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Physical-Optics System Modeling by Connecting Field Solvers

Field Solver
Prisms, ...

Field Solver

: Gratings, ...
Field Solver

Lenses, ... :

i A

) ‘("""‘-‘;S Firsy
; {‘E@u Wi
\ﬁ.\!".'b':-"ﬁ‘_.

& S
o

Field Solver Micro-
and Nano-

structures

AR,

4 LightTrans International UG



Physical-Optics System Modeling: Regional Field Solvers

nonlinear

components
crystals & anisotropic

components I

waveguides & fibers

scatterer

free space
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. lenses & freeforms
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diffractive beam splitters l l diffractive, Fresnel, meta
lenses

SLM & adaptive

HOE, CGH, DOE

componentsMICro lens & freeform
arrays
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Physical-Optics System Modeling by Connecting Field Solvers

nonlinear free
crystals & components space prisms,
anisotropic plates,

components cubes, ...
/ \ waveguides lenses &
. . & fib freef
Connection of solvers via 1/0 . ~ ree o

channel concept which enables catterer — ‘ cpertures &

non-sequential physical-optics Solvers
\ SyStem mOde“ng / diffusers '( \‘ gratings
diffractive diffractive,

beam Fresnel, meta
splitters lenses
SLM&  icro lens & HOE, CGH,
adaptive  graatorm DOE
components arrays
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Surface Channels: Example of Plate/Etalon

Setting A

! & f+ || +/+
D View

Surface +/+ +/- -[- -|+
1st X
2nd X
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Surface Channels:

Example of Plate/Etalon
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1st X
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nonlinear free _
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components cubes, ...
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lenses &
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Field
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Surface Channels: Example of Plate/Etalon

Setting A

! & f+ || +/+
D View

Surface +/+ +/- -[- -|+
1st X
2nd X
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Surface Channels: Example of Plate/Etalon

Setting A Setting B Setting C

Bl G re, )+

30 View

u 5o S+, -] +1+

30 View

! & f+ || +/+
D View

LZ “—u.-Z \S—
£.45 mm .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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Surface Channels: Example of Plate/Etalon

Setting D Setting E

B & All Channels On
30 View

B 7 sre, 11|41
D View

e < e <
6.45 mm 6.45 mm
Surface +/+ +/- -[- -+ Surface +/+ +/- -[- -+
1st X X X 1st X X X X
2nd X 2nd X X X
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Parallel Planar-Planar Surfaces

etalon configuration

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

HECHT-ZAJAC

306 Interference

Fig. 9.41 Phase shifts arising purely from the reflections (internal

6, < 0;).
T e
| | =004
: ! ' e at point P, is then
o r =0
u i E | Eo, = Eot = (Eotrt + Eotrt + Egt™t + - - )
| | | or
E | i 2208 Eq = Eor — Etrt (1 + 12+ r* +--2),
| 42 =0,
g : J ~remo
— 0 2n 4n 4

density emerging from the film. It follows from Egs. (9.33)
and (9.34), that this is indeed the case, that is

=1 +1. (9.35)
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Parallel Planar-Planar Surfaces

etalon configuration

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

Constructive and
destructive interference
alternatively shows up
when the thickness of
etalon varies.
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Tilted Planar-Planar Surfaces

I3 13: Titted Planar Surfaces -2

Chromatic Fields Set

first surface tilt by 0.1°

1
- brallel Planar Surfaces EI
Chromatic Fields Set
0 parallel surfaces
z 1
1] !
-1 05 0 05 1

X [mm]

etalon configuration

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

05

¥ [mm]
0

0.5

0.5

0

-0.5

Linear interference fringes
appear due to linear change
of etalon thickness.

-1 05 0 05 1

X [mm]
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Cylindrical-Planar Surfaces

3 14: Input Field Polarized along ¥ =N =R
Chromatic Fields Set . .
Polarization-dependent
_ ] input polarization alon ; :
etalon configuration putp g y1 effecf[ on the_ mterfe.rence.ls
C) Cy|indrica|_p|anar COHSIdeI’ed n the S|mUIat|On
- center thickness 100pm . I3 15: Input Field Polarized along X =N =R
- cylindrical (x) surface o Chromatic Fields Set
radius 1m E . ..
Ee 05 input polarization along x
S 134
0 L
-1 05 0 05 1 _ =
- | OD i !
. S
1]
-1 05 0 05 1
\30° X [mm]
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Spherical-Planar Surfaces

etalon configuration

d) spherical-planar

- center thickness 100um
- spherical (x&y) surface
radius 1m

I \30°

n 16: Spitericai - Planar Surface
Chromatic Fields Set

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

¥ [mm]

i)

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

16

LightTrans International UG



Why Physical Optics?



Why Physical Optics?

3x beam expander

4

He-Ne laser

beam splitter

polarizer
(fixed)

_)| 2mm |<_

interference

/Maximum flexibility A A
In source modeling: _ - ™
profile, multimode, Maximum flexibility to
polarization, select detector, e.g.
\Coherence / e.m. field Components,
polarizer . irradiance, intensity
(rotatable) beam splitter arizat ’ !
. : ) -| 2mm le olarization
Flexible inclusion of ! N %
different types of
components
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Why Physical Optics?

« Modern interferometers may use ...
— ... advanced light sources
— ... Innovative optical components
— ... different types of detectors
— ... complex light paths
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Field Tracing Enables Fast Physical Optics

Field Tracing comprises:
* Application of different nonlinear  free

crystals & components space prisms,

electromagnetic field solvers in R cubes..
different regions of one system. waveguides

: lenses &
« Interconnection of any type of @ fbers ~ freeforms
general and specialized field solver. scatterer - Field ‘ apertures &
« Source mode concept to represent ' Solvers ‘
coherent, partially coherent, and diffusers gratings
Incoherent sources. dffractv diffractive,

. beam Fresnel, meta
* ... and many more techniques splitters lenses
SLM& icro lens & HOE, CGH,
adaptive ¢ aaform DOE
COMPONeNts 4 v
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Fizeau Interferometer for Optical Testing



Modeling Task

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

test
flat

beam flat

splitter

collimation
lens

Different surface
profiles are under
iInvestigation

reference l

spherical wave
wavelength 532nm
half-opening angle
26.6°

\ J

%
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Tilted Planar Surface under Observation

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

£
f=]

£

E° 0.905

>
w0
g \
wn
o

tilted planar i )
0 05 1 15 2 25 3 35 4 45
surface X fmmi

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

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

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

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

E

E° 0.975

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

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

nonlinear free
space

crystals & components

anisotropic
components

waveguides
& fibers ~
scatterer _ ‘
diffusers '( ‘ gratings
diffractive

o

Field
Solver

prisms,
plates,
cubes, ...

lenses &

@ freeforms

apertures &
boundaries

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

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



Modeling Task

detector

(

Coherence property
of source is under
Investigation!

\

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

b) bandwidth 100nm

fixed mirror

movable
mirror

20mm

shift
distance d

change of the lateral interference
fringes for different d values

()

point-wise measurement
with respect to d values

28
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Lateral Interference Fringes — 50nm Bandwidth

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

Fringe contrast

changes along
L lateral position. )

fundamental Gaussian

(central wavelength 635nm)

a) bandwidth 50nm

shift
distance d
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Lateral Interference Fringes — 100nm Bandwidth

E=. 2: Shift Distance d=0 a— =N =R === E=. 6: Shift Distance d:m:ummal e =N ECR=™| E=. 7: Shift Distance d=2ur:umml( é AI Mos t N O
lrrac;iance [HW/mA2] Irra;lance [HW/m~2] 1rrac;iance Interfe rence
] ; fringe visible!
J
g = 0.0275 g 0.0218 g = 0.0138
’ 7 X[rim] ) ) ) 7 X[r:m] ’ : ’ 7 X[rim] ) )
L J
Broader spectral bandwidth leads to
shorter coherent length; and therefore
the interference fringe starts to vanish
_ 5_- sooner in comparison to the case with
fundamental Gaussian narrower bandwidth.
(central wavelength 635nm) -
b) bandwidth: 100nm shift
distance d
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Pointwise Measurement

detector

movable
mirror

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

b) bandwidth 100nm

shift
distance d

20mm 20mm

20mm

fixed mirror

B 13: 50nm Bandwidth

(o] 2 )

Mumerical Data Array

Diagram  Table Value at x-Coordinate

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

H ” 50nm bandwidth

0.04

0.02

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

B} 14: 100nm Bandwidth
Mumerical Data Array

Diagram  Table Value at x-Coordinate

n 100nm bandwidth

0.04

0.02

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

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

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

waveguides
& fibers ~
_ apertures &
scatterer Field boundaries
Solver

diffractive l l
beam Fresnel, meta

micro lens & HOE, CGH,

diffusers

splitters SLM &

adaptive

components

@

lenses &
freeforms

gratings

diffractive,
lenses

freeform DOE
arrays

# lidealized component
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Mach-Zehnder Interferometer



Modeling Task

reference path

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

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

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

Y Y
shift N
> ) > = Calculation of interference
> /A > pattern including element shift
takes less than 2 seconds!
4 \
vnQ:InterferenceOshift - vnﬁ:lmerference?‘”umshiﬁ N | I3 12: Interference 500um shift o vvn‘l.":lnlerfetenceﬂﬂ)pmshift e
0 shift 300um shift _ 500pum shift 1000um shift
_ | . - -
I = e
é @ 0.095 .E,D ( O 0.105 é o ‘( ( ( 0.105
) e L || !
: X [mm] | x[mm] h X [mm] |

36

LightTrans International UG



Polarization Interference



Modeling Task

3x beam expander

4 A\ beam splitter

polarizer

He-Ne laser (fixed)

fundamental Gaussy

wavelength 632.8n Polarization
effects are of
importance here!

polarizer
(rotatable)

_>| 2mm |<_

beam splitter

_)| 2mm |<_

interference

7

How does the
interference pattern
change with respect

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

p
3 24: 0 Degree Rotation

Chromatic Fields Set

=r=~)

I 25: 45 Degree Rotation
Chromatic Fields Set

| =

polarizer
(fixed)

polarizer
(rotatable)

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

polarizer rotation by 0°

0.025

5 0 025 05

Y [mm]

0.2

I3 26: 75 Degree Rotation =8 T

Chromatic Fields Set

polarizer rotation by 75°

—| 0.05

polarizer rotation by 45°

0.05

0.025

Y [mm])

025 0 025 05

3 27: 90 Degree Rotation
Chromatic Fields Set

polarizer rotation by 90°

wn

Y (mm]
05 -025 0 025 05

disappears

0

05 -025 0 025 05

X [mm]

(
Interference
i completely!

05 025 0 025 05

X [mm]
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Interference Pattern Changes with Polarizer Rotation

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

polarizer rotation.

-05 -025 O

025 05

05 -025 ©0

1

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

X [mm)] \ Coordinate [mm]
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Interference Pattern

polarizer
(x-direction)

polarizer
(x-direction)

polarizer
(y-direction)

I 24: 0 Degree Rotation =R R |

Chromatic Fields Set

Y [mm]
05 025 0 025 05

parallel polarizers

0.05

information is encoded

\
Interference

In polarization state!

0.025

& 27: 90 Degree Rotation
0 Chromatic Fields

Y [mm]
-025 0 025 05

-0.5

05 025 0 025 05

X [mm]
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Examination of Sodium D Lines with Etalon



Modeling Task

spherical lens
- type: plano — convex

HR - coating silica-spaced etalon : :ﬁi{gﬁ;_ﬁggm
- reflectance = 90% :

- thickness =~ 700nm
- material: Silicon Dioxide
& Titanium Dioxide

input spherical wave
- sodium D lines
@588.995nm & 589.592nm
- linearly polaried
along x direction
- half divergent angle is 2.3°

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

ds =f=100mm |

d, =1.686mm d, =4.3mm
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Visualization of Both Spectrum Lines

input spherical wave
sodium D lines
@588.995nm & 589.592nm

/
%f—;

\
EQ\\

—

I 10: Field in Front of Etalon
Chromatic Fields Set

fo o s

[ field in front of

the etalon

-

‘ n 11: Field on Focal Plane

Chromatic Fields Set

!

|

field on the
focal plane
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Finesse vs. Coating Reflectance

input spherical wave

single spectrum line
@589.592nm

HR - coating
reflectance ~90%,
80%, 60%

Sharpness of the interference

fringes depends on the reflectance

of the coatings on the etalon.

& 13: 598.592nm with R=90%
Chromatic Fields Set

Y [mm]
0

o~

oy

=7 0

R~90% ™

& 14: 589.592nm with R=80%
Chromatic Fields Set

[(© ]

I 15: 589.592nm with R=60% = E=R =

Chromatic Fields Set

-2 0 2

R~80% ™

4

-2 0 2 4

R~60% ™

45

LightTrans International UG



Finesse vs. Coating Reflectance

I 13: 598.592nm with R=90% o -5 ]
Chromatic Fields Set

I 14: 589.592nm with R=80% o -5 ]
Chromatic Fields Set

Y [mm]

-2 0 2 4 =

R~90% o >

-4
I3 15: 589.592nm with R=60% R~ 8 0 %

Chromatic Fields Set

extracting 1D data along the diagonal direction

the higher reflectance, the higher finesse

Eﬂ 22: Finesse vs, Reflectance

Mumerical Data Array

(=] 5 ]

Dizgram Table Value at x-Coordinate
- F=00%

=

O == R=80%
o
= - F=00%
E o
= O
o0
H#
* g
(=]
#
g _
o o
’ L_J

o

S -4 3 1 0 1 2 3 4 5
Coordinate [mm]
£ >
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VirtualLab Fusion Technologies

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

waveguides
& fibers ~
scatterer - ‘
diffusers '( ‘ gratings
diffractive diffractive,

%

lenses &

@ freeforms

apertures &
boundaries

Field
Solver

beam Fresnel, meta
splitters lenses
SLM.& micro lens & HOE, CGH,
adaptive ¢ eaform DOE
components arrays
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Optical Design Software and Services

Hall B1, 209
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