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Dear Reader,

This is the first edition of the ITO research report since the change of the Institute Director in 2002.
At the end of August 2002 and after 23 years of successful work for the Institute and for the international
optics community Prof. Hans Tiziani retited. On the 1st September 2002 the position of Institute Direc-
tor was handed over to me. Since then more then 2 years have passed and it is again time to teport on the
activities of ITO in the field of Applied Optics.

In the modern world we still rely on some golden rules. One of them — well known from the sports
wortld - says “Don t change a winning team”. 1f we change this a little by replacing the word team by the word
concept, I would also apply this rule to my personal understanding of the running of science in our highly
competitive world. Thus continuity together with careful renewing and modernization is the basis that de-
termines the direction of the whole team at the Institute. As part of the Faculty of Mechanical Engineering,
the Institute represents Stuttgart University in the field of Engineering Optics in research and education.
Together with our national and international partners, our research work focuses on the exploration of new
measurement and design principles and their implementation in new optical components, sensors and sen-
sor systems. One of our central goals is the extension of existing limits by combining modelling, simulation
and experimental data acquisition within actively controlled measurement processes.

The five main research areas of the Institute can be summarized as:

e the investigation and implementation of new sensors and procedures for the 3D measurement of
optical, technical and biological surfaces in macro, micro and nano scales,

* the design of active optical components and algorithms for the spatio-temporal manipulation and
control of complex wavefronts including amplitude, phase and polatization,

* the development of new strategies for the high resolution measurement of sub-wavelength scale
structures by the combination of rigorous physical modelling, computer-aided simulation and experi-
mental data acquisition,

* the design and fabrication of customer-specific diffractive optics and the investigation of new meas-
urement concepts for the testing of optical components, in particular, aspheric lenses, and

* the investigation and application of coherent optical measurement methods for the full-field and non-
destructive investigation of technical and biological components with respect to static and dynamic
deformations, 3D-shapes, internal imperfections and material properties.

These five research aims are each pursued by Systems
one of the five research groups which make up

- Wavefront Sensors

the Institute. Together with the strong interac-

. b h his oi he Insti - Interferometers
tions between these groups, this gives the Institute - Topometers (macro/micro)
a strength in depth over a broad range of optics - Optical Tweezers
activities. The considerable number of research Methods
projects that are referred to in this report reflects Components
the success of this approach. Along with the ful- - Modelin@ & Simulation
fl . . . - Holograms/CGH - Micre€to

ment of these research projects the Institute is : ; : Py

) R ) - Diffractive Optics - Interferometry

currently undergoing a modernisation of the equip-  BI{Egele|slles - Holography
ment and infrastructure. The most important activ-  \WaSNVERORIIES - Fringe Projection

ity concerns the construction of a new cleanroom - Diffractometry

where the fabrication of diffractive optical elements

and the high resolution optical metrology will find
an adequate technological basis and environment. Applied optical methods and their implementations in new optical
Th1s iS planned for completion 1n May 2006, components, sensors and sensor systems.

To cope with our ambitious and widely spanned approach in Applied Optics a deep understanding of
the physics of optics needs to be combined with practical engineering implementation. The fulfilment of
this boundary condition means a daily challenge for all members of the staff. However, a good mixture of
graduates in physics and engineering, a vital and innovative scientific climate that considers the interdiscipli-
natry cooperation with numerous national and international institutes and a continuous observation of the
technological and scientific progress — the traditional features of the ITO - are a good basis to meet these
and future challenges. May this report once again convince our sponsors, customers and partners of this.

Wolfgang Osten
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Staff of the Institute

Please note the telefonnumbers will be changing early in 2006. For the new number add "6" after "685"
(e.g. "+49 (0) 711 685 6074" becomes "+49 (0) 711 685 6 6074")

Director

Prof. Dr. Wolfgang Osten +49 (0) 711 685-6075

osten@ito.

uni-stuttgart.de

Emeritus

Prof. Dr. Hans Tiziani +49 (0) 711 685-6077

tiziani@ito.

uni-stuttgart.de

Secretary

Gabriele GroBhans +49 (0) 711 685-6074

Ruth Edelmann +49 (0) 711 685-6074

Christa Wolf

+49 (0) 711 685-6083

grosshans@ito.

edelmann@ito.

wolf@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

Studys

Erich SteinbeiBBer

+49 (0) 711 685-6068

steinbeisser@ito.

uni-stuttgart.de

Research Assistants

3D-Surface Metrology

Dr. Klaus Korner (leader) +49 (0) 711 685-6082

Reinhard Berger +49 (0) 711 685-6835

Ulrich Droste +49 (0) 711 685-6835

Christian Kohler

+49 (0) 711 685-6835

Dr. Evangelos Papastathopoulos +49 (0) 711 685-6082

Aiko Ruprecht +49 (0) 711 685-6594

Tobias Wiesendanger +49 (0) 711 685-6594

koerner@ito.

berger@ito.

droste@ito.

kohler@ito.

itoepapa@ito.

ruprecht@ito.

wiesendanger@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

Active Optical Systems

Dr. Tobias Haist (lcader) +49 (0) 711 685-6069

Dr. Witold Gorski

+49 (0) 711 685-6069

Jan Liesener +49 (0) 711 685-6071

Staff of the Institute

haist@ito.

gorski@ito.

liesener@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de
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Lars Seifert

Marcus Reicherter

Susanne Zwick

+49 (0) 711 685-6071

+49 (0) 711 685-6069

+49 (0) 711 685-6069

seifert@ito.

reicherter@ito.

zwick@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

High Resolution Metrology and Simulation

Norbert Kerwien (leader)

Jochen Kauffmann

Stephan Rafler

Thomas Schuster

+49 (0) 711 685-6065

+49 (0) 711 685-6553

+49 (0) 711 685-6553

+49 (0) 711 685-6065

kerwien@ito.

kauffmann@ito.

rafler@ito.

schuster@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

Interferometry and Diffractive Optics

Christof PruB (leader)

Markus Freudenreich

René Reichle

Thomas Schoder

Johann Westhauser

+49 (0) 711 685-6066

+49 (0) 711 685-6066

+49 (0) 711 685-6066

+49 (0) 711 685-6064

+49 (0) 711 685-6064

pruss@ito.

freudenreich@ito.

reichle@ito.

schoder@ito.

westhauser@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

Coherent Measurement Techniques

Dr. Giancarlo Pedrini (lcader)

Dr. Roger Groves

Xavier Schwab

Dr. Fucai Zhang

+49 (0) 711 685-6078

+49 (0) 711 685-6073

+49 (0) 711 685-6076

+49 (0) 711 685-6076

pedrini@ito.

groves@ito.

schwab@ito.

fucai@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de

Software Engineering & Technicians

Andreas Goretzky

Ralph Knoll

Andreas Lorenz

+49 (0) 711 685-6070

+49 (0) 711 685-6067

+49 (0) 711 685-6089

goretzky@ito.

knoll@ito.

lorenz@ito.

uni-stuttgart.de

uni-stuttgart.de

uni-stuttgart.de
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Past members of the staff (2003 - 2004)

Igor Alexeenko Dr. Matthias Fleischer Dr. Stefan Franz
Ralf Gartner Dr. Jens Korallus Michael Kramer
Stefanie Krug Jean-Marc Nivet Dr. Michael Pahlke
Dr. Klaus-Peter Proll Dr. Stephan Reichelt Eva Rosenthal
Dr. Alexandre Tavrov
Guest Scientists
Prof. Mikhail Gusev Kaliningrad State University, Russia 9/2002 - 11/2002
Dr. Yan Zhang Capital Normal University, Beijing, PR China 11/2002 - 10/2003
Dr. Lluis Martinez Leon Universitat Jaume I, Castelld, Spain 7/2003 - 1/2004
Dr. Andrés Marquez Ruiz Universidad de Alicante, Spain 6/2004 - 7/2004
Dr. Victor Korolkov TA&E Sibirian Branch of the Russian 8/2002 - 3/2003
Academy of Sciences, Novosibirsk, Russia 3/2004 - 9/2004

Foreign Guests visiting the Institute: 2002 - 2004

Dr. Joanna Schmit

Prof. Dr. Bahram Javidi

Prof. Dr. Michail Gusev

Dr. V. Tornari

Veeco Process Metrology, Tucson, USA_ September 2002
University of Connecticut, USA November 2002
Kaliningrad State Univ., Russia November 2002
EO.R.T.H., Heraklion, Greece December 2002

Prof. Dr. T. Lasser

Prof. Steve Weiner

Prof. Armando Albertazzi

Prof. Kazuyoshi Itoh

Dr. Christophe Gorecki

Dr. Jim Trollinger

Prof. Dr. Qifeng Yu

Dr. Fernando Mendoza-Santoyo_Centro de Investigationes en Optica, Leon, Mexico

Dr. Roger Groves

Prof. Dr. Yurij Shugui

Prof. Zoltan Fiizessy

Dr. Ference Gyimesi

Swiss Federal Institute of Technology, Lausanne, Suisse__December 2002

Weizmann Institute of Science, Rehovot, Israel June 2003
Univ. Florianopolis, Florianopolis, Brasil June 2003
Osaka University, Osaka, Japan June 2003
Universite de Franche-Comté, Becancon, France_ July 2003
Metrolaser Inc., Irvine, USA. August 2003
National University of Defense Technology, ~ January 2004

Changsha, PR. China
September 2004

Cranfield University, Bedfordshire, England September 2004
Russian Academy of Sciences, Novosibirsk, Russia_ October 2004

Budapest University of Technology and Economics, November 2004

Budapest, Hungary

Budapest University of Technology and Economics, November 2004

Budapest, Hungary

Staff of the Institute
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Studying optics

Our curriculum is primarily directed towards the students in upper-level courses (“Hauptdiplom”) of

Mechanical Engineering, Mechatronics, and Technology Management. We especially recommend the course

option “Microsystems and precision engineering”.

We also welcome students from other courses, such as “Physics” and “Engineering Cybernetics”.

Concerning the main subject “Engineering Optics” we offer the following

Core lectures:

+ fundamentals of engineering
optics (Prof. Dr. W. Osten)

basic laws and components: optical imaging
with lenses, mirrors, and prisms; basic optical
set-ups; optical systems and devices (the
human eye, magnifying glasses, microscopes,
and telescopes); physical optics, physical limits
of optical images, resolution of optical devices;
geometrical and chromatic aberrations and
their influence on picture quality and basic laws
of photometry.

» optical measurement techniques
and procedures (Prof. Dr. W. Osten)

basics of geometrical optics and physical
optics; holography; speckle; components and
systems: light sources, lenses, mirrors, prisms,
apertures, light modulators, the human eye
and other detectors; measuring errors; meas-
uring techniques based on geometrical op-
tics: measuring microscopes and telescopes,
structured illumination, application of Moiré-
phenomenon; measuring techniques based
on physical optics: interferometrical measure-
ment techniques, holographic interferometry,
speckle measurement techniques.

+ optical information processing
(Prof. Dr. W. Osten)

Fourier theory of optical imaging; basics of
wave theory, coherence, frequency analysis
of optical systems, holography and speckle,
spectrum-analysis and optical filtering; digital
image processing: basics of methods and ap-
plications.

INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004

Elective lectures

* optical phenomena in nature and everyday life
(Dr. T. Haist)

* opto-electronical image-sensor and digital
photography (Dr. K. Lenhardt)

* cohetence and polatisation in optics / optics
of thin films, surfaces and crystals
(Dr. K. Leonhardt)

* optical lithography / measuring techniques
for micro-structures (Dr. M. Totzeck)

¢ design and calculation of optical systems
(Dr. H. Zugge)

Additional studies

* project work and theses within our field of
research

* practical course “optics-laboratory”
— speckle measurement
— digital image processing
— computer aided design of optical systems
— measurement of the spectral power distri-
bution

* practical course “optical measurement tech-

niques”

— 3D surface measurements applying fringe
projection

— digital holography

— 2D-interferometry and measurement

— quality inspection of photo-objectives with
the MTF measuring system

e common lab for mechanical engineering
(APMB)

Studying optics



14

The research groups

3D-Surface Metrology

The objective of the group is the analysis and the implementation of new principles for the acquisition
of optical 3D-surface data of engineering and biological objects over a wide scale. Our main focus is on the
enhancement of the metering capacity by a combination of physical models and optimized system design.

Current research activities are:

* 3D-measurement applying fringe projection and deflectometry (macroscopic and microscopic)
* adaptive techniques using spatial light modulators

¢ confocal microscopy

e white light interferometry

 combined sensors and data interpretation strategies

Contact: ofm@ito.uni-stuttgart.de

Active Optical Systems

The objective of our work is the development of flexible optical systems in order to enable new applica-
tions, especially within the field of scientific and industrial metrology. To achieve this goal, we make use of
different modern light modulation technologies and computer-based methods. One focus of our work lies
in the application of holographic methods based on liquid crystal displays and micromechanical systems for
various applications ranging from optical tweezers to aberration control and testing of aspherical surfaces.

Main research ateas:

* active wavefront modulation
* adaptive optics

* active wavefront sensors

¢ dynamic holography

* components, algorithms, and strategies

Contact: aos@ito.uni-stuttgart.de

High Resolution Metrology and Simulation

The Goal of this research group is the investigation of the interaction of light with 3d object structures in the micro
and nano domain. Along with experimental research, one major aspect is the rigorous modelling and simulation as an
integral part of the active metrology process. The analysis of all information channels of the electromagnetic field (in-
tensity, phase, polarisation state of light) allows us to obtain sub-wavelength information about the structure.

ITO has developed a modularised program package called MicroSim for:

e the rigorous computing of the light-object interaction using RCWA

¢ the visualisation of the near and farfield in 2D and 3D

e the simulation of the microscopic imaging process

Contact: hms@ito.uni-stuttgart.de

The research groups INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004



Interferometry and Diffractive Optics

The goal of our research activity is to explore new measurement concepts using diffractive optics. One
important application is the testing of optical surfaces, in particular, aspheric lenses. For this purpose we
design and produce computer generated holograms (CGH). At the same time, we develop flexible measure-
ment techniques that enhance or even replace static null correctors. In addition to CGH for interferometry,
our in house production facilities allow to produce diffractive elements and micro-optics for a wide variety
of applications such as UV-measurement systems, beam shaping applications and wavefront sensing,

Our research areas include:

e diffractive optics

* dynamic wavefront coding
* interferometry

* testing of aspheric surfaces

Contact: ide@ito.uni-stuttgart.de

Coherent Measurement Techniques

Our research objective is the analysis and application of methods based on coherent optics for the
measurement of 3D-shape and deformation and to determine the material properties of technical objects
and biological tissues. Aside from the quantitative measurements of form and deformation, methods for
non-destructive material testing are also analysed and applied.

Research areas include:

e digital holography

* pulsed holographic interferometry

* dynamic strain measurements on biological samples
* shape measurement

* wavefront reconstruction

* holographic non-destructive testing

¢ endoscopy

Contact: kom@ito.uni-stuttgart.de

INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004 The research groups
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Research

Projects

Research projects
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3D-Surface Metrology

Hybrid microoptic sensors using the chromatic-confocal focus detection principle (HymoSens)
Supported by: BMBF (FZK: 02P D2551)

Micro optical components: Fast parallel characterization of micro optic arrays
Supported by: German Ministry of Education and
Research (BMBF); FKZ: 13N7479 /1

Integration of optical measurement techniques for laser welding process control (INESS)
Supported by: BMBE: INESS' (Integration of optical measurement technigues for laser welding process control), FKZ: 02PD2523

Full Field, Fast Confocal Laser Microscopy for Measuring the Mechanical Properties of Cortical Bone
Supported by: Alfried Krupp von Boblen nund Halbach-Stifinng

Aberration correction in a confocal microscope (METAMO)
Supported by: Landesstiftung Baden-Wiirttemberg, Project: “Metamo”

Microscopic three-dimensional topometry with LCOS displays
Supported by: Dentsche Forschungsgemeinschaft (DFG) under contract Ti 119/ 37-1 “Adaptive Sensorik zur Besti der Mifkerog je”’

Evaluation and Characterization of Liquid Crystal SLMs for Digital Comparative Holography (DISCO)
Supported by: The German Ministry for Education and Research (BMBE) nnder the contract 13N8095 as subcontract of BLAS, Bremen

Collaboration with industry: A new white light interferometer
In collaboration with: Mahr GmbH

Depth-Scanning Fringe Projection (3D-MicroScan)
Supported by: BMBE 3D-MicroScan 16517942

Direct Calibration Scheme for the Depth-Scanning Fringe Projection (3D-MicroScan)
Supported by: BMBE 3D-MicroScan 16517942

INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004 Research projects
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Hybrid microoptic sensors using the chromatic-confocal

focus detection principle (HymoSens)

A. Ruprecht, C. Pruss, H. J. Tiziani, W. Osten

Miniaturized point sensor

Increasing demands for checking tolerances in
small mechanical and optical precision components
require improved measurement techniques. In par-
ticular, components with a complex geometry, such
as small holes or channels, are difficult to access
using state of the art tactile measurement systems.
Optical measurement systems have the advantage
that no mechanical forces occur during the meas-
urement, which could distort or displace a miniatur-
ized sensor head and therefore influence the result.

The main focus of this project is to develop
a miniaturized optical sensor for this application.
The sensor makes use of the chromatic-confocal
measurement principle, which has no need for a
mechanical depth scan. Therefore, a chromatic-
confocal point sensor can be designed without any
moving parts. This knowledge was used to design
a miniaturized sensor head with an outer diameter
smaller than two millimeters (see Fig. 1 and Fig. 2).
A special feature of the sensor head is its capability
to measure with a 90 degree redirection. This ena-
bles us to measure surfaces within small holes with
high accuracy.

A diffractive element is applied to achieve the
necessary chromatic dispartment of the light. The
diffractive microoptic is produced by the ITO us-
ing photolithographic processes and reactive ion
etching of the structure of thin substrates of fused

silica.
backside-
optical fiber mirrored
halfball lens
substrate

diffractive lens \

| object |

Fig. 1: Principle of the optical setup of the miniaturized point sen-
sor: Optical fiber, microlens, redirection-mirror, diffractive lens

The alignment structures and mounts between
the different optical elements are produced by the
Institut fir Mikrostrukturtechnik (Forschungszen-
trum Karlsruhe) from PMMA using deep X-ray li-
thography, this is the first step of the LIGA process
(Direct LIGA). The LIGA technique (German ac-
ronym for lithography, electroplating and molding)
utilizes x-ray synchrotron radiation and provides a
high performance for manufacturing micro compo-
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nents and systems with close tolerances and high
aspect ratios (large structural height (> 1000 pm)).

Fig. 2: Photo of the miniaturized point sensor
(Forschungszentrum Karlsruhe)

Chromatic confocal area sensor

Confocal microscopy is a widespread method
to measure volume structures or surface topogta-
phies. It has a growing impact on the measurement
of technical micro-structures. In comparison to
confocal laser scanners, a chromatic-confocal setup
achieves a complete parallelization of the depth
scan by using white-light and chromatic effects of
the focusing lenses.

The maximum parallelization is achieved by
measuring a complete area instead of a point or
a line. We realized such a setup by using a colour
camera as an area-spectrometer. This sensor is
capable of one-shot measurements and fast high
precision measurements in a large measurement
volume. Therefore, one can choose between high
speed measurements and fast measurements with
increased axial resolution without any change in the
setup. In the high resolution mode, it is also possi-
ble to get information about the colour distribution
on the object surface.

Supported by: BMBF (FZK: 02P D2551)
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Micro optical components:

Fast parallel characterization of micro optic arrays

T. Wiesendanger, Y. Yasuno, S. Reuter, A. Ruprecht, H.J. Tiziani

The importance of micro-optical arrays, e.g. for
the collimation of diode-lasers for Optical Net-
works or for Hartmann-Shack sensors, is increas-
ing. The most important fabrication errors are void
elements, these are deviations of the focal length
and aberrations. A good knowledge of the optical
properties of the micro lenses is essential for the
quality control of the micro lens fabrication.

For this industrial application, a very robust sys-
tem which evaluates arrays of some thousands lenses
in a few seconds is needed. All existing measurement
systems (Mechanical stylus profilometry, Twyman-
Green interferometry, Shack-Hartmann-sensors,
atomic force microscopy) have in common that the
micro lenses are tested serially. Therefore a 100%-
quality control is not feasible. Interferometric tech-
niques moreover demand a high mechanical stability
of the setup. Our approach is based on the confocal
principle: The array to test plays the role of the front
objective in a confocal microscope (Fig; 1).

We illuminate the total microlens array (MLA)
with collimated light (A=633 nm) from a single
mode fiber (F) working as a point light source. A
flat mirror (M) is placed in the focal plane of the
microlens-array. We image the pupils of the micro-
lenses with the tubelens (L), through the confocal
pinhole (P), onto the camera (CCD). During the
measurement the mirror is shifted along the optical
axis through the focal plane of the array.

BS

: ML&
BT M

Lr

Fig. 1: Optical Setup

A CCD image is stored for each position of the
mirror. It is well known that the axial response of
a confocal setup also possesses inherent informa-
tion about the aberrations: The maximum value
of the intensity is shifted axially, the FWHM-value
increases and characteristic side lobes occur if the
lenses are not perfect (Fig. 2). We use this fact to
determine the aberration of microlens arrays. Void
elements or deviations of the focal length are also
detected. In contrast to other measuring techniques,
the two-dimensional information of the wavefront
is not available in our case, we have the one-dimen-
sional axial response instead. We obtain a fast, align-
ment insensitive and parallel measuring system.
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Fig. 2: Axial confocal signals

For evaluation of the system we produced a
diffractive microlens-array with well defined de-
viations. The deviations are void elements, lenses
with spherical aberration and lenses with defocus.
Fig. 2 shows the axial responses for an aberrated
microlens (focal length f=400 pum, numerical aper-
ture NA=0.15, spherical aberration W40=-A). For
comparison the axial responses of the surrounding
microlenses featuring no defined aberrations and a
simulation of the axial response of an aberrated
lens are displayed. For evaluation of the axial re-
sponse a Neural Network was used [3]. The Neural
Network can determine spherical aberration coef-
ficients in the range from -0.7\, to 0.3\, with less
than 1 % RMS error. This system demands only a
few tens of seconds of operation time, including
for measurement and computation, to determine
the aberrations of a 100 x 100 microlens array.

Supported by: German Ministry of Education and
Research (BMBF); FKZ: 13N7479 /1
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Integration of optical measurement techniques for laser

welding process control (INESS)

T. Wiesendanger, A. Ruprecht, K. Kérner, H.J. Tiziani, W. Osten

A Keyhole-Sensor for in-process-
control of laser welding

Laser beam welding has gained an increasing ac-
ceptance in industry, due to its high penetration depth
over weld width ratio, small heat effects and high weld-
ing speed (about 15m/min). In laser welding process
control one of the most important parameters is the
depth of the weld. There are already techniques which
determine the welding depth, but these systems are
based on secondary process radiation where the weld-
ing depth is measured indirectly. Therefore, a system
for the direct measurement of the welding depth is
needed. The highly dynamic processes in the welding
zone, especially inside the keyhole, require a very fast
measurement system of at least 1 kHz measuring fre-
quency. The desired measurement range is 1 mm.

To our knowledge, there is no system that per-
forms a direct measurement of the welding depth
in a cw welding process. Confocal microscopy is a
very robust method widely used in biology and with
increasing importance for topographical measure-
ments of technical surfaces. It is robust with respect
to vibrations. To obtain the confocal axial response
curve, we have to scan the sample axially. The desired
measurement speed and the axial scanning range make
it impossible to move the sample or the objective axi-
ally. Therefore, a fast scanning of the focus is required.
We use a small pentaprism mounted on a vibrating
tuning fork, to modulate the optical path length in the
setup (cf. Fig; 1).

Welding beam

Lassravelding-head

Fig. 1: Optical Setup of the Keyhole-Sensor

Thus, we achieve an axial scan of the focus spot.
As the moving mass is comparatively small, we can
run the system at high measurement frequencies and
over large measurement ranges. As a light source, we
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use a high power disk laser (wavelength: 532 nm, op-
tical power: 3 W), which is coupled into a multimode
fiber (diameter: 50 um). After collimation to a beam
diameter of 15 mm and passing through a beam
splitter, the light is focused into a pentaprism (cf. Fig,
2), which is mounted on the vibrating tuning fork.

Fig. 2: Pentaprism mounted on a tuning fork

The tuning fork oscillates at its natural frequency
of 768 Hz. By the oscillation of the prism, the
optical path length is modulated. We successfully
tested mechanical amplitudes of the prism up to
+ 110 um. After passing the pentaprism, the light is
collimated by a lens again and enters the commercial
laser welding head. The laser welding head contains
a beam splitter and a front lens. As the welding laser
is also delivers collimated light to the welding head,
the welding laser focus is within the measurement
range. Due to the change in the optical path length
caused by the oscillating prism, the axial position of
the sensor focus is modulated correspondingly.

Fig. 3: Integration into the Laser welding cell

The effective measurement range is 1.5 mm at a
measurement frequency of 1.536 kHz. Each time
the focus is exactly on the surface of the object,
the reflected light passes through the pinhole and is
detected by a Photodiode. Otherwise, if the focus
is either below or above the surface of the object,
most of the reflected light is blocked by the pinhole
and it can thus not reach the photodiode.
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A Chromatic-confocal line sensor
for weld seam testing

The topography of the weld seam can give addition-
al information about the quality of the welding process.
To accomplish a high throughput, short measurement
times are demanded. The chromatic-confocal approach
enables the parallelization of the complete depth-scan
of confocal topography measurements. Therefore,
mechanical movement can be reduced, or completely
avoided, and the measurement times are shortened.
Chromatic-confocal point sensors are already com-
mercially available but they need lateral scanning in the
x- and y-directions to measure the surface topography.
We achieved a further parallelization in the x-direction
by realizing a chromatic-confocal line sensor using a line
focus and a spectrometer. This configuration has the
advantage that cylindrical work pieces can be measured
by rotating the work piece. The rotation is already per-
formed during the welding process.

white-light
source

collimation
lens

line-

cylinder lens spectrometer

beamsplitter

imaging  slit-

line-focus
lens aperture

objective with
axial chromatic
dispersion

Fig. 4: Optical setup of the line sensor

The setup is shown in Fig. 4. Polychromatic light
from a Xenon arc lamp is coupled into a multimode
fiber. The light from this fiber is collimated and then
focused by a cylinder lens to form a line focus, which
is imaged onto the object. The reflected light is im-
aged via the beam splitter onto a slit aperture. This slit
aperture is the confocal aperture, which blocks the de-
focused light and stray light. At the same time it is the
entrance slit of a spectrometer. In contrast to the point
sensor, the light along the line is not integrated but the
lateral information about the object is used. Therefore,
we used a line spectrometer, which is able to maintain
the lateral resolution. We used a spectral range from
450 nm to 700 nm, and a spectrometer with a relatively
low spectral resolution to limit the amount of meas-
urement data. The topography along the focal line can
be measured with a single spectroscopic image.
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Fig. 6: Corresponding line profile lof the trench (cf. Fig. 5)

Fig. 5 shows a trench of app. 400 um depth in a
rough metal surface. The y-axis is the spectroscopic axis
and the x-axis denotes the lateral distribution along the
line focus. The corresponding topography, calculated
from the spectroscopic image, is plotted in Fig; 6.

Supported by: BMBF: INESS (Integration of optical
measurement techniques for laser welding process
control), FKZ: 02PD2523
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Full Field, Fast Confocal Laser Microscopy for Measuring the

Mechanical Properties of Cortical Bone

T. Wiesendanger, A. Ruprecht, G. Pedrini, K. Kérner, H.J. Tiziani,

W. Osten, P. Zaslansky, S. Weiner

Facing the fact of growing life expectancies of
humans, bone diseases are an ever growing menace.
To overcome this problem, accurate knowledge
about the internal structure of the bone tissue is
essential.

Confocal microscopy is a well established tech-
nique in biology, medicine and materials science due
to its depth discriminating property. At the “Institut
fiur Technische Optik” this method is used to de-
termine three-dimensional high-resolved surface
topographies of technical objects. In order to study
the internal materials properties of bone, the con-
focal evaluation technique was adapted in order to
visualize structures underneath the bone surface.

Bone tissue is translucent and light can penetrate
several tens of micrometers inside the sample. This
property allows us to detect sub-surface microf-
ractures and other structures. The confocal meas-
urements on bone tissue were performed using a
confocal microscope with a rotating microlens disk.
This system was developed at our institute. The
principle of the system is shown in Figure 1.

lightsource ]

fo— ok ZCD-
imaging lans pinhale camera

bearmsglitter e _. N

rotating
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disk

ohjective -
sample P

Fig. 1: Principle of the confocal microscope with rotating micro-
lens disk

Unlike other confocal microscopes with a rotat-
ing Nipkov disk with a low light efficiency of about
1%, this setup uses 60% of the light. Consequently,
the system can operate with a LED at low costs and
without problems of speckling.
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The measurement and evaluation routines had
to be adapted to the new task for acquisition of
volume data. A deconvolution routine was added.
Images can be successfully obtained from depths
down to 80 microns with an axial resolution in
the submicron range. The system can be used to
perform measurements of stressed bone samples,
as the microscope can acquire images of a whole
plane in a single measurement, and automatically
scan through the desired volume.
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Fig. 3: Confocal axial response signal in bone tissue
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Fig. 4: Osteocyte lacunae, 55 pm under the bone surface
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Aberration correction in a confocal microscope (METAMO)

Y. Yasuno, T.F. Wiesendanger, A.K. Ruprecht, C. Pruss, H.J. Tiziani

Confocal microscopy is a measurement tech-
nique widely used in biological and technical appli-
cations. In case of the deployment of a monochro-
matic light source a time consuming axial scan is in-
evitable. Moreover when performing measurements
underneath a refractive index mismatching layer we
have to cope with aberrations, especially spherical
aberration which degrades the signal quality and
thus also the measurement accuracy. To overcome
these problems we integrate an adaptive mirror
into a confocal microscope. The adaptive mirror
is used to perform the fast axial scan as well as the
aberration correction. To optimize the shape of
the adaptive mirror we introduce an optimization
criterion which we call Wavefront-Information-En-
tropy-Method (WIEM). In contrast to most other
criteria in this context, WIEM represents a single
numerical value which is ideal for the optimization
algorithm. As an optimization algorithm we use a
genetic algorithm. Fig. 1 shows the optical setup.
The adaptive mirror is shown in Fig. 2. Measure-
ment results using the adaptive mirror for the axial
scan are displayed in Fig. 3. Fig, 4 depicts the confo-
cal signal before and after optimization.
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Fig. 1: Optical setup

Fig. 2: Adaptive Mirror
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Fig. 4: Aberration Correction
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Microscopic three-dimensional topometry with LCOS

displays

C. Kohler, K.-P. Proll, J.-M. Nivet, K. Kérner, H. J. Tiziani, W. Osten

The optical measurement of three-dimensional
microtopography is an important field for the con-
trol of industrial processes. Different measurement
principles have been developed for various require-
ments, such as measurement field size, lateral and
depth resolution, and measurement time. Common
methods are confocal microscopy [1], white-light
interferometry [2], [3], and microscopic fringe
projection based on the principle of triangulation
[4]-[8]. While confocal microscopy and white-light
interferometry offer resolutions down to the na-
nometer-range, the microscopic fringe projection
offers a fast and robust method for measurement
field sizes from ca. 1 mm?® up to several square cen-
timeters with a depth resolution in the micrometer-
range. For the generation of the fringes, mechanical
Ronchi gratings [4]-[7], the digital micromirror
device (DMD, developed by Texas Instruments) or
transmissive twisted nematic liquid crystal displays
(LCD) [9] have been used. Pixelated devices like the
DMD or LCDs offer more flexibility compared to
mechanical gratings. With these elements, the fringe
period can be adapted to the object under test. They
also permit the adaptation of the fringe brightness
to a locally varying brightness of the measurement
scene [8§].

The measurement setup

In order to apply the LCOS display as a fringe
projection device, we used an experimental setup
that has proven to be very suitable for microscopic
fringe projection [4]-[8]. The measurement prin-
ciple is illustrated in Fig. 1. The setup is based on
a Leica MZ 12.5 stereo microscope with a zoom
range from 0.8 to 10.0 and interchangeable objec-
tives with magnifications of 0.63 x, 1.0 x, and 1.6 x,
respectively. This gives us the possibility of varying
the measurement field size from 21.2 x 15.7 mm?
down to 0.83 x 0.62 mm?.

As a detector, we used a digital CMOS camera
Photonfocus model MV-D 1024k with 1024 x 1024
pixels, a pixel pitch of 10.6 um, and a gray scale
resolution of 8 bits. The pixel clock of the camera
was 80 MHz. Both exposure time and frame time
could be changed by software in steps of 50 ns.
This enabled us to adjust the exposure time to ex-
act multiples of the projection time of the LCOS
display (16.67 ms for 60 Hz) resulting in virtually
flicker free images. For the acquisition of images,
the CMOS sensor could be programmed to read
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out only the desired regions of interest (ROI).
Hence, the measurement of parts of the measure-
ment field was possible.

Digital
polarizing CMOs-
Beam Camera

Splitter

LED \Ii-LCOS

I L
1 Obectve
\ i

Sample

Fig. 1: Scheme of the stereomicroscope used for the measure-
ments

Measurements

In order to demonstrate the performance of
the LCOS measurement system, we conducted
measurements on several technical surfaces. For
all the measurements we present here, we used a
4 bucket algorithm with a preceding 8 bit Gray
code sequence to unwrap the phase. The period
of the sinusoidal fringes was 12 LCOS pixels.

The full triangulation angle B,= B,+p, varies
slightly over the measurement field, leading to
a lowly varying z resolution (5 %). In order
to compensate this variation, we conducted a
sensitivity calibration according to Ref. [7]. The
calibration was done by moving the stereo micro-
scope to different z positions above a reference
mirror with a translation stage. At each position,
the absolute phase was measured. From these
measurements, a sensitivity field could be calcu-
lated which represents the relationship between
the change in height and the change in the phase.
As a reference, we used the measured phase for
the position in the middle of the depth of sharp-
ness, i.e. z = 0.
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Fig. 3 shows the topography of a roughness
standard fabricated by HALLE Feinwerktechnik
with a mean roughness of Ra = 3.40 um (manufac-
turet’s data). The measurement was conducted with
the 1.0 x objective and a zoom factor of 4.0 result-
ing in a measurement field size of 3.18 x 2.35 mm?
and a z resolution of 0.43 pm.

Fig. 3 shows the topographies of two different
chrome-plated steel sheets exhibiting different sur-
face textures. These measurements were made with
the 1.6 x lens and a zoom factor of 8.0. The meas-
urement field size and the height resolution were
1.04 x 0.77 mm? and 0.085 um, respectively.

£ um|

W [mim]

Fig. 2: 3D plot of the topography of a roughness normal with
a mean roughness of Ra = 3.40 pm and a section through the
topography at x = 2.0

Conclusions

We have shown that the application of an LCOS
display as the fringe generating element in a stereo
microscope makes measurements with high accu-
racy possible. In combination with a CMOS cam-
era, the achievable z resolution is in the micrometer
range. Since the switching time of the ferroelectric
liquid crystal layer is below 100 ps, the theoretical
limitation of the measurement time is the frame
rate of the projected images. Thus, LCOS displays
have a very high potential for future high speed
measurement applications.

Supported by: Deutsche Forschungsgemeinschaft

(DFG) under contract Ti 119/37-1 “"Adaptive Sensorik
zur Bestimmung der Mikrogeometrie”
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Fig. 3: Topographies of two chrome-plated steel sheets. Height
values are gray level encoded
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Evaluation and Characterization of Liquid Crystal SLMs for

Digital Comparative Holography (DISCO)

C. Kohler, X. Schwab, K.-P. Proll, W. Osten

For industrial applications, fast technologies for
shape comparison between a master and a test object
are needed. This task can be fulfilled with the help of
comparative digital holography, which is the concern of
the BMBF project DISCO (Distant Shape Control by
Comparative Digital Holography). For the reconstruc-
tion of the recorded master hologram, a SLM is used.
As the development of SL.Ms for this purpose is too
expensive, commercially available elements are used.
These elements are especially made for devices like pro-
jectors and are deployed as amplitude modulators. To be
able to use the more efficient phase holograms, a phase
modulator is needed. Therefore, the available SL.Ms can
be applied, but they have to be characterized in detail.
Their phase shifting properties and the according am-
plitude modulation have to be known to use them as
phase modulators. In addition the knowledge of their
Jones-Matrix [1] is a great advantage if further simula-
tions or polarisation calculations should be made. ITO
had the task of characterizing the SLMs. A modularized
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Fig. 1: Test bench in the configuration for phase shift measurements

test bench, which can easily be adjusted for the different
measurements, was set up. At the moment it’s possible
to measure the following properties:

* Phase shift

¢ Amplitude modulation

* Diffraction efficiency

* Contrast

¢ Display homogeneity

* Jones-Mattix

All the measurements can be made by variying
the direction of the incident light, as the illumina-
tion setup can be rotated around the axis of the
display (See Fig. 1).

For the phase shift measurement, different methods
were implemented and evaluated. The most preferable
method to be found was the double slit experiment.

In figure 2, the image and the result of a phase
shift measurement are presented. The result shows the
comparison of two different displays for two different
polatizer / analyzer combinations.

Supported by: The German Ministry for Education and
Research (BMBF) under the contract 13N8095 as sub-
contract of BIAS, Bremen
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Fig. 2: Left:

Image of a phase shift measurement, each line represents the interference pattern of one gray level

Right: Results of the phase shift measurement of two different displays
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Collaboration with industry:

A new white light interferometer

U. Droste, K. Kérner, A. Goretzky, W. Osten, P. Lehmann (Mahr GmbH)

In collaboration with the company Mahr GmbH
in Gottingen, a new white light interferomter “Mar-
Surf WS 17 for contactless 3-D measurements
was developed, by which a vertically resolution of
0.1 nm can be achieved. The ITO provided a soft-
ware library for initial testing of the interferometer.

By the use of a short coherent light source it is pos-
sible to measure objects with steps. The optical setup
follows the design of a classical Mirau interferometer,
apart from that only a light source with low-coherence
is employed. The reference field of the interferometer
is integrated in the Mirau objective, reducing signifi-

camera

/\

<f_ ¥ tubelens

light source

Mirau-
Lo reference

objective .

mirror

f

beam splitter

object
Fig. 1: Principle of a Mirau type white light interferometer
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Fig. 2: Interferograms in several depths of focussing
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cantly the size of the sensor. During the measurement,
the Mirau objective is moved along the vertical axis,
and a sequence of images is acquired, used to calculate
the 3-D topography of the object.

The sensor can be applied in micro inspections
rooms as well in the production. By use of an in-
novative algorithm to analyse the measured signals
specular like lenses and mirrors as well as rough
objects can be measured. The material of the object
is thereby irrelevant for the measurement, objects
made of glass, paper, lacquer, metals or fluids can
be addressed.

References:
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[2] www.mahr.com

Fig. 3: Photo of the white light interferometer MarSurf WS 1
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Depth-Scanning Fringe Projection (3D-MicroScan)

U. Droste, K. Kérner, H.J. Tiziani, W. Osten

Today, the fringe projection technique is a
commonly used method for various 3-D profil-
ing, 3-D shape, or 3-D scene measurement tech-
niques, based on the projection of a grating onto
the surface of an object. The deformation of the
fringe pattern observed from a different direc-
tion contains the information for determining
the height map [1][2][3].

We are currently introducing a new depth-
scanning triangulation method for absolute 3-D
profiling of a macroscopic scene based on fringe
projection technique. A scanning focal plane al-
lows the phase to be determined for any desired
depth range of the measurement volume. Fur-
thermore, the limitations in the depth of focus
that occur when using projected light techniques
will be overcome, allowing a larger aperture and
therefore better use of light. Additionally, we use
a small angle of triangulation to reduce shadowing
in the scene.

The projection and detection channels of the
DSFP setup are laid out as two nearly identi-
cal, and parallel, optical paths as shown in Fig, 1
[4]-[8]. For projection, we use a Ronchi grating
illuminated by a collimated white light source. An
image-sided telecentric lens (L) with relatively high
aperture is used to image the Ronchi grating into
the object space. The optical path of the detection
channel only differs in that a CCD-array takes the
place of the Ronchi grating. It makes use of an
identical lens, labelled D. Both Ronchi grating and
CCD-array are mounted on a single high precision
translation stage, whose axis is parallel to the opti-
cal axis of the measurement system. Furthermore,
those devices are aligned, so that their planes of
focus coincide. Thus, by simultaneously shifting
the Ronchi grating and the CCD-camera along
the z,-axis in the array space, we shift this plane
out of focus throughout the whole depth of the
measurement volume. An additional lateral shift
of the Ronchi grating along the x,-axis produces
the time-dependent intensity variation onto the
CCD-array, which is needed to detect the phase
variation.

By using image-sided telecentric lenses, we can
practically overcome the lateral shifting of imaged
points when the magnification is slightly modified,
e. g due to (de)focusing. For the detection lens D,
this means that an object point is imaged at the
same position of the CCD-array (i.e. onto the same
pixel), when the image is slightly defocused.
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Fig. 1: Optical layout of the sensor for the depth-scanning fringe
projection technique (DSFP) with a scanning objective L for illu-
mination and an objective D for detection. The pupil centres are
PCOL and PCOD, respectively.

Therefore, the modulated periodic intensity
signal / that is detected by each individual pixel of
the CCD-array can be interpreted as a signal type,
commonly known from the short coherence inter-
ferometry [9]:

1= Io{l+m[z/’1 —ZAP}COS{ZH{ZA;ZAP}*'(PU +A(/’}} )
TA

where m is the modulation function, z, is the
component of the translation of the grating and of
the CCD camera chip in the z,-direction, z, , is the
z,-coordinate of the image position of an object at
point P that is illuminated by a light emitting point
LE of the grating plane. The distance d is the basis
of triangulation of the measurement arrangement
and p is the grating period. The lines of the grating
are parallel to the y, -coordinate. The unknown start
position of the grating is described by ¢,. A@is a
slowly varying phase term dependent on distortions
due to the objectives.

In our experimental setup, the Ronchi grating
is shifted exactly parallel to the oblique straight
line g, in the array space. The wavelength of tri-
angulation in the array space depends only on the
geometry of the optical arrangement and can be
expressed as:

_r
A= @)
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where f7 is the focal length for the identical
objectives for illumination (L) and detection (D).
With the knowledge of the other geometric-optical
parameters of the setup, the pixel pitch of the CCD
camera, and the scale ratio B, for the sharp imaging
of the grating into the point P in object space, the
lateral coordinates (X, , ¥,,,) of the point P can be
also calculated. The position z,, of the image point
of P is given by Newton’s formula with:

= ©

where z, is the Z-position of the object point
P in object space.

The best focus position is calculated from the
maximum of the envelope that is stored in the en-
velope field, Z,, giving information about the fringe
order. Finally, the calculation procedure provides
the exact phase at the maximum of the envelope.
The algorithms used are explained in detail in Refs.
[8] and [9].

1 i Lu ai

Fig. 2: Measurement result of a human face from one point of view

In Fig. 2 we show a result of a measurement with
the depth-scanning fringe projection of a human
face from one point of view.
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Supported by: BMBF 3D-MicroScan 165V942
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Direct Calibration Scheme for the Depth-Scanning Fringe

Projection (3D-MicroScan)

J. M. Nivet, U. Droste, K. Kérner, H. J. Tiziani, W. Osten

We adapted the direct calibration approach to
perform both lateral and depth calibration of a
depth scanning fringe projection setup. This ap-
proach enables us to introduce the dependency of
the lateral calibration functions to magnification in
the form of the z’-coordinate, and thus to tackle
the problem of the lateral calibration of a focusing
system for the first time [1].

The direct calibration of this setup is performed
in array space. It is based on the determination of
three transformations T, T and T, between the
measured coordinates P(%,',9,',2,") and the corre-
sponding distortion free coordinates P'(x,",»,',z,"),
according to eq. (1):

x'=T.(x',7',2")
P'\y'=T,(x',)',2") 1)
Z'=T.(%',}',2")

Polynomial transformations as shown in eq. (2)
and (2.a) proved to be suitable for this task.

M N P .

Tx:x:ZZZam-x y7 oz
L A

T V=R by 82 @
R

Tz" Z,:ZZZCW'X” yr/ »2'k
ik

whereby
i j ok
H+N+FS1 (2a)

The transformations, T and Ty, of the lateral
calibration use all three measured Z, coordinates
(fci’, )A/i',fl.'). In contrast, for the depth calibra-
tion transformation, T , the calibrated lateral co-
ordinates, x,' and y,', in combination with the
measured Z; coordinate ate used. Following this
approach, the lateral and the depth calibration can
be decoupled. This is a commonly used proceedure
for calibration of 3-D measurement systems be-
cause it leads to more stable and easier to interpret
results. The additional condition introduced by eq.
(2a) was also used to reduce the number of poly-
nomial coefficients to be determined, leading thus
to a shorter computation time. Introducing eq. (2.2)
does not affect the accuracy, which was achieved by
using only eq. (2).

In order to determine the coefficients, A b
and Ciio
coordinates of control points can be identified for

ijk
of the polynomial transformations, the
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the coordinates measured with the depth scanning
fringe setup. We will shortly show this identification
for the case of the transformation T . In the case
of Ty and T  the identification can be processed in a
similar way. Utilizing eq. (2) and (2a), with a number
of n different control points, leads to a linear sys-
tem of n equations, which can be expressed follow-
ing the formalism of linear algebra:

X'=X'4 ©)

T .
where X'=(x', ,x’z,---,x'n) is the vector of
the coordinates of the control points used as ref-
T
erence values, 4=\, ">y, Ayyp ) s the
vector of the polynomial coefficients, and X" is the
design matrix, built according to eq. (2) X' has the

form:
SRS O
x'= 37 2] @
S T

This system of equations can be solved provided the
number of known set of coordinates (x,',¥,',2,") and
measured sets of coordinates (%,',7,',2,") is equal to
or exceeds the number of unknown coefficients a, . A
large set of known and measured coordinates leads to
better results since the influence of the measurement
uncertainty is partly compensated by redundancy. Ac-
cording to eq. (3) the vector A can be expressed by:

A=(X7 X)X x )

A well known and numerically stable method to
solve eq. (2) consists of computing a QR decom-
position of X', where X'= OR . Qs an orthogonal
matrix and R is an upper triangular matrix. This
leads to:

R-4=0"-X' (6)

Since R is an upper triangular matrix, eq. (6) can
be solved for A by back-substitution.

We conducted several series of measurements
to prove the quality of the calibration. For each se-
ries, the depth of the calibrated volume was about
300 mm. This is limited by the range of our transla-
tion stage. We covered working distances ranging
from 600 mm up to 1300 mm.
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Fig. 1: Calibrated measurement of a plane surface (part of the
area is shown) in comparison to the corresponding non-calibrated
set of data. The reduction of the plane distortion due to the imag-
ing is clearly observable.

After intensive investigation, the best com-
bination for the grade of the polynomial trans-
formations proved to be equal to 4 for the lat-
eral calibration as well as for the depth calibration
(.e. M=N=P=4 referring to eq. (2)). Using
these values, we achieved a depth accuracy of
Zps<0.1mm at a distance of z = 800 mm which
corresponds to an accuracy of 7z, /7 <1:8000 or

INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004

Zonis/d1ag.<1:5000. Those relative accuracy values
were also verified over the whole calibrated depth
range. Further investigations proved the lateral
mean relative accuracy to be about 0.5 pixels over
the whole calibrated range, compared to about
1.5 pixels for non calibrated data. This corre-
sponds to an average lateral accuracy of 0.3 mm
at a distance z = 800 mm for calibrated data. We
also investigated the long term stability of our
setup and found that a set of calibration coeffi-
cients may be employed without significant loss of
accuracy even after the system has been powered
down for several days, provided thermal stability
is reached.

Supported by: BMBF 3D-MicroScan 165V942
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Active Optical Systems
Detection of contamination on technical surfaces
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Phase-only light modulation: Wavefront shaping tests with piston micro mirror arrays
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Alternative aspheric testing: Interferometer with a tiltable reference wave (CCUPOB)
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Current spatial light modulators: Market analysis and tests on electrowetting and LC lenses

Holographic Tweezers: Active Micro-Manipulation (AMIMA)
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Holographic Tweezers: Force Measurement in holographic tweezers
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Detection of contamination on technical surfaces

W.Gorski, T.Haist, H.J.Tiziani, W.Osten

Manufacturing of metallic parts includes sev-
eral mechanical processing steps such as cutting,
bending, shaping etc. All of these operations are
performed in a short time due to mass production
requirements. One of the most important quality
parameters is the cleanliness of the parts produced.
This issue includes the presence of particles and oil
on the surface, which could reduce, or even make
impossible, normal usage of the components.

The project was realized within a consortium
of industrial partners, with the Fraunhofer Institut
(IPA) and with ITO. The target device was a modu-
lar, medium-cost system for real-time testing of
metallic parts in fast (up to 0.3m/s) moton.

The system operates in the so called z#/ine mode,
with the maximum resolution depending on the
speed of movement of the part under test and
the acquisition frequency. The configuration for
the system includes two channels, for detection of
particles and oil layers (Fig. 1).

LED driver LED (blue)
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¥

Fig. 1: Configuration of the measurement system: o = 35° £5°,
B = 88..90°, S - tested surface, v — up to 0.3 m/s

|F.generator

Particle channel

The particle detection channel consists of an in-
tense (40mW) laser diode module, which illuminates
the tested surface at an the angle of nearly 90°. The
light is scattered from the particle towards the camera.
In the oil layer detection channel, the tested surface is
illuminated by an intense LED (5W electrical power) at
an angle similar to the observation angle. The change
in the intensity indicates the presence of oil con-
tamination. The wavelength in the particle channel is
matched to the sensitivity characteristics of the camera
and is 650 nm, while in the oil detection channel the
wavelength is determined by the absorption curve of
a typical oil, and is 455nm. The line camera is a Dalsa
Piranha 2P2, 1024 pixels, (8 bit mode). It is coupled
with the computer (PC) by a MVTitan frame grabber
(Matrix Vision). The field of view is 20 mm. The il-
lumination for the oil detection channel is strobed and
synchronized with the acquisition sequence by the
help of an external function generator and a driver. As
a result, lines corresponding to each channel are inter-
laced, therefore the data analysis for both channels is
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performed in neatly the same time. The total cost of
all system components is 8500 € .

To evaluate the system performance, a special
test object, with etched phantom particles in
different sizes, was designed and manufactured.
According to the evaluation results, the minimum
size of the particle depends of the line acquisition
frequency. For frequencies lower than 1 kHz itis 7.5
pum, while from 1 to 15 kHz it is 10um, and from 15
to 60 kHz it is 17 pm (Fig.2). The maximum speed
of the tested element is 0.3 m/s. The evaluation of
the oil detection channel was performed with exter-
nally prepared and certified probes. The minimum
detectable thickness of the oil layer is below Tpm.

Software controls the acquisition and synchroni-
zation, enables calibration of the system, and allows
the testing of elements with complex geometry and
various roughnesses (e.g. USB plugs). The algo-
rithm was optimised for high speed. It is also pos-
sible to select several areas of interest on the surface
of each part that is tested.

Further improvement of the system perform-
ance can be achieved by increasing the amount of
light in the particle channel and using 10 bits signal
processing;

- =200
— —100
e # £
el e SR S B
100 290 (=la] e =
16| ...

Fig.2: Exemple results for the particle channel evaluation at
f=1kHz. Row 16 corresponds to a particle size of 7.5pum.

Supported by: Bundesministerium flir Wirtschaft und
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Phase-only light modulation:

Wavefront shaping tests with piston micro mirror arrays

J. Liesener, W. Osten

Spatial light modulators (SLLMs) are key elements
in the field of active and adaptive optics, where a
precise control of light fields is demanded. The re-
moval of aberrations in optical systems requires, for
example, a modulator that can influence the phase
of light fields, thus forming the shape of the out-
going wavefront. Currently deformable membrane
mirrors are widely-used though their spatial resolu-
tion is very limited.

A new SLM, a micro mirror array (MMA) de-
veloped by the IPMS (Institut fiir Photonische
Mikrosysteme) at the Fraunhofer Gesellschaft
(www.ipms.fraunhofer.de) consists of an array of
240x200 micromirrors (40um in size) that can be in-
dividually controlled. They move in a piston-like mo-
tion perpendicular to their surfaces (see fig.. 1). The
movement of a single mirror is induced by applying
a voltage to the electrode undetlying the pixel, result-
ing in an equilibrium between the electrostatic force
and the restoring force of the suspension arms. The
continuous deflection range is up to 400nm, so that a
27 phase shift for any visible wavelength is possible.

Fig. 1: View of deflected and undeflected micro-mirrors, meas-
ured with a white light interferometer, showing the surface height

A breadboard was set up to test the MMA’s
wavefront shaping capabilities. For this purpose
artificially induced aberrations, with an error of up
to 9 times the wavelength, were compensated for by
the MMA. The quality of the wavefront error com-
pensation was judged by measuring the coupling ef-
ficiency achieved when coupling into a monomode
fiber. Several methods to obtain the correct mirror
positions were applied, among them interferometry,
Shack-Hartmann measurements, which display the
remaining wavefront error, and iterative methods
that use only the coupling efficiency as a measur-
and. The optical setup (see Fig. 2) was designed so
that only minor changes were necessary to switch
between the different methods.
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Fig. 2: Optical setup for wavefront optimization tests

For low wavefront errors the achieved coupling
efficiencies were above 60% and were therefore
immediately below the expected theoretical limit
for the given setup. Compared to flip mirrors with
binary operation (also tested within the project) the
efficiency was, as expected, significantly higher. A
clear advantage of this technique over deformable
membrane mirrors (previously tested by the project
partner EADS astrium) lies in the correction of
high spatial frequency errors or even errors with
phase steps.

Supported by: the European Space Agency s Technol-
ogy Research Program, ESTEC,
contract no. 16632/02/NL/PA
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Alternative aspheric testing:

Interferometer with a tiltable reference wave (CCUPOB)

J. Liesener, C. PruB3, H.J. Tiziani

A section of the BMBF project “Asphiren-
prifung mit computergenerierten Hologrammen
(CGHs)” was the investigation of flexible aspheric
testing methods that do not require the fabrication
of CGHs for every asphere type. A strong empha-
sis was placed on an interferometer in which the
angle of the reference wave could be controlled
in a very defined way. This is so that areas of the
fringes in the interferogram can be evaluated which
could not be resolved by the previous image sensor.
The results of several measurements under varying
reference wave angles were stitched at the end of
the process.

The interferometer is depicted in fig. 2. Light
reflected by the lens under test and by the light
following the reference path is brought to interfere
on the camera chip. The varying reference wave
angles are realized by switching between point
sources, each with a different lateral position on the
phase-shifting point source array (PPA, description
below).

PPA reference path
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Fig. 1: Flexible interferometer setup for aspheric testing.The ref-
erence wave angle can be modified so that different areas of the
interferogram can be evaluated.
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The PPA was developed within the project. (patent
DE 10325601). It is an array of point sources that can
be individually switched. It consists of three layers,
namely a liquid crystal micro display (LCD), a mic-
rolens array (MLLA) and an array of pinholes (PHA)
that are placed at the focus of the microlenses.
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R

-
—

tiited
illumination

-
-
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| - diffr. Order

i

Fig. 2: Phase-shifting point source array (PPA) consisting of lig-
uid crystal display (LCD), microlens array (MLA) and pinhole array
(PHA).

The LCD is to be illuminated at a slight an-
gle, so that, in order to activate one of the point
sources, a local grating needs to be written into the
LCD. Only the first diffraction order of the light
diffracted by the local grating is focused, by the
microlens, through the corresponding pinhole to
form a point source. In addition to the intensity, the
phase of the light emitted by the point sources can
be changed. The phase is shifted in several steps
by laterally shifting the local LCD-grating. In this
way conventional phase shifting algorithms for the
phase retrieval can be applied.

Using the test setup a lens was tested that re-
quired the recording of interferograms with 25
different reference wave angles. Almost seamless
stitching was possible. The measurement error was
below 1/10 rms at in the surface.

Future work will focus on a more accurately ad-
justable e optical setup and on calibration strategies.

Supported by: BMBF FKZ 13N7861
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Current spatial light modulators:

Market analysis and tests on electrowetting and LC lenses

J. Liesener, L. Seifert, B. Rith

The aim of this industry-commissioned study
was to assess the suitability of current spatial light
modulators for focussing purposes. The study was
devided into two parts.

The first part consisted of a market analysis and
a technology review in which the relevant issues for
an industrial application of several modulator types
were examined. The list of modulators included
pixelated liquid crystal displays, membrane mirrors,
electrowetting lenses and continuous liquid crystal
(LC) lenses. The topics of interest were the func-
tional principle of the modulators, the state of the
art, future developments, the patent situation, the
availability and specifications such as aperture di-
ameter, tunable focal length range, operation cycle
time and wavefront error.

The second part of the study was an experi-
mental investigation carried out within a student
research project for which both an electrowetting
lens and an L.C lens were supplied by the industrial
partner. Both lens types were in the prototype stage
by the time of the investigation. An electrowetting
lens (see fig. 1) uses two isodensity liquids, one is
an insulator while the other is a conductor. The
variation of voltage leads to a change of curvature
of the liquid-liquid interface, which in turn leads
to a change of the focal length of the lens. The
electrowetting lens was purchased from varioptic

(France).
/—\
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Fig. 1: Principle sketch of an electrowetting lens (source: [1])
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The liquid crystal lens has a convex cavity filled
with a liquid crystal enclosed between two glass
substrates with two transparent conductive lay-
ers that act as electrodes. The amplitude as well
as the frequency of the applied voltage influence
the orientation and therefore the refractive index
distribution within the liquid crystal. This enables
the focusing of the beam that pases through the
lens. The lens (fig, 2) is made by OKO Technologies
(Netherlands).

Fig. 2: Liquid crystal lens (photo from [2])

References:
[1] www.varioptic.com

[2] G. Vdovin et al, “On the possibility of intraocular adaptive optics”,
Optics Express, 11, p. 810-817, (2003)
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Holographic Tweezers:

Active Micro-Manipulation (AMIMA)

M. Reicherter, W. Gorski, T. Haist, H.J. Tiziani, W. Osten

One of the driving forces of scientific and tech-
nological progress is the increasing ability to work
on smaller and smaller scales. Optical tweezers are
a tool for such kinds of manipulations. In optical
tweezers a focused beam of light is used to trap par-
ticles which have a size ranging from some hundred
nanometres to several tens of micrometers. Ho-
lographic tweezers are an important extension of
this tool. They incorporate a spatial light modulator
(SLM), such as a digital micro-mirror device (DMD)
or a liquid crystal device (LCDs). They have many
advantages over conventional tweezers including
the ability to move many particles independently
of each other, without using mechanically moving
parts such as mirrors and movable lenses. The ho-
lographic approach allows us to move the particles
not only in the lateral direction but also along the
optical axis. In addition to that it makes an aberra-
tion correction possible.

In the project AMIMA two different methods
of aberration correction were developed. The first
method is based on the principle of an artificial
point source as is know from astronomy. The
micro-particles are trapped and positioned by the
holographic tweezers which acts as a lens that cre-
ates a spot. This can be regarded as a point source.
The light coming from that point source is analysed
by a Shack-Hartmann-Sensor. If there are no aber-
rations, neither from the setup nor from the sample
volume, the analysed wavefront would be spherical.
Any deviation from the spherical shape is recorded
and used to compute a correction hologram. This
hologram and the trapping hologram are superim-
posed and displayed on the SLM. A crucial aspect
of this method is the filtering out of the illumination
light which misses the particle and therefore does not
contribute to the point source. This can be achieved
either by using an aperture or by an obscuration
shown in figure 1. A third approach was tried using
fluorescent particles and an appropriate filter. This is
very elegant approach, but we did not have a camera

(@) aperture

Fig. 1: Filtering out the illumination light

Research projects

D) obscitration

that was sensitive enough camera at the wavelength of
the fluorescence. With this point source method using
an aperture we were able to cotrect for 4 um + 0,25 pm
defocus in a first experiment.

The second method is an iterative optimisation
approach. A randomly generated, or one from an an
educated guess, hologram is displayed on the SLLM.
To generate a feedback loop, one has to analyze the
image and decide if the correction hologram ob-
tained leads to an improvement. If an improvement
has occurred, subsequent changes to the correction
hologram will be smaller. If not the next hologram
is calculated with a significantly changed parameter

set. Figure 2 shows an example of this method.

Fig. 2: Uncorrected 0. und 1. order of the trapping laser (left)
Corrected 1. order (right)

The image on the left shows the zeroth and first
order of the trapping beam. Strong aberrations can
be seen which result mainly from the astigmatism
of the diode laser used. After manually adapting
the correction hologram, the first order is improved
significantly. Further steps include the automation
of the method.

Supported by: Landesstiftung Baden-Wiirttemberg,
project AMIMA
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tion of aberrations in microscopic imaging systems using an artificial
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Force Measurement in holographic tweezers

M. Reicherter, S. Zwick, T. Haist, H.J. Tiziani, W. Osten

An important application of optical tweezers is their
use as a force transducer. This is one of the most sensi-
tive techniques for force measurement. It is capable of
detecting forces in the region of femto Newtons. The
ability to measure force in that range is of great interest
especially in micro-biological applications [1].

The principle of force measurement in optical
tweezers is based on a precise determination of the po-
sition of a trapped micro-particle within the optical trap.
The optical trap constituted by a Gaussian beam can be
considered as a force potential. If an external force acts
on the particle it is drawn out of its equilibrium position
in the centre of the potential. Detecting this distance
gives a measure of the external force.

There are several possibilities to calibrate the force
potential . The most straightforward method to deter-
mine the depth of the potential is to move a trapped
particle at different speeds and to measure when it is
lost from the trap. However this only gives the maxi-
mum trapping force but does not deliver information
about the shape of the force potential. This can be
achieved, for example, by using the Brownian motion
of the particle within the trap. By imaging the particle
on a quadrant photodiode, its position is recorded
with nanometer precision. Alternatively interference
between the trapping beam, which hits the particle,
and an unmodified portion can be recorded. This
approach has several advantages as Rohrbach[2] ex-
plains. Figure 1a depicts the recording of the lateral
position of a 3 um polystyrene particle within the
trap. The histogram shown in figure 1b gives the
probability p(x) of finding the patticle at a specific
deflection from its equilibrium position. Using the
Boltzmann distribution p(x) dx=C exp(-E/(kB T)) [3]
one is able to compute the potential E. The potential
(dotted line) and a harmonic fit (solid line) to it is
shown in figure 1c.
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We also investigated an image processing based
approach[4]. The particle position is detected using
a normalized correlation of a particle template and
the current image. Figure 2 displays a comparison
of the potential determined by the interference and
the image processing method.
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Fig. 2: Comparison of the two calibration methods investigated

Comparing the two methods the image processing
with a data acquisition of about 50Hz is much slower
than the quadrant diode. However it is simpler to imple-
ment and it is potentially better suited for the detection
of the positions of several particles simultaneously.

Supported by: Deutsche Forschungsgemeinschaft
(DFG), Ti-119-40-1
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Fig. 1: Determination of the force potential using Brownian motion and Boltzmann statistics
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Adaptive Shack-Hartmann sensor:

A comparison of wavefront reconstruction algorithms (METAMO)

L. Seifert, H.J. Tiziani, W. Osten

The adaptive Shack-Hartmann sensor (aSHS) is a
modification of the conventional Shack-Hartmann
wavefront sensor (SHS). Instead of the static dif-
fractive, or refractive, microlens array in the conven-
tional sensor a programmable spatial light modulator
(SLM) is used. The result is a far more flexible sensor
which can be quickly adapted to solve different meas-
urement tasks [1].

Wavefront reconstruction is the process of restor-
ing the phase values from the measured wavefront
slopes. There are differences in the reconstruction
process between the conventional and the adaptive
sensot. Because of the low resolution of the SLM
in the aSHS, the number of microlenses is limited.
Therefore a restriction of the measurement area
to a circle should be avoided. This is often done in
the conventional sensor. Furthermore the measured
slope is a value that is integrated over the area of one
microlens. Because of the relatively large size of a
single microlens in the aSHS, the measured derivative
can not be interpreted as the gradient at the center of
the lens. A high fitting accuracy with the aSHS is only
possible after taking these issues into account.

There are mainly two types of reconstruction
algorithms: matrix inversion and iterative methods.
The latter are often used in real time applications
because they are fast. Matrix inversion methods are
slower but more accurate.

We compared two matrix inversion reconstruc-
tion methods, particularly with regard to the aSHS,
on the basis of fit accuracy, reconstruction time and
the effect of noise and missing data points [2].
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tions. The time to solve the equation system depends
only on the number of Zernike modes used. The
highest Zernike fit order, which can be used, is limited
by the number of microlenses along the shorter side
of the rectangular microlens array. We observed that
the classical Zernike method is the best choice when
fitting simple wavefronts. It is relatively fast and yields
a high fit accuracy because of the global definition of
the polynomials and their low noise vulnerability.
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Fig. 2: RMS fit error of the B-Spline reconstruction of a sin-shaped
wavefront dependent on the fit order and knot points

The novel reconstruction method is based on B-
Spline surfaces. Unlike the Zernike algorithm, B-Spline
fitting does not need a scaling to the unit circle. The
locally defined base functions are more flexible than the
global Zernike polynomials but also more vulnerable to
noise. The solving time of the B-Spline equation system
is not directly dependent on the order of the fit but on
the number of knot points. The fit order in the x and
y directions can be changed independently. This is par-
ticulatly interesting for the aSHS, because the shorter
side of the microlens array then does not limit the fit
parameter along the longer side. We observed that the
B-Spline reconstruction method is better suited for the
rectangular aSHS and should be used when fitting more
complex wavefronts (see Fig.1 and 2).

Supported by Landesstiftung Baden-W(irttemberg,
Project "METAMO”
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Fig. 1: RMS fit error of the Zernike reconstruction of a sin-shaped
wavefront dependent of the fit order

Fitting the gradient data into Zernike modes is the
classical SHS reconstruction algorithm. It is popular
because the resulting coefficients represent important
wavefront characteristics like tilt or third order aberra-

Research projects

References:
[1] L.Seifert, J.Liesener, H.J. Tiziani, “I'he adaptive Shack-Hart-
mann sensor”, Opt. Com. 216, p.313-319, 2003

|2] L. Seifert , H.]. Tiziani, W. Osten, “Wavefront reconstruction with
the adaptive Shack—Hartmann sensor”, Opt. Com. 245, p.255-
269, 2005

INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004



High Resolution Metrology and Simulation

High Resolution Metrology and Simulation

Rigorous Simulations at the ITOThe Program Package MicroSim

Rigorous diffraction simulation: A comparison of RCWA, FDTD and FEM (RISOM)
Supported by: Landesstiftung Baden-Wiirttemberg, Project: RISOM

Both a blessing and a curse: Physical optical effects in high resolution metrology (NanoEdge)
Supported by: BMBE: Nanoedge FKZ 13N7794

Scatterometry and diffractometry for nanoelectronic devices (ABBILD)
Supported by: BMBE;, Project No. 01M3154D

Focus-shaping using phase-singularities: Highly sensitive defect detection in the sub-lambda range
Supported by: Eunrgpean Union, Craft 1999-70400

Polarisation measurements for diffractometry (RISOM)
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Tensor-tomographic 3d reconstruction of the anisotropic refractive index inhomogeneity in glass

blanks (RISOM)
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Rigorous Simulations at the ITO

The Program Package MicroSim

S. Rafler, N. Kerwien, T. Schuster, M. Totzeck, W. Osten

Under development for many years at the ITO, the
program package MicroSim forms the backbone for
rigorous simulations in the working-group HMS [1].
The continuous advancement and extension of the
program package in different fields of rigorous simu-
lations is a crucial part of several running projects.

MicroSim is a package of numerical routines,
which cover the solution of diffraction problems by
rigorous methods, the calculation and visualization
of the corresponding near-fields as well as micro-
scopic far-field images.

The range of applications of MicroSim spreads
from rigorous treatment of scatterometry and dif-
fractometry for semiconductor industry [2] over
near-field calculations up to systematic investiga-
tions of microscopic imaging techniques [4-5]. Fur-
ther details can also be found in several project de-
scriptions of this annual report (following pages).

MicroSim is completely written in MATLAB-
code. This allows for necessary flexibility in a
research environment. So, extensions and adop-
tions of the core code to different project related
demands can be done quickly and easily.

Figure 1 shows the modular structure of Micro-
Sim: there are three main modules for diffraction,
near-field and far-field computation (i.e. imaging).
MicroSim Diffract: structure- MicroSim Converge:
Solution of rigorous diffraction problem <::I parameters ) Test of canvergence

Rigorous coupled wave analysis (RCWA)
Vectorial Kirchhoff approximation (VKA)

Q> Diffraction
spectrum

MicroSimNear:
Near-field computation

coherency matrix, complex fields,
Joule's heat,Poynting-vector-field

MicroSim(image:

Computation of microscopic image

Coherency matrix, complex fields,
e-,

Bright-field-, interferenc
polarization-microscopy

4 i) i) 4

‘ Microscopic image | ‘ Imaging parameter|

Fig. 1: Modular structure of MicroSim

The diffraction module MicroSim.Diffract is based
on the rigorous coupled wave analysis (RCWA) in
combination with the enhanced-transmittance-matrix
approach. This approach provides the coupling of
different grating layers. An arbitrary grating-shape is ap-
proximated by a staircase-like profile. Symmetries of the
illumination or the grating structure are exploited to re-
duce computation time. For less demanding diffraction
problems and for saving computation time, a semi-rig-
orous calculation method called the vectorial Kirchhoff
approach is also implemented. In this approximation
the vertical coupling of the electromagnetic field in the
layers of the grating structure is calculated by means

Research projects

of the thin-film-matrix-theory while the explicit lateral
coupling in the layers-system is suppressed. The diffrac-
tion process itself is handled as in classical theory under
full consideration of polarisation.
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Fig. 2: typical Screenshot of input mask

MicroSim provides different classes of gratings in 2D
and 3D. The implemented 2D structure types consist of
line-gratings with multiple layers where in each layer the
refraction index is piecewise constant but otherwise
arbitrary. Slanted edges are approximated by staircases.
In the 3D-case different predefined crossections are
implemented. These include circles and squares, ellipses
and rectangles with different grating-periods in x- and
y-direction. Recent developments enable us to compute
structures with any given boundary in the framework
of RCWA. The two-dimensional fourier-transform of
these domains is done either via FFT' with over-sam-
pling or with a subdivision in rectangles and triangles
which can then be handled analytically. This is necessary
to achieve the desired accuracy:.

In order to compute near- or far-fields for arbitrary
illumination conditions, the diffraction spectrum has
to be calculated for a bundle of different plain waves
defined by a set of polarisation-states, wavelengths and
angles of incidence. The parameters for the structure,
illumination and computation are defined in a MAT-
LAB-file and can be visualized and changed in a GUL
The whole operation of the program can be done via
this GUI (see figure 2) or with batch-files for systematic
variations of parameters in overnight-computations.

The diffraction spectrum computed with
MicroSim.Diffract is the basis for the calculation of
the corresponding near- and far-fields. It provides the
complete necessary information in the pupil-plane of
an imaging system.
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In the case of microscopic far-field imaging
MicroSim.Image calculates the electric field in the im-
age-plane by superposition of all propagating waves
of the diffraction spectrum falling into the aperture of
the microscope lens. In the sense of Hopkins effective
source this is done for each illuminating wave seperately.
Depending on the illumination conditions, the whole
field distribution in the image-plane is obtained by
summing up all field contributions originating from
the set of incoming waves. This is done either coher-
ently or incoherently. For this purpose the illumination
entrance pupil is discretized with the size of the patches
given by MicroSim.Diffract. The wavelength spectrum,
amplitude and phase inside the pupil (aberrations) and
polatisation of the illumination field can be given by
predefined or user defined functions.

As the complete rigorous diffraction spectrum in the
pupil-plane is accessible, different microscopic imaging
techniques can be simulated by appropriate filtering in
the pupil-plane. These include bright field microscopy

under full consideration of (polarisation-dependent)
aberrations and apodisations, dark-field imaging,
Zernike-phase contrast, interference microscopy and
different types of polarisation microscopy. An example
is given in figure 3.
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Fig. 3: GUI for microscopic image-simulation

Besides the various modes of far-field imaging
also near-field computations provide a valuable tool
to understand the basis of optical image formation.
On the basis of the same ideas as described above
MicroSim.Near creates near-field images by superpo-
sition of all modes obtained from the solution of the
diffraction problem in the different regions of the

INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004

grating structure. In contrast to the far-field case this

is done without any restriction to the numerical aper-
ture of the imaging system in the grating region itself
as well as in the cover and the substrate. Therefore
the evanescent field components play a crucial role in
image-formation as can be seen in figure 4.
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Fig. 4: Near field crosssection in topview

Those three modules form the basis of Micro-
Sim. The focus of current developments is espe-
cially the implementation of alternative rigorous
computation-methods of diffraction therory as
well as providing interfaces for completely different
methods like classical rigorous scattering-theory,
FDTD and FEM simulations.
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Rigorous diffraction simulation:

A comparison of RCWA, FDTD and FEM (RISOM)

R. Berger, J. Kauffmann, N. Kerwien, H.J. Tiziani, W. Osten

In metrology and in the design of optical systems
rigorous simulations are needed, if the structures
are in the scale of the wavelength or smaller. There
are various simulation methods available to calcu-
late the interaction of light with nanostructures and
microstructures. At the moment we use Rigorous
Coupled Wave Analysis (RCWA), the Finite Differ-
ence Time Domain method (FDTD) and the Finite
Element Method (FEM). The various methods dif-
fer with respect to the technique of modelling and
to the application area. Therefore we performed a
comparison of the three methods [1].

At our Institute RCWA has been used to cal-
culate the diffraction at gratings for several years.
The structure is divided into different layers and
the incident wave is composed of plane waves. The
diffraction of every plane wave is calculated and the
data combined. With this method it is also possible
to evaluate the electromagnetic distribution of the
light in the far field.

With the FDTD-method the modelling area is
divided into a uniform net of nodes. The Max-
well-Equations are then spatially and temporally
discretised in the same manner. This also allows us
to investigate dynamic problems. To summarize, we
had a good agreement between the simulations that
were performed using the FDTD and the RCWA
methods.

The Finite Element Method was first introduced
for structural mechanics, but it can also be used in
electrodynamics. We used the commercial program,
FEMLAB, which has already a module for electro-
magnetic problems. In addition, it is possible to
install a link to MATLAB and it is also possible to
simulate anisotropic media. To compare the RCWA
and FEM methods, we investigated a silicon grat-
ing, surrounded by air. Figure 1 shows the results
for the TM-mode for the two methods. As it can be
seen, the agreement of the simulations is high and
there are only small differences inside the grating,
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Fig. 1: Si-grating in air, TM-mode abs(Ex)
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Another advantage of FEM can be seen in figure 2.
It shows the simulation of a cosine grating, surrounded
by air.
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Fig. 2: Cosine grating in air, TM-mode norm(E)

Using RCWA (figure 2, left), the shape of the
cosine function is approximated with steps. The
electromagnetic field is increased at the tip of every
step, which causes simulation errors. The described
physical effect also occurs, when more steps are
used for the approximation. With FEM, triangular
elements are used to discretise the modeling area.
Therefore gratings with a continuous shape, like the
cosine function, can be approximated better with
the FEM (figure 2, right).

Supported by: Landesstiftung Baden-Wiirttemberg,
Project: RISOM
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Both a blessing and a curse:

Physical optical effects in high resolution metrology (NanoEdge)

N. Kerwien, H.J. Tiziani, W. Osten

Although diffraction limited in resolution to the
range of the wavelength, optical measurement tech-
niques compete successfully to other established
metrology methods, like AFM or SEM that have inher-
ently better physical resolution capabilities, down to
approximately 1 nm in the later case. Among the well
know technical advantages for optical measurements,
are high throughput, excellent in-situ capabilities and a
non-invasive character. A deep theoretical understand-
ing of the light-object interaction in the framework of
electrodynamics, and typically the large amount of a
prioti knowledge about the examined objects in differ-
ent fields of semiconductor metrology, is responsible
for the successful application of optical metrology tech-
niques in the range well below the optical wavelength.
In this case the high demand on the resolution requires
a more precise model-based object reconstruction.
The model takes geometrical data, shape and material
composition of the object as well as parameters of the
measurement system like polarisation state and coher-
ence properties into account.
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about. Figure 1 shows the microscopic focus-series of
a 100 nm thick chromium edge simulated with Micro-
sim. Incoherent illumination was used, with a wave-
length of 248 nm in transmission, with an NA = 0.0,
and for both the linear polarization parallel (TE) and
linear polarization perpendicular (TM) cases relative
to the edge. The boundary condition of the electro-
dynamical problem results in different edge images.
These concern the optimal focus-position, defined
by the steepest ascent of the intensity-profile at 50%
threshold, as well as the lateral position of the edge im-
ages. Both parameters are essential for high precision
CD-measurement in the field of waver metrology as
well as for mask inspection. In the case of chromium
at A = 248 nm the displacement of the edge image is
of the order of 10 nm, as can be seen on the right
hand side of figure 1. The magnitude of this effect is
strongly controlled by the wavelength and by the ma-
terial composition of the surface under investigation.
This displacement can increase up to 70 nm in the case
of silicon at a wavelength of 248 nm.
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Fig. 1: Focus series of a 100 nm thick chromium edge in transmission at & = 248 nm calculated with MicroSim: TE-Pol. (left) and
TM-Pol. (middle). The comparison shows clearly the variation of optimal focus (steepest flank angle) and different positions of the

edge images (right) due to the dependence on polarisation.

The aim of the BMBF-project NanoEdge was the
systematic experimental and numerical investigation of
physical optical effects from the formation of an optical
image. To these belong, for example, the well known
proximity-effect, the polarization dependent line-width
measurements, the resonance-effects in periodic media
and the fundamental excitations such as surface-plas-
mons.

The insight gained was used in two ways. Firstly, in
the consideration of these effects in optical metrology
by means of rigorous model based imaging as well as
experimental correction-procedures. Secondly, in the
target use of electro-dynamical phenomena for light-
sample-interaction for metrological purposes.

For further details concerning both strategies we
refer you to the publications listed below:

Below, we would like to give a typical example of
the fundamental effects that NanoEdge is concerned
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Scatterometry and diffractometry for

nanoelectronic devices (ABBILD)

T. Schuster, N. Kerwien, J. Kauffmann, W. Osten

In the BMBF-project “ABBILD” the ITO is a
subcontractor of Infineon Technologies. The aim
of this project is to examine the capabilities of ad-
vanced strategies in the scatterometry and diffrac-
tometry, as fast and non-destructive measurement
techniques to observe the geometry of complex
nanostructures during the chip fabrication. Scatter-
ometry and diffractometry are techniques in which
geometric measurements of periodic nanostruc-
tures are made by investigating diffracted light. The
term scattoremetry is predominantly used if only
the zeroth order is investigated, whereas diffrac-
tometry includes the measurement of higher dif-
fraction orders. The measurands in each case can be
the polarization resolved diffraction efficiencies or
the ellipsometric angles as a function of the wave-
length or as a function of the angle of incidence. If
all but a few parameters of the nanogeometry of
periodic structures are known with great precision,
those few unknown parameters may be determined
from the spectra by comparison between measure-
ment and simulation.

One of the most widely-used methods for
simulating diffraction at periodic structures is the
rigorous coupled wave analysis (RCWA) [1][2][3].
One important task within this project is the exten-
sion of the Institute's simulation tool, MicroSim,
to arbitrarily shaped crossed gratings. Furthermore
simulation of the diffraction at complex crossed
gratings showed that systematic computations for
such structures are not possible with sufficient
accuracy on a normal PC. Thus it turned out to
be desirable to port Microsim to a modern 64 bit
system which provides much more memory and
computing power. Both tasks, the extension and the
porting, are currently being worked on.

The capabilities of scatterometry and diffrac-
tometry were investigated by systematic RCWA
computations with regard to the special structure
geometries that Infineon is interested in. In this
report we can just show some examples of those
computations.

One example structure, with a rather complicated
nanogeometry, is called DTMO (deep trench mask
open) [4]. One unit cell of this periodic structure is
depicted in Fig. 1. This structure consists basically
of silicon oxide on a silicon substrate. The trench
is 2 um deep and 0.2 pm wide. The sidewall of the
deep trench shows a bowing, The depth, Ab, is the
parameter to be measured. Due to the enormeous
requirements of memory and computation power
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for crossed gratings, most of the computations
were done instead for a line grating. On the one
hand these computations, which were performed
at the ITO, as well as at Infineon, showed that a
measurement of this bowing depth is possible in
principle. On the other hand they taught us that the
spectra vary greatly, not only with the parameter to
be determined but also with different other param-
eters such as the trench depth or the height of the
maximum bowing, Thus a very exact modelling of
the structure geometry is necessary, as well as a very
exact knowledge and consistency of the parameters
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that are assumed to be constant. The need for exact
modelling leads to a rather large number of layers
to be needed within the model. Fig. 2 shows a test
series where the number of layers in the bowed
region, denoted by "Layers2", is varied. This is
assuming typical parameters for the experimental
setup and sufficiently high values for the other layer
numbers. The diagram shows, that according to the
desired accuracy a more or less large number of lay-
ers has to be chosen.

The structure has also taught us a lot about the
effect of slicing. There are two inherent limitations
of the RCWA. The first one is the consideration
of the lateral structure by Fourier expansion,
which restricts the method to periodic structures.
The second one is the slicing in the axial direction
(perpendicular to the diffraction grating, usually de-
noted as the z-direction). For example the boundary
of any oblique, or curved, trench or ridge sidewall
is modelled as a staircase. This slicing contains two
main drawbacks. Firstly, a great number of slices
have to be chosen in order to model an oblique
boundary with great precision. This makes it more
difficult to do systematic computations of diffrac-
tion at crossed gratings. Secondly, the orientation
of the sidewall boundary is (locally) always parallel
to the z-axis. The first drawback is only a technical
problem, which means that deep structures with
oblique or curved sidewalls cannot be computed
with sufficient accuracy within an acceptable time.
For most relevant crossed gratings structures it is
therefore impossible to choose a sufficient number
of slices and, at the same time, a sufficient number
of Fourier components. The second drawback is,
in principle, a physical problem. The incorrect
orientation of the boundary in the model affects
mainly the field component that is perperdicular to
the sidewall. As we know from Maxwell's equations
this component is unsteady and thus "localizes" the
boundary. At the edges, which are merely artifacts
of the modelling and are not present in the real
structures, a field enhancement is observed This
penomenon is depicted in Fig. 3 using a logarithmic
gray scale.

In addition to the previously mentioned system-
atic computation of spectra we made some more
fundamental simulations. We studied the influence
of lateral fluctuations of geometric measure-
ments and sidewall roughness on the spectra. We
modelled those ﬂuctuati'ons using the binomial

distribution P =" -
u (V) U!(n_y)!p (I-p)

n—v

assuming
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the parameters n=2 and p=1/2. For each of the
investigated structures we computed a series where
we kept the measurement parameter constant and
varied its standard deviation. In a second series we
kept the standard deviation constant and varied
the variable itself. For all investigated structures,
we observed that a variation of the measurement
parameter mainly influenced the peak positions in
the wavelength spectra, whereas a variation of its
standard deviation chiefly affected the peak heights.
Thus the two influences can be separated in the
measurement evaluation. It is possible to measure
parameters (their mean values) even if they show
a variation across the sample. Furthermore it is
of course possible to do the opposite thing, i.e. to
measure the standard deviation of a variable due to
lateral fluctuations or sidewall roughness. This work
will be presented in more detail in June [5].

In the next period of the project one important
task will be the comparison between measurement
and simulation. To this end, a research diffractome-
ter has been modified with photoelastic modulators
(PEMs) for fast and precise phase measurement.
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Focus-shaping using phase-singularities:

Highly sensitive defect detection in the sub-lambda range

N. Kerwien, A. Tavrov, H.J. Tiziani, W. Osten

Pupil manipulation is a valuable tool for high
resolution imaging. This concerns not only the
manipulation of the exit-aperture of the imaging
lens, as its done in Zernike phase contrast or in dif-
ferential interference contrast for instance, but also
for illumination control. In the later case we enter
the wide field of the appropriate, or let us say, bet-
ter adapted illumination in microscopy. Dark-field
llumination is a prominent example. In the case
of coherent pupil illumination, as used in confocal
microscopy, phase manipulation introduces specific
singularities that are of increasing interest. Such
phase singularities are inherent properties of the
resulting beam and are conserved in the propaga-
tion of the beam through free space and through
ideal optical systems. Phase singularities are related
to the symmetry properties of the forming system
and can be associated with corresponding quantum
numbers, such as parity or angular momentum. Be-
cause a dark region arises due to destructive inter-
ference, caused by singularities, such beams are of-
ten called dark beams. Perhaps the most prominent
example in this field is the doughnut beam which
forms as a consequence of a spiral singularity of
7. In the investigations presented here we would
like to concentrate on line singularities, which are
generated by a phase mask with a linear phase-step
of m, that intersect the symmetry-axis of the optical
system in the pupil plane.

Besides the well known use for focus-shaping in
the field of optical trapping, the special properties
of phases-singularities in a high NA focus can also
be exploited for metrological purposes. The advan-
tage of dark beams is their particular sensitivity to
phase objects and their ability to measure small
isolated structures with simple detection schemes.
They are therefore a promising tool for quantitative
defect detection of single defects on flat surfaces,
such as those arising during wafer inspection or in
the characterisation of optical components such as
laser mirrors.

We studied dark beam scans of different sur-
face features and for various combinations of the
llumination and detection numerical apertures.
An example is given in figure 1. In the line scans a
strong dependence on the incoming polarisation is
apparent. Comparing the scans for single- and dou-
ble-trench structures, the TM-Mode in particular
varies strongly with the shape of the structure, due
to better penetration capabilities into the structure
in comparison with the TE-Mode. This general
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feature is also true for sub-wavelength structures
and can be used for sub-wavelength scale object
recognition: A direct comparison of TE- and TM-
polarisation reveals the potential of getting a more
precise reconstruction of the structure under inves-
tigation. Apart from the investigations of the lateral
resolution capabilities of dark beam microscopy,
the axial resolution potential was also examined.
Assuming that a two-cell photo detector with a
dynamical range of 105 is the limiting factor for the
signal to noise ratio (and therefore suppressing the
optical noise associated with the surface roughness,
which is usually dominant) the numerical investiga-
tions reveal detectable step-heights down to 0.2 nm.
This is in the order of A/1000 to A/10000 and is
therefore comparable to measurement accuracies
achieved in advanced interferometry.
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Fig. 1: Dark beam line scans on a Si-structure for different imag-
ing and structure parameters. (NA=0.9, A=550 nm)
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Polarisation measurements for diffractometry (RISOM)

J. Kauffmann, J. Bader, S. Meining, N. Kerwien, W. Osten,

H.J. Tiziani

The diffraction of light at structures with sizes in
the scale of the wavelength influences the polarisa-
tion state of the light. This phenomenon is predict-
ed by the Maxwell equations and can be calculated
numerically by rigorous diffraction methods [1]. To
characterize diffracting structures as, for example,
diffractive optical elements (DOEs) experimentally
diffractometers are used to measure the diffraction
efficiency of the different diffraction orders. We
have build such a diffractometer and constructed a
polarisation measuring unit to measure the rigorous
diffraction effects (Figure 1).
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Fig. 1: Layout for the polarisation measuring diffractometer

A first approach is with circularly polarised in-
put light and a polarizer to analyse the polarisation
state at the detector. With this measurement the
polarisation dependent attenuation is detected. To
determine the ellipticity of the circularly polarised
input light, for calibration purposes, measurements
are performed for all polarizer positions without a
measurement object. After the calibration the de-
vice under test is placed in the diffractometer. Fig-
ure 2 shows the polarisation dependent diffraction
efficiency of a phase grating in fused silica.

INSTITUT FUR TECHNISCHE OPTIK, ANNUAL REPORT 2003/2004

Diffraction Efficiency

0g
0g —
07
06
05 —~0
04 ——
03
02 -1
04 ey

0

0 il 100 150 200 250 300

Polarisation Direction [°]

Fig. 2: Polarisation dependent diffraction efficiency of a DOE

To determine a more general form of the polari-
sation transfer function a different approach is cur-
rently implemented. Two photoelastic modulator
— polarizer pairs, where the photoelastic modulators
operate at different resonant frequencies, are used.
The time-dependent intensity is analysed due to the
lock-in principle at several frequencies so that the
Miiller matrix of the sample is obtained. With one
configuration the nine elements of the matrix can
be measured at the same time. When the azimuthal
angles of the photoelastic modulators are changed
the other elements are accessible. However the el-
lipsometric angles are already available from a single
arrangement.
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Tensor-tomographic 3d reconstruction of the anisotropic

refractive index inhomogeneity in glass blanks (RISOM)

J. Kauffmann, N. Kerwien, W. Osten, H.J. Tiziani

For optical systems with the highest perform-
ance requirements even small inhomogeneities are
disturbing. Inhomogeneities in glass blanks lead to a
ray displacement and a phase retardation. Modelling
the refractive index variation with a coplanar plate,
as indicated in figure 1, shows that variations of the
order of 10° can cause displacements in addition to
phase retardations of about 100 nm. Similar results
can be obtained when inhomogeneities in the aniso-
tropic refractive index tensor is investigated. If the
inhomogeneity is close to the image field the ray
displacement is dominant in the vicinity of the pu-
pil plane and the phase retardation is relevant.

isotrop opl,

opl,

anisotrop opl
0

opl,,

Fig. 1: Model to estimate the influence of inhomogeneities in
a) the isotropic case b) the anisotropic case

To localize 3d anisotropic inhomogeneities
in glass blanks we have developed a tensor to-
mographic reconstruction method [1]. It uses Jones
matrices that are measured for individual rays with
various projection directions. The results of the
reconstructions are refractive index tensor fields.
Figure 2 shows such a reconstruction. We started
with a random distribution of the refractive index
tensor elements (2a). Each tensor element is dis-
played as an individual sectional plot so that the
nine diagrams compose the anisotropic inhomoge-
neity of a glass blank. In figure 2b the reconstruc-
tion is shown. With 10 projection directions and 17
by 17 measurements per direction, a cube of 15 by
15 by 15 cells has been reconstructed. After 1000
iteration steps the relative reconstruction deviation
was smaller then 7.5%. Further investigations have
shown that even with noise affecting the measure-
ment data (about 10% noise) the reconstruction
succeeds.
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Fig. 3: a) One inhomogeneous element of the refractive index ten-
sor penetrate by rays of different inclination. b) Real and imaginary
part of the Jones transfer matrices under different inclinations
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The meaning of the 3d anisotropic inhomogene-
ity is demonstrated in figure 3., where rays with dif-
ferent inclinations pass through an inhomogeneous
glass blank. They are affected by different regions in
the volume and by different projections of the as-
sociated refractive index ellipsoids. Figure 3b shows
the real and imaginary part of the Jones transfer
matrices for three different projection directions.
If no tensorial volume information is available all
three projections would have the same Jones ma-
trices.
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Interferometry and Diffractive Optics

Absolute Calibration of Aspheric Null Tests (CCUPOB)
Supported by: BMBE, FKZ: 13N7861

An Adaptive Null Lens using Membrane Mirrors (METAMO)
Supported by: Landesstiftung Baden-Wiirttemberg, Project “METAMO”

An Adaptive Phase Mask for Wavefront Coding
Supported by: Landesstiftung Baden-Wiirttemberg, Project “Wellenfrontcodiernng”

Refractive and Hybrid Microoptic Design: Minimally invasive systems for combustion analysis
Supported by: Landesstiftung Baden-Wiirttemberg,project “Mikrooptische Systeme fiir die mikroinvasive, Laser-gestiitzte 1V erbrennungsdiagnostik”

Fabrication of high resolution diffractive elements by direct laser writing

Interferometry at different optical wavelengths
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Absolute Calibration of Aspheric Null Tests (CCUPOB)

C. Pruss, S. Reichelt, H.J. Tiziani

The state of the art in high precision aspheric surface
figure testing is the interferometric null test. In most null
test configurations for aspheric surfaces a null lens is re-
quired. This is a refractive, diffractive or hybrid (both
refractive and diffractive) optical element that adapts
the spherical or plane wave of the interferometer to the
surface under test, in such a way that the light which
is normally incident onto a perfect aspheric surface is
retro-reflected.

In a null test setup the null lens has to be regarded as
part of the reference and needs to be calibrated. How-
evet, in contrast to standard transmission spheres there
exist no general calibration method.

We have developed, to our knowledge, the first com-
plete absolute interferometric test for aspheric surfaces
that includes all errors due to the null lens. This method
is based on computer generated holograms (CGH) that
reconstruct multiple wave fronts.

The starting point is a new absolute calibration
method for binary Fresnel zone mirrors (FZM) [1] that
allows the separation of the errors, introduced by the
imperfectly written FZM-pattern, from the errors of
the substrate and from the interferometer errors (5 po-
sition test for FZM). The wave front error, WPD, due to
the CGH-pattern distortion, &, can be written as:

Wop(x,3)=—my, A, 8x,) - V(x,)

Here m,, is the reconstruction diffraction order, /10
the measuring wave length and v the line density in
the CGH. Separating the errors of the substrate from
the errors of the pattern distortion is the basis for the
complete absolute test of aspheric surfaces. The abso-
lute test consists of 5 steps :

5-Position Test of a Fresnel Zone Mirror
{Twin-CGH in FZM Maode)
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.
e e
..... .’:’—’__’ "'?':"1;_:__ -
e -« »
ol intrafocal axtrafocal
{m=+1) {m=-1}
, Twin-
T EGH
e T 180°
T v A
I N |
AT T Ae————————»
intrafocal extrafocsl
{m=+1) {m=-1}
........ ;_:_-;I:
- —~ ] F‘

Research projects

Test with diffractive

step1: Production of a calibration CGH (‘twin
CGH’) that is used to replace the aspheric surface
under test in the interferometric null setup — This
twin CGH produces two wavefronts: (1) an aspheric
wavefront that is equivalent to that produced by the
aspheric surface (‘null mode’) and (2) a spherical cali-
bration wavefront (TZM-mode’)

step 2:  Calibration of the twin CGH in FZM-mode
using the 5 position test for FZM (see fig; (a))

step 3: Calculation of the calibration function for
the aspheric wavefront of the twin CGH using the
measurements of step 2 and the known line densities
of the twin CGH

step 4:  Calibration of the null setup with the known
aspheric wavefront reconstructed from the twin CGH
in null-mode (see fig. (b))

step5: Measurement of the aspheric surface with
the calibrated setup (see fig: (c))

Of course, after the calibration procedure 1-4 has
been conducted, many aspheres of the same type can
be measured without recalibration, if the interfero-
metric setup is stable.

Supported by: BMBF, FKZ: 13N7861
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An Adaptive Null Lens using Membrane Mirrors (METAMO)

C. Pruss, C. Leroux, H.J. Tiziani, W. Osten

Flexible aspheric surface testing continues to be a
major topic in the optical industry. Interferometric null
testing of aspheric surfaces requires a compensator
element that adapts the spherical wave of the inter-
ferometer to the individual surface under test. This so
called null lens might be refractive or, increasingly, dif-
fractive as a computer generated hologram (CGH).

We are investigating a new approach for test-
ing aspheric surfaces that avoids static, individually
manufactured null lenses: an active null lens based on
a computer controlled membrane mirror. It can be
adapted to different aspheric shapes, thus providing
much more flexibility in optical shop testing;

The concept of an adaptive null lens relies on the
precise control and calibration of the active element.
We use a2 50 mm micromachined membrane mitror
from OKO Technologies (Figure 1). The mirror is
electrostatically driven. Its initial shape can be opti-
mized with alignment screws to obtain a flat surface
at 0 Volts. Our measurements show a high reproduc-
ibility of the shape of this mirror.

There are different ways to integrate the mirror into
the null test setup. A setup that offers several advan-
tages is depicted in Figure 2. In this configuration the
mirror is integrated using a polarizing beam splitter

and a retardation plate.

“ % o v o - & L -

Fig. 1: Membrane mirror with a diameter of 50 mm. The mirror
consists of a thin membrane (about 1 um thickness) that is elec-
trostatically attracted by 79 electrodes.
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The mirror is used in a symmetrical way, i.e.
the wave front in the test arm is reflected from the
membrane mirror, to the surface under test and
again from the membrane mirror, doubling the
effect of the active element. Telescopes are used
to relay and adjust the pupils of: the surface under
test, the membrane mirror and the sensor chip.
For the calibration, the retardation plate is rotated
so that only the membrane mirror is observed.

The dynamic range of the membrane mirror (in
terms of deflection magnitude) is given by the gap
between the membrane mirror and the electrodes
(up to 170 um) and by the maximum applied volt-
age (up to 700 V).

The response of the membrane mirror to
applied voltage can be described by the Pois-
son-equation for stretched membranes. For small
deflections, the deflection varies to a good ap-
proximation, quadratically, with the applied volt-
age. For high deflections, the dependence of the
gap size from the membrane deflection has to be
taken into account, leading to a greater increase of
the deflection. For our devices, a large deflection
leads to catastrophic failure and must therefore be
avoided. This restricts the usable deflection range
to about 30% of the gap size.

reference
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ampl!
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mirror
N telescope
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TGl setup transmission
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e
aspheric surface
under test

Fig. 2: Flexible interferometric null testing on the basis of a
membrane mirror. The membrane mirror is integrated into the
Twyman-Green interferometer (TGI) using polarizing optics.
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An Adaptive Phase Mask for Wavefront Coding

C. Pruss, C. Leroux, H.J. Tiziani, W. Osten

In microscopy the depth of field is limited, espe-
cially for high numerical apertures. In recent years a
new approach for extending the depth of field was
proposed. It is based on a hybrid system, consisting
of the optical system plus a numerical processing of
the recorded picture. The optical system includes a
phase plate that introduces aberrations (wave front
coding), leading to an MTT that is almost independ-
ent of the focus position. The aberrations reduce
the imaging quality of the optical system. This is
compensated by the subsequent numerical process-
ing of the image, leading to a final image with an
increased depth of field.

Unfortunately, the resulting image contains arte-
facts that depend on the orientation and the strength
of the phase plate used. We therefore proposed a var-
iable phase mask that can be adapted to the viewed
scene. This adaptive phase mask is realized with an
electrostatically driven membrane mirror. Membrane
mirrors offer a series of advantages for this kind of
application: they introduce no chromatic aberrations,
offer a smooth, non-pixellated surface profile, con-
sume almost no electrical power, are fast (limiting
frequencies up to several thousand Hertz) and offer
a high reproducibility of the generated shape. They
allow the adjustment of the strength and the orienta-
tion of the phase mask within milliseconds.

membrane mirror

relay lens

camera .- image plane

tubus lens

microscopy objective

Fig. 1: Integration of the reflective adaptive phase mask into the
microscopy setup — The relay lens images the pupil plane of the
microscope objective onto the membrane mirror.
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Fig. 2: Simulations of the wave front coding system based on the
customized mirror. Left: MTF for three different focus positions,
right: reconstructed defocussed image.

The membrane mirror was specially designed for
this task. It contains a customized electrode layout
of 44 electrodes which are optimized for the gen-
eration of the necessary cubic wave front change
of the form:

OPD(xy) = a(x*+y’)

x and y are normalized pupil coordinates and
«a is a parameter that sets the magnitude of the
cubic wave front. A typical value for o is 1.5¢ m?.
Membrane mirrors can be modeled, to a good ap-
proximation, as perfect, stretched membranes with
fixed boundary conditions. The Poisson equation
applies. In our simulations, we use a numeric, itera-
tive method to solve this equation.

Since the boundary conditions do not allow
the generation of the desired cubic shape over the
whole membrane (except for the trivial case a=0)
the optical pupil diameter is required to be smaller.
Our simulations showed that for a 15 mm width mem-
brane an active optical area of 7.5 mm in diameter is
a good compromise between influence of the fixed
boundary and the minimum size of the electrodes that
is given by the fabrication technology.

The membrane mirror is integrated into the mi-
croscopy setup with a beam splitter (see Figure 1).
It is placed in a plane conjugate to the exit pupil of
the microscopy objective. Figure 2 shows the first
simulation results of the adaptive wave front cod-
ing system.

Supported by: Landesstiftung Baden-Wiirttemberg,
project "Wellenfrontcodierung”
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Refractive and Hybrid Microoptic Design:

Minimally invasive systems for combustion analysis

R. Reichle, C. Pruss, H.J. Tiziani, W. Osten, F. Zimmermann (PCI),

C. Schulz (PCI)

To optimize the combustion process in engines
it is vital to get time-resolved information about
fuel concentrations and temperatures. Within the
scope of a joint project with PCI (Physikalisch
Chemisches Institut, University of Heidelberg) new
minimally invasive microoptical systems are being
developed to perform these measurements in en-
gines. In future these new sensors should speed up
engine developments giving more economical fuel
mixtures and cleaner exhaust gases.

For the measurement method, which is based on
UV-laser induced fluorescence of tracer substances,
the following systems are realized:

1.) Point measurement close to the ignition spark
with a fiber optic sensor:

To perform UV-LIF spectroscopy measurements
on standard engines without modifications, the com-
bustion chamber is accessed by a modified spark plug
that fulfills the dual function of ignition and microop-
tics sensor. The optical part performs (i) the spatially
defined excitation of the tracer substances and (ii) the
collection of the emitted fluorescence light.

—»Detection (Photomultiplier)
<—Excitation (UV-Laser)

Fig. 1: Fiber optic sensor integrated in spark plug

For the design of the sensor head and its optimi-
zation both optical functions were simulated [1]. A
measuring volume of a few cubic millimetres was
set to average very local inhomogenities. For a simple
application of the sensor the interface to the outside
optics is realized with UV light transmitting fibers.
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2.) 2D-Measurement of combustion parameters
with refractive-diffractive (hybrid) microoptics:

For 2D UV-fluorescence measurements we are
realizing a hybrid optical system adapted to the trac-
er concept. The system consists of excitation and
observation optics. The excitation optics transform
a Gaussian laser beam into a divergent light-section
with top-hat profile to define the plane for the 2D-
measurement.

Light-secton for excitation

“

Microoptics for detection

Fig. 2: Setup for the 2D-measurement

The emitted UV-fluorescence light is imaged
onto a CCD-camera by a wide angle keyhole-optic.
The keyhole-optic is chromatically corrected for
the appropriate spectral region with the help of
negative dispersion in the diffractive components.
Since the phase functions of these elements can be
aspherical, they are advantageous for the correction
of further aberrations and thus improve the charac-
teristics of the imaging optics.

Supported by: Landesstiftung Baden-Wiirttemberg,
project "Mikrooptische Systeme fir die mikroinvasive,
Laser-gestlitzte Verbrennungsdiagnostik”
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Fabrication of high resolution diffractive elements by direct

laser writing

C. Pruss, V. Korolkov, T. Schoder, J.

One of the major issues that prevents the wide-
spread use of diffractive elements in optical systems
continues to be the availability of high precision
diffractive elements. At the institute we maintain a
long tradition of design and fabrication of diffrac-
tive optical elements — our first writing system was
installed in the 1970s. In 1995 we started to produce
high resolution computer generated holograms
(CGH) using a direct laser writing process.

The core of our CGH fabrication is the laser
writing system CLWS300, a flexible high precision
tool that works in polar coordinates and is compa-
rable to a DVD writer. This working principle offers
the advantage of a high, continuous scanning speed
and facilitated fabrication of rotationally symmetric
structures. Yet the system is not limited to writing
circles but allows to write arbitrary structures such
as linear gratings, microlenses or angular scales. It
is capable of writing both binary and blazed dif-
fractive optical elements. Blazed structures are
written in a grayscale mode where the writing beam
intensity is varied, currently, by up to 64 levels.
The substrate size can vary from a few millimeters
to 300 mm in diameter and the shape can be rec-
tangular, round or any other reasonable shape. The

HE

T

Fig. 1: Examples for diffractive elements fabricated on the laser
direct writing system CLWS300. Left: Diffractive null lens for
aspheric testing, Middle: microlens disk in Nipkow-arrangement,
Right: two sided element, part of a phase shifting point source
array.
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Westhauser, H.J. Tiziani, W. Osten

system allows substrate thicknesses up to 25 mm. In
2004 we obtained a second CLWS 300 laser writing
system which will serve as development system for
novel writing techniques.

Binary structures are fabricated using a thermo-
chemical process on a chromium layer that is fol-
lowed by a wet etching step.

Blazed, quasicontinuous structures are written
either directly into a photoresist layer or by using a
grayscale mask. The exposed photoresist is subse-
quently processed using a low contrast developer.
The resulting photoresist profile is then either used
directly (e.g. for mastering) or is transferred into the
fused silica substrate using dry etching (RIE).

Example applications that we have designed and
developed with academic and industrial partners
are:

- CGH for aspheric testing

- Custom made microlens arrays

- Beam shaping elements (e.g. Gaussian,

Tophat)

- Nipkow microlens disks

- Decorative optical elements

- Master fabrication for mass replication

References:
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Interferometry at different optical wavelengths

C. Pruss, S. Reichelt, H.J. Tiziani

Probably the most commonly used wavelength
in interferometry is the 632.8 nm line of a fre-
quency stabilized Helium-Neon gas laser. This laser
offers a long coherence length and has a known,
stable wavelength with a reasonable output power
of typically 1 mW.

In some cases however, this standard-laser
source cannot be used. This is true e.g. for:

- Wavelength testing: the optical components
need to be evaluated at the wavelengths they
are designed for. One example would be the
testing of IR-optics in transmission.

- Optically rough surfaces: if the roughness of
the surface exceeds one half of the testing
wavelength, it cannot be tested.

- Requirement for unambiguity: when measus-
ing a single wavelength, the phase can only be
determined modulo 2. Step heights larger
than half the testing wavelength cannot be

We therefore operate interferometric test setups
at different wavelengths ranging from 193 nm up to
10.6 um. Among them are:

ALI 200 with Fisba uPhase DCI2 : 6 inch (150 mm)
interferometer of Twyman-Green type equipped
with two motorized stages necessary for aspheric
testing with computer generated holograms (CGH).

Kern multiple wavelength interferometer : Interferometer
with selectable wavelengths, 632.8 nm, 3.39 um and
10.6 pm. Apertures: 80 mm and 210 mm. Suitable
for measuring rough surfaces and IR-optics (see

Figure 1).

Multiple  wavelength interferometer : Interferometer
working at three wavelengths: 632.8, 812 and
822 nm. Synthetic wavelengths up to 67 um. Suitable
for step heights measurements and aspheric testing
(see Figure 2).
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Fig. 2: Interferograms of an aspheric surface measured at two
wavelengths and the resulting synthetic wavelength
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Coherent Measurement Techniques

Digital holographic interferometry for the investigation of the elastic properties of bone
Project in cogperation with ""The Weizmann Institute of Science” (Israel) with financial support from the “Alfied Krupp von Boblen and Halbach Foundation”

Applications of short-coherence digital holography in microscopy

Pulsed digital holographic interferometry for endoscopic investigations (HoEnd)
Supported by: Landesstiftung Baden-Wiirttemberg

Online surveillance of dynamical processes by using a moving system based on pulsed digital
holographic interferometry

Supported by: Airbus Deutchland GmbH, Bremen

Wave front reconstruction from a sequence of holograms recorded at different planes
Supported by: Alexcander von Humboldt Foundation

Compensation of unwanted deviations in Comparative Digital Holography (KOMA)
Supported by: Landesstiftung Baden-Wiirttemberg
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Digital holographic interferometry for the investigation of

the elastic properties of bone

G. Pedrini, I. Alexeenko, P. Zaslansky*, W. Osten

Holography is a technique for recording and re-
constructing wave fronts. Holographic interferom-
etry allows a comparison of wave fronts recorded at
different instants in time.

In recent years CCD sensors and increasing com-
puter capabilities have enabled the development of
systems such as electronic speckle pattern interfer-
ometry and digital holographic interferometry.

In this work we have shown that the digital holo-
graphic interferometry can be used for the measure-
ment of deformation of bone. Furthermore, the
fracture process of the sample can be visualised. The
elastic properties of biological samples depend on
their environment. It is very important to investigate
the objects under natural conditions. For this reason,
the investigations reported have been done by using
bone samples immersed in the water. The measure-
ment of deformation of biological samples by us-
ing optical methods is usually difficult. Due to their
translucent nature, part of the light goes into the
sample where it is eventually absorbed or reflected,
a mechanical deformation involves a decorrelation
of the microstructure, and the consequence is a
decorrelation of the reflected wave front. In order
to minimalise this effects we recorded many digital
holograms by taking care that the deformation be-
tween two successive holograms was small. The total
deformation is obtained by the sum of the recorded
partial deformations.

Figure 1 schematically shows the experimental
set-up. Light from a laser is divided by a beam splitter
(BS1) into a beam for illumination of the objectand a
reference beam. The object beam is carried by a fibre
bundle and illuminates the object from a direction k.
Some of the light is scattered by the object in the ob-
servation direction, k , towards the detector, where a
positive lens forms an image of the object on a CCD
sensor. An image-plane hologram is formed on the
CCD as a result of the interference between the ref-
erence beam and the object beam. The aperture (AP)
serves to limit the spatial frequencies of the interfer-
ence pattern. A single mode optical fibre carries the
reference wave. The use of fibres for illuminating the
object and for the reference makes the arrangement
more compact. A beam splitter BS2 is used to re-
combine object and reference waves on the detector.
The beam splitter is adjusted in order to have a small
angle between the object and reference beams.

The fringes formed by the interference between
the reference and object wave need to be resolved
by the sensor.
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Fig. 1: Arrangement for the 1D measurement of bone deforma-
tions by using digital holography

The complex amplitude of a wave front reflected
by an object, that is subjected to a dynamic defor-
mation, is a function of time. Consider now the
case where a sequence of K digital holograms of an
object undergoing deformation are recorded. Each
hologram is then processed individually by taking
the Fourier transform of the recorded intensity, fil-
tering and inverse Pourier transformation. By using
this procedure (Fig. 2) the complex amplitude of

the wavefront is obtained.
Hologram FFT

Filtering+ IFFT Phase

_>

Fig. 2: Procedure for calculating the phase from a sequence of
digital holograms

For each hologram, the phase of the wavefront
is calculated, thus, we are able to utilize the recorded
hologram intensity to obtain the phase at the time t.
The phase map corresponding to the deformation
of the object between the beginning of the experi-
ment (t=0) and the time t can therefore be calcu-
lated by summing the phase differences.

A piece of antler immersed in water was loaded
in tension by using a special device The camera used
had 690x480 pixels with an acquisition rate of 30
frames/second.

We used a 100 mW Nd:YAG with a wavelength
of 532 nm. The measurements were performed
within a 4 sec period (during this period the sample
was loaded), and 120 holograms (30 per second)
were recorded. Figure 3 shows the results of the
object deformation at two different times after the
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beginning of the loading process. On the left side
of the bone sample (close to the notch) we see that

the fringes of the phase map have a higher den-
sity of fringes. This is the part where the bone will
break.

b)

d

Fig. 3: Deformation of a notched piece of bone immersed in wa-
ter at two different time (0.5 and 1.5 seconds after the begin of
the loading process). a), c) are the phase maps and b), d) are
the corresponding deformations.

The method presented above provides informa-
tion on the deformation of the sample as a function
of time, but along one direction only. In order to
have more information about the object deforma-
tion, we modified the setup. Two Nd:YAG laser
sources and two cameras have been used in the
experiment. The object is illuminated from two dif-
ferent directions and two sensors acquire the infor-
mation about the deformation from two sensitivity
directions. The separate sensitivity vectors make it
possible to calculate the in-plane and the out-of-
plane deformation.. The use of two independent
sources prevents cross interference and allows each
sensor to only record the interference between the
reference wave and the desired wavefront reflected
by the sample. Figure 4 shows a result of the de-
formation of a bone. The phase maps have been
unwrapped and combined in order to obtain the
deformation along the observation direction (out
of plane, z-axis) and in-plane (along the loading
direction y).
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b)

Fig. 4: Deformation of a bone. Pseudo 3D representation of the
out of plane deformation (a), in plane “arrow representation" of
the deformation along the y direction (b).

It is technically possible to add a third sensor
and third illumination system to allow the simulta-
neous recording of the deformation along a third
senstivity vector. This can be useful when all the
three components of the deformation need to be
measured.

It was possible to show that the speed of defor-
mation just before the occurrence of a fracture is
very high. By using the instrument described in this
papet, it was not possible to visualise the deforma-
tion at the instant of the fracture, in order to solve
this problem, we will use high speed acquisition
sensors for future experiments.

* P. Zaslansky is with the Weizmann Institute of Science
(Israel)

Project in cooperation with "The Weizmann Institute of
Science” (Israel) with financial support from the “Alfried
Krupp von Bohlen and Halbach Foundation”
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Applications of short-coherence digital holography in

microscopy

G. Pedrini, L. Martinez-Ledn, W. Osten

Holography has proved to be a convenient method
to store and reconstruct the complete amplitude
and phase information of a wave front. Since the
technique was invented by Gabor, extensive research
has been performed on holography, to overcome the
original limitations and to develop many of its applica-
tions, particularly in microscopy. In the early years of
holography, the processes of recording a hologram
and its reconstruction were tough and time consum-
ing, as the former step normally involved chemical de-
velopment of photographic plates. Nowadays, thanks
to CCD sensors and to modern computer resources,
both processes can be performed in a very short time
by means of digital holographic procedures. Thus, a
hologram, the interference pattern between one wave
front of interest and an auxiliary reference wave, can
be captured and stored digitally, and then numerically
reconstructed by a computer.

Digital holography has been broadly applied to
microscopy. Current research focuses on improv-
ing imaging techniques. In other studies of digital
holographic microscopy, developments of particular
applications, for example shape measurement, are
made. Several imaging techniques, such as coher-
ence radar or digital light-in-flight holography take
advantage of low temporal coherence to examine
three-dimensional objects. A combination of digital
holography and short coherence interferometry pro-
vides high-resolution cross-sectional images of the
microstructure of material and biological samples.
Short coherence holography allows optical sectioning,
the ability to discriminate light coming from different
planes within a sample. Besides, digital reconstruction
allows a straightforward reconstruction of each plane.
The selection of the plane of interest can be simply
performed by mechanical shifting of a mirror in the
experimental set-up. Some advantages of this method
over other imaging techniques allowing optical sec-
tioning, like confocal microscopy or OCT, are the sim-
plicity of the optical arrangement and the possibility to
record at once the whole information about the plane
of interest, without any need of lateral scanning;

Our set-up is a variation of the Mach-Zehnder
interferometer, and is shown in Fig 1. The interfer-
ometer contains three beam splitters. The first one
splits the light emitted by a short coherence laser into
the reference and the object beams. In the object arm
of the interferometer, light is conveyed towards the
sample by means of two fixed mirrors and a second
beam splitter, which in addition combines the light re-
flected by the object with the light from the reference
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arm. The third beam splitter, included in the modified
Mach-Zehnder interferometer, deviates the reference
beam through a delay line, where the optical path
length of that arm is made approximately equivalent
to the path of the object arm. Besides balancing the
optical path lengths, this part has also the role of inte-
grating a moving mirror within the set-up. The moving
mirror is requited by the phase-shifting technique and
the axial scanning of the sample. An in-line set-up is
employed, where the phase is obtained by temporal
phase-shifting,
Short Coherence

Laser Diode

@ Mirror
Ty Object beam

Moving mirror

Fig. 1: Experimental set-up

When the object beam illuminates the sample, only
the light reflected by certain points of the specimen
can interfere with the reference onto the CCD camera.
At these points, the overall optical path lengths of the
reference and the object beams are matched within the
coherence length of the laser. In order to select the
depth of the sample to be imaged, the moving mir-
ror placed in the reference arm of the interferometer
permits the adjustment of the optical path. To meas-
ure the whole volume of our sample, a sequence of
holograms must be acquired. In each recording, the
position of the mirror in the reference arm is shifted
precisely, and in this manner, the optical path between
reference and object beams is matched. The set of re-
constructed images corresponding to different planes
of the object offers a complete description of its 3D
structure, with an axial resolution depending on the
coherence length, or equivalently, on the spectral width
of the source. No lens is required in the imaging step.
Howevet, a system of lenses is introduced for focus-
ing the beam in both reference and object arms. With
the help of microoptical elements or an optical fiber, a
compact set-up can be built.

We have investigated different sorts of biological
samples. In Fig, 2, we present the images of different
layers in a fly. The diagram shows the part of the insect
that has been imaged. Several holograms from differ-
ent depths of the fly have been recorded. The pictures
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illustrate the optical sectioning, They show the contour
of the fly at a certain level, with an interval of 0.1 mm
between each image. The set of images presented al-

lows the reconstruction of the 3D insect shape.

Fig. 2: Reconstructed images of a fly

In Fig. 3, a different kind of biological sample
has been studied. Images taken from a bone, a piece
of deer antler, are shown. As can be seen in this fig-
ure, a clear image is obtained from the top surface
of the bone (with the moving mirror at its original
position, 0 um). Some details, like a big hole, can
be observed. However, as we enter the sample, by
moving the mirror about two hundred micrometers,
the image is not as sharp as before. Again, only wave
fronts coming from inside the object whose optical
path length matches the reference will interfere.
But, inside the volume sample, the bone absorbs,
scatters and diffracts the light, preventing a clear
image of the inner layers.

Since, inhomogeneities in the refraction index,
absorption, multiple scattering, diffraction, or even
a change in the coherence properties of the light,
may influence the optical path inside the sample,
actually, light might come from different sample
depths. We can only assure that light arriving from
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the surface, from the points reflecting light, matches
the reference optical path to within the coherence
length of the laser. All these effects that modify
the behavior of light inside a biological sample,
and produce the lack of definition which is clearly
observed in the deepest layers, are included in the
so-called “sample-induced aberrations”. This is a
common problem for all the methods of obtaining
accurate and high resolution images, for instance,
from a volume biological sample or a thick tissue.

A method for compensating such aberrations is
under investigation.

Fig. 3: Reconstructed images of a bone.
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Pulsed digital holographic interferometry for endoscopic

investigations (HoEnd)

G. Pedrini, I Alexeenko, W. Osten

Holographic interferometry combined with
endoscopy enhances the versatility of standard 2D-
endoscopic imaging as it opens up the possibility of
measuring additional parameters, on hidden surfaces.
Combinations of digital holography, with an endo-
scope for transferring the image, and a pulsed laser,
as a light source, allows measurements in an indus-
trial environment (e. g vibration measurements, non
destructive testing of technical objects) and in-vivo
investigation of biological tissues. It might be useful
for the detection of pathology in medicine.

Figure 1 shows schematic illustrations of rigid
and flexible endoscopes combined with a system
based on pulsed holographic interferometry. The
optical set-up consists of the pulsed laser, the
interferometer unit with the CCD-camera and the
endoscope unit. Figure 1.(a) shows the arrangement
for a rigid endoscope but this endoscope can be
replaced with a flexible fibre endoscope, as shown
in figure 1.(b). Rigid and flexible endoscopes have a
lot in common. The objective lens forms an image
of the subject which in turn is transferred by the
relay optics and magnified by a lens system onto
the sensor. The difference is in the relay itself. To
allow flexibility the image is carried by a bundle of
optical fibers, instead of a system of lenses as for
the rigid endoscopes. The resolution of a flexible
endoscope depends on the number of fibers and
their diameter. More fibers of smaller diameter give
higher resolution.

For both arrangements, the recording procedure
and the way to process the digital holograms is ex-
actly the same. The pulsed laser emits short (20 ns)
Q-switched pulses, which are divided at the beam-
splitter into the reference and the object beams. The
reference beam is conveyed to the interferometer
unit with a single-mode optical fibre. The object
beam is coupled into a fibre bundle and conveyed
to the object. Our endoscopes (the rigid and the
flexible), are provided with an adapter for coupling
the illumination beam. The diverging output beam
illuminates the object, the light is diffusely reflected
back from the object surface towards the endoscope,
which brings the object image to the interferometer
unit. An image-plane hologram is formed on the
CCD-detector as a result of the interference between
the slightly off-axis reference beam and the object
beam. The aperture serves to limit the spatial fre-
quencies of the interference pattern, in such a way
that the detector resolves it. The dimensions of the
aperture are chosen by considering the resolution
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of the CCD-detector pixel size and the distance
between the aperture and the sensor. Two or more
digital holograms, corresponding to different laser
pulses, are captured on separate video frames by the
CCD-camera.

Aperture

Fig. 1: Set-up with (@) rigid and (b) flexible fiber endoscope for
investigations using pulsed digital Holography

We used our system to measure inside an in-
dustrial pump. At one side of the pump there are
some ports where the endoscope was inserted in
order to look at and to measure the vibration of the
mechanical parts located inside. Figure 2.b) shows a
white light image of the inside of the pump. On the
right hand side of Fig. 2.b) we can see the piston.
During the pumping operation, the piston is mov-
ing forward and backward at a frequency of 50 Hz.
Two digital holograms were recorded, with a pulse
separation of 50 us. Figure 2.c) shows one phase
map obtained after subtraction of the phases of
two holograms between the two exposures. On the
right hand side of the piston there are more fringes.
This means that the piston is moving more com-
pared with the other areas around. This example
shows that by using the endoscopic technique it is
possible to look inside a more or less closed object
and investigate vibrating parts.

(b) piston

Fig. 2: Measurements inside a pump (@), Image of the object
(b), Phase map obtained during the pump operation (c)
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We also tested the dynamic deformation of in
vivo biological tissues. The problem with measure-
ments of biological tissues is that the reflectivity is
not ideal and furthermore that any disruption of
the biological tissue produces, in addition to pro-
ducing the the deformation, causes alterations in
the microstructure of the surface. Consequently,
the correlation between the holographic patterns
recorded with the two laser pulses is reduced, result-
ing in noise in the fringe patterns and poor image
quality. Figure 3 shows phase maps obtained from
measurements performed inside the oral cavity (in
vivo) using a rigid endoscope.
shock
excitation

Fig. 3: In vivo investigation inside the oral cavity. a) Image of
the investigated part (tongue). b) Phase map corresponding to
the deformation produced by a shock exitation of the tongue

We have found that in order to measure at hid-
den surfaces, we can combine commercially available
endoscopes with an interferometer based on digital
holography. Recently, with the newer smaller CCD
detector arrays, it has become possible to build the
complete interferometric system (CCD included)
with small dimensions. Figure 4 shows a picture of
our prototype. The chip has 659 x 494 pixels (pixel
size 7.4 x 7.4 um?). The sensitive area is quite small
(4.8 x 3.6 mm?) but the sensor is inserted on a mount
which has much larger size (12 x 13 mm?), in effect
limiting the size of our holographic head to a diam-
eter of 18 mm. This can be used to investigate ob-
jects which can be reached from small access holes.
The prototype shown in figure 4 has been used to
perform measurements inside a cavity, as shown in
figure 5. A pulsed Nd:YAG laser was used for these
measurements.
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Monomode fiber for the object

lens Hiumination ccD

Fig. 4: Image of the prototype built at our Institute, diameter of
18 mm

Defekt

(b)

Fig. 5: Vibration measurement of an object with a defect. Vibra-
tion frequency 2350 Hz. Phase map (a). Pseudo 3D representa-
tion of the vibration (b)
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Online surveillance of dynamical processes by using a moving

system based on pulsed digital holographic interferometry

G. Pedrini, I. Alexeenko, U. Schnars*, W. Osten

For online surveillance of dynamical proc-
esses like laser welding and friction stir welding (see
Fig.1), we need a system which moves at a certain
speed and measure the deformations of a surface
submitted to a loading. The measurement of in-
homogeneities on the deformation of the surface
should allow controlling online the quality of the
soldering and eventually driving the system in order

to correct the soldering defects.
Speed (1-2 mmmin)

\

Measuring
system attached
to the moving
part of the

welding
tool

Fig. 1: Optical arrangement fixed to the moving platform

In cooperation with Airbus Bremen we devel-
oped a method based on pulsed digital holography
for measuring the deformation of an object by
using a system which moves at a speed of some
metres/minute.

Figure 2 shows a sketch of the measuring system
used for our investigations. Light from a laser is
divided into a beam for illumination of the object
and a reference beam. The object beam illuminates
the object along a direction k,. Some of the light is
scattered by the object in the observation direction
k, towards the detector, where a positive lens forms
an image of the object on a CCD sensor. An image-
plane hologram is formed on the CCD as a result
of the interference between the reference beam and
the object beam. The aperture serves to limit the
spatial frequencies of the interference pattern. A
single mode optical fibre carries the reference wave.
A beam splitter is used to recombine object and
reference waves on the detector. The beam splitter
is adjusted in order to have a small angle between
the object and reference beams for the introduction
of the spatial carrier. This allows the quantitative
evaluation of the phase. We consider now the case
where the optical measuring system is fixed to a
moving device, as shown in Figure 1, and is used
for measuring of dynamical deformations of the
surface. The movement of the measuring head has
two consequences on the phase and intensity of the
recorded object:

a) displacement of the object image on the CCD

b)linear phase change of the wavefront reflect-

ed by the object surface

These effects of the image shift and linear phase

Research projects

shift may be compensated. Holograms are recorded
at a frequency of 20 Hz and the phases of the wave-
fronts are calculated. Fach wavefront is compared
with that one recorded with the precedent pulse.
After compensation of the unwanted effects due to
the movement, we get a phase map which contains
only the information concerning the deformation
of the object surface in the interval between two
exposures.

A SN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES
. Moving
measuring
system

Pulse Laser

> '«
50 ms
Laser pulses

Fig. 2: Optical arrangement for pulsed digital holographic inter-
ferometry

We sstarted our investigation by measuring the de-
formation of a thin metal plate (60 x 100 x 0.5 mm?)
submitted to vibration (Fig. 3 a). A shaker was used
to excite the plate at one of its vibration mode
(1385 Hz). The angle between the illumination
and observation direction was only few degrees,
this means that we measure out of plane deforma-
tions. The table carrying the measuring head moves
with a speed of approximately 1.2 m/minute (20
mm/sec). The laser emits pulses with a frequency
of 20 Hz and a sequence of 100 digital holo-
grams is recorded within 5 seconds (100 x 50 ms).
Between two subsequent pulses (pulse separation
50 ms), the moving table displacement is 1 mm.
From two holograms, we calculate at first the
shift produced on the CCD chip by using the cor-
relation method, we compensated the shift and
the unwanted change of phase. The compensated
fringes phase map calculated from two holograms
taken at different times is shown in Fig. 3 b).
Fig. 3 ¢) shows a phase map obtained when the
measuring system is not moving. The quality of 3.c)
is slightly better (less noise), compared with 3.b).
The reduced quality of the phase map obtained
from the measuring head moving at a speed of
1.2 m/min is due to two factors. If we consider
the moving measuring head and the fact than two
successive holograms are taken with the head at
different position, it is apparent that:
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1)the speckle pattern coming from the object
and entering the aperture is not exactly the
same for the two exposures (consider that the
speckle pattern is stationary and the aperture
moves e. g. 1 mm)

2)due to the shift between the two exposures,
the two holograms (speckle patterns) to be
compared are recorded on different area of
the CCD sensor. The reflections produced by
the glass covering the sensor introduce some
unwanted effects.

9

Fig. 3: Plate vibrating at 1385 Hz observed by moving head,
(field investigated: 21 x 29 mm2). a) object, and shaker, b) Phase
map obtained after compensation of the movement (1.2 m/min,
AL=1 mm). c) Phase map obtained in the case that the measuring
head is not moving.
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A simulation of what happens during the weld-
ing process is given by thermal loading. We used
two pieces of lead (see Fig. 4 a), and heated them
by using a gas flame until some parts began to melt
together (melting point 327.5 °C). We recorded a
sequence of holograms of the object during the
cooling process with the measuring head moving
at a speed of 1.4 m/min. Four phase maps cot-
responding to the deformation of the object during
the melting process are shown in Figs. 4 b-e. At the
centre of the phase map we see a lot of noise, this is
due to the fact that in this part (where the two piece
of lead are thinner), we had a large deformation and
thus a lot of fringes which cannot be resolved.

9

Fig. 4: Object submitted to thermal loading observed by moving
head (1.4 m/min)

a) image of the lead object, (field investigated: 21 x 29 mm?2)
b-e) 4 of the 100 phase maps obtained during the cooling process

*U. Schnars is with Airbus Deutschland

Supported by: Airbus Deutchland GmbH, Bremen
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Wave front reconstruction from a sequence of holograms

recorded at different planes

G. Pedrini, Y. Zhang*, W. Osten

If the amplitude and the phase of a monochro-
matic wave front are known at a certain plane, it is
possible by using the law of propagation to calcu-
late the object wave front at a given distance from
that plane. The problem that remains to be solved
is how to obtain the complex amplitude of a wave
field since it is well known that the detectors are not
sensitive to the phase (the phase information is lost
during the recording process).

One way to get the complex amplitude of a wave
front is to overlap to it with a reference wave and to
use a detector to record the interference produced
by that two waves (holography). During the last 10
years there has been an impressive development of
techniques where the holograms are recorded on
electronic devices (CCD, CMOS) and then digitally
reconstructed (digital holography).

Even without a reference wave (as is the case in
holography), from the 3D intensity distribution it is
possible to get the information about the amplitude
and phase. In the last years many investigations
have been made with the purpose of reconstruct-
ing amplitude and phase from the intensity pattern
only (in this case no reference is added to the wave
front). Gerchberg-Saxton and Yang-Gu algorithms
are iterative methods, which allows us to get the
phase information if the intensity is known at a
certain plane, and we have some additional infor-
mation about the object wave front in another plane
(e. g pure amplitude object, or pure phase object).
Recently it was shown that by recording two or
more intensity patterns of the object at different
positions and by application of iterative algorithms,
it is possible to avoid the assumption of a pure ab-
sorptive or a pure phase object.

We propose a method for phase retrieval, where
we increase the number of intensity patterns re-
corded and we decrease the complexity of the
iteration procedure. The recording arrangement
is shown in Figure 1. It may be used in transmis-
sion or reflection. We consider here a transmitting
object, which may be an amplitude or phase object,
lluminated by coherent light. The light diffracted is
recorded on a CCD or CMOS sensor that at first is
located at the distance z, from the object. After this
recording we move the sensor by Az and we record
the intensity /,, we continue this procedure until
n+1 interferograms are acquired.

The distances z, and Az and the numbers of
interferograms (n+1), need to be chosen according
to the size of the object investigated. We will con-
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sider here only small objects (several mm); In this
case z,and Az will be typically in the mm range. The
phase of the wave front is obtained by processing
the recorded intensities using following procedure:
1)the amplitude 4, is calculated by taking the
square root of the intensity /. A constant
phase (#,=0) is assumed and a propagation
of the wave front 4 exp{i@}=A, from z, to
z,7Az is calculated using the diffraction rela-
tionship. This operation gives us a complex
amplitude having a phase of ¢,

2)The term exp{i@} is combined with the

square root of [, (4,) to form a new estimate
of the complex amplitude. A propagation of
Aexplig} from z, Az to z,+2Az is calcu-
lated.

3)The same procedure is repeated for all the

other interferograms until 7 . After this we get
the phase @ at z,+tnAz.

During this procedure, the phase of the object
wave front is adjusted step by step. The reconstruc-
tion of the wave front from one plane to the next
is calculated by the Rayleigh-Sommerfeld relation-
ship.

Illumination

'

Intensities pattern
recorded at
different planes

object

o~

Fig. 1: Recording arrangement

Iy

In order to test the proposed method, we used at
first a simulated pattern. Figure 2.a shows the input
object used for the simulation. This looks like an
amplitude object but in order to make the simulation
more complicated and closer to reality, we added a
random phase noise in the range 0-1.5 7t different for
each pixel. For the simulation 1024x1024 pixels have
been used. The wavelength used was 532 nm and
the pixel size 6.7 um. The intensity was calculated
at different distances from the object in intervals of
10 to 50 mm. The distance between two successive
interferograms was Az=1 mm. From the intensities
1,...I , and by using the method described above, we
simulated the phase retrieval. Figures 2.b-d show the
reconstructions of the object obtained after 1, 3, and
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20 application of the phase adjustment. To obtain
Fig. 2.b, we just took the square of the intensity of
1, (recorded at z), performed a propagation until
the plane z,+Az was reached to get ¢, multiplied
exp(ig,) by the square root of [,, and finally used
this first approximation of the wave field reconstruc-
tion of the object to back propagate from the plane
z,+Az to the object plane (z=0)). This first approxi-
mation do not give a clear image of the object, but
by applying the procedure further and use the other
recorded intensities we get a better phase adjustment
and thus better reconstructions as shown in Figs.
2.c-d. Some investigations have been carried out in
order to test the convergence of the technique. We
found that with 7 increasing the quality of the recon-
structed wavefield increases. This can be understood
if we consider that when the number of interfero-
grams used increases, more information is used to
retrieve the phase; therefore, the recovered wave
fields will be closer to the physical value. This is valid
until a certain value of n. Afterwards if we record
more interferograms, due to the size limitation of
the detector, the quality of the reconstructed wave
fronts will decrease. Investigations are in progress in
order to theoretically determine the convergence of
the proposed method.

An experiment has been carried out in order to
verify the simulations. A transmission mask, see
Fig. 3.a), was illuminated by a collimated beam with
a wavelength of 532 nm (from an Nd:YAG laser).
The diffraction intensities pattern were recorded by
using a CCD camera having a pixel size of 6.7 um
(Teli CS 3910) and 1300x1030 pixels from which only
1024x1024 were used for the wave front calculation.
At the beginning of the experiment, the distance, z,,
between the mask and the sensor was 10 mm.. The
CCD was translated in steps of Az=1 mm, from z, to
z,+nAz= 10+ 20 =30 mm, (n= 20) at cach step the
intensity pattern was recorded. From the 21 intensity
patterns it was possible to calculate the phase using
the method described previously. From the ampli-
tude (directly calculated from the recorded intensity)
and the phase (obtained after phase retrieval) it was
possible to reconstruct the focused image of the ob-
ject. The result is shown in Fig, 3.b .

The advantage of this approach is that no refer-
ence wave is required when the interferograms are
recorded and no time consuming iterative algorithms
are used for the reconstruction. The method could
be used to reconstruct the phase of wavefronts hav-
ing shorter wavelength e. g UV and X-rays.
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Fig. 2: a) Original image used for the simulation, b)-d) recon-
structions of the object obtained after 1, 3 and 20 applications of
the phase adjustment.

Fig. 3: a) Original mask used for the experiment
b) Reconstructions of the object.

*Y. Zhang was supported by the Alexander von Hum-
boldt Foundation
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Compensation of unwanted deviations in Comparative

Digital Holography (KOMA)

X. Schwab, G. Pedrini, W. Osten

In industry there is an important need for meas-
uring systems for the comparison and testing of
technical objects with rough surfaces. Classical inter-
ferometry allows only the investigation of smooth
surfaces. Therefore at ITO we are developing and
implementing a new coherent optical technique for
the comparison of the shape or deformation of two
nominally identical objects which have rough sur-
faces (master-sample-comparison). We use the tech-
nique of Comparative Digital Holography (CDH), a
combination of the principles of Digital Holography
(DH) and Comparative Holography (CH). Using
this method it is not necessary that both samples are
located at the same place and consequently remote
shape or deformation compatrison between a master
and a sample become possible [1].

To compare the shape, or the deformation, be-
tween a master and a test object with rough surfaces
[2], double exposure of both objects and a numerical
calculation of the related phase differences are need-
ed. In contrast to the well known incoherent tech-
niques based on inverse fringe projection, this new
approach uses a coherent mask that is imaged onto
the sample object, which has a different microstruc-
ture. The coherent mask is created by DH to enable
immediate access to the complete information about
the master object at any location. The availability of
this complete optical information as a digital holo-
gram allows comparison of both the shape and the
deformation of sample objects which have different
microstructures. The innovative aspect of CDH is
the projection of the conjugated wave front of the
master onto the sample using a liquid crystal modula-
tor (LCD). This wave front can be considered similar
to a coherent mask. The arrangement that is used to
compare master and test object is shown in Fig; 1.

A transmission of the hologram to a different
location can be done via a data network. At the new
location, the hologram is fed into an LCD and a laser
is used to read out the hologram and reconstruct the
conjugated wave front of the master object, Fig,1 (b).
The wave front illuminates the sample object from
the direction of observation during the recording
of the master object. The new observation position
of the sample object is from the direction where the
master object illumination originated. Consequently,
the resulting reconstruction of the second hologram
indicates directly the difference between master and
sample object.

One problem is the mutual positioning of the
sample and master object. To minimize unwanted
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Fig. 1: Schematic representation for the experimental setup for
the CDH. a) Recording of the hologram of the master object.

b) Coherent illumination of the sample with the conjugated wave
front of the master.

deviations between the reconstructed wavefront of
the master object and the sample object, an artificial
phase-shift of the reconstructed master wavefront
can be generated. This phase-shift is induced by the
liquid crystal modulator.

We present first the simulation of a shape dif-
ference measurement. As a master object, we simu-
lated a pyramid with one surface microstrusture
and for the sample object, we simulated a pyramid
containing 4 defects with a different surface micro-
structure. The result of the CDH simulation of the
shape difference measurement between the two
pyramids in Fig. 2 is shown in Fig 3. The defects
are clearly visible and quantifiable without having
the need for extensive image processing after digital
reconstruction of the holograms.

75
Length [mm] 75

Fig. 2 a): Simulated master object for the CDH
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Fig. 2 b): Simulated sample object for the CDH
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Fig. 3: Shape difference between the master and sample object
of the Fig. 2

As an experimental result, we present the meas-
urement of the deformation difference. The master
and sample object were two different plastic plates
and the sample object had three defects. With the
holder shown in Fig. 4, we can apply a controlled
deformation to the center of the plastic plate.

B

Fig. 5: Measurement of a deformation of 5 pm using the holo-
graphic set up shown on fig. 1 a) for: a) the master object and b)
the sample object with three defects.
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The deformation applied to both objects was 5 um.
In Fig. 5, we show the holographic measurement of
the deformation of the master and sample objects.

The conjugate wave front of the master in the
initial state is projected onto the sample in its initial
state using an LCD. The same procedure is made
for the deformed state of both master and sample
objects. From the resulting two holograms, we get the
deformation difference between the master and the
sample objects which is shown in Fig. 6. We recognize
the three defects of the sample object in the fringe
background pattern. The origin of this pattern is that
a defect has both a local and an extended effect, as can
be cleatly seen in Fig, 5. b). The unwanted deviations
between the reconstructed wave front of the master
and the sample objects was compensated by writing an
additional phase-shift to the LCD [3].

Fig. 6: Deformation differeh&e between a master and a sample
object by projecting the conjugated wave front of the master onto
the sample object like shown in Fig. 1. b).

The CDH technique has the following properties:
(i) interferometric accuracy of the comparison of
the form or deformation of two nominally identical
objects with rough surfaces, and (i) the master holo-
gram can be transmitted electronically, allowing the
test object to be remotely located. At ITO the CDH
technique includes an active compensation for reposi-
tioning errors of the sample object by an iterative self
adjustment of the reconstructed conjugate wavefront
of the master object that is generated by the LCD.
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Hochgeschwindichkeits-Detektion

DE 10321887 A1, Anmeldedatum: 07.05.2003

Korner, Klaus; Osten, Wolfgang

Messverfahren und Sensor, insbesondere zur
optischen Abtastung bewegter Objekte

DE 10321888 A1, Anmeldedatum:07.05.2003

Korner, Klaus

Verfahren und Anordnung zur interferenziellen
und hochdynamischen Keyhole-Tiefen-Detektion
DE 10321894 A1, Anmeldedatum:07.05.2003

Korner, Klaus; Osten, Wolfgang

Interferometrischer Sensor zur chromatischen
Objekttiefenabtastung

DE 10321895 A1, Anmeldedatum:07.05.2003

Korner, Klaus

Optischer Sensor und Verfahren mittels
Triangulation, insbesondere zur chromatischen
Objekt-Tiefenabtastung

DE 10321896 A1, Anmeldedatum:07.05.2003

Korner, Klaus; Wiesendanger, Tobias; Osten, Wolfgang
Verfahren und Anordnung zur interferenziellen
und hochdynamischen Keyhole-Tiefen-Detektion
AKZ 10356415.2, Anmeldedatum:24.11.2003

Korner, Klaus; Osten, Wolfgang

Verfahren und Anordnung zur simultanten,
multifokalen, optischen Anordnung

AKZ 10356416.0, Anmeldedatum:24.11.2003

Liesener, Jan; Pruf3, Christof

Schaltbares Punktlichtquellen-Array und dessen
Verwendung in der Interferometrie

DE 10325601, Anmeldedatum:5.6.2003

2004

Liesener, Jan; Pruf3, Christof

Schaltbares Punktlichtquellen-Array und dessen
Verwendung in der Interferometrie

Internationale Anmeldung PCT/DE2004/
001114,Anmeldedatum: 1.6.2004

HymoSens-Patentanmeldung: Lehmann, Peter; Liicke, Peter;
Mohr, Jirgen; Moran-Iglesias, Carlos Javier; Osten, Wolfgang;
Ruprecht, Aiko; Schénfelder, Sven

Optischer Messkopf

AKZ 102004011189.8, Anmelder:Fa.Mahr, Anmeldedatum:
04.03.2004

Korner, Klaus; Ruprecht, Aiko; Lehmann, Peter; Osten, Wolfgang
Verfahren und Anordnung zur konfokalen
Abtastung von bewegten Datentragern

AKZ 102004043992.3, Anmeldedatum: 08.09.2004

Korner, Klaus; Kohler, Christian; Osten Wolfgang
Streifenprojektions-Triangulationsanordnung
zur dreidimensionalen Objekterfassung,
insbesondere auch zur dreidimensionalen
Erfassung des Gesichts eines Menschen
AKZ 102004052199.9, Anmeldedatum: 20.10.2004

Korner, Klaus; Osten, Wolfgang

Multifokales konfokales Verfahren und konfokale
Anordnung fiir wenig kooperative Objekte

AKZ 10356412.8, Anmeldedatum: 24.11.2003
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Korner, Klaus; Wiesendanger, Tobias; Berger, Reinhard;
Ruprecht, Aiko; Droste, Ulrich; PruB3, Christof; Osten, Wolfgang
Interferometrischer Multispektral-Sensor und
interferometrisches Multispektral-Verfahren zur
hochdynamischen Objekt-Tiefenabtastung oder
Objekt-Profilerfassung

AKZ 102004052205.7, Anmeldedatum: 20.10.2004
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Doctorial Thesis, Diploma Thesis

& Student Research Projects

Doctoral Thesis

Proll, Klaus-Peter

Optische Topometrie mit
raumlichen Lichtmodulatoren
10/2004

Diploma Thesis

Berger, Reinhard
Rekonstruktionsalgorithmen
fur die digitale Holografie
3/2004

Reichelt, Stephan

Interferometrische Optikprifung mit
computergenerierten Hologrammen
9/2004

Meining, Stefan

Hochauflésende Phasenfrontmessung
mittels Phaseretrieval

1/2004

Fleischer, Matthias
Signalverarbeitung in der
optischen 3D-Messtechnik
5/2003

Daffner, Michael

Aspharische Korrekturelemente zur
Strahlformung von Leistungslaserdioden
2/2003

Rocktischel, Martin
Wellenfrontanalyse mittels
diffraktiver optischer Elemente
1/2003

Hofbauer, Ulrich
Zweiwellenldngeninterferometrie
mit Laserdioden

10/2002

Haist, Tobias

Einsatz raumlicher Lichtmodulatoren
zur Defekt- und Mustererkennung
9/2002

Wegner, Michael

Konfokale Mikroskopie zur
Topografiebestimmung technischer Oberflachen
5/2002

Publications 2002 - 2004

Kobhlert, Christian

Polarisationsoptische Charakterisierung
reflektiver FlUssigkristall-Lichtmodulatoren
(zum Einsatz in der Holografie)

10/2003

Frey, Katharina
Mehrwellenldngeninterferometrie
an aspharischen Oberflachen
04/2003

Rosenthal, Eva

Mullermatrix- Mikroskopie zur
hochauflésenden Strukurerkennung
2/2003

Kauffmann, Jochen

Untersuchung und Anpassung der Temporal
Speckle Pattern Interferometrie (TSPI) an die
Schwingungsmessung

8/2002

Schillings, Michael
Softwareentwicklung fur eine
Laserlithographieanlage
10/2002
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Student Research Projects

Riith, Birgit

Charakterisierung adaptiver
Flissigkristall- und Electrowettinglinsen
9/2004

Tepes, Paul

Optischer Fasersensor zur
Verbrennungsdiagnostik
6/2004

Weiger, Ulrich

Modellierung des Aufbaus
einer holografischen Pinzette
5/2004

Buckmiiller, Peter

Simulation konfokaler Sensoren unter
Einbeziehung von Mikrooptiken
10/2003

Kobhler, Christian

Charakterisierung einer CMOS-Kamera und
Aufbau eines adaptiven Messsystems
12/2002

Liebing, David

Konzeption und Realisierung eines neuartigen
faseroptischen TSPI-in-plane-Sensors

12/2002

Schmid, Peter
Prifstand zur Charakterisierung von LCDs
5/2002

Liebing, Markus

Entwicklung eines Gitter-Shearing-Interferometers
zur Wellenfrontcharakterisierung von
Hochleistungslaserdioden

5/2002

Schillings, Michael

Testbetrieb einer ultraprazisen
Laserlithographieanlage

4/2002

Rosenthal, Eva

Eignung verschiedener polarisationsoptischer Filter
fir die quantitative Phasenkontrastmikroskopie
1/2002
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Colloquia &

Conferences

Fest-Kolloquium Optik 2003

,optics and optoelectronics: state of the art and future development"

Optik und Optoelektronik: Stand und zukiinftige Entwicklung
mit Abschiedsvorlesung von Herrn Prof. Dr. H.J. Tiziani und

Antrittsvorlesung von Herrn Prof. Dr. W. Osten
am 19. Februar 2003, Teilnehmer: ca. 400

BegriiBung und Einfuhrung Prof. Dr. W. Osten
ITO, Universitit Stuttgart

Prof. Dr. R. Gadow

Fakultit fiir Maschienenbau, Universitit Stuttgart

Prof. Dr. H.J. Tiziani

ITO, Universitit Stuttgart

Grundlagenforschung an Halbleiter-Nanostrukturen Prof. Dr. K. von Klitzing
Nobelpreistriger
Max-Planck-Institut fiir Festkorperforschung, Stuttgart

Entwicklung der optischen Dipl.-Pfys. Winfried Kaiser
Systeme fur die Mikrolithographie Carl Zeiss, 73446 Oberkochen
Moderne Optiksysteme fiur die 3D-Vermessungstechnik Dr. B. Braunecker

Leica Geosystems, 9435 Heerbrugg; CH

Satelitten-Kommunikation mit Laserlicht Dr. Z. Sodnik
esa, ESTEC, Keplerlaan 1, 2200AG Noordwijk ZH, NL

Eréffnung der Festveranstaltung Prof. Dr. D. Fritsch
Rektor der Universitit Stuttgart

Der Innovationsprozess bei Carl Zeiss Dr. A. Siegel
Catl Zeiss, 73446 Oberkochen

Laudatio flr Herrn Prof. Tiziani Prof. Dr. W. Karthe
Fraunhofer Institut fur
Angewandte Optik und Feinmechanik, 07745 Jena

Faszinierende Optik und optische Messtechnik, Prof. Dr. H.J. Tiziani
Rickblick und Ausblick ITO, Universitit Stuttgart
Optische 3D-Messtechnik:von der Idee zum System Prof. Dr. W. Osten

ITO, Universitit Stuttgart
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Optik-Kolloquium 2004

,optical production measurement technology - challanges and future directions"

Optische Fertigungsmesstechnik — Herausforderungen und Perspektiven

am 18. Februar 2004, Teilnehmer: ca. 300

BegriiBung und Einfihrung Prof. Dr. W. Osten
ITO, Universitit Stuttgart

Prozessfahigkeit durch optische Messtechnik- Prof. Dr.-Ing. T. Pfeifer
Herausforderungen und Chancen Dipl.-Wirt.-Ing, K. Schneeful3
Frauenhofer-Institut fiir Produktiontechnik, IPT Aachen

Vergleichbarkeit optisch und taktil gemessener Gestaltabweichungen Dr. P. Lehmann
Mahr GmbH, Géttingen

Optische Messtechnik in den Mikro- und Nanotechnologien Prof. Dr. G. Wilkening
Physikalisch-Technische Bundesanstalt, Braunschweig

Hochaufldsende interferometrische Messtechnik in der Fotolithografie Dr. B. Dérband
Carl Zeiss SMT AG, Oberkochen

Laserinterferometrische Mess- und Sensortechnik in der Fertigung Prof. Dr.-Ing. G. Jager
TU Illmenau, lllmenau

Optische Messtechnik in der modernen Gleitsichtglasfertigung F Gruna
Rodenstock, Messtechnik Brillenoptik, Miinchen

Informationstheoretische Optimierung von 3D-Sensoren- Prof. Dr. G. Hiusler
oder : Wieviel darf ein Sensor kosten? Universitit Erlangen und 3D-SHAPE GmbH, Erlangen
Das Prinzip der Phasogrammetrie- flexible Dr. G. Notni
automatisierte Erfassung komplexer Objektgeometrien Frauenhofer-Institut fiir angewandte Optik

und Feinmechanik IOF, Jena

Steifenprojektionen in der Fertigungsmesstechnik Prof. Dr. -Ing. E. Reithmeier
am Beispiel prazisionsgeschmiedeter Zahnrader Dr.-Ing, J. Seewig
TU Hannover, IMR Hannover

Anwendung optischer Messtechniken im Flugzeugbau Dr. U. Schnars, R. Henrich, D. Scherling
A. Kiick, Dr.-Ing. S. Seebacher
Airbus Deutschland GmbH, Bremen

Anwendung optischer Messtechniken Dr.-Ing H. Steinbichler
in der Automobilindustrie Steinbichler Optotechnik GmbH, Neubeuren
Diagnostik von Turbomaschinen Prof. Dr. J. Woisetschliger
mit optischen Messtechniken Technische Universitit Graz, Osterreich
Physikalisch-optische Effekte N. Kerwien, Prof. Dr. W. Osten
in der optischen CD-Metrologie ITO, Universitit Stuttgart
Neue Ansatze bei tiefenscannenden Verfahren Dr.-Ing, K. K6rner, Prof. Dr. W. Osten
in der dimensionellen Messtechnik ITO, Universitit Stuttgart
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Organized International Conferences: 2002 - 2004

W. Osten:
Interferometry XI. SPIE Congress,
10 — 11 July 2002, Seattle, USA

W. Osten:

Optical Measurment Systems for Industrial
Inspection III, SPIE Congress,

23 — 26 June 2003, Munich, Germany

W. Osten:

Optical Metrology in Production Engineering.
SPIE Congress Photonics Europe,

27 — 30 April 2004, Strasbourg, France

W. Osten:
Interferometry XII: Applications. SPIE Congress,
4 — 5 August 2004, Denver, USA

W. Osten:

Optical Nondestructive Testing

ICEM 12, International Conference on
Experimental Mechanics

31. August 2004, Bari, Italy
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