Feature = 0.9482 um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA

Amplitude of Ex [V/m]
2
1
Y
0
02 04 06

X [(pm]
0

X [pm]
0

X [pm]
0

X [pm]
0

02 04 06
z [pm] Z [pm) Z [um Z (pm]
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Case D Amplitude: Period=5 ym, Smallest Feature = 0.4741um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA

Amplitude of Ex [V/m]
2
3
1
3
0

02 04 06 02 04 06 02 04 06
Z [um] Z [pm] Z [pym]

X (pm]
0

X [um]

X [am]

X [am]
0
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Case E Amplitude: Period=5 ym, Smallest Feature = 0.4741um

Split-Step Mask-Decomp. TEA

Structure Height Profile FMM
Amplitude of Ex [V/m]

X [um]

X [pm]
X [um]
X [um]

02 04 06
Z [pm]
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Case A Phase: Period=50 ym, Smallest Feature = 4.7410um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA
Phase of Ex [rad]

8 8 S S
S B S b=
5 5 S 5
o o = (=1
E E E E
Ee° E o Eo 2..E-05
> > x x
o S = =
S S S B
g 5 8 S
it o S S
-3.1415
02 04 06
z [pm] Z [um) Z [pm] Z [pm]
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Case B Phase: Period=20 ym, Smallest Feature = 1.8964 um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA
Phase of Ex [rad]
© 0 «© w
o WO O o
- - - -
o™~ o8 oy o~
5: o g o g o g o -3..E-06
> > > >
o o o oy
¥ b R v
3 © * ©
® ® » »
-3.1416
02 04 06 02 04 06 02 04 06
z [pm] Z [pm] Z [pm] Z [pm]

520 LightTrans International



Case C Phase: Period=10 ym, Smallest Feature = 0.9482 ym

Structure Height Profile FMM Split-Step Mask-Decomp. TEA
Phase of Ex [rad]
IHEN I
~ = -
o m o
o o~ (a¥]
Eo < £Eo E o -3..E-05
> x x
¥ b v
-3.1416
02 04 068 62 04 06 02 04 0b
Z [pm] Z [um] Z [um]
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Case D Phase: Period=5 ym, Smallest Feature = 0.4741um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA

Phase of Ex [rad]

3.1416

X (pm]
0

X [um]

X [pam]

X [am]

-3.1416

02 04 06
z [um] Z [um] Z [um] Z [pm]
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Case E Phase: Period=5 ym, Smallest Feature = 0.4741um

Structure Height Profile FMM Split-Step Mask-Decomp. TEA
Phase of Ey [rad]

IHEN
N
0
n
L
E E E E
= (@] = = = -1..E-06
kg x x p_ 9
wn
<

-3.1416

0.2 04 06
z [pm] Z [um] Z [pm] Z [pm]
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Case A Efficiency: Period=50 um, Smallest Feature = 4.7410um

FMM Mask-Decomp.

20
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15
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10

Efficiency (%]
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2 J
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Efficiency [%]
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2
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®

i ' v L] 1 * * T T T - .3 an T
Diffraction Order

Diffraction Order

A
na
o

Split-Step TEA
o | o
o™~ o™~
R R -
9 - ? 9 9 ¢ ¢ o 9 - ® ¢ 9 9o ¢ o
2 o g o
E = E =
w w
w wn
‘ L L] L) Al L Ll L] ‘ L L] T T L} L] L
6 4 2 0 2 4 6 6 4 -2 0 2 4 6
Diffraction Order Diffraction Order
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Case B Efficiency: Period=20 ym, Smallest Feature = 1.8964 um

FMM Mask-Decomp.
g by g w
g * 9 9 9 ¢ o &> = * o * T e °
T 2 g o
& &
w wn
L ol ol o lalal 1. 9
m -6 -4 -2 0 2 4 6 -6 4 -2 o 2 4 6
Diffraction Order Diffraction Order
Split-Step TEA
o o
o o~
R L .
9 - * 9 ° e ¢ 9 & - e ¢ & @ 9 s
G © | G O
E - E gee
{5F) w
wn wn
J, -» - - - - - - ? ,’ » - - - -~ -, -, 2
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Diffraction Order Diffraction Order
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Case C Efficiency: Period=10 um, Smallest Feature = 0.9482 ym

FMM Mask-Decomp.
g .. £ .
& e 9 o 9 o o YK R ;
S 2 o
g £
wn wn
e e ? L a —f—q——qr sl tlglal,®
m -6 -4 -2 o 2 4 6 -6 ‘4 -2 o 2 4 6
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>  AERERAEIEE BR > ? o T e ¢ 9
5 © 3 o
E g .E e~
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-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Diffraction Order Diffraction Order
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Case D Efficiency: Period=5 ym, Smallest Feature = 0.4741um

FMM Mask-Decomp.
¥ L ]
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15
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Case E Efficiency: Period=5 ym, Smallest Feature = 0.4741um

FMM Mask-Decomp.
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15

Efficiency [%]
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Efficiency [%]
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Diffractive Beam Splitter

« Gratings modeling technqgiues:
FMM and LPIA/TEA nonlinear  free

crystals & components space prisms,

 For high NA beam splitter split-step At Rirwdl
teChanueS waveguides ' lenses &
& fibers freeforms
scatterer

apertures &
\EYOYE boundaries
Solver

diffusers ' \‘ gratings
diffractive diffractive,

beam Fresnel, meta

splitters lenses
P SLM.& micro lens & HOE, CGH,
adaptive  fraaform DOE
components arrays
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Diffuser and Scatterer

 If numerically feasible FMM

« Standard: LPIA/TEA

* For high NA scattering split-step
techniques.

« Under development: Import and
usage from BSDF data from
measurement

nonlinear free
crystals & components space prisms,
anisotropic plates,

components cubes, ...
waveguides lenses &
& fibers ~ freeforms
" apertures &
scatterer Maxwell boundaries
Solver

diffusers ( ' gratings
diffractive diffractive,

beam Fresnel, meta

splitters lenses
SLM&  icro lens & HOE, CGH,

adaptive  fraaform DOE
components 5 aug
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Waveguides and Fibers

Mode solver by FMM
Runge-Kutta type solver
Split-step techniques

Under development. mode solver
for rectangular and cylindrical
waveguides

Zigzag techniques for
waveguide/lightplates: combination
of free-space propagation and
planar surfaces

nonlinear
crystals & components
anisotropic
components

waveguides
& fibers

scatterer

free
Space prisms,
plates,

cubes, ...
lenses &
. freeforms

apertures &
Maxwell boundaries

Solver

beam
splitters

adaptive
components

diffusers '( \‘ gratings
diffractive diffractive,

Fresnel, meta
lenses

SLM & micro lens & HOE, CGH,

freeform DOE
arrays
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GRIN Medium: 3D System Ray Tracing

input plane detector plane refractive index n(x, y) dot di agram
I 1 3 u 29: Detector plane #602 after Double Interface ... El

Ray Distribution

Position

0.01

0,005

<
—_
o

¥ [mm]
0

-0,005

x
N=oT
<

-0.01

-0.01 -0.005 0 0.005 0.01
X [mm]
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Rung-Kutta Solver vs FMM

| ~17s | | ~40h |
geometric solver FMM

A 1.3
x 103

>

Ex
[V/m]

wirt (g

B

A4 0.0

2.0
E,
0.0
0.095
Deviation between
[V/ m] results of both
> = approaches is ~1%

T_}i 20 pm
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K\E(‘.‘.’HTTRANS -

Construction and Modeling of a Graded-Index Lens



Abstract

78179

VirtualLab allows the specification of a
graded-index lens in a very user friendly way.
In addition such index modulated lenses can
be analyzed by ray tracing as well as field
tracing. Within this use case we will show how
easy it is to configure a graded-index lens in
VirtualLab and show also simulation results
for analysis by different propagation engines.
For the illustration of this technology a simple
setup is used, which includes a spherical
wave, a graded-index lens component and a
detector to show the electromagnetic field
component in the focus and directly after the
lens.
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Modeling Task

how to construct a GRIN lens.
* how to perform both ray and field tracing analysis of it.

refractive index n(x, y)

Imm

A

5mm

v

field in focus behind
GRIN medium
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Construction of a GRIN Lens

« Specifications of the GRIN lens

Components =
GRIN Component is used to model the
GRIN lens.

I\
J

=

> >

|

2 mm

2 Light Path View (Light Path Diagram #1)*

- Light Sources

- Light Source from Catalog

- Stored Complete Field

[+]- Basic Source Models

[#- Partially Coherent Source Models
- Coordinate Break

- Components

- Component from Catalog

- Diffractive Optical Element
- Fiber Element

- Off-fods Parabolic Mimor (Wedge 7

L, for o i Eiptipab o anes Sporence AQNGLY s 0 porsnn it 22000 p b 28 it 1)

vEdc! GRIN Compenent

1| Sod Boundanes
ﬂ Phywcal Btermon
v Certer Thokness

—]

G J .
Channchs i
k ) Inderidunl Daliretion Arean b Each Intartace
(®) Unilorm Definion Arss for VWhole C t
\J ™ e 2 e Lomponen )
Posaion ) Shage ) Rectangutar @) Ellgne
Onentston
: Dismeter 1 2om x| 2m]l
Struckre ) Frg Miatace Second edace
L_Foncton’ || prgng intertace Plaos intarface
L Load J/ Edt @ .'-ew 5 Loas / Edt

L T e ey e N B e e

Spherical Wave  GRIN Component

- Black Box Component D,.- ::-‘:I;-.»

- GRIN Component 'i Undiefineg
- Inhomogeneous Medium Compong Pasition

i\‘-ﬂ/\\A‘\“"’\a\}\l/\/\’\1/‘-\'\-‘\4“/\-\'& A SO

PN TN SR

(03 View
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GRIN Lens: GRIN Medium

« Refractive index n(x,y)
2

n(x,y) = n, 1—%-1‘

2

withr = {/x2 + y2,

* In this case [1]:
g = 0.32665mm™1

Refractive index n(x, y)

y 4 mm
z

[1] Riedl, M.J., Optical Design Fundamentals, SPIE Press (2001)

Medium between Interfaces ;
;i : 4
- GRIN Medium <
:
1
- =) | E . | -
= Load /7 Edit Q, View 4
E i SR ST SE R o L “)“"'n/f'"’a)‘f‘-'"‘!
[£dit Gon Medum X |
Basic Pyametons  Scalng  Pedodation
Base Materad
Name  Non-Jispersive Matenal (ne1 8538) Q
Dwfred bry Conetart Fafractres inclex -
Stnte of Mater Sobs v
@ Rotmaonst Symeretry () Cylndncal Symmetry
Foerds
N N
- ~ " 2
Sn(r) = ng+ > n;r* onlr)’ =ng+ y_na'
=1 = |
@nlr)=n(l - %—r:)
Masirrum Order N
me?.!un
Gradent ooratart g fren (-1 0 3265 |
Caleuhats g from GRIN
Lers Pasaretens
i a ot | e
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GRIN Lens: GRIN Medium

« Refractive index n(x,y)
2

n(x,y) = ng 1—%‘7"2

withr = {/x2 + y2,
* In this case [1]:

g = 0.32665mm™1!

Refractive index n(x, y)

- @ imo
> 134
4 mm L. 142
X

[1] Riedl, M.J., Optical Design Fundamentals, SPIE Press (2001)

t

z

Preview for GRIN Medium - O X
Extension and Section Plane  \fjew Parameters

View Range (x. v, ) l 2mm] | 2mm| | 1mm|
Section Plane (®) x-y-Plane (O z-x-Plane O z-y-Plane
2-Position of Section Plane | | | Onm
Diagram Table ‘]!

Y [mm]

Real Part of Refractive Index

X [mm]

i
=3
o
1]
=
-0.5 0 0.5

1.5834

1.4889

1.4145

[ Closeii} |

Help
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System Setup: Detector and Linkage

« Specifications of detector:
— Electromagnetic Field Detector is used to detect the image.

2 Light Path View (Light Path Diagram £1)* o[- | [

[ Light Sources
- Coordinate Break E
[ Components
- Ideal Components
-~ Camera Detector Electromagnetic Field
= Detectors Spherical Wave  GRIN Component Detector
- Detector from Catalog B
-- Programmable Detector I ) p—» L
=- Fi:eld Visualization 0 1 600
i Apgular Spectrum Visualizer
- Camera Detector x,: o mm x.: omm
Blectromagnetic Field Detector —' ; g :E ; g ::
. PSF & MTF ' '
. Radial / Azimuthal Polarization
Ll i Baw Datg Detectar, .. e e b et PRl P P P sl st A g b P P bl B Bl P P S B E ol flf S RS g s U
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Simulation Results: Ray Tracing Analysis

=R HCR =

» Simulation engine: —
— Choose Ray Tracing System Analyzer w Toroeemen

Linkage
Frapagation Method

—n

GRIN Component

Ray Tracing Propagation

— Click Go!

Simulation Engine

Ray Tracing

Classic Field Tracing

Field Tracing Z2nd Generation
Ray Tracing

Ray Tracing System Analyzer

L
i

X )

ray tracing analysis of the imaging system

dot diagram
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Simulation Results: Field Tracing Analysis

« Simulation engine:

— Choose Field Tracing 2nd Generation.

— Click Go!

field distribution
on this plane

amplitude of fields

E 55« Directiy behind GRIN

Elactnz Field

Cagwr Ttk Vo ot iy

Ee-Component [V/m]

Ey

Elactn: Field

X jmmj

13542

o
S (= 1 oYresy — — —
- B 35 Direciy bebind GRIN o

g e

Qagar Tate Ve ot iy
Ey-Component [V/m] E
-02 0 02
13045

| B, 5. Dty behind GRIN

Cagwe Tatie  Voe ot iuy)

Ez-Component [V/m]

X ymmj

03529
g o 017602
~
E;
-0.000..
-02 o 02
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System Setup: Find the Image Plane

* Find the position of image plane B o o e o i [T

& New Parametric Optimization Ei

- Light Path = Find Focus Position. Ak

Go! Simulation Parameter
- Settings  Overview

Execution Parsmeters | Pamameter Variation

Freed Fircis Pesclian X

Dutaay o Cpbmae 2501 (Bacyonegress Fakd Deactzd
Sty Oodure
(METE
[ Spot Sze X Cnly ) Spat Size Y Orly
[ Spot Sze Refnen 1o Cartrod

[T Oplimien Orly 2-Coordinie

[ Genersle New Ligtt Path Diagram

» Gol Cancel Help
42; Light Path View (Light Path Diagram #47) == EoR <" b

[E2R Light Sources
Coordinate Break E
[+~ Componerts
(21 Ideal Components
-~ Camera Detector Electromagnetic Field
- Detectors Spherical Wave  GRIN Component Detector
- Analyzers [ |
N 5 -
0 1 GO0

X:0m ¥:0m

Y:0m Y:0m

Z0m Z 13509 mm

L e Y e e e e e, e e e U T e e Ty
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Simulation Results: Ray and Field Tracing

ray tracing analysis of the imaging system

dot diagram

B 5 ray Ditribetion 20
0 Y

= 20 Vew

(IS e

field tracing results
in focal plane

Bl 52 0ot Diagrem e |
n, thutoe

Xy

P, 6 Fuld in Focal Plane

Elactn

==

= Field

| Cagrare Tavie ok ot )

Ex-Component [

] kv/mj
| | 011483
=

£ © 0087434

>
3.506

-0.01 0 .01
X jmmj

P, 6 Fuld in Focal Plane
Elactn: Fuld

| Cagrare Tavie ok ot )

Ey-Component [V/m]

X jmmj

B 0 Fueld i Focal Plane
Elactn: Fuld

| Cograre  Tatie Yok ot uy)

Ez-Component [V/m]

§0455

Ey
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Waveguides and Fibers

1 mm
>

545

v

nonlinear
crystals & components S
anisotropic
components

waveguides @

& fibers

(2)

scatterer - Maxwell

Solver

splitters

P SLM &
adaptive  fraaform
components 5 aug

diffusers ( \
diffractive
beam Fresnel, meta

free
Pace  prisms,
plates,
cubes, ...
lenses &
freeforms
apertures &
boundaries

gratings

diffractive,

lenses

micro lens & HOE, CGH,

DOE
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Example: PSF of GRIN Lens

Es Ey
D i |
0o | . mm

——

Amplitude of the input field [V/m]

v

5mm 4 mm

Ey E,

I 17 Virrusl Screen 9600 atter GRIN Component _ | | =1 fatand

Lot Ve Data View

I 17 Virrusl Screen 9600 atter GRIN Component _ || =) fuiad

Lot Vew  Dita View

Locatly Polasced Harmonc Fek Arpbtuse  Zoom: 22571 (195: 105 Locaty Polansed Harmonc Fek Arpbtuse  Zoom 22055 (105:105)

Amplitude of the image [V/m]

PSF

| B 17, Vertual Scvmen 3600 stter GNN Component .. — 1)

Ut Ve Dgs Yen

E,

B 17 Virtusl Screan 9600 after GEIN Component . | i

Lgit Vew  Data View

Localy Polansed Harmonc Fek Arpltuce  Zoom: 2 2055

IFON *5=)

(195 105
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Crystals & Anisotropic Components

* Fully rigorous solver for general

crystals with planar surfaces oas & qoninear - free
» Solver for anisotropic layers components plates,

» Under development: waveguides
ioers
— Anisotropic media adn curved surfaces

cubes, ...
lenses &
freeforms
_ : : apertures &
Inho_mogeneous (GRN) anisotroic scatterer - Maxwell ‘ A
media ' Solver

diffusers ( v gratings
diffractive diffractive,

beam Fresnel, meta
splitters lenses
SLM.& micro lens & HOE, CGH,
adaptive  fraaform DOE
components arrays
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Example: Focusing into Uniaxial Crystal

observe focused field distributions inside
LINbO, crystal, at different depths

8.76 mm 13.91 mm d

input field

plane wave
wavelength 633nm
diameter 4mm

linearly polarized S
along x direction M X '
crystal =y 22300

lens aperture ‘ - (LINDbO,) n.=2.208
Z e = 2.

(diameter 2mm)

I O.4d.

Reference: [Jain 2009] Jain et al., J. Opt. Soc. Am. A 26, 691-698 (2009)
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Example: Focusing into Uniaxial Crystal

8.76 mm 13.91 mm d

I 0.a.

crystal
lens aperture | .
\ (1) (2) Operator Description
(o, w) B B
! (1) n .
| £ F"‘_lﬂﬂ j_-kl] B idealized lens model
(, w) - - . ———— B(2) idealized aperture
P L 57 model

PP  free-space propagation
(isotropic / anisotropic)

B planar surface operator
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Example: Focusing into Uniaxial Crystal

8.76 mm 13.91mm d

field tracing simulation results

lens aperture
B B2
(p,w) o—
Fr F | F
(r, w) - - - - 50um 50um
P P I I

(@) d =3.0mm (b)d =4.0mm (c)d=5.0mm

50um 50pum

(d)d=6.0mm (e)d=7.0mm () d =8.0mm
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Example: Focusing into Uniaxial Crystal

8.76 mm 13.91mm d

I 0.a
{ field tracing simulation results

(c)d=5.0mm

lens aperture

experimental
50um

measurement from o =
[Jain 2009] = 6.0mm (e)d=7.0mm (f)d =8.0mm
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Example: Polarization Conversion

30mm 30mm
input field 6 mm ;
- fundamental :
Gaussian field — !
- wavelength 633nm ©.4. I
- diameter 3mm !
- linearly polarized crystal :
along x direction X calcite with - :
P1 P2
ons | . ny=1.6558 lens
ne=1.4852

Reference: [Izdebskaya 2009] Izdebskaya et al.,

Opt. Express 17, 18196-18208 (2009) calculate field behind polarizer P2, ’)
when it is either parallel or .

orthogonal to P1
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Example: Polarization Conversion

30mm 30mm

bmm

Pl lens | lens P2

B B2 82 gll) Operator  Description
(P, @) @y ——>e :
7, e B Jones matrix model
k
(x,w) S Deund 2 . .
> R > B(2) idealized lens model

PP free-space propagation
(isotropic / anisotropic)

B planar surface operator
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Example: Polarization Conversion

30 mm

30mm
A
’I
|
a
|
1|| |
» ‘\'/ »
P1 lens P2
B"‘ BJ BIT\B‘I» ||E||
(¢ ) O r— e 1}
F F!

. w |
[}
| . qﬁk
L 0

P2 parallel to P1

P2 orthogonal to P1 [
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Example: Polarization Conversion

30mm 30mm

6mm

Bl B B
@)y

Fy .7-'"1

——
3.1 ’
/
/
m=10
/
/
/
/
/
/
/
/
/
/
s 12
141,
1 mm

experimental measurement
from [lzdebskaya 2009]

field tracing simulation results

m ‘” . q |
) 0
n 0.59
0 . H

m = 1.01

........
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Example — Stress Birefringence

« Laser-based soldering
- Contact free heating, versatile to use

1
— Localized and minimized input of energy ‘\s

— Flux-free processing, no contamination \

Photo from Fraunhofer IOF

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

« ANSYS * 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
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From Stress to Birefringence

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

Stress tensor

01 0Og Os
(Us 02 U4> 7

O 04 O3

Permittivity tensor

(

€1
€6
€5

€6
€
€4

€s
€4
€3

|
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From Stress to Birefringence

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

Stress tensor

01 0O Og
O¢ O3 U4>
o o) o
5 4 3 Piezo-optic constant

l ABp =|Tmn/On

Changes in
impermeability tensor

AB, AB; AB:
AB, AB, AB,
AB: AB, AB;
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From Stress to Birefringence

« 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 Available in Parameter Run
Og 02 04
O— 0- O— Array Index #0 ->
5 4 3 Piezo-optic constant D 1 2 3 4
0| -1.21E-13 5.0BE-14 5.08E-14 0 0
— = 1| 5.0BE-14 -121E-13 5.08E-14 0 0
l ABm - nmn O-Tl -% 2| b5.OBE-14 5.0BE-14 -121E-13 0 0
= 3 0 0 0 -5.38E-13 0
Changes in i 4 0 0 0 -5.3BE-13
impermeability tensor
< >
AB]_ AB6 ABS Reset Table Export / Import
AB6 ABZ AB4 Cancel Help
AB 5 AB4 AB 3 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 0Og O5
Og 02 04
O 04 O3

l ABp = Tn0n

Changes in
impermeability tensor

AB, AB; AB:

Impermeability tensor

AB, AB, AB,
AB: AB, AB

By Bs Bs
»| By B, B
By =[Bom|+ ABy, B: Bi 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

Example: ordinary refractive index for BBO crystal

Relative Refractive Index n

Configure Diagram

Absorption Coefhcient a
01 Og Og >
Og 0Oz Oy 5 - '*\ 2
%5 04 03 4 ¥
Sl \ Z
l ABm - nmno-n .E% 6z \\ § %
Changes in 03 04 05 06 07 08 08 1
impermeability tensor Vacuum Wavelength A (]
AB, AB, AB, ——————|Bs B; B,
ABS AB4 ABg m —[Zom m BS B4 Bg

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

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

Stress tensor Permittivity tensor

0y 0Og Ot €1 €6
Og 02 04 €c €2
0'5 0'4_ 0'3 65 64

Piezo-optic constant

-1
lABmznmno-n [[Eij] =[Bij]
Changes in .
impermeability tensor Impermeability tensor
AB, ABg AB: B1 Bs Bs
AB;, AB, AB, — »| B, B, B,
AB: AB, AB, Bm =|Bom|* ABm B: B, B,

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

€s
€4
€3
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VirtualLab Simulation

« Convert stress to optical permittivity

Source Code Editor

Source Code  Global Parameters  Advanced Settings

s s =
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 (int memberIndex = 8; memberIndex < hfsRetur our
£ | 11 //Extraction of one single member Harmonic Field.
§ 12 ComplexAmplitude currentMember = hfsReturn[member
@ |13

14 #region stress data array, in lab system

15 // import 1D data arrays

16 Datafrray2D stressData = new Datadrray2D({imported:

17 PhysicalProperty.Pressure,

18 "Imported Stress Data",

19 sampDistanceZ,

20 8.8, // first coordinate

21 PhysicalProperty.Length,

22 ",

23 1.a,

24 8.8, // first coordinate

L ) 25l PhysicalProgset i

S‘,'stemTempg
System Pressf’
Field [

CumertChan
imported Stre
samp Distan S
AbbrPhotoel
testStressSc
testPhi [douii
spatial Embe
spatiaIEmbecI}
spatiaIOvers?I
spatialCversg

|

i s

Stress tensor

o, 0Oy 05
(Uc, oz 04)
Oy, 04 04

AB,, =

Changes in

Pozo-optc constant

[Mannf

mpermeability fensor

AB, AB, AB:
AB, AB, AB,

AB. AB, Aa3) B"'=|£\°ﬂJ+AB"‘ (B:, B, Bj

Permittivity tensor

€y €. Eg
(c,, € t,,)
€g €4 €3
1
| eal ™ =131

Impermeabillity tensor

B, Bg Bs
B, B; B,

\  Stress-Iee valkues
(redated 1o refracines Indax\ndiass)

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

* Input field * Applied stress « Qutput field

1) @1064 nm I (@) no stress

(waist radius 50 pum)

(b) actual stress

2) @532 nm

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

(waist radius 50 pum)

Note: we set the polarization
according to the SHG configuration
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Simulation Results

* YAG crystal with 1064 nm input field (EY)

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

3.0 pV/im

0.9 VIm
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Simulation Results

* YAG crystal with 1064 nm input field (EY)

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

3.0 yV/m

Polarization
crosstalk (center)
because of
birefringence

0.9 VIm
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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

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

3.0 pVim

(logarithm color for better visibility)

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

* YAG crystal with 532 nm input field (Ex)

(a) no stress (b) actual stress (c) 10x stress
1.0 V/Im

1.0 pV/im
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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

) Hm pv/im
0 (logarithm color for better visibility)

250 pm

m .

LightTrans International
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Nonlinear Components

* Ongoing R&D in field of nonlinear
optics.

« Paraxial SHG and Kerr effect
modeling available.

« More to come later in 2019.

nonlinear

free

crystals & components Space prisms,

anisotropic
components

waveguides
& fibers ~

scatterer Maxwell

beam
splitters

Solver
diffusers ( \ gratings
diffractive diffractive,

plates,

cubes, ...
lenses &
. freeforms

apertures &
boundaries

Fresnel, meta
lenses

SLM & micro lens & HOE, CGH,

adaptive
components

freeform
arrays

DOE
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Physical-Optics System Modeling: Regional Maxwell Solver

nonlinear free
crystals & components space prisms,
anisotropic plates,
components cubes, ...
waveguides lenses &
& fibers ~ freeforms
" apertures &
scatterer Maxwell boundaries

Solver
diffusers ( \ gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses
SLM & icro lens & HOE, CGH,

adaptive  greatorm DOE
components 5 avg

Vi) B
(p.w)
(K.w) > —
B P
channels i p— fo— e
source 1 2 3 -

« All techniques can be combined in
field tracing with VirtualLab Fusion.

« Steady in-house R&D and software
development.

« Cooperation with experts worldwide to
Include more techniques in VLF.
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General Physical-Optics System Modeling

Sources

Vlrtual Lab rusion

Components

-

-

We demand full flexibility in
physical optics modeling.

~

)

Detectors

https://c2.staticflickr.com
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General Physical-Optics System Modeling

Sources Components Detectors

https://c2.staticflickr.com

Vlrtual Lab rusion

g Physical optics modeling A
g should be as fast as ray
_ tracing wherever possible! |
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Typical Modeling Situation for AR&MR Waveguide

" "N »N
VRN /A . 4
/ \ /7 \
L 4 v v
Imager
Viip) B. Biis g V(p)

(o, w) ( o o ) A

Fi F' | Fa 7t 1% |75 |5 |17
(K .w) —p— —* > ~ E——)

P B, P B, P P

crystals & components

nonlinear free ,
space prisms,
plates,
cubes, ...

anisotropic
components

waveguides
& fibers ~
scatterer -

lenses &
freeforms

apertures &

Maxwell boundaries
Solver
diffusers ( gratings
diffractive diffractive,
beam Fresnel, meta
splitters lenses
SLM,& micro lens & HOE, CGH,
adaptive  fraaform DOE
components arrays
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Typical Modeling Situation for AR&MR Waveguide

© Eye

© ) e}”e

L "N

nonlinear
crystals & components

free
space prisms,

plates,

anisotropic
/7 N\ a " ¢ £ % componer:ns cubes, ...
/ Nl N A \ /7
. w v v waveguides @ @ lenses &
g | e & fibers freeforms
Imaaer apertures &
g scatterer Maxwell @ boundaries
Solver @
diffusers gratings
( ) Vi‘f‘(p) . B B, i Vi (p)
P, y y ™ - diffractive diffractive,
Fi Fit | Fx Fit 1 Fe |72t |7 |7 beam Fresnel, meta
splitters lenses
(k.w) —H— F———> f— - — e SLM_& micro lens & HOE, CGH,
P B P B B, P P adaptive ¢ oaform DOE
components arrays
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Typical Modeling Situation for AR&MR Waveguide

© Eye
© ) e}oe

N "
7N 7N / S
7/ \0/ \N 7 % i
9 ' 2 e v v w
1o

Imager
Vip) ? 391 ? V(e
(p,w) ¢ 2 A ) / ) A
Fi 9]\&‘ ]{ﬁ a 9 Fr! 1& F;! \ﬂ .
(K.w) —— ¥ SH— f— ~ ey S o

. y P P

nonlinear free
crystals & components SPace
anisotropic
components

90

waveguides
& fibers ~
scatterer - WENOTE
Solver
diffusers (
diffractive

beam
splitters

@ fEnms

prisms,
plates,
cubes, ...

lenses &
freeforms

()

apertures &
@ boundaries

gratings

diffractive,
Fresnel, meta
lenses

SLM & micro lens & HOE, CGH,

adaptive
components

freeform
arrays

DOE
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Typical Modeling Situation for AR&MR Waveguide

" »

9*09 )

. ©

/7 N\ . /7 N\
/ \0/ A 4 \ 7/

6

v

Eye

1
e

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

lenses &
freeforms

90
(6)

waveguides
& fibers ~
scatterer -

Imager apertures &
Maxwell @ boundaries
Solver @
e 9 e diffusers gratings
) V":‘(ﬂ) 2 B. -1 B‘r&l\ Be';‘ﬂ\ V‘I'H(p)
(p,w 1 T ° diffractive diffractive,
Fi 9 F:' |5 a Fit 1 Fe |72t |7 |7 beam Fresnel, meta
splitters lenses
(Kk.w) —S— e — v —> SLM&  icro lens & HOE, CGH,
P B B P P adaptive  ooform DOE
o o o o components 4 avs

6 Idealized lens model
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Typical Modeling Situation for AR&MR Waveguide

6 Eye
a e 109 nonlinear ngge '
crystals & components prisms,
/ . = . o anisotropic plates,
/ /V . . \components cubes, ...
Inside waveguide usage of .
freeforms

& uides @
2 106' mapping-type Fourier transform: bers ‘ @0
Diffraction evolution after apertures pertures &
neglected (only) inside waveguide! Maxwell = (3)  [ERNREMES

/ Solver @
/ e diffusers ' gratings
B+

Viie) B Vi'ip)
(p,w) A \ A A Y, \
[ . = | & v 7' | 7 .7;'] F : . 2|
ot SO | O O] | Diffraction effects fully evaluated
.- . t . . in last propagation step, which
0 @ e O .
provides the PSF!

)
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Modeling and Design with Fast Physical Optics

« Compared to ray tracing You do not lose anything by fast physical optics

« Ray tracing is included in VirtualLab Fusion software on a solid base knowing
about limitations of ray optics
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Modeling and Design with Fast Physical Optics

« Compared to ray tracing You do not lose anything by fast physical optics

« Ray tracing is included in VirtualLab Fusion software on a solid base knowing
about limitations of ray optics

By going beyond ray tracing
— You gain 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 enable new optical design concepts and by that innovative
optical solutions
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Fast Physical Optics with VirtualLab Fusion

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

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

Generalization to physical optics concepts in design

It's time for a paradigm shift!

Physical optics do not replace ray tracing, but enriches our

way to do optical design. We can just win — if we do it smart!

581 LightTrans International



Fast Physical Optics with VirtualLab Fusion

Euclid of Pierre de James Clerk
Alexandria Fermat Maxwell

Tolday

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

Generalization to physical optics concepts in design

It's time for a paradigm shift!

Physical optics do not replace ray tracing, but enriches our

way to do optical design. We can just win — if we do it smart!

VirtualLabrusion
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K\E(‘.‘.’HTTRANS -

Task N

Pulse Broadening and Compression



Pulse in Frequency Domain

 In frequency (wavelength) domain * In time 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]
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Pulse in Frequency Domain

 In frequency (wavelength) domain * Intime domain
— Gaussian pulse — Fourier transform
Dizgram  Table Value at x-Coordinate
Diagram  Table Value at x-Coordinate E -
E g N “ﬂ
{EEEL "J I I I 1 I I I 1
7 , , ] 002 -001 0 001 002 003

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

585 LightTrans International



Propagation of Pulse

 Initial pulse
— Central (carrier) wavelength: 619 nm
— Pulse duration: 31 fs

* Propagation distance: 180 mm

Relative Refractive Index n
Absorption Coefhcient a

[n]
=]
E
=h
1=}

()
=
[rs}
=]
E]

510

1.9
-

z
) M e d | a Absolute Refractive Index n E \ %
Absorption Coefficient a ’-@ :D \ S %
- Vacuum - \ s
— Fused silica RelstiveRel] £ = \k S~ 5
E = Absorption Cg T T T |_——__|=_-==|:
- SF57 :&E 0.666... 1 1.333.. 1.666.. 2 2.333..
% - = Vacuum Wavelength A [pm]
— g -2
00z | 2 =
e 9 \\_ @
g - E——— & &
2 T3
u.ls 1I 1.I5 ;2I 2.I5 3| 3.I5
Vacuum Wavelength A [pm]
586 Related files: Material.Dispersion_30fs@619nm.lpd LightTrans International



Pulse Propagation in Vacuum

* Open the related Ipd
« Use OIS (Vacuum) as the component

« Simulation
— Geometric field tracing as the simulation engine
— OPL Analyzer (OIS)

* Check the pulse in both time and frequency domain
« Detect the pulse duration of output field.

587 Related files: Material.Dispersion_30fs@619nm.Ipd
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What we will do?

A

Phase (v)

Linear fit phase (v)
A

Residual phase (v)
A

-k

A
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Result

 Input pulse « Qutput pulse
The phase is linear to frequency

= E o T @
s - = S s
_ O = B
S g =
2 s :
EL = g_ T % g
5 = 8 =] =
= 2 B
L o @
23 z E =
I= T o =
@ oo =
S 3 E
= o = 5
= = @ W
£ g = ™
=z = S - — 34
T g
||||| T T T T T L ' e
0.6 0.61 0.62 0.63 0.64 -0.05 0 0.05 0.47 04| E
B o™
Wavelength [um] Tirme [ps] Frequen £ 3
=
z -
31 fs
5
n 9
S
1
o

T T T T
0.47 0.48 0.49 0.5
Freguency v [PHz]

Residual after
linear fitting
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Result

 Input pulse « Qutput pulse

Z E = = @ = ©
= O = = o z
s 5 2 S
g g 2 =
£ 3 E = E S 2
: =< : s
2 b = g
= = = =S = &
o o o o o w
k=] B o k=] g o
= g ° i E
= o = £ o =
= = = = =%
E E E E
=< = =< =<
T T T T T T T T T T T T T T T T T T T T T
0.6 0.61 0.62 0.63 0.64 -0.05 0 0.05 0.6 0.61 0.62 0.63 0.64 0.600.. 0.6004 0.600...
Wavelength [um] Time [ps] Wavelength [um] Time [ns]
< > < >

31fs 31fs

Time axis?
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Pulse Propagation in Fused Silica

* |Input pulse

e QOutput pulse

- Phase v.s. Frequency (Analyzer)

Frequency Time Phase
E E 0 :§ oo
. = o E o
2 9 £ =
: S £ E
£ 8 g < z
= o O N
W] - ﬁ -
z3 2 £
5 B o = o
T . g ° =z
< < = =
0.6 0.61 0.62 0.63 0.64 -D.IDS EI} D.EI}S D.:It? D.:ILS E
Wavelength [pm] Time [ps] Freque : w
< > Z o
Why the residual becomes different | © : ; : ;
compared with vacuum case AT beE 08808
Fregquency v [PHz]

Residual after fitting
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Pulse Propagation in Fused Silica

* Input pulse

<

Frequency Time

= E .

5 o 5 3

= O =

g g

: :

2 <

£ 8 X

(W) L

@ @

& ]

= = =

o o o

k=] B o

@ @ O

ERY S

£ o =

o o

E E

< <

T T T T T T T T
0.6 0.61 0.62 0.63 0.64 -0.05 o 0.05
Wavelength [um] Time [ps]

31fs

e QOutput pulse

Frequency

Time

Amplitude of Pulse Component [V/m]

0.8

0.5

0.4

0.2

T T T T T
0.6 0.61 0.62 0.63 0.64
Wavelength [pm]

0.1

Amplitude of Electric Field Co... [V/m]
00333, 00666,

T T T
0.886 0.887 0.883

Time [ns]

870 fs

Why pulse broadening ?
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Pulse Propagation in SF57

* Input pulse

<

Frequency Time

= E .

5 o 5 3

= O =

g g

: :

2 <

£ 8 X

(W) L

@ @

& ]

= = =

o o o

k=] B o

@ @ O

ERY S

£ o =

o o

E E

< <

T T T T T T T T
0.6 0.61 0.62 0.63 0.64 -0.05 o 0.05
Wavelength [um] Time [ps]

31fs

e QOutput pulse

Phase v.s. Frequency

Linear Fit lIl: Time Shift wit... [1E6 rad)]

37

3.6

35

34

T
0.47

T
0.48

Frequen

[1E6 rad]

Residuals of Linear Fit 11l Ti...

-0.176...

-0.177

-0177...

T T I
047 0.48 0.49
Frequency v [PHz]

/

0.5

Residual after fitting
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Pulse Propagation in SF57

* Input pulse

Frequency

Time

Amplitude of Pulse Companent [V/m]

0.8

0.5

0.4

0.2

T T T T T
0.6 0.61 0.62 0.63 0.64
Wavelength [um]

0.4 0.6

Amplitude of Pulse Component [V/m]
0.2

<

T
-0.05

T
]
Time [ps]

T
0.05

31fs

e QOutput pulse

Frequency

Time

Amplitude of Pulse Component [V/m]

0.8

0.5

0.4

0.2

T T T T T
0.6 0.61 0.62 0.63 0.64
Wavelength [pm]

0.02 0.03 0,04

Amplitude of Electric Field Co... [V/m]
0,01

T T T
1.15 1.16 117

Time [ns]

5.4 ps
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Short Summary

« Pulse broadening after propagation in dispersive medium
e Why?
 How to compress the output pulse?

- Method: Compensate the residual phase after fitting

: -
= - = —r— 2 P ——
=S 35: Phase vs. Frequenc Foo [r| o | Sa] | B - S =@ =] | B F57 o || ==
Vacuum o Fused Silica SFS
Diagram Table Value at x-Coordinate Diagram Table Value at xCoordinate Diagram Table Value at x-Coordinate
—
S 0
f\: 1
= e
e o
S 147 1300
5o 5 @ Al
5 3 ==
= 3 29
o« o 7 [v4 ' « v
] T T T o7 [ T T T T T T T
0.47 0.48 0.49 0.5 0.47 0.48 0.49 0.5 0.47 0.48 049 0.5
Frequency v [PHz] Frequency v [PHz] Frequency v [PHZ]

Pulse duration 31 fs 870 fs 5.4 ps
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Pulse Propagation after a Grating Pair

* Input pulse « Ray Tracing
— Carrier wavelength: 619 nm
— Pulse duration: 31fs

QRO !

« Spec of gratings pair
— Period: 1.667 pum
— Rotation angle: 30°
— Diffraction order: +1 x
— Distance between two grating: 64 mm k.-

16.04437725 mm
 ——

596 Related file: Compressor.Only 30fs@619nm.lpd LightTrans International



Pulse Propagation after a Grating Pair

* Input pulse

<

Frequency Time

= E .

5 o 5 3

= O =

g g

: :

2 <

£ 8 X

(W) L

@ @

& ]

= = =

o o o

k=] B o

@ @ O

ERY S

£ o =

o o

E E

< <

T T T T T T T T
0.6 0.61 0.62 0.63 0.64 -0.05 o 0.05
Wavelength [um] Time [ps]

31fs

e QOutput pulse

- @w

B o

z

L

w

= un

B~

£ o

&

L)

E

=

= L

= -

= O

=

=

o

o

= _
B o4

T —
0.47 o

R
= o |
= ©
= o
=
T
=
& o
E s
=
= 9
o
L
E]
=
R
@
o

What is the pulse
duration now?

T T T
047 0.48 0.49
Frequency v [PHz]

T
0.5

Residual after fitting
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Pulse Propagation through Grating Pair

 Input pulse

<

Frequency Time
= E .
S ==
= O =
g g
S =]
O o
=3 N
(W) L
@ @
& ]
= = =
o o o
k=] B o
@ @ O
ERY S
£ o =
o o
E E
< <
T T T T T T T T
0.6 0.61 0.62 0.63 0.64 -0.05 o 0.05
Wavelength [um] Time [ps]

31fs

e QOutput pulse

Frequency Time

E E

Z w z § ]

= (=] g

: E

5 = 3

£ 3 =S

S .g

2 S n

z3 = 3

s G

[+ [=F}

R R

2 o 2 o

o o

£ E

< <

T T T T T T T T
0.6 0.61 0.62 0.63 0.64 1.15 116 117
Wavelength [pm] Time [ns]

5.4 ps
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Combine the Dispersive Medium and Gratings

* |Input pulse
— Carrier wavelength: 619 nm
— Pulse duration: 31fs

« Dispersive medium

— Thickness: 180 mm
— Fused silica

« Grating pair
— Period: 1.667 um

— Rotation angle: 30°
— Diffraction order: +1

— Distance between two grating:

64 mm

* Ray Tracing

B QD!
A

40.4264586 mm

Related file: Silica.Dispersion+Compressor_30fs@619nm.lpd
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Compressor

* Output pulswut pulse

Frequency Time Phase v.s. Frequency

g g 3 =4 STE || B Prase va Frequency v (Resdunls of Linet .. =1 -5~ jpim]
ey g E Nomernical Dats oy Narencsl Deta iviay
c
Z 2 Doyon Tebie Ve o xCordeatn Dagan  Toble Vs ot v Comdrate
o o
0 o o -
z @ s = = g
bt bt == =
@ @ = m -
2 & P =
S = = = =
o o o e
k=] B e R 3
@ @ O B
T o |
2 o 2 =
s = : :
E = £
=4 < = =
T T T T T T T T T T § ;
0.6 061 062 0.63 0.64 -0.05 0 0.05 ; Z
= F
Wavelength [pm] Time [ps] == &
< > \

T T ) T T T T T
047 0.45 04% as Q47 0.8 0.29 05

Frequency v [PH2] Fraquercy v P

31 fs

Residual
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Compressor

 Input pulse

<

Frequency Time

= E .

5 o 5 3

= O =

g g

: :

2 <

£ 8 X

(W) L

@ @

& ]

= = =

o o o

k=] B o

@ @ O

ERY S

£ o =

o o

E E

< <

T T T T T T T T
0.6 0.61 0.62 0.63 0.64 -0.05 o 0.05
Wavelength [um] Time [ps]

31fs

e QOutput pulse

Frequency Time
E 2 E o
s ° S
S E
U 1)
= =
= 3 = T
A=) RE]
g 8
i o
w w
B ™~ B -
@ O =
b= g=
= =
E E
=4 <
| T T T T T T T
0.6 0.61 0.62 0.63 0.64 11726 1.1728
‘Wavelength [um] Time [ns]

Pulse duration:
47 fs << 870 fs
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@HTTRANS -

Experiment 0004

Spatiotemporal Evolution of Femtosecond Pulse
Focus



Overview

f=1.7671 mm

Laser beam Aspherical lens Focal plane

NA=0.68

603 LightTrans International



Simulation: Ex, Ey and Ez

« Enable the detectors Ex, Ey and Ez

Chromatic Fields Set

I 75: Ex 603 after Identity Operator #2 (0) (Field ... [ .= |[- =

Y [mm]

0.01

-0.01

-0.01 0
X [mm]

0.01

Ey

[ 76: Ey 2604 after Identity Operator #2 (0) (Field ... | = |- = @
Chromatic Fields Set

Y [mm]

0.01

-0.01

-0.01

I 77: E2 2605 after Identity Operator 2 (0) (Field ... |-= |[ =

Chromatic Fields Set

Y [mm)]

0.01

-0.01

-0.01 0 0.01
X [mm]

0 0.01

X [mm]
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Simulation: Pulse at Point (0,0)

« Enable Detector Pulse Evaluation

n s 5 i & =
il
‘\_I
: Envelope
| 'M\M\"ﬂ"h\.hw’MV‘V‘V || W‘WM'|‘M"W\’I'l‘IWMW\WJ‘*‘-‘\’~’~“"-‘M‘“"””“”
Field
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Simulation: Pulse along x-Axis

Chromatic Fields Set

[

Wt VST el C ot PN

Ponken on Les [

Tocm Ny
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om

Trvs i}

e,

ERELS

it
[} RN e ool

2
)

2
o

Posson oo Line (rem|

Srvpitide Of Seani fudd Comparent (i)

457

i23sa.

20
L L bz .

Trre J04]

606

LightTrans International



K\EiHTTRANS -

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

609 LightTrans International



Inverse Design Concept: HOE and Freeform

Target plane

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

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane

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

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane

Freeform

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

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane
Freeform/HOE

Source

> (—

Y [mm]
0.. 0.025
l

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane
Freeform/HOE

Source

> (—

Distance 1 Distance 2

»
»

Y [mm]
-0.... 0.025

o w2 o1 o Forward propagated source field
"™ | and back propagated signal field
should have same amplitude
distribution to enable phase-only
manipulation for field

\transformation. /

Signal field
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Inverse Design Concept: HOE and Freeform

Target plane

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

-0... -0.2 -0.1 0 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
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Inverse Design Concept: HOE and Freeform

Target plane
Freeform/HOE

Source

)

Distance 1 Distance 2

'
v
a
v

Y [mm]
-0.... 0.025
I
|

Signal field

/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.
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Light Shaping Concepts

 Tailored aberrations

« Stored scanning process

* Multichannel concept: Single Deflection
* Multichannel concept: General

617 LightTrans International



Light Shaping Concepts

| Tallored aberrations
« Stored scanning process

* Multichannel concept: Single Deflection
* Multichannel concept: General
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Light shaping by tailored aberrations

Refractive and diffractive optical elements



Beam Shaping: The Task

[ Source H Lateral Reshap%

Shaping Optics Target
Plane

620 LightTrans International



Beam Shaping: The Task

m 1: Gaussian Wave
Light View Data View

55946 pym

550,46 pm

-559.46 pm

Light View

=N o <=

559.46 ym

Zoom: 2.5478

Lateral Reshaping

m 3: Super Gaussian Wave
Light View Data View |

5.3949 mm

5.3949 mm

-5.3949 mm

Light View

5.3949 mm

Zoom: 1.2058
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Beam Shaping: The Task

m 4: Gaussian Wave
Light View Dma \l;lew

1.07 mm

-1.07 mm

-559.46 ym

Light View

559.46 ym

Zoom: 1 3322

Lateral Reshaping

[B) 5: Super Gaussian Wave = =

Light View | Data View

5.3949 mm

-5.3949 mm

-5.3949 mm 5.3949 mm

Lxght View Zoom: 1.2058
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Beam Shaping:

The Task

m 6: Gaussian Wave
Light View Ijata \l;lew

2.4511 mm

-2.4271 mm

-2.6096 mm

LJght View

2.5856 mm

Zoom: 5.5249

Lateral Reshaping

Light View | Data View

25mm

3.2

(B 65: D:\Workspac...\Signal_Cross_52Spots_onavi... | — | =) |essl

mm

3225

-3.225 mm

Ught View

3225 mm

Zoom: 2.27132
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Basic ,,Beam Shaping“ Task: Focusing

m 6: Gaussian Wave
Light View Data View

2.4511 mm

2.4271 mm

-2.6096 mm

Light View

2.5856 mm

Zoom: 5.5249

Focusing

m T: Gaussian Wave
Light View | Data View

1.1432 mm

11432 mm

-1.1432 mm

Light View

1.1432 mm

Zoom: 1.2468
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Basic ,,Beam Shaping“ Task: Focusing

| Source =— Focusing >
Shaping Optics Target
Plane
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Basic ,,Beam Shaping“ Task: Focusing

| Source =—

Shaping Optics Target
Plane
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Basic ,,Beam Shaping“ Task: Focusing

| Source =—

NA determines spot size

Shaping Optics Target
Plane
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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!
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ldeal Lens vs. Spherical Aberrations

() 3: ideal Lens | +E)
Ught View | Data View
é
o
o
=
=
-1.0006 mm 1.0006 mm
o~y 12
< 8
E ,
3 Bl
0+ T T T T T T T T
0 80 160 240 320
Position [um]
Light View Zoom: 0.97342

m 8: Spherical Aberrations
Data View

Light View

@
o
o
=
S
-1.0006 mm 1.0006 mm
o~y
< 08
g
0+ T T T T T T T
0 80 160 240 320
Position [um]
Light View Zoom: 1.0066




Ideal Lens vs. Astigmatism

) 110: Astigmatism

m 114: Ideal Lens Spot
Light View | Data View Light View | Data View
= =
= =
o= ) o= )
Q Q
£ £
S S
= =
o o
o o
-1.0006 mm 1.0006 mm -1.0006 mm 1.0006 mm
Light View Zoom: 0.97342 Light View Zoom: 0.97342




ldeal Lens vs. Coma

7

m 114: Ideal Lens Spot
Light View | Data View

7

m 109: Coma
Light View | Data View

£ £
= =
o= ) o= )
= =
£ £
S S
= =
o o
o o
-1.0006 mm 1.0006 mm -1.0006 mm 1.0006 mm
Light View Zoom: 0.97342 Light View Zoom: 0.97342




ldeal Lens vs. Mixed Aberration

() 114: 1deal Lens Spot
Light View | Data View

(o[ @ =3

m 9: Mixed Aberrations
Light View | Data View

== FoR <

£ £
£ E
= 8
o o
o o
£ E
£ £
B g
-1.0006 mm 1.0006 mm *1.0006:mm 1.0000:mm
Light View Zoom: 0.97342 Light View 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
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Introduction of Aberrations

[ Source H Lateral Reshap%

2. Add diffractive or
refractive beam

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

634 LightTrans International



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 basic 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

635 LightTrans International



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 Svsteme, Universitdt Karlsruhe, Am Fasanengarten 5, D-76128 Karlsruhe,

Germany

Frank Wyrowski

Institut fiir 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
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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 7 Beam Shaper

Input plane Detector plane

200 mm

“Beam waist " Diameter

4 mm Beam shaping 400 um
element

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

Input plane

A
v

Detector plane

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

beam diameter (1/e2)

8 mMm x 8 mm

640
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Specification: Beam Shaper Element

Input plane Detector plane

The variables for
this design

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

(
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 = \/x2 + y2 and i is polynormial Sz (diamete) 23 mm
: Distance to 200 mm
order index I
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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

642
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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
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Specifications: Detector

Input plane

Detector plane

Position Modeling Technique

Detector/Analyzer

a field tracing
b field tracing

Intensity
Value of merit functions

644

LightTrans International



Optimization Process

Difacive * Design Process is easily done by

Optics «

Beam Shaper Desion using the Refractive Beam Shaping

,Ej "Gaussian — Top Hat" Transmission Design g
Diffractive Beam Shaper Sess I O n .

I Refractive Beam Shaper

S —— — Fill the parameters in illustration
,E: Regular Amay Beam Splitter — NEXt'

Sl b e i antaa i i

[l
4

E 81: Refractive Beam Shaping Session*®

I?::::;l:;:mrparamtersofGaussianinputbeamofthebearnshapingsystern. 1 * CIiCk FiniSh’ the beam Shaper
design is done immediately.

The input beam of the beam shaping system is modelled as coherent, monochromatic field with Gaussian amplitude
distribution and a beam quality of M*=1. It is assumed that the waist of the beam is in front of the beam shaper. That
means that the phase will be constant.

The session editor allows to specify the input beam parameters wavelength, waist, divergence and Rayleigh length.

Three different definitions of waist and divergence angle are supported. The required defintion must be selected
before the parameters can be specified.

Definition of Waist and Divergence Angle

(® 1/e? Waist Radius, Divergence Half Angle i ;;:"’/ 1 Mz
(O 1/e2 Waist Diameter, Divergence Full Angle | —_\4\ ] . .
O FWHM Waist Diameter, Divergence Full Angle '+ L2 1 1 Desi gn time = ~0.016 s 1!

P W, Wg, Wy...Waist Radius
w 0O..ccouvsni Divergence Angle

< Back Finish

645 * RO.0001_Refractive_Top Hat Beam_Shaper_Session_Editor.seditor LightTrans International



Results: Refractive Beam Shaper

Input plane Detector plane

I 20: Virtual Screen #601 after Target Plane £2(0) |- || =[]
Light View  Data View

349.99 pm

—
sl Tl amardiEvsta - : e E: -344.97 ym 344,97 pm
Radius of Curvature | sirf ,-,-,| ;' s Zoou
Conical Constant | [;.| ;.
2olynomial Orders : Parameter Value & Unit
Number of Ord 1612 7 -
S i conversion 90.24%
t l:-llln:[h]ar [Unit] Parameter Yalue h;}; eﬂ;ICIenCy
2 _ 1
2 [mm"(-1)] 0.004467 3
|13 [mm"(-2)] -15216e-05 i SNR 22.353 dB
14 [mm-3)] 1.4144e-05 : i 0
1B [mm"(-4)] -2.0493-08 v stray light  10.872%
646 *R0O.0001_Refractive_Top Hat Beam_Shaper LPD.lpd LightTrans International
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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

v

A

v
A

g

aspherical lens
(with fabrication error on
the second interface)

f)

intensity distribution
on focal plane

648
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Highlights

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

649 LightTrans International



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/e?)

4mm X 4mm

650
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Specification: Focusing Asphere

Highlights

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

- - - fabrication error of the height profile
’ i

. !

=

107nm

-335nm

Parameter Value & Unit

name/type convex-plano aspherical lens

first interface plane interface
second interface

material (M) N-BK7

aspherical interface with measured height profile error

651
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Specification: Detectors

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

652 LightTrans International



Results: Intensity Distribution

Highlights
 simulation of fabrication tolerances

by importing measurementdataof | = f---—-—- phiaia R
height profiles

q -
Zy yy Ky 400
5 ] ]
o o o
2 S =
v 4 A 0
- |: :l T al l: »
! 800 um ! [ 800 um " ! 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)

653 LightTrans International



Results: Merit Function Detector

Highlights
* simulation of fabrication tolerances
by importing measurementdataof | = f---—-—- -
height profiles

b
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%
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Modeling Task

Diffractive Beam shaper
Diameter: 2 x 2 mm

Phase Levels: 16 Target
Plane
s e [r— —
50 mm
llluminating Beam 1f-Setup Top Hat Intensity
Intensity Focal Length f=50 mm (free of speckles)

655 LightTrans International



Modeling Task

* The following tolerances of the system are to be analyzed.
 The % 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
Xx-Position of Beam Shaper (0 £10) um

y-Position of Beam Shaper (0 £10) pum

Focal Length of Lens (50 £ 0.5) mm




Simulation of Alignment Tolerances

 Simulation of shift tolerances must

= - be activated on Tolerancing page of
Coimm) oo Stored Function component and
Target Plane component.
)| | ™ i « Tolerance values are varied by
[ ] Parameter Run. The values set in
ous: the component dialog are ignored.
OK || Cancel |[ Help
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Simulation of Etching Depth Tolerances

Edit Stored Function

Stored Transmission

?:—1'9210{ Transmission [ Regulary Quantized Phase-Only Transmission - ]
unction

Embedding and Pixelation
Embedding Frame \wfidth 0p = 0

Pixelation Factor 15 = 15

Scale Emors
[ Impese Linear Scale Error by Scale Factor 1
Impose Mask Scale Error:

Mask Phase Modulation | Mask Scale Factor

! I | s

P Binary Masks
pil2 1

pil4 1

pil8 1

45

OK || Cancel |[ Help

« 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.

658
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Single Parameter Variation

« The laser beam radius has typically
a strong influence on the optical
1 Ao T Sesritape 52 et =) performance of a beam shaping

Parameter Specihcston

. el — system.
C—  The Usage Mode: Standard must
e be selected for the variation of a

e single parameter.

w2 m.,, « Waist Radius X parameter must be
selected.

659 LightTrans International



Single Parameter Variation

B 50: Signal-to-Noise Ratio of Diffracti.. | = || = |js3m|

Mumerical Data Array

Signal-to-Moise Ratio [dB]

40

35

30

Diagram | Table | Value at x-Coordinate

] ] ] ] ]
(.48 (.44 0.5 .51 0.52
Waist Radius X (1/e~2) (Gaussian Wave #0) [mm]

 The beam shaping system shows a

strong sensitivity for a
the laser beam radius.

variation of

« The Signal to Noise Ratio (SNR)

will drop to 28.8dB.
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Monte-Carlo Simulation

Random mode for

Monte Carlo \

simulation

] 37: AppS0011_Tolerancing_BeamShaper_03_MultipleParametarsun

Parameter Speothcotion

Set up the perameter(s) to be vaned

You can select one of more parameters which shall be raned 25 well 28 the tesuting numter of femaons Several modes ave 2y
\ specifping how the parameters ars vaned per tershion

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

Jaage Node  Fandom

Norma Destsbunon "l l o Use Seed of

..l
v
|

The patameter rangs comesponas o
Filter Parameter Table by N;

SEr—

A Seed can be
used for

»~— reproducible

COE a3 Swved
Funcbon 22

Target Plane £

Ideal Lerm 54

V2[7 | Light PyurE) :
Gaussan W

Sl
Posdticnng

lnclmes
Posiboning

Sasal
Pesiicrnng

lacistes
Pemtionng

Tt Fndin X (10 |

ot Rt Y (1n'2)

Offset between x- anc y-
Oistance Before

Latersf Shelt X
Lotornd Shift Y

Sphancal loagle Thems

Sghencal 2Zoghe Py
Angle Zets

Tranalenon Dela X
Translanoo Deta Y
Transteoon Deka 2
Foerure Diameter X
fpestae Dlameter Y
Relatve Edge 'hah
Aecurny Facks

Mask Scale Facter B
Mask Scale Facter P/ 2
Mack Scale Factr R /&

Mask Scale Facker A/ 8

Oretarce Before
Labored Skt X
Latecd Shifi ¥

Sphecical fogle Thets | 3

Sohencal Aogle P

dogie Zete

Treosianon Debis X
Trensiation Deba Y
Transistion Dela 2

Basal Poer | Distance Before

IICNRE WA S N

5

Ongined Velue  ~

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-Noize Ratio of Diffractive Optics Merit Functions #601 after Target Plane #3 (0) vs. teration Step o2
HNarratical Due Seray

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

 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

Bl 47; Virtual Screen #600 after Target P, | = | =l
Lot View.  Dists Vrw

I 46: Virtual Screen #600 after Target P = |-l

Lght View  Dists Virw

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

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




Fast Physical Optics: Freeform Surfaces

]
I

Fast physical
optics modeling of
freeform surfaces.
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Fast Physical Optics: Freeform Surfaces

Conical Parameters

Radius of Curvature
Conical Constant | {|.|

" Pohlmomial Orders
| Number of Orders ( ] x| 3]
1 [ Use Absolute Values of Coordinates

forstion Step 1 2 | 3 | 4 | 5 B 7

(2,0) [mm™(-1}] (Freeform #2 | Polynomial Interface #1) 0.0024274 0.0031541 00041655 0.00035002 0.003082 00024793 O
(2.1) [mm™(-2)] (Freeform #2 | Polynomial Interface #1) 00013393 -00017223 O OEE 53 0.0017305 0.000

(0.2) [mm"(-1)] (Freeform #2 | Polynomial Interface #1) 0.0027523 00029335 0O 0.0020432  0.0001
(1.2) [mm™(-2)] (Freeform #2 | Polynomial Interface #1) | -0.00051556 -9.0126E-05 -0 50 SImU|at|0nS -0.0070559 -0

(2.2) [mm™-3)] (Freeform #2 | Polynomial Interface #1) 0.00016179 000013574  0.000TZZZ3 _ - 4050ME-06 O
Distance Before (Virtual Screen #6017 | Bazal Positioning) | 21.823mm 25564 mm  23586mm 22383 mm 26747 mm 29322 mm

(=r I Wl T R ]
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Fast Physical Optics: Freeform Surfaces

Amplitude E,(X,y)

B 9: Ray Tracing Result 3D [E= E=R

-
Blarmiafave (1) 1
)’m\ S .
.\_\ )
\\_“ '\
¥ e >
T
\)

cpu time per simulation < 1 sec
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Freeform: Field Tracing

Input: Gaussian beam Amplitude E,(X,y)
Diameter 10 mm

cpu time per simulation < 1 sec

667 LightTrans International



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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Laser Beam Shaping: R&D

¥ 3 Height Profile Trangle Cace [ fE ]
Preview for Splineinterface2D — O X Numencal Data Aray
Dagram  Table Value at (cy)
Profile Hesght [um)
7.E-18
]
S
E
E o 1.0337
>
B
=
Z-Bxtengion
21074
Extentron 153 um:  Minimum 15221 am|  Miximum 23028 um
0.1 0.05 0 0.05 0.1
X
Closs Halp ( {mm]
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Laser Beam Shaping: R&D

Amplitude of

X-Component of Electric F

P
<o

v/m]

FXEIS

|G

e

»
>

Fig. 1.
distribution.

X

Distortion transforming a Gaussian beam to a uniform
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Light Shaping: R&D

PAL N

2

S

-

2

g
1808829 N

°

e

2000 4000 6000 3000

1194395 Resadon

TIRIMTS mm 11518478 mm
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Light Shaping: R&D

5
E
E
8
=
-
o~
R
3.0313725
£
g
o
g
*
~
1.0627451

-79.242708 mm 79.242708 mm

Error

30

20

10

-

10000

teration

20000
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Light shaping by stored scanning process

Diffractive optical elements



Light Shaping Concepts

*| Tallored aberrations
« Stored scanning process

* Multichannel concept: Single Deflection
* Multichannel concept: General
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Light Shaping Concepts

 Tailored aberrations
 Stored scanning process
* Multichannel concept: Single Deflection
* Multichannel concept: General
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Function Principle of DOE

DOE

\

| Source =—

Lateral Reshaping

676
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lllustration of Deflection

DOE

\

[ Source J—>

/

Phase of transmission

m 22; Virtual Screen #0500 after Linear Phase 1 (... El@

Light View | Data View

55459 um
1

55450 um

-554 .59 pm 554 59 pm

Globally Polarized Harmonic Field ~ Phase Zoom: 4.7193

57x57

Lateral Reshap{@

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
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lllustration of Deflection

DOE

N

/

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 L3

Globally Polarized Harmonic Field Phase Zoom: 3.3241 145 x 57

Lateral Reshapin>

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
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lllustration of Deflection

DOE

N

/

Phase of transmission

Lateral Reshapin>

Intensity in target

[ 50: Virtual Screen #600 after Linear Phase #1 (.. o || & |
[ Light View | Data View |

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

2.5081 mm

g 3.1416

o
N
o
o
o™

5E-4 =
E
v
a
(=]
(=]
&

o -3.1406
-260.04 ym 257.74 ym =
)
Gibbaﬂy ﬁolarized Harrnoﬁic Held Phase Zoom: 4.42727 105)7)(773

-2.5061 mm

-2.5061 mm

25061 mm

Light View

Zoom: 1.4019
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lllustration of Deflection

DOE

N

/

Phase of transmission

Lateral Reshapin>

Intensity in target

[E] 57: Virtual Screen #600 after Linear Phase #1 (.. o || & |
[ Light View | Data View |

g 3.1416
o
o~
o
o
o™
5E-4 =
E
v
e
(=]
(=]
&
o -3.1406
-260.04 ym 257.74 ym =
»

Gibbaﬂy ﬁolarized Harrnoﬁic Held Phase Zoom: é,45€1 757x71‘i777

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
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lllustration of Deflection

DOE

N

/

Phase of transmission

[B) 63: Virtual Screen #600 after Linear Phase #1 (.. o || & |
[ Light View | Data View |

g 3.1416
o
o~
o
o
o™
5E-4 =
E
v
e
(=]
(=]
&
o -3.1406
-260.04 ym 257.74 ym =
»

Gibbaﬂy ﬁolarized Harrnoﬁic Held Phase Zoom: é,1é95 7 59x117

Lateral Reshapin>

Intensity in target

Light View | Data View

m 64: Virtual Screen #601 after Field Size and Sa... El@

2.5081 mm

-2.5061 mm

-2.5061 mm

25061 mm

Light View

Zoom: 1.4019
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lllustration of Deflection: Sum

DOE

N

/

Phase of transmission

II Light View | D&;Wéw "

) 65: Add (59:, 63) =8 ECH %=

Lateral Reshapin>

Intensity in target

Light View | Data View |

[ 68: Virtual Screen #601 after Field Size and Sa... [ = £|

E
| =
E 31416 2
@ o
o 0
o o~
5E-4
= £
-t
o g
o (=2}
= =
-3.1406 0
-90.84 ym 92.221um o
| < ? -2.5184 mm 25184 mm
Gibbé!& I;olarizredrHarmoﬁic herlrdWPhase mZoom: 9,4717)72717 7 717457)( 717177 7 L:ght \ﬁéw 7 ”Zoom: 1230;5 il
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Basic Design Situations: Splitting

Diffractive Beam Splitting: Deflected output fields
(beams) do not overlap
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Basic Design Situations: Diffusing

Light Diffusing: Deflected output fields

overlap and (partially) coherent
interference is not controlled but speckle

pattern appears
) .
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Basic Design Situations: Diffusing

Light Diffusing;
overlap an
IS hot co

134.86 pm
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lllustration of Diffuser Concept

Phase Amplitude

Intensity in Target Plane




lllustration of Diffuser Concept

Amplltude
o[ ~ ’V‘

)Sn

.
-

——
-

|

-
<248
s rel);

.' \
% \
\'r

Intensity in Target Plane
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Light Diffusing

Advanced diffractive
optics design techniques

Design technique (IFTA)
Implemented in VirtualLab™

3 25k

DA R |\licro-structured
LR surface profile
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Feature Sizes of Element

Feature size
about 400 nm

4 height levels
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Optical Experiment

Jena’s ,Skyline’
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Task 8 Beam Splitter

Wavelength:
532nm
Laser Beam
Diameter
(1/e?):
200pm

y 3

Distance Az = 2f

=100 mm

\ 4

Diffractive Beam
Splitter Element
4 Phase Levels
rect. 1x1 mm
Diameter

Fourier Lens

Target
Plane

1625384 mm

Spot Array of
5 x 5 discrete
Beam Spots
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Design Task

How to find a phase-only diffractive
beam splitter that generates the

= desired pattern on the target plane?
(Binary phase is required in this example.)

input /‘ \ target pattern

L

4

Imm

; order separation on
0.8mm target plane: 1mm

wavelength: 532nm

profile: fundamental Gaussian

diameter (waist): 0.5mm
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Demo Task 14

Klick the following link to watch the video:

https://youtu.be/9gnYqlB69g08

693 LightTrans International


https://youtu.be/9gnYqlB6q08

Modeling Task

Wavelength: 532
nm

Laser Beam
Diameter (1/e2?):
500 pm

Fourier Target
Lens Plane
f=100mm
DOE:

Diffractive Beam Splitter
Phase: continuous
Pixel Size: >0.5um
Diameter: 2 X 2mm

Desired Light

Pattern Intensity
Diffraction order distance:
0.1mm x 0.1mm

694
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Micro Optical Component

Modeling of Rounding of Pixels



Modeling of Rounding of Pixels

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

« Exposure 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.
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Example with Data from Scenario 23.01

[ 0 26: Semptest gt Proie

Nuresical Date Zevay
Dagan | Table | Ve ot &)
=ight Srodle [m
= i LA43E-07
002 0 002
X [mmj L..E07
f — .
() 25 Fabncaton Data with Edge Tolenmces = fsel

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 Desighned DOE  Rounded Edges

5 54: Result of Designed DOE - B S & 55 Result of Toleranced DOE = Bl
Light View | Data View

Light View | Data View

10.748 mm
10.748 mm

-10.579 mm

-11.568 mm 11.325 mm v

)




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™

699 LightTrans International



Laser Show China

'l"“

g -
|

i S H-‘
. |

|
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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

\

SLM.0003
investigates the influence
of lens aberrations on the

generation of the light
pattern

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

:
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Spatial Light Modulator

Vir”tﬁ'angb‘_.U":
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Light shaping by multichannel concept

Diffractive and refractive optical elements



Array of Deflectors

DOE

Source —>

e

el
Phase of transmission Intensity in target
W aiom v == o e 1 s b b 1 |

Lt | Sn Ve Lt Ve Dt
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Array of Deflectors

Phase of transmission Intensity in targe
Wer sndom wey P =) B o s ] s b e et S )

Yy

Deflection can be done by
gratings, prisms, mirrors.
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Task/System lllustration

|
cell array structure - el

built up with
° prisms = e /“” 1
* gratings P

——— 3 = e m——

. orating = === —
_— ==

Cell Array T
Element =

spherical wave * \ i
(point source)

i
0
!
.
'
;
g
:
I
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Specification: Light Source

Parameter Description / Value & Unit
type RGB LED

emitter size 100x100um

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

Total number of lateral and 27
spectral modes
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Specification: Cell Array

Parameter Value & Unit
number of cells 100x100

cell size 125x125um
array aperture 12.5x12.5mm
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Results: 3D System Ray Tracing

f

™\

[P
y
i
4
-
3
)
:
|

0 View 20 View
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Results: Grating Cells Array

B8 55: TG Logo After GCA 2601 after Grating Cell Array => LTG Logo #1 (T)... | = || & |[s534]
Ray Distribution

Position

10

-10

spot diagram
Y [mm]
0

-30 -20 -10 ] 10 20 30

[ 54: LTG Logo After GCA #601 after Grating Cell Array => LTG Logo #1 (T) .| = || &
Chromatic Fields Set

y pattern

. Jlorview)

Y [mm]

for grating cells array
strong dispersion
effects occur
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Results: Prism Cells Array

B8 52: LTG Logo After PCA #600 after Prism Cell Array => LTG Logo #2 (M) (... | = || & |[&34]
Ray Distribution

Position
S| E-1 ) LiCHTTRANS
% B %"!l "‘“wﬂ"
B 20 JD ; r - -
X [mm]

I3 53: LTG Logo After PCA #600 after Prism Cell Array => LTG Logo #2 (T) (... | = || &
Chromatic Fields Set

attern
view)

the dispersion is
significantly reduced by
using prisms

(real E)?
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Results: Mirror Cells Array

L (o |[[® ] =
Ray Distribution
Position
1l - P
© ' V4
% {
— 2 i
S| £ g&mmﬂ‘mm
+— A
= N
0 0 ‘lc (_'; 0 20 0
X [mm]

I 51: LTG Logo After MCA #602 after Mirror Cell Array => LTG Logo #3 (R) .| = || &
Chromatic Fields Set

cCc -
3%
T >
25
. e
due to reflective >
approach no dispersion | ©
effects occur —
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Light shaping by arrays of microoptical
components

Diffractive and refractive optical elements



Array of Microoptical Components

714 LightTrans International



Array of Microoptical Components
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@HTTRANS -

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
B A
A

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

04
3 8
]
@ )5
(=)
@
44 ) .4
N 5
A% 4 03
Q
= 0.2
- <
0.1
0
0 10 20 30
Theta [°]
~Measured Data from Fabricator Data From Gaussian Type Planar Source (VirtualLab)

Parameter Description / Value & Unit

name/type Seoul Z-LED P4 from Seoul Semiconductors
partially coherent source type Gaussian type planar source

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

FWHM radiant intensity

90
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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

spectrum model

—
N

~

: significant
508 performance
5 improvement
= non-equidistant
504 sampling of the
- spectrum

0.2 p /
0 i l - i H
370 420 470 520 570 620 670 720 770

Wavelength [nm)]

——Measured Spectrum from Fabricator -s-Sampled Spectrum —e—Integrated Spectrum
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Specs: Aperiodic Refractive Beam Shaper Array

B 0 Cabree: froem (0 ) Apmesdet s (94

Pl Dade Sver

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

Jages  Tade Vehe iCoodede

Dy
T 0 3 2117,
fl11
| -

Histogram of Cell here
Distribution Function

Parameter Description / Value & Unit \
cell array aperture 20x20mm parametrization of
the distribution

number of cells 124 x124 function allows
cell distribution function quadratic polynomial optimization

: regarding a desired
substrate thickness 1mm \ target pattern /
substrate material fused silica
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Specs: Evaluation

2000000

ky [1/m]
0
-
ol

2000000

-2000000 0 2000000
kx [1/m]

Desired Target Pattern

a&bl:{) U,

Position Type of Evaluation

Description / Value & Unit

a camera detector
b performance criteria
evaluation

evaluates intensity pattern

evaluates conversion & window efficiency and
uniformity error regarding the desired target

pattern
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Results: Intensity Pattern (real color view)

] : <: 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

m

ky [1E6 1/m]
|(y [TE6 1/m]
0

m
)

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

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

a

Value & Unit :
Parameter Aperiodic Beam _Value & Unit
Microlens Array
Shaper Array
window efficiency 92.23% 99.93%
conversion efficiency 89.34% 80.18%
uniformity error 17.92% 49.08 %
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@HTTRANS -

Virtual And Mixed Reality > Pattern Generation

High-NA Pattern Generation Using Two Beam Splitter
Elements

LightTrans International UG



Specification:

First Beam Splitter

\

\
!
)

\
N\
\

!

Al

L
\}‘:\\

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

i

LEdeomn

surface I
profile

A0MGA0T | Mirerern

| 73162834 | Mesirem

123377833 im
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Specification:

Second Beam Splitter

i}

high-NA 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

4. -

SUMACE | i e T Simii] e Sewes —
profile e |

726
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Results: Spot Diagram

0.4

g
LA LT T
e raans
L TN

Lk

0.2

Y[m]
0

[]
-
-
-
-
[ ]
-
]
]
-

PR L LA

/ =
combination of both beam
splitter generate 55x55 <
order with 55x55° full
opening spread -0.6 -0.4 -0.2 0 0.2 0.4 0.6

\ J K [m]

spot diagram

.t
!‘.“.-
-

-
i‘.'.
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Results: Output Evaluation

BB 55: Virtual Screen 9602 after Besm Spitter & $u5 11" Separation #4 {T) (Field Tracing Ind Genecation_. || (= |kom]

Ray Diardstion

Ampitude of Ex-Component [V/m)

0.014417..
-
joe:
~ o
- - 4
:
= e ] 0.00830
:
:
5%
_ shi it
P I eides

04

06

05 -04 02 0 0.2 04 0.6
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Light Shaping Concepts

 Tallored aberrations
« Stored scanning process

* Multichannel concept:
Single Deflection

* Multichannel concept:
General

VirtualLabrusion

729
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K\EiHTTRANS -

Source Code Editor



Abstract

-----------------------------------------------
RN RE RN EREEY TNSERT VNLIR ONE MHNEDE SSsssssasexas

return height;

For the optical elements, which cannot be found in
the catalogs of VirtualLab Fusion, users can create
them by using programmable objects, e.qg.,
programmable source, interface, medium, and
detector. Also a programmable component is
available, which allows users to develop own
algorithm, with the access of all optical elements,
as well as the implemented functions of VirtualLab.
The programming language is C#. The source
code editor is the most important structure of all
programmable objects. This use case introduces
the general structure of the source code editor.

731
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This Use Case Shows...

 the general structure of the Source Code Editor of programmable objects.

Source Code Editor O *

Source Code  Global Parameters  Snippet Help  Advanced Settings

ApertureDiameterX [double]

'% 1 double height - @.8; ApertureDiameterY [double]
5 2 i xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx I[dOLIb'E]
LII; 3 | | EEEEERERREEE INSERT YOUR CODE HERE *®®®&fkksisss )’[dOLIblE]
m AL || o T 0 R R /
=
==
E 6 /* begin of sample code (can be removed)
T 7 height = Math.5in{x / 5e-3) * y / 18;
a | 8 end of sample code =/
G| o
16 return height;

| [ &*| | Check Consistency | Validity: 1" || Cancel Help




Tabs: Source Code

« Source Code tab :

— left panel: source code in C# syntax

« Main Function: snippet function to calculate the values this programmable object need to return.
For example, in case of programmable interface, the snippet function calculate and return the
height profile of this interface h(x, y).

« Snippet Body: specify additional methods, properties or variables, which were initialized once-
only by calling the snippet.

— right panel: global parameters, which can be used within the snippet.

Source Code Editor O had
Source Code  Global Parameters  Snippet Help  Advanced Settings
s |1 double height = 8.8;
g |2
E 6
. . g7

Fig: source code editor =8

% 9 global
of Programmable 10 return height; :
Interface code in C# syntax parameters




Tabs: Source Code

Source Code tab :
— left panel: source code in C# syntax
— right panel: global parameters, which can be used in snippet.
— bottom:

Import Snippet  : import a suopet from a .snp-file.
Export Snippet  : export a <4'ppet into a .snp-file. This file can be used to import the snippet to
other programmable objects.

Check Consistency: check if the snippet is in correct C# syntax. If there is an inconsistency,
users will find details by clicking . i

H Fig: source code editor
43| [&| | Check Consistency| Validity: 4" Il OK Cancel Help of Programmable
Interface




Tabs: Global Parameters

« Global Parameters tab allows users to define different types of global
parameters, even predefined interfaces, materials and much more.

— Global parameters can be manually defined within the programmable object, outside the
Source Code Editor.

— Global parameters can be used in Parameter Run and Parametric Optimization.

ScwceCate  [Bobdl Pawves  Sacod bl Advarced Setvg Source Code Editor O X
o P2
4o W R e Source Code  Global Parameters  Snippet Help  Advanced Settings
Al Ve ST rwry [ AScwentt e [1ew T i .AD i,
= T erture DiameterX [double]
-% 1 C_ic'Uble height = 0.8; Aperture Diameter' [double]
E |2 AR R AR R AEEEAREEEAREEEEEEEEEEEEEEEEE  [double]
— i ODE HERE **%#ssszsxsxs y [double]
de Programematie nzertace X e s e E R EREEEEHR / i R [double]
Hagt ubes Scdey Peudes nterface_1 [Opticallnterface]
T et oface Speckouy be removed
nnnnnn *y / 18
b F
swet for Height Frofie |2 &8 /]
Numencel Gratient koouraty Facor
User-Deines Gradient .
MNebmwrcs Mea
Sy wwien
S - PP PSSR PSSP | ST TIPS
R 820 rvar
bock Comamnty Vaidy A W ok Come e [ ] Irtertace_t: Trencumd Corm Girming brierface 7 Lond / ot R Vs




Global Parameters: General Parameters

« General Parameters support several data types like Double, Integer, Boolean,
Complex, Double Vector 2D and much more.

« Users are able to define additional properties for the general parameters like
physical unit, minimum and maximum value and the valid range by clicking

Edit

Edit General Parameter: Double Value b4
Name
Source Code Editor
Physical Quantity Length ~
Source Code  Global Parameters  Snippet Help  Advance d Settings
General Parameters Value
Variable Name Type Description VT
ouble Value | Edit || Bl Value: 500 mm (Allowed
—_— e
Double Value ~
Double Array 10 Cancel Help
Double Array 20

Integer Value
Boolean

Complex Value Aad Remove ﬁ @
Integer Vector 200 w

Global Interfaces

R e PR R A e v -~




Global Parameters: General Parameters

 Itis highly recommended to specifiy a
help text for each General Parameter

| Edit Programmable iterface

by clicking on[2 . L e

tatace Spachcaton
Agoehm

« This help text is shown outside the = =
source code editor by clicking [efee], |~ o

aaveley
Vanable_
........ o
Last Modified: Monday, Jaruary 15, 2018
Edit Help Text O X PARAMETER DESCRIPTION
Varable_1 Vanable_1 specifies the length of
Variable_1 specifies the length of ...
- inced
[
Descripbon - . ' )
O X I ) . 50
= !
' 10
ray 2D
Cancel | |*

I | Boolean
Complex Valuve

[Integer Vector 20

R e e LR D )

(®) Numenical Gradiert Catouishion fcoeracy Facr



Global Parameters: System Building Blocks

« Any predefined system building
blocks in catalogs can be specified
as global parameters.

— materials
- media
— Interfaces

— boundary responces, i.e. transmission
functions.

- stacks




Global Parameters: Reference Field

« Other harmonic field can be used as Reference Field, as global parameter.

 Itis super useful when users need infomation of both fields. E.g. In
programmable detector, the reference field is defined as the desired field
pattern. Values of merit functions can be calculated by comparing the
detected field and Reference Field.

Reference Field (2D Data Amray)

Set

B i e N e T




Tab: Snippet Help

« Snippets Help tab helps user to record information about the programmable
object and specify different parameters.

* Please read the use case Customizable Help for Programmable Element for
more detalls.

Programmable Interface

Author: Huying Zhong
Version
Last Modified: T1 lay, September 21, 2017




Tab: Advanced Settings

« Advanced Settings tab allows you
to define additional DLLs and
namespaces, which can be used in
the snippet.

— Standard Usings: listing standard
namespaces, which are used in the

- wuwce Code Fancor
SI l I p pet nroe Code  (lohyl Pacyveses  Soppet Melp - Adeanced Settoge
1v'_l|"1\.-.;1 Lol

— Additional Usings: user defined
additional namespaces of the
VirtualLabAPI DLL and the
VirtualLab.Programming DLL

— External Reference: importing
additional DLLs

§INRRNY BON3

ieieal References | T Liers Haging DhangOrelvive Mg _LghiTimss 20171




@HTTRANS -

Programmable Light Source, Function, Interface and
Medium



Abstract

VirtualLab offers always different ways for the
specification of optical objects, e.g., light source,
interface, and medium. We provide predefined
objects, the objects can be specified by
measurement data or the object can be described
by using programmable objects. The programming
language for these customized objects is C#.
VirtualLab supports the development of the
programmable items by the source code editor.
Different object have different input and return
parameters. This use case explains the most
specific parameters of the programmable light
source, interface, function and medium.

743
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Programmable Light Source

Z2: Light Dith View (Light Path Disgram 21)*

Programmable Light Source allows users to defing e

d Comprinte Reld
Basc Soure Models

the spatial distribution of a global polarized light | w:'i'
mode in one plane. The mathematical representat
is Eo(x,y,2,J,2,1(1))

Sphencal Wave
Sormd Latersl Feid
Scper Gaussian Wave
#+- Patialy Cobermrt Source Models

Vo SPORIORO TR, 11010000 ot 2t o 300 s itb e

Programmeble Lght %
Source

¢
(
‘ 7

- (x,y,z) Is the spatial coordinators FoFrgmle LS

Polarization Mode Selection Sampling
Basic Parameters Spectral Parameters

- (] |
- J= (vx represents the Jones vector S

Algorithm
y

E g 12 b e po Pt s e Bt g b gt b s P B b P o o st
£e <E =Eo-(7 |
y ] y

Seurce Code Edtor

— A |S Wavelength r»f- Gicbal Farsmeters  Srpost Help  Advanced Settings

Ray Selection
Spatial Parameters

Validity: @

O X

— 11(4) is the refractive index of 12| i =52
the Surrounding medium °§ Y Hobe]
5‘3 | I aleart, imaginaryPa '
S “input paramete

Is:

E, x,v,2,J,1,1(1)

744



Example of Programmable Light Source

C# snippet Source parameters

double realPart = 1.8;

double imaginaryPart = 6.8; parameter Value

realPart = Math.Sin(y / 5e-3) * x; Size 100 mm X 100 mm

return new Complex(realPart, imaginaryPart); polarization r|ght Circu'ar'y po'arized

electric field [V/m]

f 1
B 11 Bectomagnetic Feld Detector 9600 sher . |- |i53 il 6= — s = = — o
MESRECE X B 11 Bectromagnetic Field Detector 600 after B, | | (=1 b BX 11 Blectromagnetic Field Detector #600 aftes P, | = | (51 jutiimt
Blecyric Fiekd Blacyre Fiekt Blecrc Fieit
Dagrant  Tadhe  Vokow ot bey) Dageet  Tadbe Vekw ot ey Dagrant  Tthe  Vokw ot i)
Raat Part of Ex-Componant {v/m] Real Part of Ey-Camponent [1E-17 V/m] Raal Part of Ez-Component fuV/mj
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] p ]
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060021
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Programmable Function

* Programmable function allows users to define a specific boundary response,
which is mathematically represented as B = f(x, y, 1,7(1)).

» Output field of Programmable Function is: E°"t(x,y) = B - E"(x, y)

2: Light Path View (Light Path Diagram #1)*

4 -
[#- Light Sources 3 A,Vwﬁo
- Coordinate Break 0
- Components 3 g =
[=I- Ideal Components g ‘ ¥ rocor ‘
< PPN

- Programmable Function
- Stored Function -‘ Programmable Function - TS O b4
[ Apertures and Lenses — 3 . -
- Beam Spltters O { Source Code  GloWal Parameters  Snippet Help  Advanced Settings
. Dif 3 = Wavelength [doubl
g Gra:::rs'l'ransmissions 1 s 1 double realPart = 1.8; R _a"'_een%t ::[;U_: E] plex]
- Jones Matrices Undefined g |2 double imaginaryPart = 8.8; * [double] )
[ Manipulators FESilED uE' g ) y [double]
B Mirors : B[ | | /e ok R R R R K S
bl e s WS RUROBNMS. BUNSHIONS s 1 bbb s bt st o st m st b 8 it =5 || Trrereesses INSERT YOUR CODE HERE **##®#ssssss
% ° o x,y, A4,n(A)
|8 return new I-C-:r'-:'_5,~:(r‘ealPar‘t, imaginar‘yPar‘t)l;
i
i B
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Example of Programmable Function

C# snippet

double realPart = 1.8;
double imaginaryPart = 8.6;

realPart = Math.5in(y / 5e-3) * x;

return new Complex({realPart, imaginaryPart);

input field \ output field

B 20 et Fld - B 211 Dutpot Foekd Lo
Blectre Fieit Blectrc Fieit
Dagrant  Tadhe  Vohow o iny) Dagrant  Tadhe  Vohow o iny)
Read Part of Ex-Componant [v/m] Read Part of Ex-Componant [v/m]
"] ooeosss
L
— » B
E o s o o o
>
8
Q
0 0049
-0.05 [ 0.05
X pm|
R(ES) programmable
function
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Programmable Interface

* Programmable Interface allows users to define a height
profile of an interface.

— _ y
. Height proflli iz(x , V), €.9., h(x,y) = sin (0 005)

Fae Sources  Funchione > Wrdows | Ughi Fath  Tools
H e @ = CS * e
c Dot s ke Edit Programmable interdace X
S nterfaces Catalo Broe .
og rterace Spectcaton
Definition Type | Templates v oo
[ Eat A

~Aspheical e Selppet for Haight Frefile 7 Edit | wicity: @
- Combined Interfa ) Numencal Gradeen: Calculaton Accupey Fackr 1
- Conical Interface »
Cylindrical Interface () User Uetnes Gradert Caleslaton
----- Plane Interfac
- Polynomial Interf P e R N e I SRR A0 A S P o e
-~ Programmable: Interface Source Code Editoe u] X
- Rectangular Grating Interfac ol
i Sampled Inteface | ) Tey g

N o

|double height = Hatu.Sinly / Se-3) * x
\

3 h

o | ’ |
AT st i s Ll 2 1 1 55 o a5 A1 % i i b, b B A B A 5 PO BAIS 1 0 M A0 8 1 8. 5 4 s B it et )

3D view of
the interface =~ ' o .
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Programmable Interface: Properties

 Programmable Interface contains all properties of general interfaces in

749

VirtualLab Fusion.

— discontinuities: the interface can be quantized
— scaling: stretch the interface in specific direction

— periodization: make a repetition of the interface to generate a periodic interface.

Edit Progrsmmable Interface
w  Height Dscommutes Scaing Penocdization

[7 Use Pixplason

Puslation Settings

Wem| x

7] Use Dipcrets Haight Levels (Heght Guantizabion)

Cuartization Seftirgs

Nusrber of Discrete Height Levels
Quantization Mode

() 7 Min-Max-Tresd @ Me-Ma-Riger

fA Use Fresnel Zones

Freanel Zore Settings
5 Foslorrironrbor . )

oo -

More details can be found in “Getting started” tutorial, i.e., Catalogs II: Interfaces

Edit Programmable Interface

Use Periodization

Stucture  Height Discontinuties ~ Scaling of Elementary Interface  Periodization

Peod -
- Outer Defintion Area [l
Edit Programmable Interface Size and Shape
Structure  Height Discontinuities  Scaling  Perio Shape @ Rectangular O Elligtic
Size | 00mm| x | 300 mm |
Sealing in x-Direction
Scaling ny-Direcion
Scaling in z-Direction

*




Programmable Medium

* Programmable Medium allows users to define an
arbitrary, complex-valued refractive index distribution
n(x,y, z,A). Variance of refractive index An(x,y,z, 1) Is

Bl SdHdE - Lght Fath Edit Programmable Medium (x-y-z-Modulated) X

n i oo o o— Basic P t Scaling  Periodization
N i 3 o3 3 3 'R Ep
H',‘ = \ e | '*' . " | Media Catalog Base Material
Bounday Comnge Comporents Detectom tedanes _ur Matells Moda Sock Name |Fused_Silica
ol 2R

Wirdows Ught Fath Tools

Resporas SRICH Definition Type | Templates ~ | | Bdensio =

Catalog Material LRV 4Rir=;

~ Airin Homogeneous M View Ri

Aperture Medium State of Matter Solid

-~ Fiber Medium Section

E----GH|N Medium Index Modulation

Medium with Iﬁcluslons z-Posit Snippet defines (®) Index Modulation (O Index Distribution

i~ Pillar Medium (z-Independent) I

Programmable Medium (x+-2z-Modulated) ™=
- Sampled Medium (y-Modulated)
- Volume Grating Medium

qram I / Edit Validity: @

L P TP Y

- I double imaginaryPart - 0.9; Fresure Wobie|

realPart = Sin(y / 8.885) * x;

LY
:
¢
:
5
v
:
;
¢
1
;
;
i
!
e
]
I
&
W
g
]
:
é

%
"

L

2

= | " " R p-oLee
‘E" é return --z-..l (reslPart, utex'.fmryt‘.srl\;l y [do.tle
§

Iv

¢ foutle

My, z ) Gy, 7,0

¢
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Programmable Medium

Programmable Medium allows users to define an arbitrary, complex-valued

refractive index distribution 711(x, y, z, ). An(x, y, z, A) is programmed.

There are two ways to define 711(x, y, z, 1):
— Index Distribution:

n(x,y, z A) = Ani(x,y,z, 1) e T

— Index Modulation: —
ﬁ(x’ y’ Z’ A) — nO (A) + Aﬁ (x’ y’ Z’ /1) " Catalogsrj::n:Maﬂer Solid
ny (A1) is given by Base Material.

L P TP Y

Z,2)
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Example of Programmable Medium

* Programmable Medium allows users to define an

arbitrary, complex-valued refractive index distribution
n(x,y,z,1).

- E.g., 11(x,y,2,1) = 1F3(1) + sin (ﬁ) - x, with 1¥3(1) denoting

the refractive index of fused silica.

P 22: Preview of Programmable Medium {ry-2-_ ||| = skl
Numesca Data Array
Diogram  Tabsle Vake ot by)

Aeal Part of Rofractive Index

refractive index

¢

Edit Programmable Medium (x-y-z-Modulated)

X

Base Material

it Scaling  Periodization

Mame |Fused_Silica

Catalog Material

State of Matter Solid

Index Modulation
Snippet defines
Definition

I/Edit

Source Code Edor

Souce Code  Giobal P Soppe Hely  Advanced Setings

2l doublNFoalPart = @.8;

g |2 double imaginaryPart - 0.9;

-

g

2 realPart Sin(y / 8.885) * x;

= T

l‘i‘_ & rn |m| (realPart, ineginar,Par();I y [Bole]
2 2he]

§ A ~ A Wavalengh i

; n(x,y,z,A)

(®) Index Modulation (O Index Distribution

L P TP Y
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Programmable Component for Free-Space
Propagation



Abstract

hfsReturn = new Q);
for (int i = ®; i < InputField.Count; i++) {
propagatedrield;
if (UseFresnelPropagation) {

}

else {
pr
propagatedField.SphericalPhaseRadius =
EstimateSamplingParameter.ComputeSphericalPhase(propagatedField);
}

hfsReturn.Add(propagatedfField);

return hfsReturn;

propagatedField = ElementaryFieldScalingPropagationCperaters.Fre(/ [...17/);

opagatedField = ElementaryFieldScalingPropagationOperators.Spw(/*[ ] H
opa

AY.

Customization via programming Is one
of VirtualLab Fusion’s strongest suits.
In this example, we present some
functions which were used in the
Classic Field Tracing engine to
propagate an electromagnetic field
that was represented in an
equidistantly sampled form. We use
these functions in a Programmable
Component. Please bear in mind that
VirtualLab currently offers more
evolved propagation algorithms, this
use case Is merely intended as a
programming example.
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Programmable Component for Free-Space Propagation

Main Function (Equidistantly Sampled Data)

hfsReturn = new O

for (int i = @; i < InputField.Count; i++) {

propagatedField;
if (UseFresnelPropagation) {
propagatedField = ElementaryFieldScalingPropagationOperators.Frt(/*[...]*/);
¥
else {
propagatedField = ElementaryFieldScalingPropagationOperators.Spw(/*[...]*/);
propagatedField.SphericalPhaseRadius =
EstimateSamplingParameter.ComputeSphericalPhase(propagatedField);

}
hfsReturn.Add(propagatedField); /\
}
return hfsReturn;
; . ull
campte file for |

Task:
Programme a component that
propagates an electromagnetic
field a given distance Az.
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