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Foreword

With the ongoing Higher Education reform in Germany, the role of Universities of Applied
Sciences is changing. The Bologna Process now offers the possibility to grant Bachelor- und
Master-Degrees. Especially for Master Programs, it is necessary to provide students the possi-
bility to participate in the research process, thus preparing them to continue their studies in
PhD Programs or to take up careers in science or research jobs in industry.

The Konstanz University of Applied Sciences actively faced those challenges and initiated a
process to identify areas of research in which we could successfully combine our existing strengths
in new research institutes.

An outcome of this strategical process, the Institute for Optical Systems is one of three new
research Institutes established by the Konstanz University of Applied Sciences in 2008.

I am pleased, that in less than one year, the first annual report can be published and shows
the high level and range of activities. The following 13 papers demonstrate clearly how closely
professors, students and partners from industry interact at the Institute for Optical Systems
(I0S Konstanz), and what the members of the team achieved in that short a time.

I wish the Institute for Optical Systems continued success in the future.

Dr. Kai Handel

President of the University of Applied Sciences Konstanz



Preface

The present report gives an overview over the research and development activities of the Institute
for Optical Systems at Konstanz (IOS Konstanz) in the year 2008. Our main fields of interest are
optical metrology, image processing and light engineering, thus representing the fundamental
disciplines of current optical technology. The focus on optical systems as a whole allows us to
offer competent partnership to the local industry in all relevant aspects. The IOS was founded in
April 2008 by four professors from three different faculties of the University of Applied Sciences
at Konstanz (see next page) and is led by Prof. Dr. Braxmaier (director) and Prof. Dr. Franz
(associate director).

The following project descriptions present ongoing activities mainly on a status report level.
Most of the reports are written by students working on their diploma, bachelor, master or
Ph.D. theses. They reflect the largely varying levels of content, practice and insight that are
characteristic for an institution involved in academic education. Due to its interdisciplinary
nature, research at the IOS combines approaches from optics, metrology, light engineering, sensor
technology, image and signal processing, typically resulting in optical systems on a prototype
level, either in prephase research or in cooperation with local industry.

On the occasion of our first annual report, we would like to thank all of our students and
co-workers for their enthusiasm and dedication which makes our still rudimentary institute a
great place to be. We are also indebted to the administration and staff of the HTWG Konstanz
for their help and support during this startup phase, especially president Dr. Kai Handel and
Prof. Dr.-Ing. Gunter Voigt, for the support and start-up funding and the faculties of Mechanical
Engineering, Electrical and Information Engineering, and Computer Science with the deans
Prof. Dr.-Ing. Carsten Manz, Prof. Dr.-Ing. Werner Kleinhempel and Prof. Dr.-Ing. Oliver Bittel
for their assistance. Furthermore we appreciate the support of the Institute for Applied Research
(IAF) Konstanz, especially Prof. Dr. Horst Werkle and Dipl.-Ing. FH Andreas Burger.
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Konstanz. Since 2008 director of the 'Institute for Optical Systems‘ Konstanz. Head
of optical metrology research labs at HTWG and EADS Astrium GmbH. Main re-
search: high resolution optical metrology for industrial and space applications.
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Optical heterodyne interferometry for high sensitive
translation and tilt metrology

Thilo Schuldt'?®, Martin Gohlke*? Dennis Weise?, Ulrich Johann?, Achim Peters®, and
Claus Brazmaier'**

'HTWG Konstanz, Institut fiir Optische Systeme, Brauneggerstrafie 55, 78462 Konstanz, Germany
2 Astrium GmbH Satellites, Claude-Dornier-Strafe, 88039 Friedrichshafen, Germany
3Humboldt-Universitédt zu Berlin, Institut fiir Physik, Hausvogteiplatz 5-7, 10117 Berlin, Germany

The Laser Interferometer Space Antenna (LISA) aims at detecting gravitational waves by referencing
heterodyne interferometry to free-flying (inertial) proof masses, located at the corners of a triangle with
5 million kilometers arm length. The position of each proof mass with respect to the associated satel-
lite must be measured with 1pm/v/Hz-sensitivity in translation measurement and below 10 nrad//Hz-
sensitivity in attitude. In this paper, we present a compact heterodyne interferometer utilizing polarizing
optics combined with the method of differential wavefront sensing (DWS) serving as a demonstrator for
a complete optical readout system of the proof mass translation and attitude aboard the LISA satellites.
Our interferometer is based on a highly symmetric design, where reference and measurement arm have
similar optical paths and equal polarization and frequency. Intensity stabilization of the laser radiation,
phase lock of the laser frequencies at the fiber outputs, and a digital phase measurement based on a
field programmable gate array (FPGA) are implemented to achieve noise levels below 10 pm/v/Hz and
10 nrad/v/Hz, respectively, for frequencies > 10~2 Hz.

1 Introduction

* Science literferometer *
(Long Arm Interferometar)

P OB EADS

The Laser Interferometer Space Antenna (LISA) is 1L . 1L
an ESA/NASA collaborative space mission dedi-
cated to the detection of gravitational waves in the
frequency band from 3 -107° Hz to 1 Hz. This fre-
quency band is not accessible to ground-based de-
tectors due to gravity gradient noise on Earth up to
1kHz. Gravitational wave detection opens up a new
exploration window for astrophysical processes, in
case of LISA e. g. the investigation of super-massive
black hole formations, white dwarf binaries, neutron
star binaries and super-massive black hole binaries.

LISA consists of three identical satellites forming
an interferometer with an armlength of ~ 5 million
kilometers. For detecting the distortions of the
triangle caused by a passing gravitational wave

Figure 1: Schematic of the strap-down architecture de-
sign. The inter-spacecraft interferometry is split into
two local and one ‘long-arm’ measurement.

cf. Fig.1 and Ref. [4]) the interferometric measure-
ment between two distant satellites is split into
three independent measurements: (i) the distance
between proof mass and optical bench on one space-
craft, (ii) the distance between two optical benches

pm-sensitivity in translation measurement between
each two satellites is needed. Free flying proof
masses aboard the satellites act as inertial sensors
for the satellites’ orbit (drag-free attitude control
system, DFACS) and also represent the end mirrors
of the interferometer arms. In the current base-
line design (the so-called ‘strap-down-architecture’,

*Current address: HTWG Konstanz, 78462 Konstanz,
Germany; e-mail: braxm@htwg-konstanz.de

on two distant spacecraft over 5 million kilometers,
and (iii) the distance between optical bench and
proof mass on the other spacecraft. This leads to
a functional decoupling and more efficient ground-
testing capability of subsystems (concerning assem-
bly, integration, verification — AIV).

Thus, the position of the proof mass with respect
to the satellite housing must be measured for two
purposes: (i) for the drag free attitude control sys-



tem of the satellite and (ii) as part of the scientific
interferometer measuring the gravitational waves.
Both purposes define specific requirements for the
translation and tilt metrology of the proof mass po-
sition. For the sensitive axis and its correlated tilt
angles, the DFACS position sensor requirements are
< 30 pm/+/Hz in translation measurement, (with an
f~! relaxation for frequencies below 2.8 mHz) and
<20nrad/v/Hz in tilt measurement (with an f~!
relaxation for frequencies below 0.1 mHz); when
part of the science interferometer, the requirements
are <1pm/vHz in translation measurement and
< 10nrad/v/Hz in tilt measurement (both with an
f~2 relaxation for frequencies below 2.8 mHz). The
acceleration noise acting on the proof mass must be
kept below 3 - 10~ ms~2/y/Hz (with an f? relax-
ation for frequencies above 10 mHz).

State of the art optical readout for the LISA
gravitational reference sensor

The current baseline sensor for drag-free control is a
capacitive readout, which will also be implemented
in the LISA precursor mission LISA Pathfinder [3].
An optical readout, which means higher sensitiv-
ity and lower force noise applied to the proof mass,
is foreseen for noise reduction and is necessary for
the science measurement. Therefore, different ap-
proaches for an optical readout are currently un-
der investigation — both, as support for the drag-
free control and as part of the science interferom-
eter. An optical lever sensor is investigated at the
University of Napoli (Italy) [1] where a translation
noise below 1 nm/ v/Hz for frequencies > 5-1072 Hz
was demonstrated. A homodyne interferometer uti-
lizing polarizing optics which is not sensitive to
a tilt of the proof mass is under investigation at
the University of Birmingham [12]. They demon-
strated a noise level below 100 pm/+/Hz for frequen-
cies > 2-1072Hz. Aboard LISA Pathfinder, the
LISA Technology Package utilizes several hetero-
dyne non-polarizing Mach-Zehnder interferometers
measuring changes in distance and tilt between two
free flying proof masses and between proof mass and
optical bench [5]. They demonstrated a translation
noise level below 3pm/ VvHz and a tilt noise level
below 5nrad/+/Hz, both for frequencies > 1072 Hz.

In the following we present an optical readout
based on a heterodyne interferometer utilizing po-
larizing optics where the requirements for the sci-
ence interferometer were taken as design goal for
the setup. With our first setup we measured noise
levels below 80pm/+/Hz and below 30nrad/v/Hz,
respectively, for frequencies above 1071 Hz [10]. In
this paper we present our new improved setup with

reference mirror

measurement mirror

reference signal

A
measurement +—— photodiodes

signal

Figure 2: Schematic of the heterodyne interferometer
(BS: beamsplitter; PBS: polarizing beamsplitter). The
two redundant output beams of the beamsplitter are
dumped.

decreased noise levels.

2 The heterodyne interferometer
design

For maximum common mode rejection, we have
chosen a highly symmetric heterodyne polarizing in-
terferometer design concept with two spatially sep-
arated frequencies [13,15], cf. the schematic shown
in Fig.2. Both frequencies are split into two par-
allel output beams. The beams with frequency f;
are transmitted at a polarizing beamsplitter (PBS).
One of the two beams represents the reference beam
and is reflected back by the reference mirror, the
other beam represents the measurement beam and
is reflected back by the measurement mirror, i. e. in
case of LISA the free flying proof mass and in our
experiment a fixed mirror. After passing twice a
quarter waveplate (A/4), the beams are reflected
at the PBS and superimposed with the two beams
with frequency fo> at a non-polarizing beamsplitter
(BS). Two photodiodes (PD1 and PD2, cf. Fig.2)
detect the heterodyne signals at the heterodyne fre-
quency fi — fo. In this design, reference and mea-
surement beam have the same frequency and po-
larization. Polarization and frequency mixing are
therefore — in principle — avoided. Also, care is
taken that the optical pathlengths of measurement
and reference beam are similar, especially inside op-
tical components. This necessitates a symmetric
beamsplitter for the generation of the two parallel
output beams (not shown in Fig.2).

Having two laser frequencies f; and fo with am-
plitudes A and B, the measurement signal on PD1
is given by I, o« AB - cos(Awt — ¢(t)) and the ref-
erence signal on PD2 by I, x AB - cos(Awt) with
Aw = 27 - |f1 — f2]- The phase difference ¢(t) is
proportional to the displacement Al of the mea-
surement mirror:

4mn

olt) = - AlD), 1)

with n the refractive index of the medium the light



is travelling in and A the vacuum wavelength of the
light.

Performing an in-quadrature measurement of the
phase between I, and I,,, yields two signals S; =
$AB - cos(4(t)) and So = £ AB - sin(¢(t)), where
the phase measurement is obtained by

B(t) =tan™! (ij) :

Differential wavefront sensing

(2)

The method of differential wavefront sensing
(DWS) [6, 7] is used for measuring the tilt of
the measurement mirror. Therefore, a position-
sensitive device such as a quadrant photodiode is
used in the measurement arm of the interferometer.
Its sum signal is used for the translation measure-
ment, its (summed) halves for DWS. Differential
wavefront sensing detects the difference in interfer-
ence pattern over the beam cross-section which is
generated by a tilted wavefront (coming from the
measurement mirror) in superposition with a plain
un-tilted wavefront. Regarding two opposing spots
on the beam cross-section, both with a distance r
to the center, the difference in phase is given by
¢ = 2wrB/\, where (3 is the angle between the two
beams and corresponds to twice the proof mass tilt
angle a. For our experimental setup, the calcu-
lation of the DWS signal caused by two Gaussian
beams hitting a quadrant diode results in an effec-
tive phase difference ¢ — ¢35 ~ 1.4 x 10*a between
opposite halves of the quadrant photodiode [8].

3 Experimental setup

We realized a compact interferometer setup based
on the design described above. The interferome-
ter breadboard is placed inside a vacuum chamber
operated at pressures below 1073 mbar. The laser
and the optics for the heterodyne frequency gener-
ation are placed outside the vacuum chamber on a
commercial optical table and the beams are fiber-
coupled to the chamber.

3.1 Heterodyne frequency generation

An NPRO (non-planar ring oscillator) Nd:YAG
laser at 1064 nm (InnoLight, Mephisto) is used as
light source. It provides 1 W output power, where
a small fraction is split off for use in the interfer-
ometer. The laser light is split and each beam is
frequency shifted by use of an acousto-optic mod-
ulator (AOM). The RF signals driving the AOMs
are generated by use of two direct digital synthesiz-
ers (DDS) in combination with amplifiers. The two
DDS are phase locked and working at 79.99 MHz

qrn: W

AR

Figure 3: Schematic of our setup (BS: beamsplitter,
PBS: polarizing beamsplitter, pol: polarizer, PD: pho-
todiode, QPD: quadrant photodiode). For noise metrol-
ogy measurement and reference mirror are realized by
one fixed mirror.

Figure 4: Photograph of our interferometer setup in
the vacuum chamber. The interferometer is placed on
a 30cmx 44 cm aluminum breadboard.

and 80 MHz, respectively, resulting in a heterodyne
frequency of 10 kHz. Both beams are fiber-coupled
to polarization maintaining single-mode fibers and
sent via feed-through into the vacuum chamber.

3.2 Interferometer board

The interferometer is placed inside the vacuum
chamber on a 300 mmx 440 mm x40 mm cast alu-
minum breadboard. For a high mechanical stability,
a low beam height of 2 cm was chosen. A schematic
of the interferometer board is shown in Fig.3 and a
photograph of the current setup in Fig. 4.

On the interferometer board, after fiber outcou-
pling, both beams are split at an uncoated 6 mm
thick glass plate (interferometer flat). The Fresnel
reflections at the front surfaces are used for the in-
terferometer while the reflections at the backsides
are directed to a monitor photodiode (PD1 and PD2
in Fig.3). The beams transmitted are superim-
posed on a third photodiode (PD3) for the use of
differential fiber-length control.

The beams used in the interferometer are both
split symmetrically into two parallel output beams



at two energy separator cubes. The parallelism of
the output beams is better than 2’ (0.6 mrad). The
beams with the frequency f; are first reflected at
the polarizing beamsplitter (PBS) towards the mea-
surement and reference mirror which in our setup
are realized by one fixed mirror for interferome-
ter noise metrology. After passing twice a quarter-
waveplate, the reflected beams are then transmitted
at the PBS and finally superimposed with the two
beams at frequency fo at the non-polarizing beam-
splitter (BS) in order to generate the heterodyne
signals at the two quadrant photodiodes (QPD1 and
QPD2). These signals contain the translation and
tilt information.

We implemented an intensity stabilization and
the phase lock of the heterodyne frequency, as well
as the stabilization of the optical path lengths. The
digital phase measurement, based on FPGA and
LabView, is mandatory to obtain the presented re-
sults. Details on that are not described in this paper
and are currently prepared for publication.

4 Results

We first tested our optical setup and the digital
phasemeter by placing a glass plate in the measure-
ment arm of the interferometer. When tilting the
glass plate, the optical pathlength in the measure-
ment arm changes. The measured translation sig-
nal was compared to the calculated estimation and
both agree within the error margin.

I
=

w
=
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40
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Figure 5: Time series and corresponding PSD of a 60h
measurement.

The measured translation signal of a 60h noise
measurement is shown in Fig.5, together with the
corresponding power spectral density (PSD). In this
measurement, the intensity stabilization and the
phaselock were implemented, the temperature sta-
bilization was turned off. The peak near 3Hz is
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caused by the missing synchronization of the DDS
and the FPGA board and is removed in later mea-
surements. The contributions of the control servo
loops are shown in Fig.6. Curve 1 was measured
without intensity stabilization and phaselock, the
peak near 4 - 1073 Hz is caused by the temperature
stabilization of the interferometer breadboard. The
measurement shown in curve 2 includes additional
intensity stabilization and a parameter optimized
temperature stabilization shifting the servo peak to
lower frequencies. Curve 3 corresponds to a mea-
surement with implemented intensity stabilization
and phaselock and curve 4 is obtained under sim-
ilar conditions as curve 3 but with absent temper-
ature stabilization. It can be seen that a passive
temperature stabilization appears to be more effec-
tive for the LISA low frequency band. The signif-
icance of the phaselock in order to reach sub-nm
noise levels is also clearly proven. It is also evi-
dent in the time series shown in Fig.7. For veri-
fication of the passive common-mode rejection, we
performed measurements with an active frequency-
stabilization of the Nd:YAG laser source (frequency
lock of the frequency doubled Nd:YAG to a hyper-
fine splitting in molecular iodine, for the experi-
mental setup cf. [9]). Frequency noise and drifts
should cancel in an ideally symmetric design of the
interferometer with same pathlengths in measure-
ment and reference beam. In our setup, the addi-
tional frequency stabilization showed no change in
the measured noise levels.

Translation [pmiv(Hz)]

10
Frequency [Hz]

10°

Figure 6: Power spectral density of the translation mea-
surement: 1. with temperature stabilization; 2. with ad-
ditional intensity stabilization and improved tempera-
ture stabilization; 3. with additional phaselock; 4. with
intensity stabilization and phaselock but without tem-
perature stabilization; red curve: LISA requirement.

The tilt measurement for two perpendicular axes
is shown in Fig.8 for the same 60h measurement
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Figure 7: Time series of two measurements without (up-
per curve) and with (lower curve) implemented phase-
lock. The oscillation with a wavelength of several min-
utes in this measurement is caused by the temperature
stabilization loop.

as shown in Fig.5. We measured a noise level of
1nrad/v/Hz for frequencies above 107! Hz with a
near 1/f1/? increase towards lower frequencies.

Tilt [nrad/N(Hz)]

10? 10" 10° 10’

Frequency [Hz]

10°

Figure 8: PSD of a 60 h tilt measurement utilizing differ-
ential wavefront sensing. Shown are the measurements
for two perpendicular axes. The red line corresponds to
the LISA requirement.

In order to understand the limiting noise levels,
different measurements were performed. First, we
analyzed the digital phase measurement and the
correlated digitizing noise. For this purpose, we
split the 10kHz quadrant photodiodes sum signals
before data acquisition and digitized all four sig-
nals. We performed the phase comparison on the
FPGA board for both (similar) differential inter-
ferometer signals. Both obtained time series were
subtracted. The corresponding PSD is shown in
Fig.9 (lower curve) and indicates that we are not
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limited by digitizing noise in our measurement.
The noise level caused by digitizing corresponds to
~ 3-10"*nm/vHz. We also performed a phase
measurement between the same signals (sum signal
of QPD1). This measurement is shown as middle
curve in Fig.9.

Translation [nm/(Hz)]

0
Frequency [Hz]

Figure 9: Noise measurement: 1. differential interferom-
eter with intensity stabilization and phaselock; 2. PSD
of the mixing of two identical signals (sum signal of
QPD1); 3. PSD of the difference of two separately mixed
differential interferometer signals; red curve: LISA re-
quirement.

The white noise level at 2 pm in translation mea-
surement might be caused by the electronic noise of
the amplifiers of the quadrant diode signals. Also
amplifier flicker noise might cause the 1/f increase
at lower frequencies. The 1/f noise is temperature
dependent and increased in an environment with
insufficient air conditioning.

5 Summary and outlook

We realized a heterodyne interferometer with a
2pm/+v/Hz noise level in translation measurement
for frequencies above 107! Hz with a near 1/f in-
crease towards lower frequencies. In tilt measure-
ment we achieved a 1nrad/ v/Hz noise level for fre-
quencies above 10~! Hz with a near 1/f'/2 increase
towards lower frequencies. Intensity stabilization
and phase lock of the fiber output beams were im-
plemented and shown to be essential for obtaining
sub-nm noise levels. First investigations on noise
sources were performed, the complete set of limita-
tions is still under investigation.

Beside its application aboard the LISA satellites,
the interferometer is adapted for characterization of
dimensional ultra-stable materials such as carbon-
fiber reinforced plastic (CFRP) where our setup en-
ables the measurement of the coefficient of thermal



expansion with a 10~% accuracy [2]. We also adapt
the interferometer for use in industrial metrology,
especially in optical profilometry [11].

Currently, we plan to transfer the interferom-
eter to a baseplate made from mechanically and
thermally highly stable glass ceramics, such as
Zerodur®, to further suppress dimensional insta-
bilities. The optical components will be made
from fused silica and connected to the baseplate
via hydroxide-catalysis bonding technology [14] or
equivalent techniques. This setup is expected to
further shift the 1/f noise component to lower fre-
quencies.
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In this article we present the current status of the investigations on dedicated AI technologies for highly
dimensional stable optical components on glass material structures. These opto-mechanical systems
must fulfill beside stringent performance requirements also requirements concerning the environmental
surroundings in space, such as temperature gradients and accelerations. Temperatures variations of 40°C
and peak accelerations of 40 g have to be resisted without any lost of performance and functionality. For
that purpose we applied the integration technology 'hydroxide-catalysis bonding‘. Further we compared
this method with bonding of components by gluing with space qualified adhesive. Criticality and decision
criteria is beside the alignment possibility of each method especially mechanical strength and dimensional
stability, which we tested by interferometric metrology. First results are presented and show the suitability
of both methods. A first trade off results preliminary in the feasibility of the application of adhesive
bonding, which hence could be an alternative to hydroxide-catalysis bonding. Especially higher flexibility
concerning alignment and its tooling, combined with a shorter curing time is the driver.

1 Introduction gration technology of hydroxide-catalysis bonding
has been invented at Stanford University for the
The design of optical instruments, such as high sen- bonding of optical components of a telescope for
sitive interferometric systems described in the above  the Gravity Probe B mission [2].
project, is strongly driven by the available assem- [ terms of an easier integration process, adhesive
bly and integration technologies. Goal is to obtain a bonding shows a great promise for an integration
reliable technology to realize compact dimensional ¢ optical components. The long term characteris-
stable optical systems for space applications. tics of bonded joints and the feasibility of a precise
In connection with the design of a high resolu- alignment of the optical components is the subject

tion heterodyne interferometer (see first project) of this study. Therefore a testboard is designed, us-
for the "Laboratory For Enabling Technologies® at ing the two integration technologies.

EADS Astrium in Immenstaad, different technolo- The testboard shall enable the comparison of ad-

gies for the integration of optical components are hegive bonds and hydroxide-catalysis bonds using
investigated. The interferometer will be made up the DORO (see projekt1). Therefore three plane
of Zerodur and fused silica in order to achieve a  pjrrors are aligned parallel to each other. The mir-
high thermal and mechanical stability necessary for ;o1 bonded to the testboard using Hysol EA 9313
high resolution metrology. For further information ig then measured in reference to the mirror, which
w.r.t. pre-investigations see [4] and [3]. Hydroxide- g attached using the method of hydroxide-catalysis
catalysis bonding is an established method to affix bonding. Herewith obtained measuring data gives
optical components e.g. made of fused silica to Iow information on the mechanical- and stability prop-
expansion base plates made of Zerodur. The inte- ¢rties of the adhesive bonding. The feasibility of
an interferometer bonded with Hysol EA 9313 can
thus be determined.

*Current address: HTWG Konstanz, 78462 Konstanz,
Germany; e-mail: braxm@htwg-konstanz.de
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2 Setup of the testboard

The testboard is integrated into the setup of the
DORO, which is built on an aluminium breadboard
with a threaded bore template. For a better han-
dling and adjustability the testboard is mounted
into a specially designed bracket, shown in fig. 1.
The mounting of the testboard into the bracket
requires three areas of the base plate on the top
and bottom surface which are covered by the
bracket.

BRACKET
TESTBOARD

BREADBOARD

t

Figure 1: Isometric- and front view of the bracket with
the testboard assembled.

In total 6 mirrors are fixed on the base plate. One
measurement requires a row of three parallel planar
mirrors. Where two adjacent mirrors are fixed us-
ing the method of hydroxide-catalysis bonding and
another one by adhesive bonding. The reflecting
surface of the mirrors are located in the centre of
rotation of the bracket. The DORO uses a refer-
ence beam and a measuring beam, which run par-
allel with a distance of 4 mm. For the measurement
one beam is reflected on each mirror.

As mentioned above the mirrors must be parallel to
ensure a successful measurement. Hence the reflect-
ing surfaces of the mirrors must bear parallelism of
+0.5 mrad.

The testboard is equipped with two setups of mir-
rors, which, both, allow a measurement. Therefore
two rows each with three mirrors as described above
are assembled on the same surface. Figure 1 shows
a model of the setup of the testboard mounted to
the bracket.

3 Alignment setup

The required precise parallel alignment of the mir-
rors raises the need of real time readout of the po-
sitions of the mirrors. Therefore an optical setup

14

is designed, which enables to display the tilt of two
mirrors and quantifies the deviation of their paral-
lelism. In figure2 the beam path of the setup is
illustrated.

Telescope

yp PBS |

Laser Isolator

BD

Rocking
Mirror

w
CCD Sensor

Figure 2: Beam path of the alignment setup

The laser is send through an optical isolator. The
optical isolator works like a diode in an electric cir-
cuit and prevents back reflections the laser. The
isolator is followed by a half-wave (\/2) retarder,
which rotates the plane of polarization of the laser
beam by 90°. The half-wave retarder is mounted
to a rotating holder. The angle of the plane of po-
larization can thus be set to any desired value. In
combination with a polarizing beam splitter (PBS),
the half-wave retarder can be used to vary the ratio
of the intensity in the outgoing laser beams. The
PBS refracts transverse electric (TE) polarization,
or ’s* polarization and transmits transverse mag-
netic (TM) polarization, or ’p‘ polarization. The
boundary layer of the PBS is put into the path of
the laser beam under an angle of 45° relative to
the incidence beam. By rotating the half-wave re-
tarder and consequently the plane of polarization a
portion depending on the rotation of the retarder
is refracted into the beam dump (BD). The trans-
mitted portion of the incident beam is then used
for the subsequent setup. The laser emits a diverg-
ing beam, which has to be collimated. Therefore a
telescope consisting of two planar-convex lenses is
set up behind the PBS. The telescope is diverging
and collimating the laser beam. The aperture of the
collimated laser beam is thereby brought to about
1.5 mm. After diverting the beam with two mirrors
two parallel beams with a nearly identical intensity
are created by a beam splitter (BS). The boundary
layer of the BS is aligned 45° to the incident beam.
Half of the incident beam is transmitted through
the BS while the other half is refracted. In order
to achieve a distance in between the two beams of



4mm (centre to centre) the incident beam hits the
boundary layer of the BS close to the outer sur-
face of the BS. A mirror is brought close to the
outer surface to divert the beam refracted by the
BS. The parallelism of the two beams is adjusted
by the angle of the boundary layer and the mirror.
To detect the relative alignment of two mirrors on
the testboard, a beam of the two parallel beams is
aimed on a mirror respectively. The mirrors of the
testboard reflect the laser beams and return them
back through the same path.

4 Results

Hydroxide-catalysis bonding takes place in three
steps: hydration and etching, polymerization and
dehydration. Bonding requires an alkaline solution
such as sodium silicate to be applied in between
the two flat surfaces to be bonded. For a successful
bond the surfaces to be bonded have to be free of
particles. Hence the bonding of the optical compo-
nents was carried out in a cleanroom environment
at Furtwangen University.

The hydroxide-catalysis bonding procedure
allows only a short settling time of typically about
1 — 2min, where the components can be aligned
[5]. In addition to the alignment setup mentioned
above, alignment templates are designed and used
to ensure an alignment within the settling time.
Measurements of the parallelism of mirrors inte-
grated using the technology of hydroxide-catalysis
bonding are showing that an alignment with a re-
quired parallelism of +0.5mrad can’t be achieved
in a repeatable manner. However, one row of mir-
rors necessary for a comparison measurement was
bonded successfully.

The adhesive bonding is carried out with a space-
qualified two-component adhesive, which is also
used for various space applications. Prior to the
integration of the optical components on the test-
board the thickness of the adhesive layer is deter-
mined at 1 — 7pum. Measurements of the mirrors
integrated with adhesive bonding show a negligi-
ble tilt of the mirror caused by a disproportionate
adhesive layer. Unlike hydroxide-catalysis bonding,
adhesive bonding using Hysol EA 9313 permits a
settling time up to several hours. The alignment of
the mirrors can thus be carried out within a relative
long time.

Measurements of the parallelism of mirrors inte-
grated with adhesive bonding without using a sup-
porting tool show a drift of the glued component.
This drift is due to the long settling time of the
adhesive. Further adhesive bonded mirrors hold in
position with a punctual downforce can be aligned
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Figure 3: Testboard during adhesive bonding with sup-
port tool and heat addition.

Figure 4: Testboard mounted into interferometer setup
for stability measurement.

with a repeatable accuracy fulfilling the require-
ments. Additional application of heat can further-
more bring down the setting time to approximately
75min [6] and [1].

To verify the long term stability of mirrors in-
tegrated with adhesive bonding, the testboard is
mounted into the setup of the high resolution inter-
ferometer (DORO). The reference beam is aimed on
a hydroxide-catalysis bonded mirror and the mea-
suring beam is aimed on the adhesive bonded mir-
ror. The PSD plot (power spectrum density) de-
picted in figure 5 shows that both integration tech-
nologies fulfill the required stability.

5 Conclusions

In terms of stability both integration technology
meet the requirements. Beside the technology
of hydroxide-catalysis bonding, adhesive bonding
has proven to be an enabling technology for the
integration of optical components on earth-based
high resolution interferometers.

Concerning the process of the integration technolo-
gies several differences can be made:



PSD'? with 1,:0.05 5, Win: blackmanhans, Seg: 9 and Ovi: 50 %
Translation, r-beam aimed on H-C. bonded mirmar m-beam aimed on glued mirror
ion calculated by: : 15.12.2008

i

Rl
it

Transiation {nm/VHz)

0
Frequency {Hz]

Figure 5: PSD-plot of long term measurement of
a hydroxide-catalysis bonded mirror and an adhesive
bonded mirror

For successful hydroxide-catalysis bonding an
environment free of particles is crucial. Therefore a
greater complexity concerning the level of cleanness
of the used devices is needed than for adhesive
bonding.

The short settling time of the hydroxide-catalysis
bonding process might limit the level of alignment
accuracy that can be reached. Additional devices
and positioning mechanisms are unavoidable to
achieve high alignment accuracy.

The structure of the bonding, however, provides
excellent properties due to its quasi-monolithic
characteristic.

Before hydroxide-catalysis bonded components
achieve their full strength, a curing time of four
weeks (might be reduced by heat application)
is needed. The process is therefore more time
intensive than adhesive bonding.

Adhesive bonding provides an integration
technology, which requires less preparation of the
components to be glued and can be performed in an
ordinary laboratory environment. The alignment of
the components can be done without using special
alignment additives. Anyhow, a supporting tool
has to be used to apply a downforce to hold the
components in place while the adhesive hardens.
Applying heat on the components to be bonded
has proven to fasten the hardening process of the
adhesive and should be considered to avoid a drift.
Primary concerns of a tilt of the mirrors due to
a disproportionate adhesive layer could not be
observed.
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6 Outlook

For applications where a precise alignment is re-
quired, but only simple alignment tools can be used,
adhesive bonding provides a relatively easy to use
integration technology.

The integration of optical components for earth-
based applications can be done with adhesive bond-
ing. For the design of the new high precision inter-
ferometer made up of fused silica and Zerodur ad-
hesive bonding might be considered. However, an
ultimate decision will be made after a tensile shear
test has been performed.
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The following project is part of an ESA supported program concerning the technology development for
the DARWIN mission. We present the current status of the DARWIN testbed, especially for spatial mode
filters based on optical hollow fibers using a Mach-Zehnder interferometer for the Mid-IR. We identify
the critical issues of the measurements. Improvements have been achieved by using a new method for
short fibres. Furthermore we tested different materials for the wavelength range from 6.5 to 20 microns.
We present a new coating, which has been developed for the fibre. Finally an efficient removing strategy
of disturbing cladding modes has been achieved.

1 Introduction

The objective of the Darwin Mission is to search for
signs of extra-terrestrial life on planets. Darwin is
a space program of the European Space Agency -
ESA. The mission shall first detect and in a second
step analyze Earth-like worlds. Hence it is neces-
sary to analyze the atmosphere of these planets.
The constitution of an atmosphere provides infor-
mation about the planet’s structure and its evolu-
tion. One of the main goals of the mission is to
identify bio markers like water vapor, ozone, and
carbon dioxide as shown in figure 1 sketching a typ-
ical emission spectrum of a planet.

Earth-like planets are expected to orbit around
stars in a proper distance called the habitable zone.
The brightness of the star is extremely high and
looking on the star/planet system the star light
must be reasonably suppressed to make visible the
weak radiation from a planet. A nulling interferom-
eter can suppress the star light by destructive in-
terference.The name of the mission was determined
by the work of Charles Darwin (1809 - 1882). His  The proposed architecture of a Darwin instru-
theories of the evolution and natural selection were 1 ant is a system of interferometrically coupled
a ground-breaking work. Investigating Farth-like g;¢ellites flying in a formation. The array of tele-
planets from space and the possible detection of life scopes is located far away from our Earth to avoid

may give essential information on forming and the jritations by the *hot* dust trapped in our eclip-
evolutional status of life within the near universe. ;. plane. The separation of the receiving tele-

The evolution of our Earth will be better under- g.one5 forms the base line of the interferometer.
stood with the information on life-forming on other ¢ i variable and can be matched to the observed

Water (H20)

Figure 1: Characteristic spectral signature of an Earth-
like planet.

planets. star/planet system to be observed. Astrium’s Dar-
*Current address: HTWG Konstanz, 78462 Konstanz, win concept is based on four telescopes sending
Germany; e-mail: braxm@htwg-konstanz.de the light to a central hub spacecraft [1], [4], [2]
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and [3]. It is mandatory to control the distances
between the telescopes to a fraction of the used
mid-infrared wavelength. The collected planetary
light is spectrally analysed in a wavelength range
between 6.5pm and 20 pm The choice of the mid-
infrared band is justified by the maximum thermal
radiation expected from a 300 K body in that band
and by the lower ratio of star to planetary radiation
in that band. In the visible this ratio would be 102
but in the mid-infrared it is only 1 million. The
requirements on star light suppression are relaxed
therefore.

2 Setup

The Darwin Mission relies on a nulling interferom-
eter. This interferometer produces a constructive
interference (null) if two or even more signals are
delayed by half of the used optical wavelength.
This optical path delay is adjusted by delay lines
and achromatic phase shifters and maintained
over the full observation duration and over the
full observation band. Then, the strong star light
is sufficiently suppressed and the planetary light
at some angular distance from the star can be
detected and analyzed at the interferometer’s
output.

Suppressing the star light by 6 orders of magnitude
requires optics of utmost optical quality that
cannot be afforded or paid for. The surface quality
of all involved elements must be in the order of
lambda over 4400 at least. Using mode filters
circumvents this bottle neck.

The performance of the realized mode filters
is measured by using a compact Mach-Zehnder
interferometer. The special arrangement generates
two identical beams from a collimated laser beam.
One beam is delayed by half of the used wavelength
with the aid of a mechanical delay line. Both
beams are superposed then on a beam splitter and
interfere destructively. It is important to ensure
the same beam history in both interferometer arms.
The selected Mach-Zehnder architecture provides
that each beam in the interferometer experiences
one beam splitter transmission and one reflection.
The test bed is shown in Figurel.

The project Measurements of Mode Filters with
a 'Mid-IR Test Interferometer® deals with the modal
filtering of optical signals and determines the qual-
ity of the filtering process [2]. High-order wave front
errors must be reasonably suppressed to allow a
realization of the instrument with feasible optical
components. A single mode fibre is the optimum
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Figure 2: Highly symmetric Mach-Zehnder interferom-
eter used for testing of mode filters. The abbreviations
are: Mx = redirection mirror, ATT = attenuator of re-
flective type, PTS = piezo translation stage (OPD), Lx
= lens, TTP = tip/tilt piezo stage, DET = detector,
and BSx = wedged beam splitter.

wave front filter as it suppresses low and high order
wave front errors in contrast to pinholes that reduce
high frequency errors alone. A single-mode fibre is
a broadband device and can be typically used over
one octave whereas a pinhole is a chromatic com-
ponent.

The working principle of a single mode fibre is as
follows: The light is mainly coupled into the thin
fibre core and propagates in the core. The core is
surrounded by a fibre cladding. The cladding has
a lower refraction index as the core and this index-
guiding structure ensures the guiding of the light
in the core. The small index difference between
core and cladding in single-mode fibres provides
weak guiding of the propagating light. Higher-order
cladding modes are suppressed by damping layers
attached on the cladding. The absorption layers are
required as the cladding is not extended infinitely
and the reflections at the interface cladding to air
would be directed back to the core. Different mate-
rials are used in the interesting wavelength range.
Special glasses made of germanium, arsenic, sele-
nium, and tellurium (GAST) are preferred in the
lower band between 6.5 pm and 11 pm. In the upper
band up to 20 micron polycrystalline silver halides
are the best choice.



3 Required Performance and
Environmental Tests

The following fibre parameter will be verified:

e mode distribution at two different wavelengths
by using a matrix camera

attenuation of the fibre at two different wave-
lengths

suppression of star light by using a representa-
tive interferometer

confirmation of the cut-off wavelength

rotation of the polarization by the fibre

The following environmental tests are required
for the application in a spacecraft:

e cryogenic temperature test at 40 K

e vacuum test to verify the reliability of the used
materials

e ~-radiation test

e high-energy proton radiation test

The cryogenic test will be done at 77 K (liquid
nitrogen) first and repeated with liquid helium to
achieve the 40 K. The gamma radiation test will
be done for a representative number of samples
shielded by 5 mm aluminium at a total dose of
25krad, 50krad, and 500krad. The proton radi-
ation test is planned for a later time in Phase 2 of
the project. 10'° protons per em? with an energy
of 10 MeV will be fired on the samples.

4 Results

Figures 3 and 4 illustrate the principle difference be-
tween the mode filtering behavior of multi mode
and single mode fibres. The first picture shows the
mode distribution of a multi mode fibre. We see
a lot of speckles caused by the propagation of all
higher order modes. A single mode fibre a shown
in the second picture produces a single spot alone
coming from the unique fundamental mode of the
fibre. All disturbing cladding modes are suppressed
by the absorption layers. The fundamental mode in
single mode fibres is characterized by a Gaussian-
like intensity distribution of the emitted beam.

The cut-off wavelength of a circular single mode
fibre is affected by two parameters: The index
difference between core and cladding (numerical
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Figure 3: Mode distribution at fibre output: multi mode
behavior, below cut-off wavelength.

Figure 4: Mode distribution at fibre output:
mode behavior, above cut-off wavelength.

single

aperture) and the core diameter. The length of the
fibre together with the absorption layer affects the
performance of the mode filtering.

The Fresnel loss at the facets comes from the re-
fraction index greater than 1. The GAST material
has a refraction index of n=3 and the Fresnel
loss from both facets results in a loss of 50%.
Antireflection coatings of the fibre ends reduce the
Fresnel loss to a few percents.

An oversized pinhole is used at the fibre input to
obtain defined coupling conditions. Measuring the
power after the pinhole gives a good indicator of the
light that can be coupled into the fibre. The pinhole
at the input also serves to limit the optical power.
Excessive input power immediately destroys the
facet in particular for the soft silver halide material.

Ideally the coupling to the fibre input should



not affect the mode filtering capabilities. However
the quality of the fibre facet has some impact
on the mode filtering. Partially broken fibres or
contaminated facets deteriorate the mode filtering
and increase the damping. An example of a perfect
silver halide facet and a contaminated one is
given in figures 5 and 6. If both fibres have the
same design, the fibre of figure5 achieves a better
transmission.

Figure 5: Fibre facets of different quality: perfect facet

quality.

Figure 6: Fibre facets of different quality: contaminated
facet (oily ferrule).

5 Conclusions

During the last weeks the fibre performance has
been continuously improved by design changes and
by better purification of the starting materials.
Improvements have been achieved concerning
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transmission and mode filtering. Proper proce-
dures have been worked out to characterize and
compare the fibres. A method has been developed
to achieve reasonable single mode behavior in short
fibres.

The fibre made of silver halide achieved good
results.  Silver halide fibres are extruded by
pressing the heated and soft material through a
die under high pressure. Each deformation of the
crystalline structure can increase imperfections in
the structure and will raise the damping. The
transmission is still critical as the grain size, core
size, and the size of deviations from circularity are
in the same order of the wavelength in use. High
facet quality and optimized material parameters
yielded finally success. The material is best suited
for the upper wavelength band. The optimized
core has a diameter of 50 micron.

The GAST fibre is better suited for the lower
wavelength range. No graining is observed in the
glass. The fibre is drawn by the double crucible
method and perfectly circular core cross sections
are routinely achieved. The core diameter is
adjusted by pressure in the inner crucible and
drawing speed. The GAST fibre achieves a better
mode cleaning behavior as compared to silver
halide fibres of the same length.

6 Outlook

In the following weeks we will continue the perfor-
mance measurements on both types of fibres. Silver
halides and GAST. We want to make statistically
relevant measurements on sets of up to 25 fibres
from each fibre type. The samples will be fully as-
sembled and AR~coated. Beside a cryogenic test at
77 K and 40 K on a living system we also will make
performance tests before and after gamma radiation
exposure to the fibre samples. In the following the
proposed tests and required parameters are summa-
rized. We are particularly interested in any failure
of the fibre, e.g. blackening by radiation, reduced
adhesion of AR-coating, or cracks in the interface
connector to fibre.
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The future LISA Mission requires an ultraprecise phasemeter for acquisition of interferometer beat signals
with prad precision whose differential phase contain information about the distance fluctuations between
two satellites.

This article presents the concept for a new phasemeter prototype. First, we show the theoretical idea of
the phasemeter. Then we explain the first design of the PLL (Phase Lock Loop). The following sections
discuss the implementation of the phasemeter, especially the PLL, and the data transfer to the computer.
Finally, we present the actual status and give an outlook for the next planned steps.

1 Introduction two AD-Converters (Analog Digital Converter).

o . . After that, there should be a synchronisation sig-

In the LISA project it is required to measure varia- .1 fo each input signal implemented in a digital
tion of the distance between two satellites separated  py 1, The sample rate is fse, = 100 MHz
. step = .

by 5 million km in the range of picometers. There-
fore, an interferometer produces two sinusoidal sig-
nals, whose differential phase contain information
about the distance fluctuations. With a phaseme-
ter, the difference between two phases can be mea-
sured, and thus the changes of distance can be cal-
culated.

At the present a team of Astrium GmbH — Satel-
lites (Friedrichhafen), the University of Applied Sci-
ences Konstanz (HTWG Konstanz) and the Hum-
boldt University in Berlin are designing a new inter-
ferometer, which produces signals in a bandwith of
2—20 MHz. The main goal of this work is the devel-
opment of a suitable phasemeter, able to determine
the phase of these signals with urad accuracy.

2 Requirements Figure 1: FPGA Board in this project: Altera Stratix
1T EP2S60F1020C4
The Phasemeter should be realised digitally in
VHDL (VHSIC(Very High Speed Integrated Cir-
cuit) Hardware Description Language) on an
FPGA (Field Programmable Gate Array). There-
fore, the analog input signals, which are obtained
from the interferometer, have to be digitalised with

Every 100ms the information of the phases can
be read out and will be sent with a timestamp to
a computer via RS232-Interface. On the computer
this information will be saved by a custom program.
The final goal is to measure the phase to an acur-

*Current address: HTWG Konstanz, 78462 Konstanz, LaCy of 6 prad within the LISA measurement band
Germany; e-mail: braxm@htwg-konstanz.de of 0.1 uHz — 1 Hz.
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3 Layout and Function

Two parallel PLLs are the main components of the
Phasemeter. Each has to produce a synchronisa-
tion signal with a difference in phase of 90°. Figure
4 shows the layout of a digital PLL for one input
signal.

Input_signal Sin 5
Phase 4

Detector

fa

Loop
Filter

NCO

Figure 2: Initial Layout of the PLL

Before the signal can be sent to the PLL, it must
be digitalized by an AD-Converter.
The first part of the PLL is the Phase Detec-
tor (PD). There, the signal will be multiplied by
the NCO signal (Numerical Controlled Oscillator).
The formula for the PD is

Sd(t) - Kd . sln(t) . Snco(t)
K - amplification factor PD

(1)

with the formulas of the input signal and the
NCO signal

Sin

Aip - sin(wint + ©in)

Anco . Sin(wncot + Spnco)~ (2)

S'IICO

The result of (1) and (2) is

Ko Ain - Anco

2
[COS((wi’ﬂ - wnCO)t + ((pzn - Qpnco)) +
COS((win + wnco)t + Yin + Spnco)]~ (3)
The PD output signal consists of a quasi DC- and

an AC-part. When the PD is engaged (win, = Wneo)
then

Sd(t)

Kd . Ain : Anco .

2
| —

amplification factor
[cos( (Pin = Pnco) +
(-
difference of phase

c08(2 - Wint + Qin + Pnco)]-

Sd(t)

(4)

AC-Part
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For controlling the NCO only the DC-part is re-
quired. The other part has to be filtered out by the
Loop Filter (LF). Therefore, a lowpass filter will be
implemented.

Initially the NCO has its own frequency. If the LF
output signal has a value, the eigenfrequency of the
NCO will be changed to

(5)
The information of the phase can be read out

from the NCO output signal.

Every 100ms, both signals will be sent to the com-

puter via RS232.

4 Design of the PLL

4.1 NCO

The NCO consists of 3 components: frequency reg-
ister, phase register and a Look Up Table (LUT).
The step size x for the phase request will be shown
by the frequency register. Therefore, it is necessary
to calculate the step size with

The sine-wave is divided into steps of the
phase register. So the accuracy of the phase is
60 x 10~ %rad. The Look Up Table is controlled by
bit 8 to bit 19 of the phase register. The Look Up
Table consists of 210 addresses with the information
of a quarter of one wave. The other three quarters
of one wave is determined by the developed VHDL
Program.

- Knco : Sin(wncot + Pnco + Slf)

Snco

T 220,

220

4.2 Loop Filter

A lowpass filter of first order is designed as an IIR-
Filter (Infinite Impulse Reponse). Its cut-off fre-
quency is chosen to be f; = 100kHz. The digital

transfer function Z(z) is

_ -1
A =5 (")

For calculating the coefficients g, o1 and 3; of
(7) the following formulas are required.

AO 1-— all
— o = : = ) 8
@0 a1 1+a11’ ﬂl 1+all ( )
The normalised cut-off frequency Fj is
f;  100kHz
F,=—"=——"=0.001 9
9 faep 100 MHz (9)

In (9) the scale factor [ is

I = cot(nF,) = 318.3088. (10)



The lowpass filter has an amplification factor
Ap = 1. For a lowpass filter of first order the coef-
ficient a1 is a1 = 1.

Therefore, the coefficients g, a1 and 3 are

ap=ap =3.1318-107%; B, = —0.9937. (11

The schematic diagramm for the implementation
of the digital transfer function (7) and the calcu-
lated coefficients (11) are shown in Figure 3.

X
)
o, = 31318%107 2, =3,1318%107
0
B, =—09937
Figure 3: Design of the IIR-Filter

5 Implementation
5.1 PLL

The PLL will be implemented digitally on the
FPGA. Therefore, the values between -1 and 1 have
to be converted to words of bits. It is important
that the dimension of the summand and factors
of the addition and multiplication respectively are
equal. The AD-Converter implemented a signal be-
tween -1 and 1. This will be converted to a word
length of 12 bits signed. For example, the value 1
is converted to 2! — 1.

The input signal is sent to the Phase Detector,
where it is multiplied by the NCO signal. This is
why the interface of the NCO should be the same as
the interface of the AD-Converter. Now the output
signal of the Phase Detector can be calculated by
the multiplication of the input and the NCO signal.
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Figure 4: Implementation of the Phasedetector

The Phase Detector’s output signal has to be
multiplied once with the coefficient ay and once
with the coefficient oy from (11).Therefore, the co-
efficients have to be dimensioned the same as the
Phase Detector’s output signal. As well the output
signal of these multiplications can be calculated.
The design in Figure 3 shows that these output sig-
nals are added to the multiplication of the return
value of the filter’s output signal and the coefficient
1. Resulting from this is that the best way to di-
mension both is like the other coefficients oy and
ay. The results are shown in Figure 5.

8o

=
(22-1f

a; =0.0031318

*(211_1)1

ay = 0.0031318 (1}

1.1
2 -1f
=—-09937*[2" — 1)

Figure 5: Implementation of the Loop Filter

The filter’s return value has to be divided by
(211 — 1)2. For the implementation in an FPGA
it means cutting off the last 24 bits, however the
difference compared with the division it would be
large, and therefore the filter wouldn’t work well.
The answer to this problem is to realise the multi-
plication with coefficient 31 in another way. 3; can



also be written as

1+ 5

b (12)

Resultant of (12) is 8, = 0.0063, which is approx-

imately 277 and means that the return value of the
filter is shifted 7 bits to the right, and thus the im-
plementation is much easier.
The new cut-off frequency calculated with the for-
mula (9) and (10) is f, = 124.7kHz. Also the value
of coefficients oy and al has changed. The new
value calculated with formula (8) is ap = a; =
3.9 -1073. So the final design of the loop filter is
shown in Figure 6.

Fos

T
(221

Figure 6: New Design of the Loop Filter

The next step is to implement the NCO (Figure
7). The important part is how the output signal of
the Loop Filter controls the frequency of the NCO.
The phase register, which has a word length of 64
bits and has the information of the phase, will be
controlled by the frequency register. From these
64 bits the lower 20 bits are responsible for the si-
nusoidal signal of the NCO, but only Bits 8 to 19
control the Look Up Table.
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LUT

Lol

Figure 7: Design of the NCO

5.2 Data-Transfer

The Development of a specific protocol allows the
FPGA to send a block of several Bytes to the com-
puter via RS232 interface every 100 ms. This block
consists of a 2 Byte synchronisation block, which
inform the computer that data will arrive, a 2 Byte
length block, which contains the information of the
block length, a 4 Byte Headerblock, which does not
yet contain information, and the Datablock, which
consists of the timestamp and the information of
phases.

Before sending, the block is saved in a FIFO buffer,
which means that in a 10ms rhythm the FPGA
gets the information of the phases from the phase
register and saves it with the current timestamp in
the data block.

6 Outlook

One phase for the phasemeter and the process of the
transfering is already implemented in the FPGA,
which means that one signal can be measured and
duplicated by the PLL. The next steps are to find
the best settings for the PLL. A very important part
is to find the dimension of the filter’s output signal
to control the NCO. If that step is done, the whole
phasemeter, with two PLLs, will be implemented
in the FPGA and will be tested by two real signals.
Finally the receive program will be adapted.
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Status: Down-Scaling of HEMP Thrusters
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Future space missions in earth observation and science are based on high accuracy metrology payloads,
mostly in combination with drag free attitude control of the spacecraft. Goal is to ensure an appropriate
noise-free environment for the sensitive measurements of e.g. Earth’s gravity field and its gradient,
gravitational waves or Earth’s magnet field. For that purpose thruster with uN thrust and minimum
noise are required. Different kinds of thruster are currently on development (RITs, FEEPs, GITs), but,
however with great difficulties, especially in lifetime and noise behavior.

In this report we present our initial work with respect to a feasibility study of HEMP (High Efficiency
Multistage Plasma) thrusters down-scaled to the uN-region. An introduction to the principle is given.
As first result the ion to be used in the plasma was selected.

1 Introduction | =300 10 2000v hllow cathode neutraser

I emits lectrons required for
I discharge ignition and
ion beam neutralisation

First ideas for electric propulsion were presented at
the beginning of the 20" century [1]. Nevertheless
it took until the last few decades until being de-
ployed. This is mainly due to the conservatism ap-
plied in spacecraft industry and the lack of high lev- 0 oo ol oo o0 o0 _ e
els of electric power onboard spacecrafts [1]. With
the history of electric propulsion famous names like
Tsiolkovsky, Goddard and Oberth are connected.
The major advantage in comparison to chemical
thrusters is the high efficiency in using propellant.
Another point is the lower disturbance of the space-  pasic principle is the ionization of a gas and acceler-
craft’s instruments due to lower thrust noise and ation in a static electric field. Due to the high par-
mechanical vibrations. Their main field of applica-  tjcle velocity v in comparison to chemical thrusters
tion is attitude / orbit control (such as north-south 5 high propellant efficiency is reached effected by
station keeping) and as main engine on interplane-  the high mass-to-charge ratio. This is expressed by
tary spacecrafts. a high specific impulse [6] I, = mj;o = -, with
thrust 7', propellant mass flow 7, standardg gravity
go = 9.81 m/s? and mean propellant particle veloc-
Electric propulsion is subdivided into ity v. The demand of a high amount of electric
energy is a drawback.

electrons on closed drift orbits

Figure 1: HEMP thruster operation principle [4]

2 Principle

e clectrothermal

3 HEMP Thruster

e clectrostatic

There are many different classes of ion thrusters
known. One of the most promising is the so-called
thruster. The treated HEMP thrusters (High HEMP thruster invented by G. Kornfeld et al. [5].
Efficiency Multistage Plasma) are ion thrusters The schematic setup is shown in Figure 1.

e electromagnetic

which are a subclass of electrostatic thruster. Their In a cylindrical dielectric tube a gas (typically a
*Current address: HTWG Konstanz, 78462 Konstanz, noble gas, in the Figure Xenon) is injected. Elec-
Germany; e-mail: braxm@htwg-konstanz.de trons generated by a neutraliser and attracted by
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the anode (placed at the gas inlet) ionize the gas by
impact (generation of ions). These ions are acceler-
ated in the electric field (several hundred V up to a
few kV).

A periodic poled magnet (PPM) stack is used to
focus the plasma beam which reduces erosion of the
walls. It also traps electrons on their way to the
anode in magnetic cusps which increases ionization
efficiency of the electrons. Between two magnets
the magnetic field has a predominantly radial char-
acter. Due to Lorentz force (F = ¢(E + v x B))
the electrons are on a spiral movement and increase
the collision length. The increased electron density
shields the electric field so that after every stage the
acceleration voltage drops.

The neutraliser emits electrons and is employed
for discharge ignition and beam neutralisation (to
prevent charging of spacecraft). The advantages
over other thrusters like GIT’s (Grid Ion Thruster)
and FEEP’s (Field Emission Electric Propulsion)
are:

e simple design
o high reliability

e high efficiency (conversion of 80 % of electric
power in kinetic ion beam power [2])

e low sputter erosion of the tube walls or grids

Therefore this class is an interesting design for fur-
ther investigations, as the above features are ex-
tremely relevant for space applications.

4 The Project

Many future space missions rely on ultra precise
attitude and drag free control systems, e.g. the
class of fundamental physics missions like DAR-
WIN, GAIA, MICROSCOPE and HYPER. For the
LISA (Laser Interferometer Space Antenna) mis-
sion an attitude precision in the nano radian range
is needed which requires the use of thrusters in the
uN thrust range.

Currently, FEEP’s are the only candidates for
the uN thrust range [2]. They are operating in
the range from 1 — 100 uN with low noise in the
0.1—100 mHz frequency band and using liquid met-
als as propellant. However metal droplets can con-
taminate the spacecraft and limit the life time of
the thruster. Another drawback is the high voltage
which is needed for acceleration.

An alternative solution may be to reduce the
thrust of existing HEMP thrusters to the 1—100 uN
thrust range. Special attention should be payed on
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Figure 2: Thrust T (blue curve) and specific impulse
I (red curve) plotted over molar mass, calculated with
acceleration voltage U = 100V, gas flow [y = 0.1sccm
and an average ionization of one elementary charge per
particle. The points denotes the values of the stable
rare gases.

thrust noise which is a very important factor for the
LISA mission.

With some rough assumptions the thrust is 7' ~
TparticleUM where Iparticle is the particle number
current, U the acceleration voltage and M the mass
per particle. So there would be different possibili-
ties for reducing thrust:

e using different gas (so far mainly Xenon is
used), reducing mass per particle

e lowering voltage which may lead to higher noise
level (thermal effects become stronger)

e lowering particle number current which may
also increase noise level (single particle effects
gain influence).

The criteria for propellant gas selection are a low
molar mass M (for low thrust and high specific im-
pulse, see Figure 2) and a high ionization cross sec-
tion o (for high ionization efficiency). As possible
candidates for propellant gases meeting these re-
quirements are Methane (CHy, M = 16 g/mol and
cross section up to o = 3.5 x 10716cm? [3]) and
Ammonia (NHs, M = 17g/mol and cross section
in the range of ¢ = 3 x 1071 c¢m? [7]). Compared
to Xenon (Xe, M = 131g/mol and cross section
up to o = 5.5 x 1071 cm? [8]) the cross section
is approximately two-thirds and molar mass is one
order of magnitude smaller. It is important to find
a good compromise between high ionization cross
section and low molar mass.



As first step the feasibility of reaching the desired
thrust range has to be studied. Therefore the scal-
ing behavior of different system parameters has to
be analysed. If that succeeds a first test model can
be built to check the calculations and to investigate
the properties.
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Interferometry-based Dilatometry for Dimensional
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We present an advanced optical dilatometer for high accuracy and resolution absolute measurement of
the linear coefficient of thermal expansion (CTE;). Based on a highly-symmetric differential heterodyne
interferometer with two Michelson interferometer arms dimensional changes of a tubular shaped specimen
under controlled thermal conditions can be characterized. Our measurement facility is located in vacuum
and offers a ppb (107°) sensitivity, the test specimen can be temperature controlled in a temperature
range between 20°C and 60°C. A thermally stable support and two identical isostatic mirror clamps
were specifically designed to fix a reference and a measurement mirror inside the sample tube enabling a
non-tactile measurement where no load in the axial direction is applied to the device under test (DUT).

1

Materials and solid state bodies change their geo-
metrical dimensions with a change of the ambient
temperature. The length stability of a solid mate-
rial is characterized by the linear coefficient of ther-
mal expansion (CTE,), which is defined by

Introduction

AL 1 .
= KO

where AL/L represents a relative length variation
when the material is exposed to a temperature vari-
ation AT. It is usually expressed in units of micro-
strain per Kelvin or ppm per Kelvin (107¢/K).
For volumetric dimensional changes, the cubic co-
efficient of thermal expansion is defined by

CTE[ ==

AV 1
CTE,=f=—- -— [K]. 2
0Ty K@
For an isotropic material 5 = 3a. This ma-

terial specific property is in general temperature-
dependent but for several materials can be approx-
imately constant over a wide temperature range.
The CTE varies over temperature depending on
the kind of materials, either pure solids or compos-
ites. Pure solids follow the Debye model of heat
capacity C, as function of the temperature with a

*Current address: HTWG Konstanz, 78462 Konstanz,
Germany; e-mail: braxm@htwg-konstanz.de
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T3 dependence, where exists a linear correlation be-
tween the volumetric CTE and the heat capacity for
low temperatures: CTE, x C,.

For composite materials with precise constituents
proportion and a well-studied manufacture process
the CTE is tunable. Thus, a composite with a neg-
ative and a positive CTE constituent can be tuned
to the desired CTE. This can be even close to zero
over a determined temperature range. Generally
the thermal properties of a solid material together
with its stiffness and density (see table 1) determine
its mechanical structural quality and therefore its
possible applications.

A study of the CTE can provide information
about quality defects in the structure caused dur-
ing manufacturing or storage, manufacture errors,
ageing or fatigue effects. In composites the CTE
can even provide information about its composition,
i. e. the relative quantity of each component. For
this reason materials are usually thermally charac-
terized by measuring this material property.

From now on we will refer to the linear CTE as
CTE, since our apparatus is intended to measure
dimensional changes in length and not in volume.
For this purpose — for a sample of known length L
— two physical quantities have to be measured (AL
and AT). The most reliable measurement tech-
niques have being developed with resolutions high
enough to measure dimensional changes in length



Table 1: Properties of therma

lly highly stable materials.

Composition Strength Density CTE
[GPa] [kg/m®] [ppm/K]
Invar36®  Fe(64)Ni(36) ~ 140 ~ 8000 A~ 1.6 [14]
CFRP PAN fibres-epoxy ~ 220 ~ 1700 ~ —0.5 [14]
Zerodur™ ceramic-glass 90 ~ 2500 < 0.01 1]
ULE® Titania silicate  67.6 2210 <0.03 2]
Fused silica SiO- 73 2200 0.4 [14]

of the most sophisticated ultra stable materials.

Thermomechanical analyzers belong to the
dilatometry instruments. They are suitable to char-
acterize highly stable materials, where the change
in length (AL) of a known length (L) is transmit-
ted to a displacement sensor as a function of tem-
perature by means of push-rods fixed at the ends
of the probe. Several displacement sensors are in
use, from a simple dial gauge, a capacitance trans-
ducer or a linear variable displacement transducer
(LVDT). This technique works adequately from un-
der 0°C to over 2000°C, provided that the materials
of the supporting system and the push-rods are sta-
ble. The accuracy of such instruments is typically
at maximum 40.1-1075/K, for data obtained over
a 100°C temperature interval [6,12].

Optical dilatometry offers higher accuracy com-
pared to mechanical dilatometers since the change
in length of the DUT is measured as a fraction of
the source laser wavelength. The relative movement
of two mirrors or reflecting surfaces (reference and
measurement mirrors of an interferometer) placed
in contact with the end faces of the sample is mea-
sured under controlled temperature changes. It is
suitable for characterizing even ultra-stable materi-
als like polymers and glass-ceramics. Measurements
near to the absolute zero [3] and up to 2000 K [13]
using a cryostat or an oven housing the test spec-
imen have been carried out. Within the interfero-
metric techniques different concepts have been de-
veloped, from homodyne to heterodyne detection,
implementing Fizeau, Fabry-Perot or Michelson in-
terferometers. The variety in optical systems is also
diverse [8], and can be classified according to the
paths that beams travel in the interferometer as
single or multi-pass. Based on how they measure
the length variation of the DUT, they can be di-
vided in single-ended (where an auxiliary reference
is used as reference mirror of the interferometer),
or in double-ended techniques (where the reference
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and measurement mirrors of the interferometer are
both part of the DUT or fixed to it). As reflec-
tive components fixed to the sample, specific mir-
rors, retroreflectors, cube corner prisms or just the
coated surface of the end faces of the sample can
be utilized. Compared with mechanical dilatome-
ters the method of laser interferometry offers higher
sensitivity, precision and reliability for measuring
microscopic length variations.

There is a wide variety of materials with very
low CTE (cf. table 1), but not all offer a tunable
CTE like for instance carbon-fibre reinforced plastic
(CFRP) and Zerodur™. CFRP is made from pyroly-
sis treated carbon-fibres of polyacrilonitrile (PAN)
and a polymeric matrix of epoxy resin. Isotropic
materials, like polymers expand equally in all di-
rections. On the other side, the fibres used to re-
inforce this polymer resin matrix, carbon fibres in
case of CFRP, are not isotropic. The oriented fibres,
which are stiffer than the matrix, produce a com-
posite stiffness higher in the direction of the fibre
orientation than in the transverse direction. Thus,
the thermal deformation in the axial direction of a
CFRP tube can be controlled by combining a fibre
of appropriate axial stiffness and negative thermal
expansion with a matrix of given stiffness and pos-
itive thermal expansion. With this premise and a
well-controlled plies lay-up, a theoretical zero ther-
mal expansion at a given temperature in the direc-
tion of interest can be designed. The manufacture
process determines the exactitude degree this theo-
retical value can be obtained.

Highly stable but lightweight materials find its
application in aeronautical and space structures,
where the highest stability requirements have to be
met. Particular challenging requirements have to
be fulfilled for the LISA Mission (Laser Interferom-
eter Space Antenna, [4]), where the telescope spac-
ing between primary and secondary mirror must be
stable to a few picometres. Only few materials offer



sufficient thermal stability to provide such perfor-
mance. Candidates are for example Zerodur™ and
carbon-fibre reinforced plastic (CFRP), where the
latter is preferred in terms of mechanical stiffness
(which is similar to metal) and robustness (cf. table

1).

In case of LISA, the total ‘single link’ pathlength
distortion caused by thermal expansion of the full
telescope spacer material is

AL = 2Lspace7" ' CTEspacer : AT: (3)

where Lgpacer is the distance between the pri-
mary and secondary mirrors of the telescope (trav-
elled twice before reaching the optical bench) and
CTFEgpacer is the coefficient of thermal expansion of
the spacer material.

Within the current LISA Mission Formulation
Study [5] conducted by Astrium GmbH under ESA
contract, the error budget for geometrical path-
length changes due to telescope deformation is
presently allocated to be

!
Lspacer . CTEspacer < 200 nm/K . (4)

This implies approximately a maximum
CTEspacer value of 0.2 - 1079/K, where the
in-operation telescope temperature ranges from
—60°C (external spacecraft area) to 20°C (optical
bench).

To characterize thermally highly stable materials
we have developed a high accuracy measurement
facility based on heterodyne laser interferometry,
which is able to measure dimensional changes with
ppb sensitivity. So far the facility has been used to
characterize tubes of carbon-fibre reinforced plastic.

2 Measurement method

Our facility was designed for measuring the CTE of
cylindrical tubes with a 20 mm internal diameter,
a ~ 2mm wall thickness and a maximum length of
120 mm. The device under test (DUT) is placed in-
side a radiation heating with Peltier elements used
for temperature control. A function (such as a sine
or square wave) is applied to the heating and the
resulting temperature variation AT of the sample
tube is measured by high-sensitivity temperature
sensors. Two mirrors are fixed inside the tube with
a distance L, its length variation AL when exposed
to temperature changes is measured by use of a dif-
ferential heterodyne interferometer, cf. figure 1.
The interferometer is based on a highly symmet-
ric design, where two Michelson interferometers are
implemented to achieve differential length variation
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measurements between a reference and a measure-
ment arm [11]. The symmetry implies that refer-
ence and measurement beams of the interferometer
have the same frequency and polarization, as well as
optical pathlengths, except the distance L between
the reference and measurement mirror clamped in-
side the tube. Heterodyne interferometry provides
high accuracy and easy implementation of an in-
quadrature phase readout offering a dynamic range
not limited to A/2 in the optical path difference.
From the point of view of materials characterization
or dimensional thermal analysis this means the abil-
ity to characterize materials with non-monotonic
thermal expansion and also the exposure of the
DUT to periodical thermal cycling.

The method of differential wavefront sensing
(DWS [7]) is utilized for measuring the tilt of the
mirrors in the tube. This allows the detection of ir-
regular deformations or rotations of the device un-
der test with microradian resolution.

T

heater: peltier

measurement elements
mirror A

temperature

L Sensors

test tube

reference mirror

to/from 1:

interferometer

Figure 1: Block diagram showing the CTE metrology
principle. Reference and measurement beams have the
same frequency and polarization coming from a same
beam previously split. The optical pathlength differ-
ence between interferometer arms L is determined by
the separation distance of reference and measurement
mirror reflective surfaces, fixed inside the DUT.

3 Measurement set-up

Our highly symmetric heterodyne interferometer
was originally developed as a lab demonstrator
for an optical readout of the LISA gravitational
reference sensor, where translation and tilt of a
free flying proof mass with respect to the optical
bench must be measured [9,10]. With this inter-
ferometer, noise levels below 10 pm/v/Hz in trans-
lation measurement and below 10 nrad/ VHz in tilt
measurement, both for frequencies above 1072 Hz,
are achieved. The measurement instrument is de-
scribed in detail in the project ‘Optical heterodyne
interferometry for high sensitive translation and tilt
metrology*.



An overview sketch of the adapted setup for
high accuracy optical dilatometry is shown in fig-
ure 2 depicting its functional subsystems and the
corresponding optical and electric interfaces. The
measurement facility, i. e. the interferometer and
the DUT and heating subsystems, is placed in-
side a vacuum chamber operated at pressures below
10~*mbar in order to avoid air turbulence and to
provide a thermally stable environment.
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Figure 2: Overview sketch showing the functional sub-
systems of our CTE measurement facility.

Figure 3: Measurement facility inside the vacuum cham-
ber. The heating subsystem is mounted, covering the
sample tube support.

A schematic of the optical setup inside the vac-
uum chamber is shown in figure 4. The laser light
with frequency fs is split in two parallel beams and
directed to the interior of the sample tube where
one beam is reflected by the reference mirror and
the other by the measurement mirror. Each of these
mirrors represents the measurement end mirror of a
classical heterodyne Michelson interferometer. The
signals coming from the sample tube are super-
imposed at a non-polarizing beamsplitter with the
laser light of frequency f; resulting in a reference
and a measurement beam at the heterodyne fre-
quency. Each one is detected by a quadrant photo-
diode, where the sum signals are used for the trans-
lation measurement and the four halves (up, down,

left, right) signals for tilt measurement. All signals
are amplified, anti-aliasing filtered and transferred
to a Field Programmable Gate Array (FPGA) com-
puter board. The phase measurement ¢(t) is pro-
portional to the displacement between reference and
measurement mirrors,

(5)
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Figure 4: Schematic of the measurement facility, i. e. in-
terferometer, DUT and heating subsystems inside the
vacuum chamber.

3.1 DUT subsystem

The sample tube support and the mirror clamps
are two key components of our measurement facil-
ity. The tube is mounted on an anodized aluminium
support which is thermally insulated against the
cast aluminium interferometer board by use of thin-
walled fibreglass tubes. The tube is supported ra-
dially in the middle in order to compensate gravity
expansion of the lower half and compression of the
upper half. Three fine thread screws placed trian-
gularly in the support encircling the sample tube
are used for an angular adjustment of the tube in
relation to the mirror on the interferometer board
that directs reference and measurement beams per-
pendicular upwards inside the tube (cf. figure 5).
Two identical mirror clamps were designed to fix
both reference and measurement mirrors inside the
test tube (see figure 6). Invar36®, an iron-nickel
alloy which offers a very low coefficient of thermal
expansion (cf. table 1) was chosen as material for
the mirror mechanical clamping support. Each mir-
ror clamp is made up of six legs of the same length.
Three of them fix the clamp to the inner surface of
the CFRP tube, the other three legs fix the mir-
ror inside the clamp. The reflective mirror surface
together with the six clamping points of the clamp
legs define a neutral thermal plane, which in case of
a thermal expansion of the clamp due to a temper-
ature variation keeps the reflective mirror surface
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unmoved. By fixing the mirror clamps inside the
tube with a 10% of the tube length separation dis-
tance to the tube ends, edge effects of the CFRP
tube do not influence our measurements.

e

Figure 5: Sample tube mounted on the support, the
mirror clamps are already fixed at the top and bottom
ends of the tube.

3.2 Heating subsystem

The heating set-up works in vacuum where the heat
is only transferred via radiation. No heat conduc-
tivity medium is present between the heating sub-
system and the DUT subsystem. The heating set-
up is made of a copper cylinder in contact with
peltier elements offering approximately the same re-
sponse both for heating and cooling. The heating
surrounds the sample tube radially where the DUT
is located in the middle. The cooling and heating
energy of the peltier elements are directed to the
walls of the vacuum chamber. The whole set-up is
covered with multi-layer insulation (MLI) to insu-
late the interferometer baseplate from the temper-

Figure 6: Measurement mirror (left) and reference mir-
ror (right) mounted on the clamps. The reference mirror
is cut in order to allow the measurement beam to pass
to the measurement mirror.

troller driven by a function generator. A Pt100 tem-
perature sensor with a range from 0°C to 100°C
is glued to the copper cylinder inner surface and
provides the actual operating temperature of the
heating subsystem to be controlled. Two additional
temperature sensors are glued to the middle of the
test tube inner and outer surfaces using a heat con-
ductive epoxy. All sensors are connected in a four-
wire system to low noise bifilar braided Manganin®
(copper-manganite-nickel alloy) wires with a low
heat conduction capability.

Figure 7: Cross-sectioned schematic of the test facil-
ity, simulating a measurement process. The mirrors are
mounted inside the sample tube which is surrounded
by the temperature controlled copper cylinder. Also
shown is the aluminium support of the heating subsys-
tem mounted to the vacuum chamber walls.

4 Facility characterization

In order to characterize our measurement facility

ature variations (see figure 3). It also helps guiding we first measured the transfer function response of

the heat to the walls of the chamber without affect-
ing the interferometer board.

Temperature changes are supplied in form of pe-
riodical changes as thermal cycling by controlling
the peltier elements with a PID temperature con-
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one single mirror under thermal cycling. The mir-
ror was clamped at the top of the support acting
as reference and measurement mirror, no test sam-
ple was mounted. A temperature sensor was glued
to the mirror, monitoring its temperature variation.



We calculated the power spectral density from the
length variation measurement data and obtained a
noise level below 0.2nm/+/Hz in translation (length
variation) and below 20 nrad/v/Hz in tilt measure-
ment, both for frequencies above 1072 Hz (cf. fig-
ure 8 and figure 9). This measurement represents
the behaviour of the whole system without DUT,
i. e. the maximum accuracy of our system. By ap-
plying a thermal cycling we measured a pathlength
variation per Kelvin (AL/AT) of ~ 4nm/K. This
pathlength variation assumed to be theoretically
zero is mainly caused by a tilt of the mirror in the
support. The measured translation can therefore
be corrected by subtracting the translation caused
by the measured tilt (cf. figure 10), where a tilt
of 1urad implies a length measurement of approxi-
mately 8nm.

The figures also include the noise levels of the
interferometer itself when operated with one fixed
mirror representing measurement and reference
mirror: well below 10 pm/v/Hz in translation and
10nrad/v/Hz in tilt measurements, both for fre-
quencies above 1072 Hz.

Translation [nm [(Hz)]

0

10" 10

1

107
Frequency (Hz)

10

Figure 8: Noise levels for expansion measurement.
Comparison between the noise level offered by the inter-
ferometer itself (lower line) and the noise by implement-
ing the tube support (upper line). For the second curve
a single mirror is placed on the top of the support acting
as reference and measurement mirror, subjected to sine
thermal cycling, AT = 5°C and a 2 hours period.

Summary

We have presented an interferometric facility for the
measurement of the linear coefficient of thermal ex-
pansion of highly-stable materials in the tempera-
ture range 20°C to 60°C with ppb sensitivity. Our
highly-symmetric heterodyne interferometer imple-
ments a double detection system for differential
measurements, which offers a picometer resolution
performance.
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Tilt angle [uradHz]

Frequency (Hz)

Figure 9: Noise levels for tilt measurement. The lower
line represents the noise of the interferometer and the
upper line the noise when the sample tube support is
implemented. Measured the same way as in figure 8.

The implementation of differential wavefront
sensing for tilt measurements enables the measure-
ment of the error introduced by a tilt of the sample.
This method supposes not only a simplification in
optical components compared to double-pass inter-
ferometers, where the sensitivity to the tilt of the
sample is very low, but also an improvement since
the characterization of the material provides more
information about its thermal behavior.

Outlook

New mirror clamps are being designed which should
avoid any alteration on the sample tube inner
surface and can also be implemented in a Zero-
dur™ tube which is slightly brittle. We will perform
a measurement with a specifically manufactured Ze-
rodur™ tube with a known CTE. Zerodur™ has a
non-directional isotropic structure, and offers a ho-
mogeneous radial thermal behavior. We will use
the measurement as macroscopic calibration of our
measurement facility.

We also plan to further improve the interferom-
eter to achieve a reduction of the thermomechan-
ical noise limiting the measurement accuracy. We
will realize a new interferometer set-up where the
cast aluminium baseplate is replaced by a Zero-
dur™ baseplate. The optical components will be
fixed to the baseplate by use of hydroxide-catalysis
bonding, offering a quasi-monolithic set-up with im-
proved thermal and dimensional stability.

Within the plans to improve the accuracy of our
dilatometer and with the aim to reduce the thermal
noise by working at low temperatures, a new facility
concept is being studied for ppb metrology. It deals
with cryogenic interferometry and will reduce the



80

—tilt
——translation signal
B0~

E
-E- 40 0 ]
2 20- T 1 T t 128
1]
]
0 _qﬁ.mwm“ -4
20 5 10 15 28
time [h]

Figure 10: A tilt of one mirror leads to a translation
measurement. For a tilt angle ¢ << 1 the induced
translation follows the relation AL;pduced = 2¢ - d, be-
ing ¢ the measured angle of the mirror in the azimuthal
sense and d the distance between reference and mea-
surement beams. The line below represents the residual
value ALmeasured — ALinduced, 1- €. the system noise.

thermal noise 10 times with respect to our advanced
room temperature interferometer, giving rise to the
3'd generation interferometers.
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Dimensional Characterization of CFRP Material
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In this report we present the first measurements of our dilatometer facility. Focus is the determination of
the linear CTE of two carbon-fibre reinforced plastic (CFRP) tubes with different theoretical linear CTEs,
—0.647-1075/K and 0 +2.5- 1079 /K, respectively, at room temperature. We are currently investigating
the manufacture limitations of the CFRP and the limitations of our apparatus in terms of measurement
accuracy. In a next step we will characterize a specifically manufactured zero-class Zerodur™ tube with
a theoretical CTE; value < 10-107%/K. Due to its high thermal stability and non-directional structural
isotropy (unlike CFRP) this material has been chosen for macroscopic calibration of the metrology system.
The result of these measurements will thus provide the resolution limitations of our facility and can be

taken as an absolute accuracy reference.

1 Introduction

A detailed introduction to the project is given
in the description of the project ‘Interferometry-
based dilatometry for dimensional characterization
of highly-stable materials’. This report is the sec-
ond part of the project concerning the measure-
ments on the composite material CFRP using our
test facility. This kind of material with precise con-
stituents proportion and a well-studied manufac-
ture process offers the option of a tunable CTE.
As already described in the first part, a compos-
ite with a negative and a positive CTE constituent
can be tuned to the desired CTE. This can be even
close to zero over a determined temperature range.
Generally the thermal properties of a solid mate-
rial together with its stiffness and density (see the
table in first part) determine its mechanical struc-
tural quality and therefore its possible applications.
In the next chapters we will briefly introduce the
carbon-fibre reinforced plastic materials (CFRP)
and present the first measurements with different
CTE-calculation methods.

2 Carbon-fibre reinforced plastic

There is a wide variety of materials with very low
CTE (cf. table in latter project description), but not
all offer a tunable CTE like for instance carbon-fibre

*Current address: HTWG Konstanz, 78462 Konstanz,
Germany; e-mail: braxm@htwg-konstanz.de
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reinforced plastic (CFRP) and Zerodur™. CFRP is
made from pyrolysis treated carbon-fibres of poly-
acrilonitrile (PAN) and a polymeric matrix of epoxy
resin. Isotropic materials, like polymers expand
equally in all directions. On the other side, the
fibres used to reinforce this polymer resin matrix,
carbon fibres in case of CFRP, are not isotropic.
The oriented fibres, which are stiffer than the ma-
trix, produce a composite stiffness higher in the di-
rection of the fibre orientation than in the trans-
verse direction. Thus, the thermal deformation in
the axial direction of a CFRP tube can be con-
trolled by combining a fibre of appropriate axial
stiffness and negative thermal expansion with a ma-
trix of given stiffness and positive thermal expan-
sion. With this premise and a well-controlled plies
lay-up, a theoretical zero thermal expansion at a
given temperature in the direction of interest can
be designed. The manufacture process determines
the exactitude degree this theoretical value can be
obtained.

Highly stable but lightweight materials find its
application in aeronautical and space structures,
where the highest stability requirements have to be
met. Particular challenging requirements have to
be fulfilled for the LISA Mission (Laser Interferom-
eter Space Antenna, [2]), where the telescope spac-
ing between primary and secondary mirror must be
stable to a few picometres. Only few materials offer
sufficient thermal stability to provide such perfor-



mance. Candidates are for example Zerodur™ and
carbon-fibre reinforced plastic (CFRP), where the
latter is preferred in terms of mechanical stiffness
(which is similar to metal) and robustness.

In case of LISA, the total ‘single link’ pathlength
distortion caused by thermal expansion of the full
telescope spacer material is

AL = 2Lspace’f . CTESpacET‘ . AT7 (1)

where Lgpacer is the distance between the pri-
mary and secondary mirrors of the telescope (trav-
elled twice before reaching the optical bench) and
CTEgpacer is the coefficient of thermal expansion of
the spacer material.

Within the current LISA Mission Formulation
Study [3] conducted by Astrium GmbH under ESA
contract, the error budget for geometrical path-
length changes due to telescope deformation is
presently allocated to be

!
Lspace’r . CTESpace’r’ < 200 nm/K . (2)

This implies approximately a maximum
CTEgpgcer value of 0.2 - 1076/K, where the
in-operation telescope temperature ranges from
—60°C (external spacecraft area) to 20°C (optical
bench).

To characterize thermally highly stable materials
we have developed a high accuracy measurement
facility based on heterodyne laser interferometry,
which is able to measure dimensional changes with
ppb sensitivity. So far the facility has been used to
characterize tubes of carbon-fibre reinforced plastic.

3 Measurements and results

With our measurement facility we measured the
CTE of two tubes of carbon-fibre reinforced plas-
tic. One of these tubes was specifically designed
intended to fulfil the LISA telescope thermal sta-
bility requirements having a theoretical zero CTE.

3.1 Specimen preparation

The CFRP specimen was first subjected to a pre-
ceding drying in a thermal vacuum chamber. After
mounting in the interferometer a thermal cycling
for several days was applied, where the data was
not taken for CTE calculation. Both activities im-
proved the dimensional stability of the tube and
reduced its moisture content near to zero.

3.2 Measurement parameters

Time and temperature parameters of the heating
subsystem are only restricted by the energy evac-
uation capacity since the measurement setup is lo-
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cated in vacuum. For this reason it has been deter-
mined that the measurement facility works properly
between 20°C and 60°C.

For the CTE measurement of the CFRP tubes a
cycling period of one hour or higher, for a temper-
ature range of £5°C or +10°C was chosen varying
the temperature offset in the available range. Time
and temperature parameters of the thermal cycling
are chosen depending on the heating function type.
When applying a square function for thermocycling
a period of one hour or longer allows the sample
tube to reach the desired value before the cooling
starts. For a sine function cycling a one hour pe-
riod for a £5°C temperature range and a two hours
period for a +£10°C temperature range showed the
right performance of the tube.

A normal measurement process takes place dur-
ing night, when the environmental disturbances are
smaller. For very long measurements of over a week
a cycling period of up to twenty hours can be cho-
sen. For a long time measurement of twenty days
we observed the translation of the CFRP tube got
stable after eight days with a heating period of sev-
enteen hours (see figure 1). Compared to a square
thermal cycling a sine cycling offers a more linear
behaviour of the CFRP, and is therefore preferred.

Translation vs Temperature

Translation fnm]

5 0 11 1z 13 4 15 16 17 18
Time [days)]

Figure 1: Material behaviour with a 17 hours time heat-
ing period. Shown is the CFRP temperature (green
line) and the resulting expansion of the tube (blue line).

3.8  FEwaluation methods

The data stored from the measurements (AL and
AT) are used for the CTE calculation. First of all
a Least Square Fitting (LSF) process of the curves
AL(t) and AL(t) is performed. This process is ap-
plicable to both sine and square responses. Another
possibility is the computational data filtering. This
method is only applicable when a sine function is
applied providing a clean data series otherwise the
fitting is preferred. Once the data series is fitted or
filtered three main methods can be applied for the
CTE calculation,



(1)
(2)
(3)

hysteresis evaluation,
frequency analysis (PSD),

periodic segmentation analysis.

(1) By periodical thermal cycling the thermal ex-
pansion of the CFRP test tube follows a hysteresis
loop (cf. figure 2) as a result of a delay in the length
variation of the sample in response to the temper-
ature change. The CTE can be calculated after
linearizing the hysteresis curve,

CTE=m/L [K'], (3)
where m is the slope of the linear regression line
and L is the distance between reference and mea-
surement mirrors. The resulting CTE values were
more reliable for a sine cycling due to the linearity

of the response.

Hysteresis loop

e Iuop - .

Transiation [nm]

295 30 3“&5
Temperatire [°C]

Figure 2: Hysteresis loop corresponding the measure-

ment shown in figure 3. The straight line corresponds

to a linear fit whose slope is taken for the CTE calcula-
tion.

(2) The second evaluating method, power spec-
tral density analysis is only applicable for a sine
thermal cycling. Once the number of heating peri-
ods are enough it offers reliable results.

(3) This method utilizes the advantage of the cy-
cling to work out the CTE for long data series (sev-
eral cycling periods, cf. figure 3) where each period
is subjected to the same measurement conditions
as the remaining measurement periods. Hence, the
measured data (AL(t) and (AT(t))) are segmented
in periods, each of these periods is fitted sepa-
rately and the CTE corresponding to each period
is worked out for a known distance between mirrors
L. The CTE is then calculated as the mean value of
the different measurement periods considering each
measurement period a independent single measure-
ment.
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Figure 3: Measured translation vs. temperature. Note
that the translation has at least 180° phase difference
against the temperature, consistent with a negative

CTE.

3.4  Results

The first measurements carried out with our facility
were made for a CFRP tube with a theoretical man-
ufacture CTE value of —0.647 - ppm/K [1]. With
the set-up described before, we measured a CTE
of (0.6 £0.1) - ppm/K at room temperature, con-
firming the theoretical predicted value. The error is
the result of the fitting process including a conserv-
ing assumption of systematic effects. For a single
measurement the error due to the fitting process is
about +0.005 - ppm /K.

For this first CFRP tube, we applied the different
evaluation methods as given in the previous section
showing a deviation of 1.5% in the obtained CTE
results.

The second test specimen (theoretical zero-CTE
CFRP) manufactured by Xperion Aerospace GmbH
to meet the LISA telescope thermal stability re-
quirements (CTE < 0.2 ppm/K), was subjected to
a sine thermocycling. Different parameters were
varied to find a correlation with the obtained CTE
value:

¢ CFRP tube length,
e heating period,
e temperature offset,

e temperature range.

We measured two tubes extracted of a same orig-
inal test tube, one with a length of 120 mm and
one with half the length. For the 120 mm tube we
obtained a CTE value of (—0.38 & 0.1) - ppm/K
while the CTE for the second tube (60 mm long)



was (—0.34 £0.1) - ppm/K for the same tempera-
ture range. These results show the precision of the
measurement apparatus.

By measuring the tilt of both mirrors inside
the tube under thermal cycling (see figure 4), we
are able to characterize the thermomechanical be-
haviour of the tube and correct the introduced
length variation error. Comparing the tilt measured
by the reference and measurement mirror we ob-
served the CFRP tube behaves homogeneously in
the axial direction. Possible mirror irregular rota-
tions or movements of the mirror clamps inside the
tube can be detected.

Translation & Temperature
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Figure 4: Measured translation vs. temperature and
tilt angle in the cenital and azimuthal direction of the
reference (QPD1) and measurement (QPD2) mirrors.

A variation of the heating period by the same
temperature range modifies the temperature varia-
tion rate (AT/t). This temperature variation rate
has a slight influence in the obtained CTE, due to
the radial inhomogeneity of the tube, resulting in
a higher CTE for a higher temperature variation
rate. The CFRP tubes have shown a more homo-
geneous axial expansion when they are heated or
cooled slowly.

In a temperature range from 25°C to 45°C mea-
surements were carried out at different offset tem-
peratures with the same temperature range of
4+5°C. In the measurements a clear temperature de-
pendency can be observed.

Discussion

The measured CTE of (0.294-0.1)-1075 K~ for the
theoretical zero-CTE CFRP at room temperature
does not agree with the theoretical value of (0+2.5)-
1072 K~!. This theoretical value is based on a well-
established database for CFRP material. Our tube
is made of the six layers shaping the tube where
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the manufacture tolerances are +0.5° in the plies
angle lay-up with a CTE variation of 51072 K1
per degree. But still, the measured CTE of the
theoretical zero-CTE CFRP tube is below the CTE
values documented in the specialized literature for
high modulus PAN carbon fibres CFRP composites.

Our measurement results can either be inter-
preted as limitations (i) of our measurement facil-
ity, or (ii) in the manufacture process of the CFRP
tube.

(i) The limitations of our measurement facility,
especially concerning systematic errors, are cur-
rently under investigation. During measurement
preparation, we observed the mirror clamps slightly
scratched the inner surface of the CFRP tube while
trying to place and adjust them. These scratches
could result in a movement degree of freedom of
the mirrors. This point was contradicted by the tilt
measurement where both mirrors showed almost the
same performance (figure 3). We have also demon-
strated that we are able to measure and compensate
for errors introduced due to a tilt of the tube.

(ii) Due to its manufacture process where fibre
and resin plies are alternately laid on top of each
other, CFRP is inhomogeneous and anisotropic.
The manufacturing includes several error contribu-
tions to the obtained CTE value such as the fiber-
resin percentage, the weight of the fibers and the
resin or the angle of the fiber layers with respect to
the tube axis.

For ongoing studies — and as we rely on our mea-
surement facility — we are in close contact with the
CFRP tube manufacturer in order to improve the
model for CTE simulation which is used for CFRP
production.

Summary

We have presented a ppb sensitivity interferomet-
ric facility for the measurement of the linear coef-
ficient of thermal expansion of highly-stable mate-
rials in the temperature range 20°C to 60°C. Our
highly-symmetric heterodyne interferometer imple-
ments a double detection system for differential
measurements, which offers a picometer resolution
performance. The sample tube support and heat-
ing subsystem implementation reduces the accu-
racy to nanometers, theoretically enabling the char-
acterization of ultra-stable materials with a CTE
> 1079/K. The systematic errors which limit our
measurement accuracy to the 1077 K~! level are
currently under investigation. In our measurement
facility rather than using the end surfaces of the
tube to locate the reference and measurement mir-
rors of the interferometer we implement two ther-



mally isostatic mirror clamps to fix the mirrors in-
side the tube in this way avoiding edge effects.

The implementation of differential wavefront
sensing for tilt measurements enables the measure-
ment of the error introduced by a tilt of the sample.
This method supposes not only a simplification in
optical components compared to double-pass inter-
ferometers, where the sensitivity to the tilt of the
sample is very low, but also an improvement since
the characterization of the material provides more
information about its thermal behaviour.

Outlook

New mirror clamps are being designed which should
avoid any alteration on the test tube inner surface
and can also be implemented in a Zerodur™ test
tube (figure 5), which is slightly brittle. We will
perform a measurement with a specifically manufac-
tured Zerodur™ tube with a known CTE. Zerodur™
has a non-directional isotropic structure, and offers
a homogeneous radial thermal behavior. We will
use the measurement as macroscopic calibration of
our measurement facility.

We also plan to further improve the interferom-
eter to achieve a reduction of the thermomechan-
ical noise limiting the measurement accuracy. We
will realize a new interferometer set-up where the
cast aluminium baseplate is replaced by a Zero-
dur™ baseplate. The optical components will be
fixed to the baseplate by use of hydroxide-catalysis
bonding, offering a quasi-monolithic set-up with im-
proved thermal and dimensional stability.

Within the plans to improve the accuracy of our
dilatometer and with the aim to reduce the thermal
noise by working at low temperatures, a new facil-
ity concept is being studied for sub-ppb metrology.
It deals with cryogenic interferometry and will re-
duce the thermal noise 10 times with respect to our
advanced room temperature interferometer, giving
rise to the 3" generation interferometers.
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Figure 5: Zerodur™ and Carbon-Fibre Reinforced Plas-
tic tubes.
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In this report we present first measurements of our optical profilometer. It is based on a heterodyne
interferometer and enables a non-tactile and high-precision surface property measurement. We can per-
form translation measurements with 2nm/v/Hz-sensitivity below 50 mHz and tilt measurements with
100 nrad/ \/m—sensitivity below 0.1 Hz. These results are all measured in an environment with insuffi-
cient air condition. The tilt of the device under test is measured by use of a quadrant photodiode (QPD)
in the measurement arm with the method of differential wavefront sensing (DWS). An acquisition mod-
ule digitizes and transfers the detected analog signals of the QPDs to the PC. The software calculates
translation and tilt and displays the measured 3D surface. Furthermore, the software also supplies the
drive voltage for the actuator and the signal is amplified by a piezo controller to generate a signal from
-20V to 120 V.

1 Introduction

High-precise surface measurements are able by us-
ing photons or optical technologies. Decisive ad-
vantages of photonic sensors are the achievable high
resolution and the non-tactile principle. The combi-
nation of the advantages, compactness and robust-
ness of this photonic sensors will open up new fields
in manufacturing technology, quality assurance and
process control. The non-tactile detection of sur-
face properties such as roughness and waviness are
a possibility to improve quality assurance and pro-
cess monitoring.

The development of the high-performance opti-
cal profilometer was first defined in the project pro- Figure 1: Photograph of our profilometer at the HTWG
posal NANO-PRO [1]. The Institute for Optical optic lab.

Systems (IOS) wants to develop a compact and ro-
bust profilometer to detect the surface properties of
a reflecting material.

The following modules are part of our setup:

Interferometer,

2 Experimental setup « DBR-Lascr,
The setup of our profilometer is modular designed.
Thus, we are able to combine different modules
and improve the properties of each module inde- e Actuator,

pendently.

Heterodyne frequency generator,

e Data processing unit.

A highly symmetric heterodyne interferometer
*Current address: HTWG Konstanz, 78462 Konstanz, constitutes the core of the profilometer. The in-
Germany; e-mail: braxm@htwg-konstanz.de terferometer was developed in cooperation with the
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Figure 2: Photograph of our interferometer setup; the
interferometer is placed on an aluminum board with a
diameter of 23 cm; the actuator is placed on the left side
of the photograph.

Figure 3: Schematic of our heterodyne interferometer
setup; BS: non-polarizing beamsplitter, PBS: polarizing
beamsplitter, QPD: quadrant photodiode.

space company EADS Astrium (Friedrichshafen)
and the Humboldt University to Berlin. It is a pro-
totype for a possible optical readout system of the
proof masses’ position aboard the LISA (Laser In-
terferometer Space Antenna) [2, 7] satellites. The
highly symmetric interferometer design [10-12] is
shown in figure 3. The signals of the measurement
and reference arm are detected by sensitive quad-
rant photodiodes. Their sum signal is used for the
translation measurement and the single quadrant
signals are used to detect tilted wavefronts by us-
ing differential wavefront sensing (DWS). [4-6] The
measurement instrument is described in detail in
the project ‘Optical heterodyne interferometry for
high sensitive translation and tilt metrology*.

A DBR-Laser (Distributed Bragg Reflector) with
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a wavelength of 1064 nm is used as light source of
the experiment. It offers small dimensions and low
energy consumption. [3,8,9] The DBR-Laser is de-
scribed in the project ‘Laser Metrology Testbed:
DBR Laser Diodes for Space Applications (Status
Report)* in detail. In our setup, the laser light is
split into two separate beams. Two acousto-optic-
modulators (AOMs) are shifting the frequency of
each beam. One beam is shifted with a frequency
of 80000kHz and the other with 80001 kHz. The
difference between the two beams is the heterodyne
frequency, in our case 1kHz.

The dimensions of the surface scan depend on the
properties of the actuator. We used the x-y piezo-
electric actuator P-625 by the company Physik In-
strumente (PI) with a travel distance of 600 ym and
a resolution of 0.5nm. This system is extremely
compact and provides rapid response and high guid-
ing precision. The power supply of the actuator is
generated by a PC and amplified by a modular piezo
controller with an output range of -20V to 120 V.

For acquisition and analyzing of the measurement
data we used the graphical programming software
LabVIEW by National Instruments in combination
with data acquisition computer boards. The input
signals are digitized by the data acquisition board
with a sampling rate of 20kHz. In our case, we
read in the sum signals for the translation measure-
ment and each quadrant of the measurement arm
for the tilt measurement. Before reading in the sig-
nal, measurement signals of the QPDs are band-
pass filtered at the heterodyne frequency of 1kHz
and amplified to get a voltage between 2V and 8 V.
In addition, the temperature of the interferometer
board is recorded.

The LabVIEW program generates the in-
quadrature signal and calculates the angle between
the T and QQ components. Therefore the signals of
the translation measurement and tilt measurement
are split and multiplied with a synchronized 1kHz
reference signal. Before multiplication, one refer-
ence signal is shifted by 90°. After multiplication,
the I and Q components are created. The angle
between the I and Q component is calculated by
using the arctan-function. This arctangent calcu-
lation is also monitoring m-phasejumps and offers
a dynamic range which is not limited to A/2. The
drive signal of the actuator is also created by the
LabVIEW program. We generate about 100 steps
for each dimension of the measurement. These steps
are smoothed by a filter to decrease the vibrations
which are caused by voltage jumps in the actuator
power supply.
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Figure 4: Temperature dependency of the measured
translation signal for an approximately 15h translation
measurement
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Figure 5: Hysteresis loop of the actuator

3 Measurements and results

3.1 Temperature dependency

Figure 4 clearly illustrates how variations in tem-
perature lead to a variation in translation. The up-
per curve shows the measured translation and the
lower curve the corresponding temperature of the
interferometer board. This 15 hour measurement
shows that the proportional temperature coefficient
is about 700 nm/K.

3.2 Hysteresis of the actuator

The relationship between drive voltage and dis-
placement of the actuator is nonlinear. Figure 5
shows the hysteresis loop of the actuator. We gen-
erated a sine wave with 120 Vpp. The supplied volt-
age from -10V to 110V caused a displacement of
about 550 um.
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Figure 6: Power spectral density of an approximately
15h translation measurement
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Figure 7: Power spectral density of an approximately
15h tilt measurement

3.8  Translation noise

In order to measure the translation noise, we
switched off the actuator power supply and con-
nected a 50§ resistor to the actuator. Figure 6
shows the PSD (power spectral density) of a 15 hour
measurement. We measured a translation noise be-
low 2nm/ vHz for frequencies above 50 mHz.

3.4 Tilt noise

The calculated PSD of the tilt measurement is
shown in figure 7. The measured noise is below
100nrad/v/Hz for frequencies above 0.1 Hz. The
PSD curve shows an approximately 1/f increase at
lower frequencies.

3.5 8D profile

We first performed a surface scan of a high-reflective
mirror. A scan of a 200um x 200um area is
shown in figure 8. In this measurement 100 steps
of the actuator were carried out, both, in x- and
y-dimension.
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Figure 8: 3D profile of a 200 um x 200 ym surface

Summary and outlook

Up to now we are able to present a functional high-
sensitive profilometer, where the device under test is
actuated in x- and y-dimensions. This device is able
to measure at high-precision translation and tilt
even in an environment with insufficient air condi-
tion. We achieve a 2nm/ \/E—sensitivity in transla-
tion measurements and a 100 nrad//Hz-sensitivity
in tilt measurements.

To increase the sensitivity of the tilt and transla-
tion measurement, we will actuate the measurement
beam instead of the device under test. By actuating
the beam, we obtain a flexible independent optical
sensor head.

We also want to combine our high-precise inter-
ferometry profilometer with a conventional 3D mea-
suring machine in order to increase the measure-
ment range.

The measurement beam have to be focused on
the surface of the device under test by using a lens.
The diameter of the focused beam should have only
a few pm for an proved lateral resolution.
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Optimierungsansatze und Konzeptstudien fiir ein optisches
3D Messgerat

Julian Wagner'?, Erik Klaas* und Claus Brazmaier'*

'HTWG Konstanz, Institut fiir Optische Systeme, Brauneggerstrafe 55, 78462 Konstanz, Deutschland
?Breuckmann GmbH, Torenstrafie 14, 88709 Meersburg, Deutschland

Dieser Bericht beschreibt die bisher erzielten Forschungs- und Entwicklungsergebnisse, welche im Rah-
men eines BMBF (Bundesministerium fiir Bildung und Forschung) Forschungsprojekts in Kooperation
zwischen der HTWG Konstanz (Institut fiir Optische Systeme) und der Firma Breuckmann GmbH in
Meersburg erarbeitet wurden.

Das Gesamtsystem eines optischen 3D Messgeréites der Firma Breuckmann setzt sich aus einer oder
mehreren Kameras, einer Projektionseinheit und der Bilderverarbeitung zusammen. Die ausgearbeite-
ten Konzeptstudien konzentrieren sich dabei auf die Baugruppe der Projektionseinheit des optischen 3D
Messgerits. Diese Bau- oder Systemgruppe erzeugt mittels optomechatronischer Komponenten die fiir
die 3D Messungen erforderlichen streifenformig codierten Lichtmuster (”projected fringe” Technik) auf
dem Messobjekt. Fiir diese Projektionseinheit ist eine verbesserte und leistungsstérkere Beleuchtungsein-
heit entwickelt worden, um so grofiere Messfelder zu generieren. Auflerdem wurde ein elektromagnetischer
Linearantrieb konzipiert, wodurch die Antriebseinheit fiir die lichtmodulierenden Komponenten im Strah-
lengang des Projektors nahezu reibungslos agiert. Des weiteren wurde eine Projektionseinheit entwickelt
und getestet, welche die Lichtmuster wesentlich schneller als bisher auf das Messobjekt projiziert, und
somit prinzipiell eine echtzeitfihige 3D Messung ermdéglicht. Wobei noch ein weiterer Vorteil mit die-
sem Projektorkonzept umgesetzt wurde; so konnte die bisher zeitlich aufwendige manuelle Justierung der
lichtmodulierenden Komponenten im Strahlengang erheblich vereinfacht werden.

1 Einleitung und Grundlagen der auch rdaumliche Beschleunigungs- und Verformungs-
Topometrie messungen mit mikroskopischer Auflgsung. Gera-

de wegen der Vielfiltigkeit moglicher Anwendungs-

Nicht taktil messende optische 3D Messverfahren 1 qaiche solcher Echtzeit 3D Messungen besteht

werden schon seit vielen Jahren in den meisten Be-  gieshesiiglich dringender Entwicklungsbedarf neuer
reichen der Industrie, Forschung, Medizin, Kunst, Messgeriite.

Mode uvm. eingesetzt. Insbesondere in Gebieten
der industriellen Anwendungen sind die Anforde-
rungen an solche topometrischen 3D Messsysteme
hoch, und keineswegs in allen Belangen befriedi-
gend erfiillt. So kénnen heutige beriihrungslos mes-
sende 3D Messgerite durchaus Tiefenauflosungen
im Nanometerbereich erreichen, haben im Gegen-
zug aber prinzipbedingt kleine Messvolumina. Ins-
besondere ist es bis heute nicht méglich mit sol-
chen optischen 3D Messgerdten rdumliche Echt-
zeitmessungen durchzufiihren. Aber gerade mit der
Erweiterung dieser Messungen durch die zeitliche  Abbildung 1: Abbildung eines stereo SCAN>P [6]
Dimension wiirden sich neue Anwendungsgebiete
fiir alle Messaufgaben ergeben. So wéren zukiinftig Das topometrische Messverfahren ist als bildge-
z.B. grofifiéichige Modalanalysen durchfithrbar, oder 1o des nicht taktil messendes 3D Messverfahren de-
*“Derzeitige Adresse: HTWG Konstanz, 78462 Konstanz, finiert, welches auf der optische Triangulation mit
Deutschland; e-mail: braxm@htwg-konstanz.de strukturierter Beleuchtung basiert. Dabei werden
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die x-, y-, z- Koordinaten von Punkten auf der Mes-
sobjektoberfliche durch die flichenhafte Projekti-
on und die Aufnahme hochpriziser dquidistanter
periodischer Lichtmuster (Hell/ Dunkelstreifen) ge-
neriert. Ein solcher topometrischer Sensor besteht
vereinfacht ausgedriickt aus 3 Subsystemen; einer
oder mehrerer CCD-Kameras, einer bildgebenden
Projektionseinheit und einer softwareseitigen Bild-
verarbeitungseinheit (Abbildung 1).

.,
‘\‘ Projektor
. CCD-Kamera

M Projektions-
bzw. Messfeld

Systemnullpunkt
M |

Abbildung 2: Prinzipskizze eines Einkamera 3D Mess-
systems [1]

Messoberfliche

Die aufprojizierten und moglichst diffus von der
Oberfliche des Messobjekts reflektierten Streifen-
muster werden von einer Kamera unter einem Win-
kel zur Beleuchtungsrichtung, dem Triangulations-
winkel ©, aufgenommen (siehe Abbildung 2). Durch
die geometrischen Triangulationsgesetze kann die
Lage (die x-, y-, z- Koordinaten) eines Objektpunk-
tes durch das aufgenommen Streifenbild und des-
sen homologen Bildpunkts errechnet werden. Das
Problem, bei diesem aktiven Triangulationsverfah-
ren mit periodischen Lichtmustern, ist die Ermitt-
lung der Streifenordnung ¢,, da durch objektbe-
dingte Unstetigkeiten und Abschattungen die abso-
lute Streifenordnung nicht durch simples Abzdhlen
festgestellt werden kann. Um diese Unsicherheiten
auszuschliefen, wird das codierte Lichtschnitterfah-
ren mit Gray-Code Gittersequenzen (benannt nach
Frank Gray) angewendet. Dabei wird das zu ver-
messende Objekt mit einer Abfolge von n verschie-
denen rechteckigen Hell-/ Dunkelbildern beleuch-
tet, wobei sich von Gittermuster zu Gittermuster
die Streifenanzahl verdoppelt (siche Abbildung 3).
2

Zu jeder Teilprojektion (jedem Gittermuster) der
Messsequenz wird von der CCD Kamera ein Bild
aufgenommen, und binarisiert. Fiir jedes Pixel (je-

Messohijekt

Projektor Kamera
£ = -
= %, \
Zentralpunkt Zentralpunkt
Projektor Kamera

Abbildung 3: Prinzipskizze des Gray Code Verfahrens
[7]

den Bildpunkt) der CCD Kamera wird somit ein
Bindrcode gespeichert, welcher eine eindeutige Zu-
ordnung der Streifenordnung erméglicht. Da das
Gray Code Verfahren prinzipbedingt nur eine ge-
ringe Tiefenauflosungen ermdglicht, wird es zur
Erhohung eben dieser mit dem sog. Phasenschiebe-
verfahren. (engl.: phaseshift) kombiniert, angewen-
det. Dabei werden, zusétzlich zu den Gray Code
Bildern, sinusférmig modulierte, periodische Grau-
wertlinien auf das Objekt projiziert. Diese Mo-
dulationsmuster werden vierfach projiziert, wobei
die Muster jeweils um eine feste Distanz 7/2 ge-
geneinander phasenverschoben sind. Durch dieses
Verfahren werden fiir jedes Pixel der CCD Ka-
mera vier zusétzliche Grauwertinformationen (vier
Lichtintensitéitswerte je Pixel) gewonnen. Mit die-
sen beiden kombinierten Verfahren lassen sich so-
mit subpixelgenaue Tiefeninformationen des Ob-
jektprofils verwirklichen. Dabei ist die maximale la-
terale Messauflosung prinzipbedingt gebunden an
die Pixelanzahl in x- und y-Richtung der eingesetz-
ten Kamera. Die Tiefen- oder z-Auflésung eines to-
pometrischen Sensors liegt dabei derzeit maximal
(bei Optimalbedingungen) bei 1/20000 der Mess-
felddiagonale. Die bei der Fa. Breuckmann GmbH
hergestellten Messgerédte kénnen unter guten Mess-
bedingen maximale Tiefenauflésungen von 1-2 ym
erreichen, und sind damit im Spitzenfeld der hoch-
auflésenden optischen 3D Messgeriite einzustufen.

2 Vorstellung der
Optimierungskonzepte

2.1 Mafnahmen zur Vergrifserung des Messfeldes

Die aktuell erhéltlichen 3D Messgerédte der Firma
Breuckmann GmbH arbeiten mit einer maximalen
Messfelddiagonale von ca. 1m, was das komplet-
te Vermessen eines groferen Objektes durch eine
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Einzelmessung verhindert. Diese Einschréankung ist
damit zu begriinden, dass die bisher eingesetzte
Beleuchtungseinheit des Projektors nicht gentigend
Licht liefert um einen fiir die Messung notwendi-
gen Kontrast der Lichtmuster auf der Messobjek-
toberfldche zu erzeugen. Um eine Vergroflerung des
Messfeldes zu erzielen, galt es demnach eine wesent-
lich leistungsfihigere Beleuchtungseinheit zu entwi-
ckeln, die zudem in das bestehende Geh&use des 3D
Messgerites integrierbar ist.

Die bisher eingesetzten Lichtquellen sind
Halogen-Temperaturstrahler mit einer elektrischen
Leistungsaufnahme von 100 W und einer relativ
geringen Lichtausbeute von 2,7 Lumen/Watt.
Dafiir hat die Halogenlichtquelle eine dem Tages-
licht dhnliche Spektralverteilung, was eine gute
Farbwiedergabe garantiert.

Aufgrund der wesentlich hoheren Lichtausbeute
und der vergleichsweise giinstigen Spektralvertei-
lung ist als alternative Lichtquelle, ein Lumines-
zenzstrahler (Quecksilber Halogen Kurzbogenlam-
pe), in einem Testaufbau beziiglich dessen Einsatz-
tauglichkeit getestet worden. Dabei liefert diese so-
genannte HXP Lampe bei einer elektrischen Leis-
tungsaufnahme von 120 W eine 10-12 mal hohere
Lichtausbeute, wodurch ein 4-fach grofieres Mess-
feld ausgeleuchtet werden kann (Abbildung 4). [4]

Abbildung 4: Vergleich der beiden Projektoren bei glei-
cher Beleuchtungsstérke [4]

Die Beleuchtungseinheit wurde beziiglich des auf-
wendigen neu zu konzierenden Thermomanage-
ments in weiteren Versuchsaufbauten getestet, und
durch konstruktive Mafinahmen in einem Prototy-
penaufbau in das Gehéuse integriert (Abbildung 5).

Der Prototyp wurde zusétzlich hinsichtlich der
elektromagnetischen Vertréglichkeit, der elektroni-
schen Anbindung, der Kompatibilitdt mit dem Ka-
merasystem und der Bildverarbeitungssoftware ge-
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Abbildung 5: Prototyp mit einer verbauten HXP Be-
leuchtungseinheit [4]

testet und optimiert.

Das Ergebnis dieser Entwicklungsarbeit ist ein
serienreifer Projektor fiir ein optisches 3D Messe-
geréit der sowohl ein wesentlich grofleres Messfeld
ausleuchtet, als auch Messungen bei normalem Um-
gebungslicht (Tageslicht, industrielle Produktions-
hallen etc.) erméglicht. So kénnen bisherige Mess-
anwendungen schneller und besser umgesetzt wer-
den, und zudem lassen sich so neue Anwendungs-
bereiche fiir diese Art der optischen 3D Messung
erschliessen. [4]

2.2  Entwicklung eines elektromagnetischen
Linearantriebs

Der bisher in den optischen 3D Messgeréten einge-
setzte Projektor arbeitet nach dem Funktionsprin-
zip eines Diaprojektors. Dabei wird eine rechtecki-
ger Quarzglastrager, auf dem fotolithografisch ver-
schiedene Gitterstrukturen aufgebracht sind, mit-
tels einer mechatronischen Antriebseinheit senk-
recht zum Strahlengang in x-Achsenrichtung hin-
und herbewegt (Abbildung 6). Hat eines der insge-
samt dreizehn Gittermuster die gewiinschte Positi-
on im Strahlengang erreicht, stoppt die Antriebsein-
heit und das Kamerasystem macht eine Aufnahme
des projizierten Lichtmusters auf dem Messobjekt.
Wurde dieser Vorgang dreizehnmal wiederholt ist
eine Messsequenz ausgefiihrt, und die Bildverarbei-
tungseinheit kann eine 3D Oberflichenmodellierung
aus den Kameraeinzelaufnahmen rekonstruieren.

Problematisch bei dem Konzept des aktuellen
Projektors ist das reibungsbehaftete mechatroni-
sche Antriebsprinzip fiir den Gittertriger. Auf
Grund der Zahneingriffstéfie der Ritzel/ Zahnstan-
genpaarung (Kraftiibertragungseinheit) entstehen
storende Schwingungen, und nicht zu letzt ver-
schmutzen Riickstinde der Fettschmierung und Ab-
riebpartikel auf Dauer den Gittertrager und andere
optische Komponenten des Projektors.

Um die genannten prinzipbedingten Nachteile
dieses Antriebs zu umgehen, wurde im Rahmen
dieses Forschungsprojekts ein elektromagnetischer
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Abbildung 6: Projektor ohne Gehéduse (isometrische An-
sicht) [6]

Linearantrieb entwickelt und getestet. Einem sol-
chen Antrieb liegt das Funktionsprinzip eines per-
manentmagnetischen Schrittmotors in abgewickel-
ter Form zu Grunde. Dabei wird der permanentma-
gnetische Sekundirteil des Motors durch die alter-
nierende Polung des Primérteils (mehrere Elektro-
magnete) reibungslos entlang der Léngsachse ver-
fahren. [5] Der Sekundérteil ist bei dem beschriebe-
nen Prototypen starr mit der Gittertrigerfithrung
(Mikrorolltisch) verbunden, und der Primérteil ist
biegesteif an das Geh#use montiert (Abbildung 7).
Zwar gibt es solche elektromagnetischen Linear-
motoren von einigen wenigen Systemherstellern zu
kaufen, aber nicht in der notwendigen kompak-
ten Bauart. Zudem sind diese Motoren ausschliess-
lich mit komplexen Regelungseinheiten ausgestat-
tet, was das Gesamtgewicht und die Gesamtkosten
in inakzeptable Hohen treibt. Die Entwicklungsar-
beit fiir einen solche Antriebstyp bestand demnach
darin, mit Komponenten aus dem Standartprodukt-
portfolio verschiedener Lieferanten einen kleinen,
leichte, kostengiinstigen Linearantrieb zu realisie-
ren, ohne wesentlich erhdhten regelungstechnischen
Aufwand. So wurde in mehreren Versuchsaufbau-
ten konstruktive und parametrische Ansétze ge-
testet, und letztendlich in einem funktionierenden
kompakten Prototypen optimiert umgesetzt. Da-
bei wurde der permanentmagnetische Sekundérteil
aus nacheinander aufgereihten quaderférmigen Neo-
dympermanentmagneten aufgebaut. Diese wurden
in abwechselnder Nord- Siidpolung auf einem Ma-
gnetflussschuh, in nahezu exaktem Abstand der
Breite eines Gittermusters (4,95 mm), angebracht.
Der Magnetflussschuh bzw. der Sekundérteil des Li-
nearmotors wurde biegesteif an den beweglich gela-
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gerten Gittertrigerrahmen montiert. Die zwei ge-
geniiberliegend angeordneten elektromagnetischen
Kupferspulenpakete (Primérteil), mit hochpermea-
blen weichmagnetischen Magnetflusswerkstoff im
Kern, wurden speziell fiir den Prototypen herge-
stellt.

manentmagnetische
“Schiene (Sekundarteil)

em. Spulen {Primdrteil)

Abbildung 7: Prototyp mit elektromagnetischen Linear-
motor [6]

Dadurch dass die elektromagnetischen Spulen ab-
wechselnd um 7/2 zeitlich phasenverschoben zu-
einander umgepolt werden, bewegt sich die Ma-
gnetschiene und damit auch der Gittertrager je
Umpolvorgang um einen halben Gitterabstand. So
kann auch ohne eine aufwendige Positionsregelung
erreicht werden, dass die Gittermuster nach zwei
Umpolvorgéingen ihre jeweils néchste Position im
Strahlengang erreichen. Messungen haben ergeben,
dass die damit erreichbare Positioniergenauigkeit
bei ca. max. £100 um in x-Achsenrichtung liegt,
was ausreichend ist. Um den Einschwingvorgang des
Sekundérteils nach jedem Umpolvorgang zu mini-
mieren, wurde der Strom fiir die Elektromagnete
rampenformige angesteuert.

Mit diesem Prototyp wurde ein Antriebskon-
zept umgesetzt, welches ein reibungsloses Verfah-
ren des Gittertragers im Strahlengang ermdglicht.
Zudem kann der Luftspalt zwischen Sekundér- und
Primérteil dazu genutzt werden, den Gittertrager
gegeniiber der Umwelt hermetisch abzukapseln und
so vor Verschmutzung zu schiitzen. [6]

2.3  Entwicklung eines echtzeitfihigen Projektors

Ein weiterer wesentlicher Nachteil des aktuellen
Projektors ist die geringe Projektionsgeschwin-
digkeit mit der die einzelnen Gittermuster im
Strahlengang positioniert werden koénnen. Um
eine erneute Messung durchfiihren zu koénnen,
muss der Gittertrager samt Gitterrahmen und



Fithrungseinheit (Mikrorolltisch) nach jeder vor-
angegangenen Projektions- oder Messsequenz der
dreizehn Gittermuster wieder in dessen Ausgangs-
position zurtickfahren. So dauert eine Messsequenz
mindestens 1 sec, womit eine 3D Messung von Bewe-
gungsabldufen jeglicher Art nicht moglich ist. Die-
se fehlende Echtzeitfahigkeit schriankt die Fiille an
Einsatzmoglichkeiten fiir diese optischen 3D Mess-
gerdte erheblich ein, weswegen auch hierfiir ein
Losungskonzept in einem Prototypenbau ausgear-
beitet wurde.

Prinzipiell ist eine echtzeitfdhige Lichtmuster-
projektion mittels neuester LCD Technik moglich.
Auch die Projektion solcher strukturierten Licht-
sequenzen mit Hilfe eines ca. 2-3cm? groBen DLP
Chips, der aus kleinen kippbaren Aluminiumspie-
geln (Kantenlidnge 10,8 um) besteht, ist theoretisch
eine adédquate Losung des Problems. Beide Tech-
niken haben derzeit aber noch den entscheiden-
den Nachteil der vergleichsweise geringen relativen
Auflssung und dem schlechten Kontrastverhéltnis
der erzeugten Lichtmuster. Zudem liegt die Licht-
ausbeute eines LC Displays, wegen der eingesetzten
Polarisationsfilter, weit unter der fotolithografischer
Projektionstechniken. [3]

Aus den genannten Griinden musste ein echt-
zeitfihiger Projektor entwickelt werden, der nach
wie vor auf der Lichtmusterprojektion mittels foto-
lithografischer Gittertriger basiert. Ausserdem war
ein weiteres entscheidendes Entwicklungsziel die
bisher aufwendige manuelle Justierung des Gitter-
triigers vorallem in y- und z-Achsenrichtung (Abbil-
dung 6) durch geeignete Mafinahmen stark zu ver-
einfachen. Die Justierung des rechteckigen Gitter-
tragers erfolgt bei den aktuellen Projektoren manu-
ell durch Zustellbewegungen von sechs Schrauben,
die den Gittertrager im Gitterrahmen verschieden
und dann fixieren. Die erforderliche Genauigkeit der
Gittertrigerjustierung in y-Achsenrichtung liegt bei
44 pm und in z-Achsenrichtung bei £10 pym.

Um die Echtzeitfdhigkeit eines Projektors mit
fotolithografischen Gittermustern zu ermoglichen,
wurde mit dem Versuchsaufbau ein Rotationsgitter-
triiger (RGT) designt und entwickelt. Hierfiir wur-
den die Hell-/Dunkel-, Phasenshift-, Gray Codebil-
der und Kameratriggermarken kreisrund auf einen
Quarzglastriger aufgebracht (Abbildung 8).

Wird dieser RGT (Aussendruchmesser = 5mm)
nun um die Rotationsachse im Strahlengang konti-
nuierlich gedreht, ist die Dauer einer Messsequenz
nur noch von dessen Rotationsfrequenz abhingig.
Somit wére eine sehr schnelle und echtzeitfihige
Projektion der Lichtmuster auf dem Messobjekt
moglich.
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9 Graycode Bilder

Warkierungen far
Kamaratriggerung

Dunkel-Hellbild

Abbildung 8: Foto des neu designten Rotationsgitter-
trégers [6]

Um den RGT gleichzeitig prézise und ohne
groffien Aufwand im Strahlengang auszurichten bzw.
zu justieren, wurde konzentrisch zu den Gittermus-
tern eine Aufnahmebohrung (@ 5mm) durch einen
CO2 Laser angebracht. Der RGT mit der Aufnah-
mebohrung wird auf eine hochprizise gefertigte ko-
nische Antriebs- und Zentrierwelle (AZW) gescho-
ben und mit zwei Klemmbacken fixiert. So wird eine
Selbstzentrierung des RGTs auf der AZW in x- und
y-Achsenrichtung erreicht, und die Klemmbacken fi-
xieren diesen zusétzlich in z-Achsenrichtungen, wie
in Abbildung 9 zu sehen ist.

T— Gittertrager

Konischer Zentriertell
der Welle \
Antriebs-/ Zentrierwelle !

ST

-

-,

N /
Klemmbacken

Abbildung 9: Skizze der selbstzentrierenden Lagerung
des RGTs

Die AZW ist durch zwei vorgespannte, spielfreie
Hochprazisionsspindelkugellager gelagert, und die
Rotorwelle des Schrittmotors treibt diese direkt mit
dem Ubersetzungsverhiltnis 1:1 an, wie in Abbil-
dung 10 zu sehen ist.

Durch diese Selbstzentrierung ist eine sehr schnel-
le und einfache Justierung des RGTs im Strah-
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Abbildung 10: Skizze des Versuchsaufbaus mit Rotati-
onsgittertrager

lengang moglich. Fiir eine exakte Ausrichtung des
RGTs bzw. der Gittermuster im Strahlengang sind
die Fertigungstoleranzen der AZW, der Spindelku-
gellager und vorallem die Konzentrizitdt der Auf-
nahmebohrung von elementarer Bedeutung. Mes-
sungen zur Unwucht der AZW (ohne RGT) mit Hil-
fe des Schattenwurfverfahrens haben gezeigt, dass
diese bei +6, 5 um liegt. Mikroskopische Messungen
beziiglich der Bohrungskonzentrizitét der vier fiir
den Versuchsaufbau gefertigten RGTs haben erge-
ben, dass die zu erwartenden radialen Unwuchten
zwischen 48-57 ym liegen, und unter einem Winkel
zwischen 231-266 ° , also alle im 3. Quadranten, auf-
treten (Abbildung 11). Diese Messergebisse lassen
auf einen systematischen Fehler bei der Bohrungs-
fertigung schliessen.
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Winkel [

Abbildung 11: Werte der zu erwartenden radialen Ab-
weichungen (Unwuchten)

Weitere Einzelmessungen der radialen Unwuch-
ten der vier RGTs auf der AZW im Strahlengang,
mit Hilfe des Versuchsaufbaus, haben die Ergebnis-
se der mikroskopischen Untersuchung bestétigt. Die
erreichbare Positioniergenauigkeit der RGT in z-
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Achsenrichtung mittels der zwei Klemmbacken liegt
bei dem Versuchsaufbau bei ca. £25 um.

Der beschriebene Versuchsaufbau hat gezeigt,
dass eine Projektion der Lichtmuster durch einen
Rotationsgittertridger und die Aufnahmetriggerung
des Kamerasystem problemlos umsetzbar ist, und
so eine echtzeitfihige 3D Messung hardwareseitig
moglich ist. Die erreichbare Frequenzen der Mess-
sequenzen sind dabei lediglich durch die Shutter-
zeiten der Kameras begrenzt, und vorallem durch
die softwareseitige Bearbeitungsgeschwindigkeit der
Bildverarbeitungseinheit. Allerdings ist mit diesem
Projektorprototypen noch nicht die gewtiinschte Po-
sitioniergenauigkeit der Gittermuster im Strahlen-
gang erreicht worden. Da die Konzentrizitdt der
Aufnahmenbohrung noch zu grofie Toleranzen auf-
weist, ist durch weitere Optimierungsmafinahmen
die Fertigungsqualitidt der Laserbohrungen zu ver-
bessern, oder durch konstruktive Mafinahmen zu
egalisieren. [6]
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Laser Metrology Testbed: DBR Laser Diodes for Space
Applications (Status Report)
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Future scientific space missions are based on highly stable and reliable laser sources in different wavelength
regions for various applications, such as laser metrology or spectroscopy. For optical interferometer
systems we usually use intrinsically stable solid-state laser sources, namely Nd:YAG-laser at a wavelength
of 1064nm. Here in this report we present the current status of our testbed development for laser
sources in general and its application to DBR laser diodes at nearly the wavelength of Nd:YAG-lasers as
alternative for our applications, especially with respect to the space missions LISA and DARWIN.

So far, our measurements confirm the linearity between intensity and diode current for the DBR laser
diodes. The frequency stability is currently under investigation. The diodes are not stable during long
term measuring periods for temperatures between 22,5°C and 35°C and currents in the range of 50 mA
to 130mA. Mode hops for different frequencies have been observed. The next important step is a beat
measurement between a DBR laser diode and a stabilized solid-state laser to derive the linewidth and
thus the feasibility of phase locking. Beside that, a RIN (residual intensity noise) metrology set up will
be realized.

1 Introduction

Future space missions with laser instrument pay- ————-
loads are relying on laser sources which are stable |=== V...
in radiation frequency as well as in intensity. The | &

metrology of the radiation characteristics is mainly .
based on beat measurements between well known % 57 e
and stable references at similar frequencies. The )
source to be tested converts the beat frequency o) ) "
down to the spectral analyzers and oscilloscopes w T “
catching ranges for easy processing. Accurate in- . e
tensity noise metrology is the other important task. = e

. . . . . . s I\
Any intensity fluctuation (in terms of residual in- @’D:'—U -5 ﬁ‘ H&
tensity noise, RIN) within the measurement band- ” ) B

width of the optical instrument can be converted
to measurement noise in the resultant and relevant EADS o Laboratory for Enabling Technologies
signal, which has to be avoided — either passively or

aC‘Flvely. The knoYVle?dge of frequency' and intensity Figure 1: Schematic of our testbed: Three beat systems
noise of laser radiation fixes the design of the op- 4y implemented for comparing and down-converting of
tical system. For that purpose we currently set up optical frequencies to the GHz-region. A stable refer-
a laser characterization metrology testbed to test ence source is provided by an iodine standard based on a
interesting laser sources for space applications. A frequency doubled Nd:YAG laser to determine the long
part of it is shown in figure 1. term stability [2], [1], [4] and [5].

*Current address: HTWG Konstanz, 78462 Konstanz,
Germany; e-mail: braxm@htwg-konstanz.de
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Current laser sources and their controllers for
space applications are often mass and power con-
suming. Furthermore, noise in frequency and in-
tensity is driving the complexity of the optical sys-
tem. Currently solid-state laser sources are used for
high precision metrology — also in space — due to
their intrinsic stability; but unfortunately its con-
trol is very complex and the supplies are big, heavy
and the overall system is expensive. An alternative
should be found.

DBR (Distributed Bragg Reflector) laser diodes
may represent the next generation technology for
space applications. The reasons for this are their
low energy consumption, as well as their small size
and low weight. DBR laser diodes have now nearly
caught up with conventional solid state lasers re-
garding many of its characteristics, such as fre-
quency stability or narrow line width (measurement
for the precision of the laser’s frequency). DBR
laser diodes are already being used for many scien-
tific and technical applications, mainly in the fields
of spectroscopy and interferometry, and for data
transmission. Nevertheless, their performance can
be improved and further testing is needed for the
successful application in the space industry. As-
trium Satellites (Friedrichshafen) — in collaboration
with the University of Applied Sciences Konstanz
(HTWG Konstanz) and the Humboldt University
Berlin — are therefore characterizing two DBR laser
diodes by use of our metrology testbed. The goal
is to check the feasibility of these DBR diodes for
laser metrology in future space applications.

In this article, we are going to present the project
and the results up to now of our current investi-
gations. First, we give a brief introduction about
DBR laser diodes in general and the laser diodes
used in this project. Then our setup and measure-
ment results will be described. After drawing our
conclusion, we will give an outlook about the next
steps and future goals of the project.

2 DBR laser diodes

The schematic of a three-section DBR laser diode
is shown in figure 2. They are semiconductor lasers
on the basis of Gallium Arsenide (GaAs); the laser
consists of an active gain section, a passive phase
section and a DBR section (Bragg section). The
diodes used in our experiments have a total length
of 2000 um, where the gain section has a length of
1000 um, and the phase and Bragg section a length
of 500 um each. In the Bragg section the refractive
index in propagation direction is periodically varied
resulting in a frequency selective reflector causing
only one longitudinal laser mode to be amplified
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Figure 2: Three section DBR laser diode (Ferdinand
Braun Institut Berlin).

(single-mode laser).

The Bragg and phase sections of the laser diode
have a heating resistance on the top layer (R=
5.9Q). By applying currents the frequency of the
laser radiation can be varied (and also modulated).
The length of the laser resonator, and in case of
the Bragg section also the frequency selective pe-
riod length of the grating, is depending on the tem-
perature of the DBR laser:

lp lpo- (L+¢e - [Tp—1To))
Ap = Apo-(1+¢-[Tp—To])
with:
lp = phase section length
lpo = (initial phase section length
€, = linear thermal expansion coefficient
Tp = phase section temperature
To = initial temperature
Ap = Bragg section length
Apo = Iinitial Bragg section length
Tp = Bragg section temperature

The initial temperature is the same for all sections.
The refractive indexes of the phase section np and
the Bragg section np are also changed:

np NGaAs * (1 + €y - [TP - TO])
np = nNgaas - (1 +en-[Tp —To))
with €, the temperature coefficient of the refrac-

tive index change and ngeas the refractive index
of GaAs. When comparing the coefficients (e, ~
100 - 107K~ and ¢ ~ 6 - 1075K~1, cf. [3]), it is



Figure 3: DBR laser diode in TO3 package.

obvious that the change in refractive index is the
dominating effect.

DBR laser diodes have several advantages over
solid-state lasers, such as the Nd:YAG (Neodymium
Yttrium-Aluminium-Granat-Crystal) laser: their
construction is more compact, they are easier to
handle and cheaper than solid-state lasers. More-
over, changing their injection current allows a
nearly linear variation of the power output. In ad-
dition, the modulation bandwidth is larger than the
modulation bandwidth of solid-state lasers. Thanks
to their larger bandwidth and the minor length of
their resonator, modulations up to the GHz range
are possible.

A disadvantage of DBR laser diodes is their high
divergent and not radial-symmetrical beam profile
with a divergence of about 15° in one direction and
of about 40° in the direction orthogonal to the first
one. For this reason, a micro-optical collimation
lens is essential.

For this project we are using a laser chip placed
in a TO3 package with eight integrated connections,
cf. figure 3. These DBR laser diodes have a wave-
length of about 1061.8 nm, a threshold current of
45 mA and a maximum current of 230 mA. The laser
diodes are developed by the Ferdinand Braun Insti-
tute Berlin (www.fbh-berlin.de).

3 Laser Module

We realized a compact and robust laser module
made of aluminum, cf. the photograph in figure 4.
The DBR laser diode is mounted on a copper plate,
which is temperature stabilized by use of Peltier el-
ements. The module also includes the collimation
lens which is mounted on two miniature translation
stages for fine adjustment.

In all our measurements, a two-stage isolator with
an isolation >60dB is placed directly behind the
laser output as it was seen, that back-reflections
cause instabilities of the laser source.

4 Laser Metrology Setup

The overall laser radiation metrology set up has to
fulfill two main tasks: (i) measurement of frequency
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Figure 5: Photograph of the optical setup for beat mea-
surement, Laboratory for Enabling Technologies EADS-
Immenstaad.

instability respectively noise and (ii) measurement
of amplitude noise in terms of RIN. (i) is based
on beat measurement: comparison with an abso-
lute standard for the long term behavior and fre-
quency determination and/or comparison to a rel-
ative standard with high short term stability e.g.
for linewidth determination and frequency actua-
tion control. (ii) is based on calibrated photo de-
tection in the shot noise domain within a certain
measurement bandwidth — either homodyne or het-
erodyne. The setup concerning (i) is shown in fig-
ure 1 schematically. Figure 5 shows a photograph of
the setup.

To determine these characteristics, the laser
diodes need low-noise current and temperature con-
trollers for operation. These controllers have been
realized and tested. In first measurements the char-
acteristics of the DBR laser diodes for different con-
figurations and parameters (current, temperature,
etc.) were investigated. The main goal is to find
the exact parameter space for best long-term sta-
bility and smallest line width. The latter one is
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Figure 6: Experimental setup for wavelength and light
intensity measurement.

important for the phase locking option without pre-
stabilization, which is a key characteristic for inter-
ferometric space applications, such as the DARWIN
inter-satellite laser metrology.

With our testbed, we can measure the beat signal
between two identical DBR laser modules by use of
high-speed photo detectors. A frequency counter, a
spectrum analyzer and a wavemeter — all in combi-
nation with a computer-based data acquisition pro-
grammed by LabVIEW — are used for signal analy-
sis. A schematic of our setup for measuring inten-
sity and wavelength is show in figure 6.

Additionally for a complete laser metrology setup
an absolute frequency reference is necessary. For
that purpose we apply an iodine-stabilized Nd:YAG
laser for long term comparison measurements [1,4,
5].

5 Measurement

In order to characterize the DBR laser diodes, the
three sections have been operated with different
configurations:

e gain section ON
phase and Bragg section OFF
e gain and phase section ON
Bragg section OFF
e gain and Bragg section ON
phase section OFF

With these configurations, the light intensity and
the laser frequency for different currents were mea-
sured. Each section was operated by its own low-
noise current and temperature controller. The time
response was controlled with Bode plots of the cur-
rent controller.

Figures7 and 8 show the laser frequency in de-
pendence of the current and the temperature of the
two investigated DBR laser diodes. Their gain sec-
tion was operated, Bragg and phase section were
not operated. The temperatures of the laser diodes
were varied between 22.5°C and 35°C and the cur-
rents in the range of 60 mA to 130 mA. The different
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Figure 7: DBRI1: frequency vs. current for different
laser temperatures (gain section ON, and Bragg/phase-
section OFF).
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Figure 8: DBR2: frequency vs. current for different
laser temperatures (gain section ON, and Bragg/phase-
section OFF).

response of the two laser diodes and the mode hops
at different frequencies are clearly observable in all
measurements. The temperature was actively sta-
bilized.

Figures 9 and 10 show the laser light intensity de-
pending on the gain current. Figure 11 and 12 show
the Bode plots of the current controller. The 3dB
point is at a frequency of ~ 11.7 kHz. The schematic
of the measurement setup is shown in figure 13.

Two identical laser modules were built up, their
beat signal displayed on a frequency analyzer can
give a rough estimation for the laser linewidth. A
beat signal with a sweep time of 20 ms is shown in
Fig. 14 resulting in a linewidth of ~1 MHz.

6 Conclusions

In our measurements, the Bragg section and the
phase section were independently activated, con-
trolled and characterized. The two investigated
DBR laser diodes showed partly the same and
partly a different behavior. The current and the
temperature were exactly the same for both. The
laser diodes’ intensity is linearly dependent on the
current. The stability of the DBR laser diodes’
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Figure 9: DBRI1: intensity vs. current for different
laser temperatures (gain section ON, and Bragg/phase-
section OFF).
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Figure 10: DBR2: intensity vs. current for different
laser temperatures (gain section ON, and Bragg/phase-
section OFF).

frequency has not proved sufficient for long-term
measuring periods. This was the case for all tem-
peratures and injection currents. For the configu-
ration: gain and Bragg section ON, phase section
OFF, it was not possible to obtain a linewidth un-
der 1 MHz. A beat measurement between a DBR
laser diode and a stabilized solid-state laser could
not be accomplished because DBR laser diodes have
a frequency of about 282 THz while the solid state
laser’s frequency is about 281 THz.

7 Outlook

A more detailed derivation of the linewidth of the
DBR laser diode radiation is the next important
step. This will drive the feasibility of phase locking
of two diodes, which is an important metrology task
in absolute laser interferometry. Getting rid of any
frequency pre-stabilization subsystem would sim-
plify the systems and also reduce mass and power.

The knowledge of the frequency behavior of the
actuators in terms of Bode-plots are necessary for
designing the optical metrology systems based on
the laser sources. Residual amplitude noise (RIN) is
the other important parameter of a laser source. A
dedicated measurement set up to determine reliable
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Figure 11: Bode plot of the current controller (ampli-
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Figure 12: Bode plot of the current controller (phase).
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Figure 13: Experimental setup for measuring the Bode
plot of the current controller.
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Figure 14: Measured linewidth. The beat signal of the
two identical DBR lasers shown on a frequency analyzer.
The sweep time is 20 ms.

the RIN will be realized in a bachelor thesis.

As a next step we will operate the DBR laser
diodes with a constant current through the gain
section while the Bragg section is operated and the
phase section is not operated. For long term mea-
surements, this should allow the beat signal of two
DBR laser diodes to be kept in the frequency range
of the frequency counter during long-term measure-
ments. Also, we will determine the linewidth using
other configurations. We will continue the examina-
tions with the aid of beat measurements. Another
task is the ongoing examination of the current con-
troller’s precision and the accurate stabilization of
the temperature controller.
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Systematische Merkmalsbewertung in komplexen Ultra-
schallsignalen mit Lernmaschinen
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Flederméuse kénnen anhand von Ultraschallsignalen sehr komplexe Unterscheidungen treffen. Bisher ist
es immer noch unklar, welche Signalmerkmale die Grundlage fiir die erstaunlichen Verhaltensleistungen
dieser Tiere bilden. Anhand zweier Beispiele, der Bestimmung der Artzugehorigkeit einer Pflanze aus
ihrem Ultraschallecho und der Erkennung eines Fledermaus-Individuums aus seinem Echoortungssignal,
wird hier gezeigt, dass moderne Methoden des maschinellen Lernens zu neuartigen und z. T. {iberra-
schenden Erkenntnissen in dieser Frage fithren kénnen. Die eingesetzten Lernmaschinen iiberpriifen dabei
systematisch eine grofie Anzahl moglicher Merkmale und bewerten sie anhand ihrer Wichtigkeit fiir die
Unterscheidungsaufgabe.

1 Einleitung eigenen Sinneswelt zur Verfiigung steht. Es bleibt
hier nur die Analyse der Ultraschallechos mit ver-
schiedenen Methoden aus der Signalverarbeitung
und der Statistik. Haufig wird dabei so verfahren,
dass der Untersuchende selbst nach auffalligen oder
plausiblen Mermalen in den Echos sucht und die-
se dann anhand von Verhaltensexperimenten iiber-
priift. Dieses Vorgehen hat einen entscheidenden

Das Sonarsystem der Flederméuse ermdoglicht
Wahrnehmungsleistungen, die in ihrer Komplexitét
weit iiber die wohlbekannte Echoortung von Beute
oder Hindernissen hinausgehen. Als herausragende
Beispiele sind hier die Erkennung bestimmter Ve-
getationsformen anhand ihrer Ultraschallsignaturen

und das Herausfiltern des Echos eines winzigen Beu- N, cpteil: die Auswahl der Merkmale geschieht nach
den Kriterien eines menschlichen Beobachters, was

tetieres aus einem verwirrenden Hintergrund von
Blittern und Zweigen zu nennen. Ahnlich komplex
ist die Fahigkeit der Flederméuse, individuelle Art-
genossen nur anhand ihrer Echoortungssignale zu
erkennen, obwohl diese hochgradig stereotypisiert
sind und keinem kommunikativen Zweck dienen.
Dabei ist nicht zu vergessen, dass diese erstaun-
lichen Leistungen bei vélliger Dunkelheit erbracht
werden (Abb. 1).

Obwohl diese Verhaltensleistungen in der Fachli-
teratur gut beschrieben sind!, weif man bis heu-
te vergleichsweise wenig dariiber, wie Fledermé&use
diese komplexen Ultraschallsignale auswerten und
welche Merkmale sie dabei benutzen. Einer der
Griinde dafiir ist sicherlich, dass dem menschlichen
Betrachter — im Gegensatz zur visuellen Wahrneh- Abbildung 1: Bei der Jagd miissen Flederm&use die Ul-
mung — keine offensichtliche Anschauung aus seiner raschallechos der umgebenden Vegetation als Hinder-
nis interpretieren und gleichzeitig von den Echos ihrer
Beute trennen. Dabei diirfen sich die Echoortungssyste-
me verschiedener Artgenossen nicht gegenseitig stéren

*Derzeitige Adresse: Department of Neurobiology, Weiz-
mann Institute of Science, Rehovot 76100 Israel

'Eine Ubersicht zur Fachliteratur findet sich in Yovel, )
Franz, Stilz, and Schnitzler (2008a). (Foto: D. Nill).
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die Gefahr in sich birgt, dass die entscheidenden
Merkmale iibersehen werden.

FEine Alternative zu diesem Verfahren bieten
neuere Ansétze aus dem Feld des maschinellen Ler-
nens, das sich sowohl der Methodik der Neuroin-
formatik als auch der Statistik bedient. Im Zu-
sammenhang mit der Frage nach der Merkmalsse-
lektion in komplexen Ultraschallsignalen sind hier
v. a. Klassifikationsverfahren von Interesse, die ei-
ne groBe Zahl von moglichen Merkmalen systema-
tisch anhand statistischer Kriterien tiberpriifen und
ihre Wichtigkeit fiir die jeweilige Klassifikationsauf-
gabe bewerten, ohne dass ein menschlicher Beob-
achter hierbei eingreifen muss. In den nachstehend
beschriebenen Untersuchungen wird ein prototypi-
scher Vertreter dieser Verfahren eingesetzt, die Sup-
portvektormaschine (SVM, Uberblick in Scholkopf
& Smola, 2002). SVMs erfreuen sich grofler Be-
liebtheit in technischen Anwendungen, da sie re-
lativ einfach einzusetzen und theoretisch gut ver-
standen sind. Andere Verfahren des maschinellen
Lernens wie z.B. Boosting (z.B. Bishop, 2006) oder
Gaufische Prozesse (Rasmussen & Williams, 2006)
wéren fir die genannte Fragestellung ebenso geeig-
net, wurden aber aufgrund des grofieren Aufwandes
bei der Berechnung des Klassifikators nicht weiter
untersucht.

Im Folgenden werden SVMs detaillierter dis-
kutiert, besonders in Hinblick auf die Frage der
Merkmalsselektion, bevor wir ihre Anwendung
auf zwei Klassen von komplexen Ultraschallsigna-
len beschreiben: Echos von Bdumen und Hecken
und Echoortungslaute von einzelnen Fledermaus-
Individuen, die es jeweils zu unterscheiden gilt. Ab-
schliefend werden wir nochmals in einem allgemei-
neren Kontext beleuchten, inwiefern der Einsatz
von Lernmaschinen eine Erweiterung der naturwis-
senschaftlichen Methodik bedeuten kann.

2 Supportvektormaschinen

Bei statistischen Klassifikationsverfahren werden
die zu Kklassifizierenden Objekte durch eine An-
zahl von Messgrofien oder Merkmalen charakteri-
siert. Eine spezifische Instanz einer Objektklasse
ist dabei durch einen Satz von Messwerten gekenn-
zeichnet, der in einem Merkmalsvektor zusammen-
gefaflt wird. Die fiir unsere Fragestellung wichtigen
”Objekte” sind Ultraschallsignale einer bestimm-
ten Dauer, die durch eine moglichst grofie Anzahl
von Kennwerten umfassend beschrieben werden sol-
len. In den nachfolgend beschriebenen Studien wur-
de dazu (u.a.) das Spektrogramm der als Zeitrei-
hen {iber Mikrofone aufgenommenen Ultraschal-
lechos und Ortungssignale berechnet (Abb. 2). Hier-
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Abbildung 2: Spektrogramm des Ultraschallechos eines
Apfelbaumes. Dargestellt ist die Signalamplitude zu ver-
schiedenen Zeitpunkten, zerlegt nach Frequenzbidndern
(Amplitude steigt von blau iiber gelb nach rot). Die
komplexe Struktur des Signals wird durch die Abfol-
ge von Blittern und Asten des Baumes bestimmt. Sie
variiert stark von Baum zu Baum und mit dem Be-
obachtungswinkel. Das gezeigte Spektrogramm hat 95
Frequenzbénder in 90 Zeitfenstern und ist somit 8550-
dimensional.

bei werden die Zeitreihen zunéchst in tiberlappende
Fenster eingeteilt, innerhalb derer man dann eine lo-
kale Fourieranalyse durchfiihrt. Die einzelnen Merk-
male stellen in diesem Fall eine Messung der Signal-
amplitude zu einem bestimmten Zeitpunkt und in-
nerhalb eines bestimmten Frequenzbandes dar. Die
Anzahl der auf diese Weise erhaltenen Merkma-
le und damit die Dimensionalitdt des zugehorigen
Merkmalsraumes ist sehr grof§ (in unserem Fall bis
zu 8550 Zeit-Frequenz-Kombinationen), so dass vor
Anwendung eines Klassifikationsverfahrens die Di-
mensionalitdt der Merkmalsraumes reduziert wer-
den musste. Dies geschah durch eine Hauptkom-
ponentenanalyse, bei der die Merkmalskombinatio-
nen mit dem gréfiten Anteil an der Signalvari-
anz identifiziert werden (z.B. Haykin, 1999). Da-
bei zeigte sich, dass ein daraus konstruierter 240-
300-dimensionaler Merkmalsraum zur Représenta-
tion der Spektrogramme ausreichte.

SVMs gehoren zu den linearen Klassifikations-
verfahren. Die zu klassifizierenden Objekte werden
iiber ihre Merkmalsvektoren als Datenpunkte im
Merkmalsraum dargestellt. Die Klassifikationsauf-
gabe besteht nun darin, die den Klassen entspre-
chenden Punktwolken moglichst sauber durch eine
Ebene im Merkmalsraum zu trennen. Die verschie-
denen linearen Klassifikationsverfahren unterschei-
den sich darin, wie die Trennebene gefunden wird.
Im Falle der SVM wird die Trennebene so gewéhlt,
dass die Datenpunkte einen moglichst breiten Kor-
ridor um die Ebene bilden, d.h. die Trennbreite wird
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Abbildung 3: Schematische Darstellung der Klassifika-
tion mit Supportvektormaschinen. Die zu klassifizieren-
den Objekte sind durch ihre (hier zweidimensionalen)
Merkmalsvektoren représentiert. Die Trennebene des
Klassifikators wird so gewihlt, dass sie die Vertreter
beider Klassen (positive und negative Instanzen - Kreise
und Kreuze) korrekt trennt und dabei die Trennbreite
maximiert. Die Lage der Trennebene wird nur durch we-
nige Datenpunkte bestimmt, den Supportvektoren (mar-
kiert durch Ringe).

maximiert (Abb. 3). Dieses Auswahlkriterium hat
tiefgreifende Folgen fiir das Verhalten des resultie-
renden Klassifikators: man kann zeigen, dass eine
Ebene mit maximaler Trennbreite mit hoher Wahr-
scheinlichkeit auch bisher noch nicht gesehene Da-
tenpunkte korrekt klassifiziert (z.B. Cristianini &
Shawe-Taylor, 1999). Dieses Resultat gilt erstaunli-
cherweise unabhéngig von der Dimensionalitit der
Datenpunkte. Damit sind SVMs besonders fiir die
hochdimensionalen Merkmalsrdume unserer Frage-
stellung geeignet. Hinzu kommen numerisch vor-
teilhafte Eigenschaften des zugrundeliegenden Op-
timierungsproblemes: es existieren nur globale Ma-
xima fiir die Trennbreite, so dass sehr effektive Op-
timierungsalgorithmen eingesetzt werden kénnen.

In vielen Féllen ist die perfekte lineare Tren-
nung der zu den beiden Klassen gehorenden Da-
tenwolken unmoglich. Man muss hier eine gewisse
Anzahl von Fehlklassifikationen zulassen, was wie-
derum einen Kompromiss zwischen zwei widerstrei-
tenden Zielen erfordert: einerseits soll die Trenn-
breite moglichst grofl sein, andererseits fithrt eine
groflere Trennbreite auch zu héufigeren Fehlklassi-
fikationen. Die jeweilige Gewichtung beider Teilzie-
le wird in einem aufwéindigen Verfahren berechnet:
der Kreuzvalidierung. Dabei werden die Trainings-
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daten in n gleich grofie Blocke aufgeteilt. Man trai-
niert den Klassifikator fiir eine gegebene Gewich-
tung auf n — 1 Blocken und testet ihn auf dem ver-
bleibenden Block. Dies wird fiir alle Permutationen
der Blockreihenfolge wiederholt und daraus die ge-
mittelte Klassifikationsleistung berechnet. Wendet
man diese Prozedur auf verschiedene Gewichtun-
gen an, ldsst sich so der optimale Gewichtungsfak-
tor zwischen Trennbreite und Fehlklassifikationen
finden.

Was ist nun der versprochene Vorteil dieses Klas-
sifikationsverfahrens im Vergleich zum Test einzel-
ner Merkmale? Augenfillig ist natiirlich die grofie
Anzahl parallel getesteter Merkmale. Durch das
zweistufige Verfahren werden bis zu 8550 verschie-
dene Kombinationen von Frequenzen und Zeitpunk-
ten systematisch in Bezug auf ihre Unterschei-
dungsfiahigkeit getestet. Der resultierende lineare
Klassifikator weist jedem einzelnen Merkmal eine
Gewichtung zu, die seine Wichtigkeit fiir den Klassi-
fikationsprozess angibt (Abb. 4). Damit entfillt die
sonst notwendige Vorauswahl von geeigneten Merk-
malskombinationen durch den Untersuchenden zur
experimentellen Uberpriifung. Als Kriterium der
Merkmalsselektion bzw. -bewertung dient dabei die
Trennbreite auf den vorhandenen Daten, also ein
rein statistisches Kriterium, das sich nur aus der
Forderung nach einer moglichst guten Klassifikati-
onsleistung ergibt, nicht aus Plausibilitdtserwagun-
gen oder Vorlieben des Experimentators.

3 Bestimmung der Pflanzenart aus
Ultraschallechos

In der ersten Studie (Yovel et al., 2008a) wurde auf
eine umfangreiche Datenbank von Vegetationsechos
zuriickgegriffen, die am Lehrstuhl Tierphysiologie
der Universitit Tiibingen aufgenommen wurde. Das
biomimetische Aufnahmesystem erzeugte zu diesem
Zweck einen Ultraschallimpuls mit einem Spektro-
gramm, das in seiner Zusammensetzung sehr &hn-
lich zu dem realer Flederm#use ist. Das Echo der
Pflanze wurde mit zwei Mikrofonen aufgezeichnet,
entsprechend den beiden Ohren der Fledermaus.
Die Datenbank enthilt jeweils 6250 Echos von 5
Pflanzenarten (je 50 Vertreter von Mais, Apfel-
baum, Buche, Fichte, Schlehe), aufgenommen unter
25 standardisierten Winkeln. Nach einigen Vorver-
arbeitungsschritten wurden aus den Echos die zu-
gehorigen Spektrogramme mit den besagten 8550
Eintrdgen berechnet. Die Spektrogramme wiesen ei-
ne schwer interpretierbare, komplexe Struktur auf,
so dass fur diese Art von Merkmalen tatséchlich nur
ein statistischer Klassifikationsansatz in der Art der
SVM in Frage kam.



Die SVMs wurden entweder fiir die Unterschei-
dung zweier Pflanzenarten (one vs. one) oder ei-
ner Pflanzenart vom Rest (one wvs. all) nach dem
oben beschriebenen Verfahren trainiert. Die Aus-
wertung der Klassifikationsleistung erfolgte im be-
reits erwéhnten Verfahren der Kreuzvalidierung,
um mogliche Artefakte der zufélligen Aufteilung
der Daten in Trainings- und Testmenge zu redu-
zieren?. Die trainierten Klassifikatoren waren er-
staunlich leistungsfihig: fiir fast alle Paarungen lag
die Leistung konsistent bei 95-99% des theoretisch
maximal méglichen (mit einigen Ausnahmen bei
81-93%). Dieses Ergebnis iiberrascht um so mehr,
als dass dieselbe Klassifikationsaufgabe im visuellen
Bereich schwieriger zu realisieren wére und eine er-
heblich grofiere Menge an Trainingsdaten erfordern
wiirde. Man kann daraus schlielen, dass die schein-
bar schwierige Bestimmung der Artzugehorigkeit ei-
ner Pflanze aus einem einzigen Ultraschallecho fiir
die Fledermaus keine besondere Schwierigkeit dar-
stellen sollte.

Betrachtet man die Gewichtung, die die
trainierten SVMs den einzelnen Zeit-Frequenz-
Kombinationen des Spektrogramms zuweisen,
so zeigt sich, dass bereits einige wenige Spektro-
grammeintrige ausreichen, um die Artzugehorigkeit
der Pflanze mit groBer Sicherheit zu bestimmen
(Abb. 4). Die Position der wichtigsten Spektro-
grammeintriage dndert sich jedoch je nach Art der
Klassifikationsaufgabe. Interessanterweise decken
sich die gefunden Zeit-Frequenz-Kombinationen
recht gut mit dem, was iiber die Horphysiologie der
Fledermaus bekannt ist.

Warum ist die Bestimmung der Artzugehorigkeit
eines Pflanzenechos nun so einfach? In einer weite-
ren Untersuchung (Yovel, Franz, Stilz, & Schnitzler,
2008b) konnten wir zeigen, dass das Auftreten be-
stimmter Frequenzen im Ultraschallecho mit beson-
ders héufigen Absténden zwischen den Reflektoren
assoziiert ist. Bei Pflanzen sind die hauptséichlichen
Reflektoren die Blétter. Jede Pflanzenart hat fiir sie
typische Absténde zwischen den Bléttern oder Na-
deln, die zu entsprechenden Frequenzen im Spektro-
gramm fiithren. Dariiberhinaus wird die Héufigkeit
der Blitter durch die Struktur der Zweige und Aste
moduliert, was wiederum im Spektrogramm zu cha-
rakteristischen zeitlichen Absténden der Teilechos
fithrt. Die SVM identifiziert genau diese spezifischen
Kombinationen von Frequenzen und Zeitpunkten,
anhand derer sich die Echos zweier verschiedener

2Es finden hier also zwei verschachtelte Kreuzvalidierun-
gen statt: einerseits innerhalb der Trainingsdaten zum Auf-
finden der optimalen Gewichtung zwischen Trennbreite und
Klassifikationsfehler, anderseits auf allen Daten zur Bestim-
mung der Leistung des trainierten Klassifikators.
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Abbildung 4: Gewichtung der einzelnen Fequenz-Zeit-
Kombinationen eines trainierten SVM-Klassifikators fiir
die Unterscheidung zwischen Apfelbiumen und Bu-
chen. Fin relativ kleiner Ausschnitt des Spektrogramms
geniigt zur Klassifikation des Echos.

Pflanzenarten besonders gut unterscheiden lassen.

4 Erkennung individueller Artgenossen
aus ihren Echoortungslauten

Im Gegensatz zu Vegetationsechos haben die ein-
zelnen Echoortungslaute der Flederméuse eine sehr
einfache, stereotypisierte Struktur (Abb. 5). Indivi-
duelle Unterschiede der Spektrogramme verschiede-
ner Artgenossen fallen dabei nicht ins Auge. Hinzu
kommt eine besondere Schwierigkeit: Flederm&use
variieren ihre Ortungslaute konteztabhingig, d.h. sie
passen diese den momentanen Abstdnden der Hin-
dernisse und etwaigen Beutetieren an. Dies fiihrt
zu einer sehr grofien Variabilitdt in den Echoor-
tungslauten der einzelnen Flederméusen, was ihre
Zuordnung zu bestimmten Individuen erheblich er-
schwert. Dennoch scheint die Erkennung einzelner
Artgenossen anhand ihrer Ortungssignale eine Rol-
le im Fledermausverhalten zu spielen, v.a. bei der
Jagd in Gruppen. Auch hier war es bisher unklar,
welche Merkmale der Ultraschallsignale dabei eine
Rolle spielen kénnten.

Bei der Untersuchung dieser Frage muss zuerst
zweifelsfrei festgestellt werden, ob Flederméuse zur
individuellen Erkennung aus Ortungssignalen iiber-
haupt féhig sind, denn die Rolle dieser Verhaltens-
leistung bei der Jagd in Gruppen ist bisher rein
hypothetisch. Dazu wurde ein Experiment durch-
gefiihrt, bei dem einer Fledermaus aus zwei Laut-
sprechern die Ortungslaute zweier Artgenossen vor-
gespielt wurde. Bewegte sich die Fledermaus in
Richtung eines bestimmten Artgenossen, wurde sie
mit einem Mehlwurm belohnt, ansonsten nicht. Die-
se Prozedur wurde in einer Trainingsphase von meh-
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Abbildung 5: Spektrogramm eines Echoortungslautes
des grofien Mausohrs (Myotis myotis). Die einfache
Frequenz-Zeit-Struktur ist stark stereotypisiert und va-
rilert nur wenig von Individuum zu Individuum, aber
dafiir umso stérker von Situation zu Situation.

reren Wochen wiederholt, bis die Fledermaus ei-
ne zufriedenstellende Erkennungleistung zeigte. In
der anschlieenden Testphase wurden Ortungslau-
te der gleichen Flederméuse gespielt, die die gete-
steten Fledermé#use aber wéhrend ihres Trainings
nie gehort hatten. Aufgrund der grofien Variabi-
litdt der Echoortungslaute ist die Erkennung des
richtigen Artgenossen eine schwierige Aufgabe, die
die Fledermiuse jedoch souverin meisterten (Yovel,
Melcén, Franz, Denzinger & Schnitzler, zur Begut-
achtung eingereicht).

Nachdem die grundsétzliche Fahigkeit bei den
Flederméusen gezeigt war, konnten wir nun - dhn-
lich wie bei den Vegetationsechos - mit Hilfe von
Lernmaschinen untersuchen, welche Merkmale bei
der Erkennung individueller Artgenossen eine Rolle
spielen koénnten. Die Datenbasis bildeten die glei-
chen aufgenommenen Ortungssignale, die auch in
den Verhaltensexperimenten zum FEinsatz kamen.
Damit wurden Tier und Maschine vor die glei-
che Klassifikationsaufgabe gestellt. Ahnlich wie bei
den Vegetationsechos wurden nach einigen Vor-
verarbeitungsschritten die Spektrogramme der Or-
tungslaute berechnet, dieses Mal mit einer nied-
rigeren Auflosung (4200 statt 8550 Zeit-Frequenz-
Kombinationen). Die damit trainierten SVMs er-
reichten eine sehr hohe Klassifikationsleistung, die
sogar die der Flederméuse tibertraf. Interessanter-
weise zeigte sich, dass beinahe die gleiche Leistung
auch mit einem reduzierten Spektrogramm erzielt
werde konnte, bei dem {iiber alle Zeitpunkte ge-
mittelt wurde und somit nur noch die Frequenz-
information vorhanden war. Dies lésst sich dahin-
gehend interpretieren, dass die fiir die Zuordnung
zu einem Individuum entscheidenden Merkmale ei-
nes Echoortungslautes durch die Filtereigenschaf-
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ten des Stimmapparates bestimmt werden, die wie-
derum durch bestimmte individuelle Resonanzen im
Vokaltrakt (sogenannte Formanten) zustandekom-
men. Diese spielen die Hauptrolle bei der Erken-
nung menschlicher und tierischer Stimmen. Somit
ldsst sich sagen, dass sich die in Gruppen aktiven
Flederm#&use mit hoher Wahrscheinlichkeit anhand
ihrer Stimme wiedererkennen kénnen, die sich unse-
ren Ergebnissen zufolge auch hinreichend stark auf
die Frequenzzusammensetzung ihrer Echoortungs-
laute auswirkt.

5 Diskussion

Es bleibt zu hoffen, dass die beiden beschriebenen
Untersuchungen die Hauptaussage des vorliegenden
Texts deutlich machen: durch den Einsatz des ma-
schinellen Lernens wird der Forschung ein neues In-
strument an die Hand gegeben, das die simultane
und systematische Untersuchung einer grofien An-
zahl von Hypothesen erlaubt. Die Hypothesen (in
unserem Fall bestimmte Merkmale der Ultraschall-
signale) werden nur nach ihrer statistischen Vor-
hersagekraft beurteilt, nicht nach ihrer — wie auch
immer gearteteten — Plausibilitdt. Damit ldsst sich
ein relativ vorurteilsfreier Blick auf den Hypothe-
senraum gewinnen, der oftmals iiberraschende Er-
klarungen fiir ein Phénomen oder eine Verhaltens-
leistung liefert, die im Vorfeld nicht offensichtlich
sind oder womdglich iibersehen wurden.

Natiirlich stellt die hier verwendete Kombination
aus Spektrogrammen und linearen Klassifikatoren
ebenfalls eine Einschrinkung des moglichen Merk-
malsraumes dar. Denkbar wéren ja auch nichtlinea-
re Merkmale der Ultraschallsignale wie z. B. Va-
rianz oder Kurtosis der Zeitreihe, die in vergleich-
baren Untersuchungen getestet wurden. Im Prinzip
kann eine SVM sehr leicht auf solche nichtlinearen
Merkmale erweitert werden, indem man die Daten
zunéichst nichtlinear transformiert, bevor man die
Trennebene berechnet. Dennoch stellt die Wahl ei-
ner bestimmten nichtlinearen Transformation auch
hier eine Einschrinkung der moglichen nichtlinea-
ren Merkmale dar. Allgemein lésst sich zeigen, dass
man diese Art von experimenteller ”Willkiir” nie
ganz loswerden kann (eine Konsequenz des “no
free lunch”-Theorems; s. z.B. Duda, Hart, & Stork,
2001). Trotzdem stellt der erheblich grofiere Merk-
malsraum, der in den beiden oben beschriebenen
Ansétzen durchsucht wurde, eine systematische Er-
weiterung der traditionellen Methodik dar, die bis-
her bei der Merkmalssuche allein auf die Intuition
des Experimentators angewiesen war.
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Einfluss und Wechselwirkung von dynamischem Licht und
Akustik auf die Leistungsfahigkeit von Mitarbeitern

Jorg Haller', Herwig Baumgartner®, Anna Huber?, Andreas Liebl®, Horst Drotleff,
Roman Wack?, Jiirgen Hellbriick*, Sabine Schlittmeier*, J. Renz’ und Bernd Jédicke'™

'HTWG Konstanz, Institut fiir Optische Systeme, Brauneggerstrae 55, 78462 Konstanz, Deutschland
2HfT Stuttgart, SchellingstraBe 24, 70174 Stuttgart, Deutschland

3Fraunhofer IBP Stuttgart, NobelstraBe 12, 70569 Stuttgart, Deutschland

4KU Eichstétt-Ingolstadt, OstenstraBe 26, 85072 Eichstétt, Deutschland

5Renz Innenausbau, Forchenweg 37, 71134 Aidlingen, Deutschland

Work conditions have changed drastically within the last decades. The dominant working place nowadays
is the office. Output and efficiency of office work is influenced by environmental conditions. Studies have
been dedicated to influence of light, noise and climate on health and well-being. However, little is known
about work performance and efficiency during different physical parameters. We developed physical mea-
surements and a combination of psychological tests and questionnaires to investigate performance during
different physical parameters. First tests proved highly intelligible speech to not only being perceived
as distractive, but also impairing performance even if its level is very low (40 dB(A)). This impairment
can be reduced by lowering speech intelligibility. Variable lighting is perceived as being detrimental to
concentration but no effect on performance was found. Yet, interactions of acoustics and lighting were
verified. Effects on cognitive performance and well-being have to be considered separately since these
effects do not necessarily match.

1 Einleitung erarbeitet. Mehrere Messreihen zum Test von Leis-

tung und Befinden wurden durchgefiihrt.
Denkarbeit verdringt in unserer Arbeitswelt mehr

und mehr die Handarbeit. Diese Denkarbeit fin- 2  Messtechnik
det praktisch ausschliefflich in Biiros statt. Globaler

Wettbewerb erfordert, dass diese Biiros auf die Leis-  Physikalisch
tungsfihigkeit der Nutzer hin optimiert werden. Der
Einfluss von Licht, Schall und Klimaqualitét wurde
bisher hauptséichlich unter den Aspekten Gesund-
heit und Wohlbefinden untersucht. So werden bei-
spielsweise eine Lirmgrenze von 87 db(A) und Be-
leuchtungsstérkeuntergrenze von 500 Ix vorgeschrie-
ben, um Schéiden zu vermeiden. Was fehlte, war ei-  pgychologisch - Leistungsfihigkeit
ne Studie zur wechselseitigen Wirkung aller physi-
kalischer Bedingungen auf das Leistungsvermogen.
Dabei ist gerade ein auf Denkarbeit hin optimiertes
Biiro ein wichtiger Produktionsfaktor. Unser Team
hatte im Projekt “Biiroeffizienz” das Ziel den in-
tegralen Einfluss verschiedener physikalischer Para-
meter auf Leistungsfihigkeit und Befinden zu mes-
sen. Dazu wurden Biiros speziell ausgestattet und
eine physikalische und psychologische Messtechnik

Die wichtigsten physikalischen Parameter werden
mit einem Dummy laufend protokolliert. Sie kénnen
am Ende einer Versuchsperiode ausgewertet wer-
den. Der Dummy ist einsatzbereit. Ein zweiter wird
gebaut.

Wesentliche Basis in der Arbeit ist der soge-
nannte “Informationsverarbeitungsansatz” [3]. In
diesem Modell wird eine hierarchische Struktur
angenommen fiir unterschiedliche kognitive Pro-
zesse, beginnend bei den sensorische Funktionen,
iiber kognitive Basisfunktionen bis hin zu komple-
xen Leistungen. Zu diesen Basisfunktionen gehoren:
Aufmerksamkeit, Schlussfolgerndes Denken und Er-
innern. Komplexe kognitive Prozesse wie Text-

*Derzeitige Adresse: HTWG Konstanz, 78462 Konstanz, verstehen erfordern eine Reihe unterschiedlicher
Deutschland; e-mail: joedicke@htwg-konstanz.de Basisfunktionen.
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Abbildung 1: Informationsverarbeitungsansatz

Je weniger die Basisfunktionen und ihr Zusam-
menspiel durch andere Prozesse gestort werden, de-
sto effizienter konnen sich die Menschen ihrer Denk-
arbeit widmen. Plausibler Ausgangspunkt in unse-
rem Projekt war nun, dass unterschiedliche physika-
lische Umweltbedingungen Einfluss auf diese Basis-
funktionen haben und damit die Leistungsfahigkeit
bei der Denkarbeit beeintriachtigen kénnen. Um dies
nachweisen zu konnen, wurden Tests weiterentwi-
ckelt und eingesetzt, die die kognitiven Basisfunk-
tionen messen. Diese sind:

Serial recall task misst die Kapazitit des
Wort-Erinnerungsvermogens.

Grammatical reasoning misst die Effizienz
logische Schliisse zu ziehen.

Concentration performance bestimmt die
Nachhaltigkeit der Konzentrationsfahigkeit.

Die Verfahren sind in der experimentellen Leis-
tungspsychologie anerkannt, mussten aber ange-
passt werden. Die Anpassung geschah vor allem in
Hinblick auf das Schwierigkeitsniveau.

Psychologisch - Befinden

Neben den Leistungstests wurden Befragungen zum
Befinden durchgefiihrt. Ziel war es herauszufinden,
ob man mit den einfacheren Fragebtgen vergleich-
bare Ergebnisse erhilt, wie mit den aufwindigen
Leistungstests. Eingesetzt wurden:

¢ NASA-TLX, der die subjektiv empfundene
Belastung misst.

e EZ-Skala, die das subjektiv empfundene Be-
finden bewertet.

Diese Tests sind validiert und anerkannt. Ver-
fahren zur computerbasierten Durchfithrung und
Auswertung der EZ-Skala wurden im Projekt
geschaffen.
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Versuchsablauf

In 3 Versuchsreihen wurden Probanden unter-
schiedlichen Raumsituationen ausgesetzt und muss-
ten die Leistungstests durchlaufen und die Fra-
gebdgen ausfiillen.

e Vorversuch: statisches Licht

hochdynamisches Licht

VS.

e Hauptversuch 1: gutes/schlechtes Licht vs.
gute/schlechte Akustik

e Hauptversuch 2: gutes/schlechtes Klima vs.
gute/schlechte Akustik

Hier werden nur die Ergebnisse des Hauptversuchs
1 erlautert.

3 Hauptversuch Akustik vs. Licht

Eine variable bzw. eine konstante Beleuchtungs-
situation (schlechtes/gutes Licht) wurde entwe-
der mit Hintergrundschall von hoher oder gerin-
ger Sprachversténdlichkeit (schlechte/gute Akus-
tik) kombiniert und in ihrer Wirkung auf die Bear-
beitung von Leistungstests untersucht. Ergéinzend
wurden Fragebogen eingesetzt. Unter anderem wur-
de erwartet, dass die Kombination aus variabler
Beleuchtungssituation und Hintergrundschall mit
hoher Sprachversténdlichkeit (Licht und Akustik
schlecht) im Vergleich zur Kombination aus kon-
stanter Beleuchtungssituation und Hintergrund-
schall mit geringer Sprachversténdlichkeit (Licht
und Akustik gut) zu hoheren Fehlerraten bei der
Bearbeitung der verschiedenen Leistungstests fiihrt
und sich auch negativ auf das subjektive Empfinden
sowie die empfundene Arbeitsbelastung der Pro-
banden auswirkt.

Versuchsdurchfiihrung

Die Untersuchung folgt einem zweifaktoriellen De-
sign mit Messwiederholung. Die Stichprobe besteht
aus 32 Probanden (17 Frauen; 15 Ménner) im
Alter zwischen 19 und 31 Jahren (Md = 23,5 Jah-
re). Nach einer schriftlichen Instruktion und einer
Ubungsphase bearbeiten die Probanden die Aufga-
benstellungen unter den vier Untersuchungsbedin-
gungen.

Per Beamer wird eine im Blickfeld der Proban-
den befindliche Projektionsfliche entweder konstant
beleuchtet oder es wird ein Wanderbalken auf die
Projektionsfliche projiziert, welcher sich mit einer
Frequenz von 1-4 Hz zufillig bewegt . Mit Hilfe
der Liiftersteuerung des Laptops wird ein Grund-
gerduschpegel von 35 dB(A) realisiert. Die Hin-
tergrundschalle werden frontal per Lautsprecher



Kennung | Beschreibung Farbcode
SLsA Wanderbalken (schlechtes Licht) /

gute Sprachverstandlichkeit (schlechte Akustik) .
alsA konstante Beleuchtung (gutes Licht) /

gute Sprachverstandlichkert (schlechte Akustik) .
sLoA Wanderbalken (schlechtes Licht) / D

schlechte Sprachverstandichkeit (gute Akustik)

konstante Beleuchtung (gutes Licht) /
gLoA schlechte Sprachverstandichkeit (gute Akustik) D

Abbildung 2: Kennzeichnung der Untersuchungsbedin-
gungen.

Leuchtdichte [ed/m?]

=oben links

= oben rechls
=auf Baken
=unten links
=unten rechts

138
136
1
157
157

Lautsprecher

Abbildung 3: Aufbau Hauptversuch 1 “Licht v.s Akus-
tik”.

dargeboten, so dass ein Mittelungspegel von 40
dB(A) resultiert. Abbildung3 veranschaulicht den
Versuchsaufbau.

Nach jedem Untersuchungsdurchgang folgt ei-
ne Pause von 10 Minuten. Nach der Bearbei-
tung der Ubung sowie der ersten drei Untersu-
chungsdurchgéinge erfolgt eine 45-miniitige Mit-
tagspause. Jeweils zu Beginn und am Ende eines
Untersuchungs-durchgangs wird der Eigenzustand
der Probanden mit Hilfe der EZ-Skala erhoben.
Am Ende eines Untersuchungsdurchgangs erfolgt
die Dokumentation der empfundenen Arbeitsbelas-
tung mit Hilfe des NASA-TLX sowie der empfun-
denen Léstigkeit, Konzentrationsfahigkeit, Storung
und der Lesbarkeit der Zeichen auf dem Bildschirm.
Die Abfolge der verschiedenen Umgebungsbedin-
gungen ist ebenso wie die der verschiedenen Aufga-
benstellungen {iber die Versuchspersonen ausbalan-
ciert. Pro Aufgabenstellung werden stets 20 Wie-
derholungen bzw. im Textverstédndnistest 4 Tex-
te bearbeitet. Die Dauer des Experiments betrigt
insgesamt ca. 7 Stunden. Jeweils zwei Probanden
arbeiten zeitgleich an getrennten aber identischen
Einzelarbeitsplétzen.
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Abbildung 4: Links: Fehlerraten und Standardfeh-
ler der Serial-Recall-Aufgabe in Abhéngig-keit von
den Umgebungsbedingungen. Rechts: Mittlere Urtei-
le und Standard-fehler bzgl. der berichteten Konzen-
trationsfahigkeit.

Ergebnisse

Aus der Vielzahl der Ergebnisse werden einige be-
sonders prominente beispielhaft vorgestellt. Alle Er-
gebnisse sind im Abschlussbericht zu finden [2].

Kapazitidt des Arbeitsgedichtnisses

Die varianzanalytische Auswertung der pro-
zentualen Fehlerraten in Abhéngigkeit von den
Umgebungsbedingungen ergibt bei der Serial-
Recall-Aufgabe einen hochsignifikanten Hauptef-
fekt des Faktors Hintergrundschall (F(1,31)=14,15;
pi0,01). Unter Hintergrundschall mit guter Sprach-
verstdndlichkeit werden mehr Fehler gemacht als
unter Hintergrundschall mit schlechter Sprach-
versténdlichkeit. Der Haupteffekt des Faktors Be-
leuchtung (F(1,31)=1,43; p=0,24) ist ebenso wie die
Interaktion (F(1,31)j1) beider Faktoren nicht statis-
tisch bedeutsam. (Abbildung 4 links)

Das bedeutet, die schlechte Akustik fithrt zu einer
starken Einschrénkung der Leistungsfihigkeit; Aus-
wirkungen der lichttechnischen Bedingungen sind
nicht nachweisbar. Dies wird durch die anderen
Leistungstests im Trend bestétigt.

Subjektive Konzentrationsfihigkeit

Die varianzanalytische Auswertung bzgl. der
berichteten Konzentrationsfahigkeit der Proban-
den bei der Aufgabenbearbeitung ergibt hoch-
signifikante Haupteffekte der Faktoren Schall
(F(1,31)=17,41; p <0,01) und Licht (F(1,31)=9,77;
p <0,01) (Abbildung4). Die Interaktion beider Fak-
toren ist nicht statistisch bedeutsam (F(1,31)<1).
Demnach wird die Konzentrationsfahigkeit unter
Hintergrundschall mit hoher Sprachverstéandlichkeit
(schlechte Akustik) sowie unter der variablen Be-
leuchtung (schlechtes Licht) als schlechter empfun-
den.
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Abbildung 5: Links: Mittlere Urteile und Standard-
fehler bzgl. des wahrgenommenen Erfolgs. Rechts:
Mittlere Urteile und Standardfehler bzgl. der berichte-
ten Stérung durch die Beleuchtung.

Wahrgenommener Erfolg

Hinsichtlich des wahrgenommenen Erfolgs der
Probanden bei der Aufgabenbearbeitung ist we-
der der Haupteffekt des Faktors Hintergrundschall
(F(1,31)=2,35 p=0,14) noch der Haupteffekt des
Faktors Beleuchtung (F(1,31)j1) signifikant. Aller-
dings fallt die Interaktion beider Faktoren hochsi-
gnifikant (F(1,31)=9,04 p <0,01) aus (Abbildung5
links). Das bedeutet, dass nur die Kombination
aus konstanter Beleuchtung und Hintergrundschall
mit geringer Sprachversténdlichkeit (gutes Licht /
gute Akustik) einen positiven Effekt hinsichtlich des
wahrgenommenen Erfolgs bei der Ausfiihrung der
Aufgabenstellungen bedingt bzw., dass der wahr-
genommene Erfolg bei der Ausfitlhrung der Auf-
gabenstellung unter Hintergrundschall mit gerin-
ger Sprachverstiandlichkeit nur dann hoher ausfillt,
wenn dieser mit konstanter Beleuchtung kombiniert
ist (gutes Licht / schlechte Akustik).

Beurteilung der Beleuchtung

Hinsichtlich der berichteten Stérung durch die
Beleuchtung bei Bearbeitung der Aufgabenstel-
lungen ergibt die varianzanalytische Auswertung
einen signifikanten Haupteffekt des Faktors Licht
(F(1,31)=36,90; p <0,01) (Abbildung5). Die In-
teraktion beider Faktoren fillt tendenziell signifi-
kant aus (F(1,31)=3,13; p <0,10). Die Interakti-
on besagt, dass das Urteil zur berichteten Stérung
durch die Beleuchtung auch durch den Hinter-
grundschall beeinflusst wird. Die berichtete Storung
durch die Beleuchtung féllt bei schlechter Sprach-
verstéindlichkeit (gute Akustik) hoher aus, sie wird
dann deutlicher wahrgenommen. Der Haupteffekt
des Faktors Schall ist nicht statistisch bedeutsam.
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4 Zusammenfassung

Die kognitionspsychologischen Untersuchungen be-
legen die Eignung des Untersuchungsansatzes. Hohe
Sprachverstédndlichkeit fithrt selbst bei niedrigen
Schallpegeln (40 db(A)) zu Beeintrichtigungen
der Leistungsfihigkeit. Die eingestellte Leucht-
dichteschwankung fithrt zwar zur subjektiven
Beléstigung, aber eine Leistungsreduktion war nicht
nachweisbar. Es ist festzuhalten, dass allein aus Be-
fragungen nicht auf die Leistungsfihigkeit geschlos-
sen werden kann. Beide Verfahren sollten ergénzend
eingesetzt werden. Wechselwirkungen von Licht und
Schall konnten nachgewiesen werden.

5 Ausblick

Ein neues Projekt ist beantragt. Der Kreis der In-
teressenten soll erweitert werden.

6 Acknowledgements

Der Autor dankt dem gesamten Team fiir die her-
vorragende Zusammenarbeit wihrend des Projek-
tes. Ein Dank auch Herrn Matthias Wambsganfi,
Frau Cornelia Moosmann und Herrn Jan Wienold
aus Karlsruhe fiir inhaltsreiche Diskussionen. Be-
sonders hilfreich war die Unterstiitzung von Herrn
Herrmann Richter der HWTG Konstanz bei den
konstruktiven Arbeiten und Herrn Martin Merk-
ler bei Fragen zu der Leuchtdichtemesstechnik. Das
Projekt wurde geférdert im Rahmen der Biiro-
Effizienz des BMBF.

Literatur

[1] Jodicke, Baumgartner, Drotleff, and Hellbriick.
Biiro Effizienz mittels bauphysikalischer Seri-

enelemente. 15.tes Symposium Innovative Licht-
technik in Gebiuden, Staffelstein 01,/2007, 2007.

[2] Jodicke, Baumgértner, and Liebl et al. Ab-
schlussbericht Projekt Biiroeffizienz. im Druck,

zu beziehen tiber die Autoren, 2008.

W. Karwowski. The discipline of ergonomics
and human factors. In G. Salvendy (Ed.) Hand-
book of human factors and ergonomics, Hobo-
ken, New Jersey: John Wiley & Sons, Inc, 3(2),
2006.

[4] Andreas Liebl et al. Efficient office. Internoise

2008, Shanghai, China, 2008.



Zwischenbericht:
Schlupffreie optische Geschwindigkeitsmessung nach dem
Korrelationsverfahren

Klaus-Dieter Durst"?* Andreas Resch® und Dietmar Merk?

'HTWG Konstanz, Institut fiir Optische Systeme, Brauneggerstrae 55, 78462 Konstanz, Deutschland

HTWG Konstanz, Institut fiir Naturwissenschaften und Mathematik, Brauneggerstraie 55, 78462 Konstanz,
Deutschland

HTWG Konstanz, Brauneggerstraie 55, 78462 Konstanz, Deutschland

Im Rahmen einer Projektarbeit [3] im Studiengang ,, Automotive Systems Engineering® an der Hochschu-
le Konstanz wurden grundlegende Experimente zur schlupffreien, beriihrungslos optischen Geschwin-
digkeitsmessung nach dem Korrelationsverfahren durchgefithrt und die Machbarkeit eines low-cost-
Messsystems gepriift. Hierzu wurde ein Labor-Prototyp aufgebaut und erste Testmessungen an einer
drehenden Scheibe mit unterschiedlichen Oberflichen und Mustern durchgefiihrt. Uber das Korrelations-
verfahren und {iber erste Zwischenergebnisse wird hier berichtet.

1 Einfithrung | Abstand |
™
Die Korrelationsanalyse ist neben der Anwendung \ d |

Bewegung

statistischer Verfahren und der Spektralanalyse eine mit Geschwindigkeit v

der wichtigsten Methoden zur Untersuchung von } :
Messsignalen [2,4]. Als priméire Messgrofie wird in ! ' )
der Korrelations-Messtechnik die Laufzeit von Si- @ @ gggzg?:n
gnalen bestimmt. Dabei kann es sich um die Zeit-
verschiebung der Signale zweier optischer Senso- x(t) y(t) elektrische Signale
ren handeln, die sich an verschiedenen Orten befin-
den. Aus der Zeitdifferenz kann damit iiber den be- | Korrelator ‘
kannten Sensorabstand auf die interessierende Ge- l

v(t)

schwindigkeit geschlossen werden.
Dies zeigt die Abbildung 1. Im Abstand d sind
zwei gleichartige optische Sensoren angeordnet, die Abbildung 1: Prinzipaufbau [1]
zufillige Schwankungen der physikalischen Eigen-
schaft ,,Reflektivitdt der Straflenoberfliche” in sto-
chastische Spannungssignale umsetzen. Ist die Le- thematisch als Erwartungswert (Mittelwert) des
bensdauer der gemessenen Fluktuationen so grofl, Produktes der zwei Zeitsignale x und y definiert ist
dass sie auf dem Weg von Sensor 1 zu Sensor 2 er- (Gleichung 1).
halten bleiben, sind die beiden elektrischen Signa- Zur Berechnung der Kreuzkorrelationsfunktion
le dhnlich, im Idealfall sogar identisch und unter- sind drei Operationen notwendig:
scheiden sich nur durch eine Zeitverzégerung 7,,,

die durch Sensorabstand d und Geschwindigkeit v e Verzogern des Signals x um eine Zeit 7,
gegeben ist (Abb. 2). Es gilt also x(t) = y(t — Tm)- o ) )
Die Zeitverschiebung 7, zwischen dem Signal x e Multiplikation mit dem anderen Signal,

und dem Signal y kann mit Hilfe der Kreuzkor-

relationsfunktion ¢y, berechnet werden, die ma- e Mittelung des Produktes.

*Current address: HTWG Konstanz, 78462 Konstanz, Diese Operationen sind fiir alle interessierenden
Deutschland; e-mail: durst@htwg-konstanz.de Verzogerungszeiten 7 zu wiederholen.
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Abbildung 2: Sensorsignale (x, y) und deren Kreuzkor-
relationsfunktion (¢zy)

Kreuzkorrelationsfunktion:

T
by = [ alt=m) st == 9D (1)
Bei der Berechnung der Kreuzkorrelationsfunktion
ist zu erwarten, dass groBte Ahnlichkeit dann vor-
liegt, wenn das erste Signal x um eine Zeit verzogert
wird, die gerade der Laufzeit 7,,, ist. Um diese zu
ermitteln, muss mit dem Korrelator also fiir ver-
schiedene Werte von 7 die Kreuzkorrelationsfunkti-
on berechnet und dann der Wert gesucht werden,
der die maximale Korrelation ergibt.

Mit der so ermittelten Laufzeit 7,,, und dem fest
vorgegebenen Sensorabstand d lésst sich direkt die
Geschwindigkeit v berechnen:

v=d/Tm (2)

Werden vollig gleiche Signale, die sich nur durch
eine Todzeit unterscheiden, korreliert, liefert der
sog. Korrelationskoeffizient, d. h. die auf Signallei-
stung normierte Kreuzkorrelationsfunktion, an der
Stelle des Maximums den Wert Eins. Verdndert sich
das von den Sensoren gemessene stochastische Mu-
ster auf dem Weg von Sensor 1 zu Sensor 2, wird die
gemessene Ahnlichkeit kleiner, der Korrelationsko-
effizient also kleiner als Eins. Dies wirkt sich auf die
Lage des Maximums aber nicht aus, solange iiber-
haupt noch eine Ahnlichkeit feststellbar ist.

Da fiir die Mittelung nach der Gleichung 1 bei
praktischen Messungen nur eine endliche Mitte-
lungszeit T moglich ist, entstehen statistische Feh-
ler. Diese miissen durch moglichst grofie Mess-
zeit, Bandbreite und Signal-Rausch-Verhéltnis mi-
nimiert werden.

72

DEWETROM

Abbildung 3: Optisches Messsystem zur Geschwindig-
keitsmessung an der Vorderfront des Fahrzeugs [1].

Der Vorteil der Korrelationsmesstechnik in der
Praxis ist, dass die Anforderungen an die verwen-
deten Sensoren gering sind. Die Sensoren miissen
gleichartig, aber nicht identisch sein. Sie kdnnen
nichtlinear sein und sie diirfen Drifterscheinungen
aufweisen. Ebenso ist das Verstérkerrauschen fiir
beide Sensoren unkritisch, da dieses unkorreliert ist
und sich zwar auf die Hohe des Korrelationsmaxi-
mums, nicht aber auf deren Lage, auswirkt.

Die Auswertung der Sensorsignale und die Be-
stimmung der Geschwindigkeit geméfi den Glei-
chungen 1 und 2 lésst sich mit kostengiinstigen
DSPs realisieren.

Somit scheint das optische Korrelationsmessprin-
zip zur korrekten Geschwindigkeitsmessung iiber
Grund auch bei schlupfbehafteten oder blockierten
Rédern als kostengiinstige Losung bei Kraftfahrzeu-
gen in Frage zu kommen.

Aktuell auf dem Markt befindliche Systeme [3]
zur optischen Geschwindigkeitsmessung werden in
der Kfz-Industrie ausschliellich in Versuchsfahrzeu-
gen eingesetzt und liegen deutlich {iber 7.000 Euro.
Ein Beispiel ist in der Abbildung 3 gezeigt.

Weitere Einsatzgebiete von kostenglinstigen,
berithrungslos optischen Geschwindigkeitsmesssy-
stemen sind zum Beispiel die schlupffreie Messung
der Léngsdynamik von Schienenfahrzeugen und die
Geschwindigkeit von Bandgiitern, wie Textilien, Pa-
pier, Seile, Faden, Schlduchen und vieles mehr.

2 Versuchsaufbau

Der prinzipielle Versuchsaufbau fiir die translato-
rische Geschwindigkeitsmessung ist in der Abbil-
dung 4 gezeigt. Die Geschwindigkeitsmessung er-
folgt tiber die Ermittlung des Laufzeitunterschie-
des zwischen den beiden Signalen der Fotodi-
oden. Die empfangene Lichtleistung der Fotodioden
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Abbildung 4: Prinzipaufbau
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Abbildung 5: Versuchsaufbau zur optischen Drehzahl-
messung mit dem Korrelationsverfahren.

ist jedoch sehr klein (Grofilenordnung von nW).
Fertigungstoleranzen der Fotodioden, unterschied-
licher Lichteinfall und Positionierungsfehler, Rau-
schen, usw. fiihren dazu, dass niemals zwei exakt
gleiche Signalverldufe gemessen werden kénnen.

Deshalb wird zur Laufzeitberechnung die Kreuz-
korrelationsfunktion verwendet. Um ein System zur
Messung der translatorischen Geschwindigkeit auf-
zubauen, miissten grofiere Strecken mit dem zu ent-
wickelnden Messsystem abgefahren werden kénnen.
Da vorerst kein Messwagen und auch keine Mess-
strecken mit &nderbaren Oberflicheneigenschaften
vorhanden sind, wurde zur Vereinfachung ein Ver-
such zur Bestimmung der rotatorischen Geschwin-
digkeit aufgebaut (Abb. 5). Damit liegen fiir diese
Arbeit einfachere experimentelle Randbedingungen
vor.

Das Grundgeriist des Versuchsaufbaus besteht
aus einer Linearfilhrung und ITEM-Profilen. Der
Abstand der LEDs und Fotodioden zur drehenden
Scheibe, die Hohenposition, sowie der Einfallwin-
kel der LED und der Aufnahmewinkel der Fotodi-
oden kann so leicht verstellt werden. Zudem stehen
mehrere Netzgerite fiir die Spannungsversorgung
des Motors, der LEDs und den Verstérkerschaltun-
gen der Fotodioden zur Verfiigung. Mit Hilfe eines
Plotters kénnen die Messergebnisse des FFT Real
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Abbildung 6: Prinzipanordnung der Drehscheibe.

55°

Fotodiode

Drehscheibe

Abbildung 7: Anordnung LED und Fotodiode.

Time Analysators mit integriertem Kreuzkorrelator
dokumentiert werden und mit einem Stroboskop
werden die Versuchsergebnisse validiert.

Die Abbildung 6 zeigt, dass in dem Versuchsauf-
bau zwei um 180° versetzte Fotodioden eingesetzt
werden, die zwei korrelierte Signale mit einem Zeit-
versatz von einer halben Umdrehungsdauer liefern.

Um die Empfindlichkeit des Versuchsaufbaus
auszutesten, wurden als low cost-Lichtquellen
zwei weife LEDs mit einem Strahlwinkel von
4+20° und einer maximalen Beleuchtungsstérke von
ca. 7.000Ix gewihlt.

Die Abbildung 7 zeigt die sich nach den ersten
Tests ausgewdhlte Anordnung der LED und Foto-
diode und die zugehorigen Strahlwinkel.

Die Fotoempfindlichkeit der gewihlten Foto-
dioden mit einem Strahlwinkel von =£55° be-
trigt ca.10nA/lx, weshalb eine Verstirkung
der Fotodiodensignale erforderlich ist. Als
Verstarkungsschaltung hierfiir wurde ein
Transimpedanz-Verstirker (Abb. 8)  gewidhlt,
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Abbildung 8: Verstarkungsschaltung fiir Fotodioden.
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Abbildung 9: Aufgebaute Verstarkungsschaltung.

der als Strom-Spannungs-Wandler arbeitet und
mit der in Sperrrichtung betriebenen Fotodiode
am Eingang eine stromgesteuerte Spannungsquelle
darstellt.

Die Ausgangsspannung U 4,4 kann gemé&f Glei-
chung 3 berechnet werden

R—— UAusg

(3)

Die bei voller Beleuchtung der Fotodioden
durch die gew#hlten LEDs resultierenden Foto-
strome im pA-Bereich sollen in Ausgangsspannun-
gen im Volt-Bereich verstidrkt werden, weshalb fiir
den Verstiarkungswiderstand 1 MQ gewéhlt wurde
(Abb. 9).

Die jetzt im Volt-Bereich liegenden beiden Foto-
diodensignale werden anschlieffend von dem zwei-
kanaligen Realtime-Kreuzkorrelator (Abb. 10) mit
einer maximalen Simultanabtastrate bis zu 20 MHz
digitalisiert und mittels digitaler Signalverarbei-
tung die Kreuzkorrelationsfunktion der beiden Si-
gnale errechnet.

Durch den Abtastungsvorgang der beiden Signa-
le mit dem Realtime-Kreuzkorrelator werden zeit-
diskrete Signale erfasst. Das heifit, anstelle der
kontinuierlichen Zeitsignale x(t) und y(t) werden

[Fotodiode
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Kreuzkorrelator

Messscheiben

Abbildung 10: Versuchsaufbau

Abbildung 11: Untersuchte Oberflichen/Muster.

die diskreten Zeitwerte x(i) und y(i) zu den entspre-
chenden Zeitpunkten (to + At, to+i-At, to+ N - At)
erfasst. Zur besseren Unterscheidung wird der Zeit-
versatz als 7, bezeichnet, da es sich hier bei um
einen diskreten Zeitversatz handelt.

Bei diskreten Signalen geht das Integral
(Gleichung 1) zu einer Summe iiber (Gleichung 4).

Kreuzkorrelationsfunktion:

N
Dy (k) E (i — 1) - y(7)
i=1

3 Ergebnisse

(4)

Mit dem im Kap. 2 beschriebenen Versuchsaufbau
wurden die in der Abbildung 11 gezeigten Ober-
flichen und Muster (CD1 ... CD6) untersucht.

Die Abbildung 12 zeigt zum Beispiel die im Ver-
suchsstand eingebaute Oberfléche ,,CD3“ mit einem
unregelméfBigen schwarz/wei-Muster.

Zuerst wurde die Halbschwarz-HalbweiB-Scheibe
(CD 1) bei einer Antriebsdrehzahl von 285 / min
(4,75 Hz) untersucht. Die Signale der beiden um



Abbildung 12: Oberflache ,,CD3“ im Versuch.

180° versetzt angeordneten Fotodioden und de-
ren Kreuzkorrelationsfunktion (KKF) sind in der
Abbildung 13 gezeigt.

Die Phasenverschiebung von 180" der Signale 1
und 2 deckt sich mit der Positionierung der beiden
Fotodioden. Die Kreuzkorrelationsfunktion (KKF)
zeigt eine Periodendauer von 211 ms, was einer
Drehfrequenz von 4,74 Hz entspricht und sehr gut
mit der vorgegebenen Drehfrequenz von 4,75 Hz
iibereinstimmt. Der Zeitversatz 7 zwischen den
beiden Fotodioden ldsst sich aus Abb. 13 eindeutig
bestimmen und entspricht gerade der halben Um-
drehungszeit.

Die Untersuchung der CD 3 mit einer unre-
gelmifigen schwarz/weifl-Oberfliche bei einer An-
triebsdrehfrequenz von 4,75Hz (Umdrehungszeit
210 ms) zeigt die Abbildung 14. Es ist ersichtlich,
dass die CD 3 eine deutliche Periodizitéit aufweist,
die sich in den Fotodiodensignalen 1 und 2 wider-
spiegelt.

Die aus der Kreuzkorrelationsfunktion in Abbil-
dung 14 bestimmbare Periodendauer T und der
Zeitversatz T stimmen sehr gut mit der vorgegebe-
nen Scheibendrehzahl und den Fotodiodenpositio-
nen iiberein.

Die bisherigen Ergebnisse zeigen also, dass
schwarz/wei-Oberflichen zuverlissige und robuste
Drehzahl-Ergebnisse liefern.

Die Ergebnisse der CD mit  einer
schwarz/grauen Rauhfasertapete sind in Ab-
bildung 15 gezeigt. Die Oberfliche sieht sehr
unregelméfig aus, was auf eine stochastische
Oberfliche schliefien lésst.

Die Antriebsdrehfrequenz ist wiederum 4,75 Hz.
Aus Abbildung 15 ist ersichtlich, dass auch die
Oberfliche der CD 4 eine deutliche Periodizitét auf-
weist, die sich in den Fotodiodensignalen 1 und 2
widerspiegelt. Die Ahnlichkeit zwischen den beiden
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Abbildung 13: Signale der Fotodioden bei der Ober-
fliche ,,CD1“ und Kreuzkorrelationsfunktion (KKF).
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Abbildung 14: Signale der Fotodioden bei der Ober-
fldche ,,CD3“ und Kreuzkorrelationsfunktion (KKF).
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Abbildung 15: Signale der Fotodioden bei der Ober-
fliche ,,CD4%“ und Kreuzkorrelationsfunktion (KKF).

Signalverldufen und die auf Grund der Fotodioden-
anordnung zu erwartende Phasenverschiebung von
180° ist gut sichtbar.

Die Kreuzkorrelationsfunktion zeigt nur noch
leicht ausgeprigte Maxima. Aus den Signalen der
Fotodioden der Abbildung 15 sollte eigentlich ei-
ne ausgeprigtere Kreuzkorrelation zu erwarten sein.
Leider unterstiitzt der verwendete Kreuzkorrelator
keine Zoomfunktion, um die Maxima vergroflert
darstellen zu konnen.

Fiir Messungen mit einer schwarzen Rauhfaser-
Scheibe (CD 5) und einer weilen Rauhfaser-Scheibe
(CD 6) ergaben die Auswertungen #dhnliche Ergeb-
nisse wie in Abbildung 15.

Zuverldssige und belastbare Messungen an stra-
Benbelagséihnlichen Oberflichen sind also mit dem
aktuellen Versuchsaufbau momentan nicht moglich.

4 Zusammenfassung und Ausblick

In einer ersten Projektarbeit wurden grundlegende
Experimente zur schlupffreien, beriihrungslos opti-
schen Geschwindigkeitsmessung nach dem Korrela-
tionsverfahren durchgefithrt und die Machbarkeit
eines low-cost-Messsystems gepriift. Hierbei wur-
de ein Labor-Prototyp aus LEDs und Fotodioden
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aufgebaut und erste Testmessungen an einer dre-
henden Scheibe mit unterschiedlichen Oberflichen
und Mustern durchgefiihrt. Die bisherigen Ergeb-
nisse zeigen, dass schwarz/wei-Oberflichen auch
bei kleinen Beleuchtungsstirken zuverldssige und
robuste Drehzahl-Ergebnisse liefern. Messungen an
straenbelagsihnlichen Oberflichen sind mit dem
aktuellen Versuchsaufbau momentan nicht moglich.

Im néchsten Schritt werden Verbesserungen des
Versuchsaufbaus durch Verwendung von helleren
Halogenlampen, sowie die Optimierung der Auswer-
tebedingungen durch die Verwendung einer simul-
tan messenden Messwerterfassungskarte in Kombi-
nation mit LabVIEW durchgefiihrt werden. Wei-
terhin wird die rotatorische Geschwindigkeitsmes-
sung durch eine translatorische Geschwindigkeits-
messung ersetzt werden, wozu die Adaption des zu
entwickelnden Messsystems auf den im Aufbau be-
findlichen Aufprallsimulator (Abbildungen 16) er-
forderlich wird.

Abbildung 16: Verschiedene Ansichten des Aufprallsi-
mulators im Labor fiir Messtechnik und Sensorik.
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