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My Three Teams at …

• Applied Computational Optics Group at Friedrich 

Schiller University of Jena

− R&D in optical modeling and design with emphasis on physical 

optics.

• Wyrowski Photonics

− Development of fast physical optics software VirtualLab Fusion

• LightTrans

− Distribution of VirtualLab, together with distributors worldwide

− Service, technical support, seminars, and trainings

− Optical engineering projects
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Ray and Field Tracing

Dealing with positions and directions of 

rays and related quantities like OPL

Optical Modeling
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Ray and Field Tracing

Dealing with electromagnetic fields E

and H

Optical Modeling
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Ray and Field Tracing

Follows from

… “forgetting” field information
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Ray and Field Tracing

Physical optics

E, H

Ray optics

r, s
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Ray and Field Tracing
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System Modeling Example #1 

• Source

− 𝜆 = 0.1 nm, 12 keV

− Spherical wave, fully coherent field

− 50 m to mirror,12 μrad opening angle

• Mirrors

− Elliptical, focal points at source & focal plane

− Gracing angle: 𝜃 = 3mrad

•

50 m

Focal plane

Source

200 mm 200 mm

Provided by Mourad Idir, BNL
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System Modeling Example #2 

• Source

− 𝜆 = 0.173 nm, 7.18 keV

− Partially coherent field: 

• Gaussian shape profile

• Size: Dx = 22 µm, Dy = 548 µm 

• Divergence: qx = 12.4 µrad, qy = 24.8 µrad 

Provided by Mourad Idir, BNL

www.wyrowski-photonics.com



Physical Optics Modeling: Source

• Source modeling: Representation of source field in input plane of 

system by set of monochromatic, fully coherent source field modes. 

• The representation of source fields by modes enables modeling of 

− Fully coherent source fields

− Partially spatially coherent source fields 

− Partially temporally coherent source fields 

− Ultrashort pulsed source fields 

• Electromagnetic source field modes are determined by six field 

components of the E and H-field. That includes automatically 

− Energy quantities

− Wavefront (phase) 

− Polarization

− Degrees of coherence and polarization

− Pulsed field characteristics
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Physical Optics Modeling: Source

• Source modeling: Representation of source field in input plane of 

system by set of monochromatic, fully coherent source field modes. 

• The representation of source fields by modes enables modeling of 

− Fully coherent source fields

− Partially spatially coherent source fields 

− Partially temporally coherent source fields 

− Ultrashort pulsed source fields 

Source
Source 
Modes

How to find a 
mode decomposition?
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Source
Source 
Modes

Theory: Mode 
decomposition exists

Source

Physical Optics Modeling: Source

• Source modeling: Representation of source field in input plane of 

system by set of monochromatic, fully coherent source field modes. 

• The representation of source fields by modes enables modeling of 

− Fully coherent source fields

− Partially spatially coherent source fields 

− Partially temporally coherent source fields 

− Ultrashort pulsed source fields 
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Source
Source 
Modes

 Measurements 
 Source models

Source

Physical Optics Modeling: Source

• Source modeling: Representation of source field in input plane of 

system by set of monochromatic, fully coherent source field modes. 

• The representation of source fields by modes enables modeling of 

− Fully coherent source fields

− Partially spatially coherent source fields 

− Partially temporally coherent source fields 

− Ultrashort pulsed source fields 
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System Modeling Example #1 

• Source

− 𝜆 = 0.1 nm, 12 keV

− Spherical wave, fully coherent field

− 50 m to mirror,12 μrad opening angle

• Mirrors

− Elliptical, focal points at source & focal plane

− Gracing angle: 𝜃 = 3mrad

•

50 m

Focal plane

Source

200 mm 200 mm

Provided by Mourad Idir, BNL

One spherical field 

mode with 12 µrad 

opening angle
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System Modeling Example #2 

• Source

− 𝜆 = 0.173 nm, 7.18 keV

− Partially coherent field: 

• Gaussian shape profile

• Size: Dx = 22 µm, Dy = 548 µm 

• Divergence: qx = 12.4 µrad, qy = 24.8 µrad 

Provided by Mourad Idir, BNL
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Elementary Shifted Mode Concept

• For extended, quasihomogeneous sources like LED and 

synchrotron radiation the elementary shifted mode 

concept is reasonable. 
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Elementary Shifted Mode Concept

• For extended, quasihomogeneous sources like LED and 

synchrotron radiation the elementary shifted mode 

concept is reasonable. 

Beam profile
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Elementary Shifted Mode Concept

• For extended, quasihomogeneous sources like LED and 

synchrotron radiation the elementary shifted mode 

concept is reasonable. 

Modes

Beam profile
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System Modeling Example #2 

• Source

− 𝜆 = 0.173 nm, 7.18 keV

− Partially coherent field: 

• Gaussian shape profile

• Size: Dx = 22 µm, Dy = 548 µm 

• Divergence: qx = 12.4 µrad, qy = 24.8 µrad 

Provided by Idir Mourad, BNL
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Elementary Shifted Mode Concept

• For extended, quasihomogeneous sources like LED and 

synchrotron radiation the elementary shifted mode 

concept is reasonable. 

Modes

Beam profile
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Physical Optics Modeling: Source

• Source modeling: Representation of source field in input plane of 

system by set of monochromatic, fully coherent source field modes. 

• The representation of source fields by modes enables modeling of 

− Fully coherent source fields

− Partially spatially coherent source fields 

− Partially temporally coherent source fields 

− Ultrashort pulsed source fields 

• Pulses are modeled by a Fourier decomposition of the 

temporal function, which results in a set of mutually 

coherent monochromatic source field modes.  

• VirtualLab provides 3D modeling of any type of laterally 

and temporally pulsed field shape.  
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Physical Optics Modeling: System

• Source modeling: Representation of source field in input plane of 

system by set of monochromatic, fully coherent fields.

• System modeling: Sequential or non-sequential propagation of 

source field modes through system including

− Free-space propagation

− Mirrors and lenses; any type of smooth surfaces 

− Surfaces with multilayered stacks 

− Gratings

− Surfaces with microstructured stacks, e.g. Zone plate

− Capillary optics

− … and whatever component the application might require

VirtualLab enables to tackle all those physical optics 

modeling challenges!
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Physical Optics Modeling: System

• Source modeling: Representation of source field in input plane of 

system by set of monochromatic, fully coherent fields.

• System modeling: Sequential or non-sequential propagation of 

source field modes through system including

− Free-space propagation

− Mirrors and lenses; any type of smooth surfaces 

− Surfaces with multilayered stacks 

− Gratings

− Surfaces with microstructured stacks, e.g. Zone plate

− Capillary optics

− … and whatever component the application might require

Physical optics modeling is considered to be slowly compared to ray 

tracing. Is that really true? 
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Basic Modeling Situation

Huygens’ principle:

Origin of 

spherical waves

(Rayleigh integral)

Surface between 

two mediaEin
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Basic Modeling Situation

Huygens’ principle:

Origin of 

spherical waves

(Rayleigh integral)

Surface between 

two media

Nin field points

Nout field points

• NinNout basic 

operations

• 2D: N4

• Typical: N=1000

=> 1 TFlop

E

Ein
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Propagation by FFT Techniques

Huygens’ principle:

Origin of 

spherical waves

(Rayleigh integral)

Surface between 

two media

N field points

E

N field points

• Instead of N4 

operations

• FFT: N2 log N

Ein
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Propagation by FFT Techniques

EEin

www.wyrowski-photonics.com

Fast free-space 

propagation



Propagation by FFT Techniques

EEin

www.wyrowski-photonics.com

Fast free-space 

propagation



Basic Modeling Situation: Boundary Problem

Surface between 

two mediaE

How to solve boundary 

value problem?

How to obtain the 

transmitted and 

reflected fields?

Ein

E
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Geometric Field Tracing through Surface

Surface between 

two media

Ein Eout • Input field is decomposed into local 

plane wave fields. 

• That is theoretically justified if field is 

in its geometric zone. 

• Local plane waves (smart rays) are 

propagated through surface by local 

application of plane wave/plane 

surface interaction (law of refraction 

and Fresnel’s equations). 

• By including all vectorial effects and 

considering intensity law of 

geometrical optics the output field can 

be constructed. 

www.wyrowski-photonics.com



Paraxial Modeling of Surfaces

Surface between 

two media

Ein Eout • In paraxial optics the local plane waves 

propagate all along the axis and the 

deflection at the surface by refraction is 

neglected. 

• Then just the optical path length is 

considered and a phase term 

proportional to the height profile is 

obtained. 

• That is the thin element approximation 

(TEA) frequently used in paraxial 

optics, e.g. Fourier and laser optics. 

• Together with Fresnel integral for free-

space propagation the Collins integral 

follows for lens systems. 
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Fast Physical Optics Modeling

Ein Eout

Geometric field 

tracing (GFT)

Field must be always in its 

geometric zone! 

DFTDiffractive field 

tracing (DFT)

www.wyrowski-photonics.com



Fast Physical Optics Modeling

Ein Eout

Geometric field 

tracing (GFT)

Field must be always in its 

geometric zone! 

DFTDiffractive field 

tracing (DFT)

Fast by use of FFT 

based techniques.

As fast as ray tracing 

by use of 1:1 mapping.
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Spherical Wave: f = 200 mm; z= 0 - 400mm

z

x

Field propagated along the z-axis
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Spherical Wave: f = 200 mm; z= 180 – 220 mm

Field propagated along the z-axis
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Spherical Wave: f = 200 mm; z= 193 – 207 mm

Field propagated along the z-axis

www.wyrowski-photonics.com



Spherical Wave: Geometric Zone?

Field propagated along the z-axis
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Fast Physical Optics Modeling: Example

Ein

Geometric field 

tracing (GFT)

E1 E2

E1 E2

DFT

Ex

Ey

Ez

cpu time 

≈ 1 sec

cpu time 

≈ 3 sec

cpu time an standard laptop
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Fast Physical Optics Modeling

Ein Eout

Diffractive field 

tracing (DFT)

Geometric field 

tracing (GFT)

Field must be always in 

its geometric zone! 

DFT

Justification by geometric, 

electromagnetic theory

www.wyrowski-photonics.com



Geometrical Optics of Electromagnetic Fields
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Geometrical Optics of Electromagnetic Fields

“According to traditional terminology, one

understands by geometrical optics this

approximate picture of energy

propagation, using the concept of rays

and wave-fronts. In other words

polarization properties are excluded. The

reason for this restriction is undoubtedly

due to the fact that the simple laws of

geometrical optics concerning rays and

wave-fronts were known from experiments

long before the electromagnetic theory of

light was established. It is, however,

possible, and from our point of view

quite natural, to extend the meaning of

geometrical optics to embrace also

certain geometrical laws relating to the

propagation of the 'amplitude vectors'

E and H.”page 125

www.wyrowski-photonics.com



Geometric Field Equations

Development and implementation of 

algorithms to solve Maxwell’s equations 

in its geometric field approximation! 

We follow Max Born’s and 

Emil Wolf’s point of view!
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Ray and Field Tracing

Physical optics

E, H

Ray optics

r, s

Geometric 

physical optics

E, H

diffractive
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Source and System Modeling 

Source
Source 
Modes

 Measurements 
 Source models

Source
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Source and System Modeling 

Source
Source 
Modes

 Measurements 
 Source models

Source

One of the hot topics and 

challenges in optical 

modeling and design in 

general!
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System Modeling Example Provided by Idir Mourad, BNL

Source

• 𝝀 = 0.1 nm, 12 keV

• Spherical wave, fully coherent field

• 50 m to mirror,12 μrad opening angle

Mirrors

• Elliptical, focal points at source & focal

plane

• Gracing angle: 𝜃 = 3 mrad

-504.82499 nm 504.82499 nm

5
0
4
.8
2
4
9
9
n
m

- 5
0
4
.8
2
4
9
9
n
m

DFTGFT

Field obtained by GFT 

behind the second mirror

Field obtained by DFT in 

focal plane
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System Modeling Example: Tolerancing

Field in F1 Field in F2 Field in F3
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System Modeling Example: Tolerancing 

Measured error map, PV ~ 1.2 nm

provided by Idir Mourad, BNL
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System Modeling Example: Tolerancing 
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System Modeling Example: Tolerancing 
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System Modeling Example: Tolerancing 

www.wyrowski-photonics.com



System Modeling Example: Tolerancing 
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System Modeling Example: Tolerancing 
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System Modeling Example: Tolerancing 

DFTGFT

Measured error map, PV ~ 1.2 nm

provided by Idir Mourad, BNL

Case Strehl Ratio

Ideal 1.0000

1x Errormap 0.9933

5x … 0.9445

10x … 0.7903

20x … 0.3964
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System Modeling Example: Tolerancing 

DFTGFT

Case Strehl Ratio

Ideal 1.0000

1x Errormap 0.9933

5x … 0.9445

10x … 0.7903

20x … 0.3964

-502.71404 nm 502.71404 nm
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0
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n
m

-502.55719 nm 502.55719 nm

5
0
2
.5
5
7
1
9
n
m

-5
0
2
.5
5
7
1
9
n
m

Error map (5x)

FWHM: 62 x 127 um

Error map (10x)

FWHM: 63 x 128 um

Error map (1x)

FWHM: 61 x 126 nm

Error map (20x)

FWHM: 62 x 130 um

-504.82499 nm 504.82499 nm
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VirtualLab Fusion is a fast physical optics 

modeling and design software.

Could be powerful tool for x-ray modeling!



We encourage you to contact us to find 

out, how good we can treat with your 

modeling and design tasks. 

Common paper as result would be fine!


