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Zusammenfassung

Sowohl hoch dimensional stabile Materialien in erdgebundenen optischen Sys-
temen, wie hochstgenaue optische Uhren, als auch Materialien und Struk-
turen mit hervorragender dimensionaler Stabilitat gepaart mit geringem Ge-
wicht fiir Raumfahrtanwendungen wie Teleskope, optische Banke und optis-
che Resonatoren, sind von hohem Interesse. Verbindungstechnologien mit
hochster dimensionaler Stabilitat zwischen Materialien mit unterschiedlichen
thermischen Eigenschaften sind eine grofle Herausforderung. Glaskeramiken
und Verbundmaterialien konnen im Herstellungsprozess so beeinflusst wer-
den, dass ein minimaler thermischer Ausdehnungskoeffizient (CTE) bei einer
spezifischen Temperatur erreicht werden kann. Die genaue Bestimmung solch
geringer CTEs erfordert hochstabile Messgerite.

In dieser Arbeit wurden Dilatometer zur Bestimmung von CTEs rohrfor-
miger Proben in einem Temperaturbereich von 140 K bis 333 K konstruiert,
realisiert und durch Messungen an Glaskeramiken verifiziert. Durch unsere
speziell konstruierten Spiegelhalter kann jegliches Material untersucht werden.

Das optische System basiert auf einem heterodynen Interferometer mit
einer Auflésung im sub-nanometer Bereich zur Messung der Probenexpansion,
welche durch eine kontrollierte Temperaturdnderungen herbeigefithrt wird.
Eine Probe aus kohlenstofffaserverstarktem Kunststoff (CFRP) wurde von
140K bis 250 K im Bereich von 1078 K~! mit einer detaillierten Analyse der
Messunsicherheit charakterisiert.

Das verifizierte Dilatometer wurde an eine Thermalkammer fiir die CTE-
Bestimmung von grofleren Strukturen angepasst und eine 0.5 m lange CFRP
Struktur mit Zerodur Endfittings vermessen. Dabei wurden représentative
Verbindungstechnologien als Technologiedemonstration fiir die Satellitenmis-
sion GRACE Follow-On bei 302 K untersucht.






Abstract

Highly dimensionally stable materials and structures are particularly needed
in optical systems such as ultra precise optical clocks, as well as materials
with excellent dimensional stability and light weight properties for space ap-
plications such as telescopes, optical benches, and optical resonators. Also,
the dimensional stability of mounting technologies of materials with differ-
ent properties is of high interest for such applications. Glass ceramics and
composite materials can be tuned to reach a very low coefficient of thermal
expansion (CTE) at different temperatures, enabling best stability in the op-
erating temperature for certain applications. In order to determine the CTE
of such highly stable materials, very accurate set-ups are needed.

In this thesis, metrology set-ups to measure the CTE of a large variety of
material samples are designed, realized and verified, measuring dimension-
ally stable glass ceramics. The set-ups are able to characterize tube shaped
samples at a temperature range of 140K to 333 K. Due to our unique mirror
mount design all kind of materials can be characterized.

The optical dilatometer set-ups are based on a heterodyne interferometer
with a displacement sensitivity at the sub-nanometer level. This instrument
is used to measure the expansion of a sample when applying controlled small
amplitude temperature signals. A carbon fiber reinforced polymer (CFRP)
sample was characterized where CTE levels of 1078 K~! from 140K to 250K
were measured and a detailed uncertainty analysis was performed.

The verified metrology set-up for tube shaped samples was adapted for CTE
measurements of larger structures. Therefore, a large thermal chamber was
set up and a 0.5 m CFRP spacer with Zerodur endfittings as a representative
joint technology demonstrator for the GRACE Follow-On space mission at
302 K was investigated.
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1. Introduction

In all kind of applications and increasingly in space based instruments, mate-
rials with special characteristics are needed. There is no ideal material that
meets every need, e.g. light weight, dimensional stability, thermal lifetime
(aging), strength or stiffness, costs, outgassing properties and magnetic mo-
ments. For each application, an adequate trade-off of possible materials has
to be considered. For space applications, there is an increasing need of mate-
rials with light weight characteristics to reduce launch costs, that also provide
dimensional and thermal stability to enable precise measurements. A major
goal for researchers is to utilize light weight and dimensionally stable materi-
als, particularly for earth observation and scientific space missions. While the
field of material research continuous to be highly dynamic, precise character-
ization of dimensionally stable materials remain challenging. The objective
of this doctoral thesis is to address some of these challenges related to the

precise measurement of low coefficient of thermal expansion (CTE).

1.1. Relevance of dimensional stability

Optical instruments for space based applications are often limited by the di-
mensional stability of their materials. Current and future missions require,
among others, telescopes, optical benches, optical resonators. exhibiting di-
mensional and thermal properties resulting in nanometer and picometer range
stabilities. Consequently, highly thermally stable environments together with
low CTE and light weight materials are needed.

One example is the proposed scientific space mission LISA (Laser Inter-
ferometer Space Antenna) [1], which is a gravitational wave observatory and

consists of three spacecraft separated by approximately 3 - 10° km, flying in
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a equilateral triangle formation, following the earth, in a heliocentric orbit.
This mission is one of the most challenging space missions, with regard to its
technical challenges: its telescope and optical benches must exhibit picometer
stability over thousands of seconds. In addition, the absolute temperature
ranges are predicted to be from 203 K [2, 3] for the telescope to 300 K for the
optical bench [4].

Another space mission of interest with the aim to measure the gravitational
field of the earth and its fluctuations is called GRACE (Gravity Recovery
and Climate Experiment). The second generation of this mission, GRACE
Follow-On (to be launched in 2018) includes a laser ranging instrument (LRI)
as a technological demonstrator [5] to measure optically the distance change
between two spacecraft. A key subsystem for the LRI is a large retroreflector
that must be stable to the nanometer level in the milli-Hertz observation

bandwidth [6].

Highly stable optical resonators are also key for future tests of fundamen-
tal physics like, BOOST [7, 8], a proposed Kennedy-Thorndike experiment in
space. In this proposed mission, the frequency changes of two different clocks,
a resonator where the frequency is depending on the speed of light (¢), and
an atom clock where the frequency depends on molecular transition, will be
compared to test the velocity dependance of ¢ as a postulate of the special
relativity. Due to the higher velocity and higher velocity changes of the satel-
lite compared to ground based laboratories a significant improvement of the

science case is expected. [9]

The above mentioned missions are just a few examples for many satellite
missions where precise measurements, and therefore highly stable materials
are needed to reach the mission goal. The predictions of the stability of
structures combining two or more different materials assembled together is

very challenging and tests of their dimensional stability behavior are crucial.

Also experiments in laboratories have the need of dimensionally stable ma-
terials. Optical benches, resonators [10] or ground based telescopes [11] can
achieve ultra high accuracy when such materials are used, in order to test

fundamental physics like special or general relativity [12].
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1.2. Dimensional stability and coefficient of

thermal expansion

The dimensional stability in materials can change due to variations in stress,
temperature (coefficient of thermal expansion), absorbed moisture (CME, co-
efficient of moisture expansion), aging (e.g. relaxation process in glass ceram-
ics), or radiation.

In this thesis, dedicated test facilities were built to accurately measure the
coefficient of thermal expansion (CTE) of thermally stable samples and struc-
tures. Radiation, aging and stress were not addressed in these investigations.
Moisture release, on the contrary, has been observed with our measurement
system. However, these observations are more time intensive than a CTE
measurement, and become evident as an exponential trend during evacua-
tion. Dedicated investigations for these effects were not within the scope of
this thesis.

Instruments to determine the CTE are also called dilatometers. To deter-
mine the CTE of a material, the expansion of a sample has to be measured as
a function of temperature and its dimensions. The linear CTE is the thermal
expansion in one dimension and is defined as [13]

1 dl 1 A/l

a(T) = md—T ~ mﬁ’ (1.1)
where ¢ and T are the length and temperature of the sample, respectively.
The derivatives can be approximated by differences for small temperature
ranges in linear CTEs. From Equation (1.1) it is clear that an accurate CTE
determination requires precise length and temperature measurements. In our
case, we perform the CTE measurement at specific temperatures by measuring
first the absolute length, ¢, and secondly by measuring, A¢/AT modulating

AT and observing both AT and A/.
Another definition of the CTE is the volumetric expansion coefficient ().

For isotropic materials the volumetric CTE can be calculated as

1 dv 1 AV

B(T) = VD) dT = V(T) AT’ (1.2)
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where V' is the volume of the sample and AV the volumetric expansion of the
sample.

In this thesis, the CTE is only determined in one dimension («). Most
materials are not isotropic and the CTE can have different values along dif-
ferent axes. For such materials and structures, a has to be determined in the

direction of interest.

1.3. CTE measurement methods

There are different methods to determine the dimensional expansion of a
sample. The most common can be categorized into two different types, me-
chanical and optical. In both categories, a wide variety of dilatometers have
been designed such that they are able to detect length variations (A¢) below
the micrometer level. The biggest advantage of the optical dilatometer is the
non-contact property, where no significant force is applied to the sample, com-
pared to a mechanical measurement device. These two types of dilatometers

are described in more detail in the following sections.

1.3.1. Mechanical dilatometer

The push-rod dilatometer is the most common mechanical dilatometer and
is based on a precise capacitance measurement that is proportional to the
expansion of the sample (see Figure 1.1). The loaded push-rod is in contact
with the sample and transfers the expansion or contraction to the sensor. The
expansion of the push-rod is subtracted from the measurement data due to
the calibration process. This measurement method is very reliable due to its
very simple set-up as long as the force of the push-rod does not influence
the dimensional changes of the sample [14]. Different variation of push-rod
dilatometers are commercially available using captive sensors or optical en-
coders to reach a resolution in the nanometer range.

A similar technique to the push-rod dilatometer is a method where the
sample changes the separation between capacitive sensor blades. A sample is

mounted in a Fused Silica cell, such that the expanding sample pushes against
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Figure 1.1.: Measurement principle of a mechanical dilatometer, called push-rod
dilatometer.

two metallized capacitor plates, thus changing their separation, and providing

an electrical signal proportional to the expansion. [15]

1.3.2. Optical dilatometer

An optical dilatometer uses a light beam to detect changes in one or more
dimensions of a sample in a contactless way. The simplest optical dilatometer
works such that the sample is mounted along an optical beam pointing on a
detector. The beam is collimated to a size larger than the sample, and blocks
some of the light. If the sample expands, a CCD camera detects proportionally
less light and this signal is used to determine the A/ of the sample. With a
well calibrated system also absolute measurements can be conducted, in one or
more dimensions e.g. £, - {,. Such dilatometers detect dimensional changes in
the sub-micrometer range and are commercially available, for example, from
the company TA Instruments.

A more complex, but also more reliable optical read-out is based on laser
interferometry. Here, a monochromatic light source is used to measure path-
length changes of a measurement beam whose phase is compared to a ref-
erence. This optical measurement system is such that the resolution of a
fraction of the wavelength of the light source in the order of nanometers or
better can be obtained.

A simple interferometer design is the so called Michelson interferometer
(see Figure 1.2 (i)). This homodyne interferometer splits a laser beam into two
beams with the same frequency at a beam splitter (BS); a measurement beam

and a reference beam are reflected off of two different mirrors (measurement
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Figure 1.2.: (i) Measurement principle of a homodyne interferometer based
dilatometer, (ii) a dilatometer based on a simple heterodyne interfer-
ometer. BS = beam splitter, PBS = polarization beam splitter, pol. =
polarizer, PD = photodetector, \/4 = quarter waveplate, f = frequency
of the laser beam, M1 and M2 are mirrors reflecting the beam on both
sides of the sample.

mirror (M1) and reference mirror (M2)) and overlapped again to generate
the interference pattern. The local intensity of the interference depends on
the phase difference between the two beams A¢. If the pathlength of the
measurement beam changes with respect to the pathlength of the reference
beam, a DC photodetector (PD) can measure intensity changes corresponding
to the expansion of the sample. The biggest disadvantage of this method is the
sensitivity of the variation to the intensity of the light source. It is not possible
to discern the relevant pathlength driven intensity changes from intrinsic laser
intensity noise. [16, 17, 18]

In most optical dilatometers more complex interferometers are used and
they are often based on the Michelson interferometer concept to improve the
measurement accuracy. A different approach is the heterodyne interferometer
which enables measurements of optical pathlength changes from the phase
information of a sinusoid signal down to the picometer level. One picometer
is approximately 2 to 3 orders of magnitudes smaller than a Hydrogen atom.
Compared to the homodyne interferometer, this method is less susceptible
to DC power noise of the laser source and has a better long term stability.
In Figure 1.2 (ii) a simple heterodyne interferometer is shown, where the
two laser beams with different frequencies, f; and f5 are superimposed with
orthogonal polarization. At the beam splitter (BS) a part of the laser beam
is reflected off to a detector PD1, where a polarizer with a 45° angle enables

interference between the two frequencies and provides a reference heterodyne
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frequency, fret = |f1 — fo|- At the polarization beam splitter (PBS), the
superimposed frequencies are divided and reflected back of the mirrors M1
and M2, passing twice through a quarter waveplate (\/4) where the phase
of the polarized beams is changed by 90° to interfere again at the detector
PD2. The two AC detectors measure phase differences of the heterodyne
frequency, which is equivalent to the relative phase difference between the
laser beams. If the sample expands the phase of the heterodyne frequency
measured at PD2 compared to PD1 will change and a corresponding distance

can be computed. [16]

f1 f1 ------ y 20
QPD £ QPD £
sdl|* ed
aeAw (i)} ez (i
Figure 1.3.: Schematic of the differential wavefront sensing (DWS) method. Left:
without tilt of the wavefront; right: tilt of the wavefront of 2a.

By using quadrant photodetectors (QPD), it is possible to compute the
relative phase difference between QPD segments, thus obtaining information
about the relative wavefront angle and its change. This technique is known
as differential wavefront sensing (DWS) [19, 20]. With this method, noise
levels in the tilt measurement of nanoradian levels can be achieved. One
nanoradian corresponds to angle change when the height of a imaginary line at
a distance of 1000 m changes of 1 pm. If, for example, the measurement mirror
of the interferometer tilts, the wavefront of the laser beam f; tilts accordingly
(schematic seen in Figure 1.3). After superimposing the beam with the tilted
wavefront, f; with fy, the tilt can be detected by split photodetectors with

four segments, QPDs, and can be calculated as:

16&)0
3A

where wy is the radius of the laser beam, A the wavelength and 2« the tilt of the

¢~ 2a, (1.3)

wavefront and respectively a the angle of the corresponding tilted mirror. [21]

A big variety of interferometer set-ups are used, e.g. Fabry-Pérot interfer-
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ometer [22], Fizeau interferometer [23], where the resolution in the picometer
level or higher can be achieved. In our set-up, a two-beam heterodyne in-
terferometer is used. The motivation for using heterodyne interferometry is

explained in Section 2.1.

1.4. CTE measurement facilities and

achievements

Different institutes around the world focus on CTE measurements of ultra sta-
ble materials. National metrology institutes (NMI) have the goal to measure
standards with the highest accuracy and reliability as the highest national
authority in terms of metrology. The PTB (Physikalisch-Technische Bunde-
sanstalt) is the NMI of Germany and achieves CTE uncertainties in the range
of 2-107°K~! from 7K to 293K using an ultra precise instrument based
on a Twyman-Green interferometer that provides absolute length measure-
ments [24, 25]. However, it requires samples with parallel end faces, capable
of reflecting the laser beams.

At the National Research Laboratory of Metrology in Japan, an optical
heterodyne interferometer enables measurements in a temperature range from
6 K to 273K [26, 27] reaching uncertainties around 1073 K.

In Reference [28] several institutes characterized CTEs of different materi-
als in a wide temperature range in a round robin test. Uncertainties better
than 5 - 1078 K~! between 20K and 300K are reported. The measurement
systems are Michelson interferometers (PMIC, Precision Measurement and In-
struments Corporation and ATK, Alliant Techsystems Inc.), capacitance cell
dilatometers (FZK, Forschungszentrum Karlsruhe) and focus distance mea-
surement dilatometers (MELCO, Mitsubishi Electric Corporation). However,
most of the set-ups require samples with polished-lapped surfaces on both
sides.

The dilatometer for tube shaped samples described in this thesis overcomes
these limitation and allows CTE measurements of samples with a maximum

length of 120mm and an inner diameter of 20mm. The dimensional con-
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strains are given by the mechanical set-up. A big variety of materials can be
investigated: mono crystalline materials, Silicon Carbide, glass ceramics or

other composite materials like CFRP (Carbon fiber reinforced polymer).

1.5. Candidate materials for low CTE

measurements

For each space mission and application, materials with special characteristics
are needed. The focus here is on materials used in optical instruments with
a low CTE or light weight characteristics. A list of materials with these

properties is given in Table 1.1.

Table 1.1.: Selection of materials with low CTE and often used in space applica-
tions. (*) several suppliers available.

material ~ supplier CTE [107 K™'] temperature range [°C]

ULE 7972  Corning +0.01 5-35
Zerodur Schott +0.007 050
Clearceram  Ohara +0.02 0 - 50
SiC (*) ~ 3.8 25
CeSiC ECM 0-2.74 -250 — 120
Invar36 (*) ~1.6 30 - 100
Titanium (*) ~9 20 — 100
Fused Silica (*) 0.51 0 - 100

Materials with CTEs < 107® K™' are rare. Most of these materials are
developed such that its minimum CTE is reached around room temperature
[29]. Some manufacturers also provide materials with adjusted CTE for other
temperatures, e.g. Corning and Schott.

Corning offers a Titania Silicate glass, 7972 ULE (Ultra-Low Expansion
Glass) with a CTE of 1078 K™ from 5°C to 35°C at their premium quality
grade and offers a very good long term stability.

Glass ceramics can also have the property of high dimensional stability.
Schott’s Zerodur class 0 extreme has a CTE of 7-107° K~ from 0°C to 50°C.

Zerodur shows a long-term shrinking, also called aging of the material which



20

Introduction

was examined by the PTB [30]. Zerodur can also show CTE hysteretic effects
due to thermal cycling. Heating up Zerodur components to ~ 700°C, changes
its low expansion properties. An additional effect is that at temperatures
around 130°C to 320°C, the dimensions as well as the zero crossing of the CTE
of Zerodur can change. This effect can be very critical for mirror coatings [31].
A similar glass ceramic is produced by Ohara and is called Clearceram-7 with
a slightly higher CTE.

SiC (Silicon Carbide) [32] and CFRP are increasingly used in applications
where high dimensional stability and light weight structures are required.
Silicon Carbide is composed of tetrahedra bonded atoms of Silicon and Carbon
and has properties of high strength, hardness, and also low thermal expansion.
The high thermal conductivity and the low density are properties which are
strongly needed in many space applications [33].

Another isotropic ceramic material produced by ECM (Engineered Ceramic
Materials GmbH) is Carbon-fiber reinforced Silicon Carbide, CeSiC type MF,
where the SiC is additionally reinforced by microscopic Carbon fibers to im-
prove the properties of the SiC, which lowers the CTE at cryogenic tempera-
tures. ECM, the supplier of CeSiC gives CTE values of 0.00 - 107 K~! from
20K to 85K up to 2.74- 107K~ at 313K to 393 K. [34, 35]

For CFRP a lot variables can be changed to tune the CTE of the material,
e.g. fiber volume ratio, type of epoxy or angle of laminated layers. The
positive CTE of the epoxy can be compensated by the slightly negative CTE
of the Carbon fibers. In theory, a CTE value of zero can be achieved at least
in one direction, but due to the manufacturing tolerances CTE values of about
107 K~! are realistic. A big disadvantage of CFRP is the shrinking due to
moisture release. [36, 37, 38|

There are a lot of different Invar alloys. The most common is Invar36,
which is known as (Fe-36Ni). Its CTE varies due to the production process
from 0.8-107°K ™! to 1.6- 107K ~! over a temperature range of 30°C to 100°C.
Invar is mainly used in applications, where the dimensional stability has to be
rather low in combination with the ability of good mechanical machining. The
manufacturing process of Invar is complicated and the method varies between

manufacturers. Due to different manufacturing processes, the variation in the
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CTE values are set and the reliability of the material is not as good as other
low CTE materials. [39]

Titanium is very often used in space applications due to its physical prop-
erties, such as its non-magnetic behavior, light weight (~=50% lighter than
steel with approximately its same strength) and it has the property of being
corrosion resistant. The linear coefficient of thermal expansion is given with
5-107% K1 at —150°C up to ~ 9-107% at 20°C — 100°C. [40]

Fused Silica, SiO,, is a noncrystalline glass made of quartz. This glass is
very common in optical systems due to its of low thermal expansion coefficient
(0.51-107 9Kt at 0°C — 100°C), transparency over the complete visible spec-
trum, and it can be machined e.g. polished or lapped to reach very homogenic

and flat surfaces for optical components. [41]

Figure 1.4.: Photograph of a selection of material sample tubes. (1) a samples of
Clearceram, (2) a sample of Zerodur, (3) a sample of ULE, and (4) a
sample of CFRP.

A selection of samples tubes of different materials for the use in our CTE
metrology system are shown in Figure 1.4. Beginning with highly stable glass
ceramics: (1) a samples of Clearceram, (2) a sample of Zerodur, (3) a sample
of ULE, and (4) a sample of CFRP. All samples have approximately the
same dimensions of 120 mm length, a inner diameter of 20 mm, and the outer

diameter can variate up to 40 mm.






2. Motivation and roadmap of
this thesis

2.1. Motivation for this system design

Due to the increasing need of highly dimensionally stable structures in space
applications a CTE metrology facility was designed and built in cooperation
with the German Aerospace Center (DLR), the Center of Applied Space Tech-
nology and Microgravity (ZARM) at the University of Bremen, and Airbus
DS GmbH in Friedrichshafen. The goal was to determine material samples
and structures at their operating temperature of specific space missions at
a wide temperature range from 140 K to 333 K. The design of a two beam
heterodyne interferometer was selected and realized due to very low noise
displacement measurements (picometer level) demonstrated in the proposed
LISA mission concept. With this technique, an accuracy of < 1078 K~! was
achieved, considering the measured tilt of the sample. This factor is part of
the uncertainty budget due to the tilt-to-length coupling, and contributes an
error of < 107 K~!. The tilt-to-length coupling is the biggest uncertainty of
the system, this effect occurs due to the parallel beam design of the set-up.
An additional factor considered in the development of this test bed is the ca-
pability of measuring all kind of materials without concerns on their surface
roughness, or if they are monolithic or composite materials. This was realized
by specially designed mirror mounts which can be used in all tube shaped
materials.

This technique is also crucial to determine the dimensional stability of struc-
tures for space applications and their joint technologies between different ma-

terials with different CTEs. In this thesis the dimensional expansion of a
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0.5m long CFRP tube with Zerodur endfittings was investigated. The di-
mensional stability of this structure was of interest where Zerodur parts are
assembled with a dedicated process to lower CTE materials, by using adhesive

to compensate the stress caused by the unequal thermal expansion.

2.2. Thesis roadmap

This section outlines a roadmap that explains the structure of the experi-
mental systems design, realization and verification. Together with the two
introductory chapters, this thesis has three additional chapters containing

descriptions and results of the metrology system:

e Chapter 3: CTE metrology system design and realization
— Set-up (A): CTE measurements at room temperature

— Set-up (B): CTE measurements at room temperature and at low

temperatures
e Chapter 4: CTE metrology system verification and uncertainty analysis

e Chapter 5: Application for space structures

In Chapter 3 ”CTE metrology system design and realization” the principle
of the system design are explained as well as the two different set-ups realized:

The first set-up called ”set-up (A)” was built up at Airbus DS GmbH in
Friedrichshafen and first CTE measurements at room temperature of tube
shaped samples were taken to verify the system.

A second set-up "set-up (B)” was built at the DLR in Bremen with the
possibility to measure the dimensional stability of sample tubes at room tem-
peratures as well as at lower temperatures. Some subsystems are carried over
from set-up (A), but most subsystems were completely new designed and
optimized to the new target temperature range of 140 K to 250 K.

In Chapter 4 " CTE metrology system verification and uncertainty analysis”

both set-ups are verified and a detailed uncertainty analysis is presented.
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In Chapter 5 ” Application for space structures” the verified metrology sys-
tem "set-up (A)” was adapted with a new thermal system to enable measure-
ments of bigger structures for space applications. The dimensional stability
of a GRACE Follow-On triple mirror assembly breadboard with a length of
0.5 m was investigated. The CFRP tube and its endfittings and the used joint
technology is a technology demonstrator for future space missions.

In addition to the main experiments, another CTE metrology set-up and
measurements are described in Appendix A 7 Alternative LISA telescope de-
sign investigation”. The dimensional stability of a Silicon Carbide telescope
structure was investigated at the University of Florida with a completely dif-

ferent optical set-up.






3. CTE metrology system

design and realization

The whole CTE metrology system of the dilatometer can be functionally

divided into the following subsystems:

1. Optical set-up (see Section 3.1.1)
e Laser module and frequency reference
e Heterodyne frequency generation
e Interferometer

e Phase and intensity stabilization
2. Signal processing (see Section 3.1.3)

3. Thermal system (A) (see Section 3.2.2)
Thermal system (B) (see Section 3.3.2)

4. Sample and sample support, including specially designed sample mirror

mount (see Section 3.1.2)

5. Thermal control of system (A) (see Section 3.2.3)
Thermal control of system (B) (see Section 3.3.3)

These subsystems are connected to each other with fibers or wires. The
functional interaction between them is outlined in Diagram 3.1 and a photo-
graph of the metrology system is shown in Figure 3.2. During the research

work of this thesis, two different set-ups were realized and CTE values of
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Figure 3.1.: Functional diagram of the dilatometer set-up, black: electronic signals,
red: laser beams.

dimensionally stable materials were measured and compared with their man-
ufacturer specifications to verify the metrology system. The first set-up (set-
up (A)) was built at Airbus DS GmbH in Friedrichshafen, which was able
to determine CTEs in a temperature range of 293 K — 333 K using thermal
system (A) with Peltier elements. Certain subsystems were already available
at Airbus DS GmbH and first CTE measurements were done without further
design optimizations. Initially, the laser was not frequency stabilized and this
was identified to be the main noise source. The laser was then stabilized to

an optical resonator for subsequent measurements.

The second part of this thesis describes set-up (B), which was designed and
built up at the DLR (German Aerospace Center), Institute of Space Systems
in Bremen. This set-up was completely new designed with the exception of
the sample support mount, which was reused. The optical set-up was adapted
such that it would be compatible with the new thermal subsystem to measure
at low temperatures. Temperatures down to 140 K are achievable by using a
pulse tube cooler. In set-up (B) the laser was stabilized to an Iodine reference

to minimize the laser frequency noise.
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Figure 3.2.: Photograph of the dilatometer set-up: Laser module and frequency
reference (1.1), heterodyne frequency generation (1.2), interferometer
(1.3) and the sample mounted in the sample support (4) are placed in
vacuum chamber, thermal system (3) attached to the vacuum cham-
ber. The electronic subsystems thermal control and phase and intensity
stabilization are placed behind or under the vacuum chamber.

3.1. Subsystems used in set-up (A) and
set-up (B)

3.1.1. Principle of optical set-ups

The optical set-up consists of a stabilized laser, the heterodyne frequency
generator and the interferometer itself with power and phase stabilization
control loops (see Figure 3.3). The actual interferometer of set-up (A) is

shown in Section 3.2.1 and the one of set-up (B) is shown in Section 3.3.4.

Laser module with frequency reference Laser frequency noise trans-
lates into length noise due to the unequal arm length of the interferometer
(distance between M1 and M2 in Figure 3.3 and also referred as ’length’ or

"absolute length’ in the following), i.e.:

ov
ol = 67, (3.1)

where v is the laser frequency noise, v is the laser frequency, ¢ is the length
of the sample and ¢/ the length changes due to laser frequency noise. To
minimize this effect in set-up (A), the A=1064nm Nd:YAG laser (Mephisto
from Innolight) was locked to an optical resonator and a frequency stability
lower than 102 Hz/+/Hz for frequencies higher than 10~2 Hz are achieved (see
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Figure 3.3.: Dilatometer optical set-up: M1 and M2 are mirrors clamped to the
sample. QPD1 and QPD2 measure the pathlength of the beam reflected
off M1 and M2, respectively. The phase difference is proportional to
the length changes in the sample and is measured by a phasemeter
at heterodyne frequency (10kHz). The intensities of the beams are
measured by PD1 and PD2 and controlled by the RF-amplitude of
the AOM drivers. The piezo is driven by the phase difference of the
beams coming out of the optical fibers. This improves the common
noise cancellation when subtracting the signals measured at QPD1 and
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Appendix B.1). In set-up (B), the A=1064nm Nd:YAG laser (Prometheus
from Innolight) with a frequency doubled output of 532 nm was stabilized to
a molecular lodine hyperfine transition (see Appendix B.2) to minimize the
noise in the length measurement. For the Iodine stabilized laser a noise level
of 10kHz/v/Hz for frequencies higher 1072 Hz were achieved. In both set-
ups the frequency noise, dv, after stabilization is better than 10kHz/ VvHz in
the bandwidth of interest. Due to our periodical signals, just the short-term
stability is of interest. The long-term frequency drifts can be minimized in
post-processing with first or second order high pass filters. The noise level of
10 kHZ/\/E is equivalent to ~2.8 pm for a 0.1 m long sample and »=281 THz,

and does not limit the performance of the CTE measurement.

Heterodyne frequency generation The laser beam is guided from the
laser module through an optical fiber to the heterodyne frequency generator
where the light is divided into two beams by a 50/50 beam-splitter and sent
to two acoustic optical modulators (AOMs) to shift their frequencies (see
Figure 3.3). One of the beams is frequency-shifted by 80 MHz and the other
by 80 MHz and an offset of 10 kHz, where 10 kHz is the so-called heterodyne
frequency. The RF signals are provided by two signal generators (DDS 408A
from Novatech Instruments) locked to a Rubidium clock (FS725 from Stanford
Research Systems). This same Rubidium clock is used as master of the the
FPGA (field-programmable gate array) based phasemeter to ensure the same
heterodyne frequency generated by the DDS signal generator and the FPGA.
After AOM2 a mirror is mounted on a piezo actuator to change the pathlength
of one laser beam for the phase stabilization. The frequency shifted laser
beams are collimated each into a fiber and guided to the interferometer in the
vacuum chamber. The phase and intensity stabilization are explained in the

following paragraphs.

Interferometer The main part of the dilatometer is the interferometer it-
self, which measures the expansion/contraction, A¢, and the absolute length,
¢, of the sample [42]. Figure 3.3 shows the measurement principle of the het-

erodyne interferometer based on the concept of Wu et al. [43, 44]: two laser
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beams with different frequencies, f; and fo (|f1 — f2|=10kHz), are guided
through two beam separator cubes. The beams are reflected and transmitted
in a way such that two parallel beams are generated for each frequency, ref-
erence beam and measurement beam. The two beams with frequency f; are
guided to the sample, where one beam is reflected off mirror M1 and the other
beam is reflected off mirror M2. Both reflected beams are coherently over-
lapped with the reference beams by using a quarter-wave plate and polarizing
beam-splitter at the quadrant photodetectors (QPDs).

The length change (A/f) of the sample is the phase difference of the hetero-

dyne signals:

A
Al = E[QﬁQPDl — ¢qpD,]
A
— E[(qﬁfl,Ml - ¢f2) - (¢fl:M2 - ¢f2>]
A
= Pna — Opoel, (3:2)

where ¢ is the phase of the signals. ¢qpp is measured by a phasemeter based
on a single bin discrete Fourier transform (SBDFT) [45] and is explained in

Appendix 3.1.3.

The absolute length, ¢, between the mirrors M1 and M2 is measured by

modulating the frequency of the laser:

(= N (3.3)
where A/ is measured by the interferometer, Av is the modulated laser fre-
quency (in the GHz range) and v is the absolute frequency of the laser. The
frequency and its changes are recorded by a wavelength-meter (High-Finesse
WS6-600) with a noise level of ~ 10 MHz. This was done in the later mea-
surements with set-up (B) (see Section 4.3.5 Paragraph ”Absolute length
measurement”) at the earlier measurements the length was measured by a

caliper.
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Figure 3.4.: Schematic of the phase and intensity stabilization.

Phase and intensity stabilization Additional actuators and detectors
of the frequency generation module and the interferometer are used for the
intensity and phase stabilization (see Figure 3.4). The latter is needed to
avoid non-linear phase effects of the laser beams caused by the fibers and the
AOMs [46] and non-linear effects related to analog-to-digital converters and
the phasemeter. The phase stabilization is done by comparing the phases of
the two beams after the AOMs and adjusting the optical path of one of them to
match the phase of the other in a closed-loop control using a piezo actuator.
The two frequencies f; and f, are overlapped on the interferometer board
and the heterodyne frequency is detected by using photodetector PD3. This
signal is computed by the FPGA such that the measured signal is compared
to a 10 kHz signal generated on the FPGA which is also locked to the same
Rubidium clock as the AOM drivers. This error signal, the phase information
of the down-mixed 10 kHz signals is provided to the FPGA based PI controller.
The output of the controller is amplified and connected to a piezo actuator in

the heterodyne frequency generation set-up.

The intensity control is performed by the AOMs drivers. The power levels
of the laser beams f; and f; are measured with the photodiodes PD1 and
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PD2. These DC signals are also read in by the FPGA and a FPGA based
PI controller is used to keep it constant by multiplying the actuating signal
with the RF signal driving the AOMs using an Analog Devices multiplier,
ADL5391. The influences of intensity noise to our measurements could not be
measured, however, it enables the same laser power level for each measurement

campaign.

3.1.2. Sample and sample support, including specially

designed sample mirror mount.

The developed dilatometer is able to measure the CTE of tube shaped sam-
ples with a maximum length of 120 mm, an inner diameter of 20 mm and a
maximum outer diameter of 40 mm (see Figure 3.5). The mechanical set-up is
crucial to minimize errors due to thermal gradients, mirror expansion or tilt-
to-length (TTL) coupling (for instance, 0.2 prad sample tilt causes an error of
Inm in length). [47]

The mirrors M1 and M2 are essential for the measurement quality: their
expansion should be kept to negligible levels for the CTE measurement. In-
var36 mounts (see Figure 3.6), have been designed to minimize this effect
[48]. They have three tips at the end of the springs to hold the mirror in
the sample. These tips are at the reflecting surface level of the sample with
an accuracy smaller than 0.1 mm. This plane is the so called thermal neu-
tral plane, having the feature that an expansion of the mirror mount (and/or
the mirror itself) does not change the position of the reflecting surface in the
sample. The upper mirror has a diameter of 12mm and the lower mirror is a
semi-disk (also called D-shaped mirror) to reflect off one laser beam and allow
the second laser beam to reach the upper mirror.

The sample support (see Figure 3.5) has been designed such that its tilt and
TTL coupling are minimized. The support is based on Zerodur and Invar36
due to their low CTEs, although the effect of the support on the measurement
is mainly driven by the Zerodur component. Three legs mounted to the base
plate of the support can be adjusted in height, which allows the sample to

be aligned to the laser beams, with a margin of 2mm (+1mm) on each leg,
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Figure 3.5.: Photograph of the Zerodur support design to minimize the expan-
sion/contraction of the entire dilatometer set-up. All Invar parts (ring
and parts of the legs) are designed to minimize thermal couplings to the
sample. T, are temperature sensors (Pt-100). 77 and T3 are placed on
the outer surface of the tube shaped CFRP sample while T5 is placed
in the inner surface of the tube. An additional sensor is placed at the
Zerodur support. A specially designed sample mirror mount can be
seen in the upper end of the sample.

resulting in an angle range of 13 mrad (see Figure 3.7). The horizontal screw
generates a force over the spring to press the leg to the baseplate. When the
friction between the baseplate and the leg is large enough, the leg is fixed to
the baseplate and only the Zerodur is responsible for the dimensional stability,
which is convenient due to its very low CTE.

Finally, the sample is affixed to the support by a 3-point bearing that fixes
the sample with three spring-loaded thrust pads. The contact between the
pads and the sample is a thin vertical line to minimize heat transfer. The
spring-loaded thrust pads are screwed with fine threads into the ring and
pressed against the sample. On each pad, three disk springs are used to

protect the samples. The fixing ring is made of Invar36 to minimize thermal
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Figure 3.6.: Left: a depiction of the mirror mount at two different temperatures,
Ty and Ty + AT'; the red dashed line shows the thermal neutral plane.
The tips of the clamps are located in the same plane as the reflecting
mirror surface. Consequently, expansion/contraction of the mount and
the mirror have minimal impact on the CTE measurement. This is
shown in the picture with the mirror position at Ty and Ty + AT.
Right: a photograph of the mirror mount [48].

j‘;"dur transfer function

Figure 3.7.: CAD drawing showing the adjustment principle of the Zerodur leg and
the baseplate where, after the adjustment, only the Zerodur material
has an impact on the dimensional stability. [49]
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Figure 3.8.: Principle of the thermally neutral plane of the sample fixture. 1: sam-
ple, 2: Invar fixing ring, 3: Zerodur strut, 4: spring-loaded thrust pad,
5: thermally neutral plane. [49]

expansion effects. Moreover, the central axis of the spring-loaded thrust pads
and the bearing position of the fixing ring define a thermally neutral plane (see
Figure 3.8), and ideally a temperature change should not alter the position of
the sample. However, this part has been identified as critical and performance
limiting due to TTL coupling (see Section 4.1). [47, 49]

3.1.3. Data processing

For data acquisition and data processing a National Instrument PXI system
with a Virtex-5 LX110 FPGA chip (Model NI FPGA card: PXI-7854) is used,
where the analog inputs are limited to 8 channels. In our set-up we need 8
inputs for the two quadrant photodetectors (QPD), one input for the beat note
to control the phase lock and two inputs for the laser power stabilization. The
latter three inputs are read in via the analog inputs and the 8 input signals
of the QPDs are digitized and read in via 8 of the 96 digital channels of the
FPGA.

The circuits and PCB (printed circuit board) designs of the detectors and
the ADC-board (analog-to-digital converter) were developed in collaboration
with Airbus DS GmbH in Friedrichshafen, HTWG Konstanz, ZARM at Uni-
versity of Bremen and the DLR in Bremen and the results are described in
Reference [50].
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In Figure 3.9 a schematic of one transmission channel of the detected sig-
nal from the photodiode to the FPGA is shown. The photodiode is mounted
on a trans-impedance converter PCB where the heterodyne signal (10 kHz) is
amplified and low-pass filtered. Between the diode PCB and the ADC PCB,
the signal is transmitted through long cables (5m) from inside the vacuum
chamber, through a vacuum flange and several Sub-D connectors where the
electromagnetic shielding is not ideal. To minimize the electromagnetic im-
pact in the transmission lines between the two PCBs, a method of differential

signaling was implemented.

diode PCB ADC PCB PXI

&v N\ ﬁ> | ADC ()() FPGA

Figure 3.9.: Schematic of the data acquisition, showing one channel of a quadrant
photodiode.

The method of differential signaling transmits the measured signal and
its inverted counterpart. On the ADC board, the two inverted signals are
processed where the excess noise can be minimized at the ADC chip. Prior
to the ADC chip, an amplifier and a low-pass filter provide a signal with
the correct amplitude for the ADC input range. After the ADC, a National
Instrument cable is transferring the digitized signal to the FPGA, mounted
in the National Instrument PXI.

The FPGA is programmed using LabVIEW, where the so called phaseme-
ter, based on a single bin discrete Fourier transform (SBDFT) [45] multiplies
the measured heterodyne signal by two quadrature (sine and cosine) mix-
ers at a sampling rate of 160kHz and a 16 bit resolution (see Figure 3.10).
The generated sin and cos have the same frequency like the heterodyne fre-
quency (10kHz). The FPGA and the frequency sources for generating the
heterodyne frequency are locked to a Rubidium clock from Stanford Research
System model FS725. After the mixer, a filter at 5 Hz passes only the differ-

ence frequency, resulting in a DC signal with the phase information. After a
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data reduction by a factor 8000, the phase information is sent with a first-in-
first-out (FIFO) data stack to the computer (PC) located in the PXI chassis
next to the FPGA. On the PC, the translation is calculated using the arc
tangent (atan) function. Each segment of the QPDs is processed and is saved
in a text file individually. The expansion and tilt values are calculated in

post-processing in Matlab. [50]

FPGA PC

sin
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from @ ® N\ ¢ N 2
ADC atan —>{—f,
board BN EL &
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Figure 3.10.: Schematic of the data processing of the FPGA and PC.

To calculate the expansion of the sample in Matlab, the signals of all seg-
ments of QPD2 are summed up and subtracted from the summed signals of
QPD1:

A=) QPD1-) QPD2. (3.4)

3.2. Subsystems for set-up (A)

3.2.1. Optical set-up

The experimental set-up of the dilatometer at Airbus DS GmbH in Friedrichs-
hafen is based on a highly symmetric heterodyne interferometer (see Figure
3.11), which was originally designed as a demonstrator for an optical readout
for the LISA [1] space mission. This interferometer was built and used for
mirror surface investigations and a more detailed description can be found
in Reference [51]. For the dilatometer set-up, this interferometer is capable
of ultra-precise measurements of small variations in translation between a

reference and a measurement mirror which are attached to the sample.
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Figure 3.11.: Photograph of the experimental set-up (A) showing the interferometer
and the device under test with its support located in the vacuum
chamber.

The principle of the optical measurement system is described in Section
3.1.1. In particular, set-up (A) uses a NPRO-type Nd:YAG laser source with
a wavelength of 1064 nm for the generation of the laser frequency (fy), which
is frequency stabilized to an external cavity (see Appendix B.1). The laser
beam is split in two by a beamsplitter: one beam is shifted by 79.99 MHz and
the other one by 80 MHz by the use of two phase-locked AOMs. Both beams
are injected into the vacuum chamber by optical fibers. The two frequency
shifted beams are launched into the optical bench at a height of 20 mm and
each beam has a diameter of approximately 1.44 mm, and an optical power of
3mW. A schematic of the interferometer board with its optical components

is presented in Figure 3.12.

At the optical bench, each beam is split into three beams at a glass plate.
One beam of each frequency is detected at a single element photodiode (SE1
and SE2). This signal is used for the intensity stabilization. The signal on
SE3, where the two frequencies are superimposed, provides a heterodyne beat
signal of frer = |fo—fi1| = 10kHz, which is used for a phase stabilization that is
implemented to cancel non-common-mode phase-effects. The third pair of the
beams is further used for the measurement interferometer. Additional mirrors

are necessary to adjust the beams precisely to improve the amplitude of the
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Figure 3.12.: Schematic of the interferometer of set-up (A).

heterodyne signals. The energy separator cube (ESC) is used to generate
parallel beams of each laser beam. One pair is reflected to the sample by a
PBS. The reflected beams from the sample passes twice through a quarter-
wave plate where the linear polarization turns by 90 degrees. The two beams
get transmitted at the PBS and get superimposed with the other pair of laser
beams. The phase signals are detected by the QPDs. [16, 51, 52]

3.2.2. Thermal system (A) — 293 K to 333K

The top level requirements formulated for this heating system are:

e Homogeneous and defined tempering of the sample under investigation.

e Thermal influence on the surrounding systems (sample support, inter-

ferometer) should be minimized.

In the thermal system of the dilatometer the heat transfer is very important
to ensure a sufficient temperature variation at the sample and to minimize
drifts in the expansion measurements the optical set-up has to be shielded

against the thermal system. The heat is transferred in three different ways:
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Figure 3.13.: Heating device assembly on the left, sectional view including the sam-
ple on the right [49].

e conduction or diffusion,
e convection,
e and radiation.

Conduction is the most relevant heat transfer, it is the mechanism where en-
ergy is transferred in physically contacted objects due to moving or vibration
atoms interacting with other atoms.

The convection mechanism is the heat transfer when a flow of a fluid oc-
curs. For example, when a fluid absorbs heat, the density changes and due
to gravitational effects the warmer molecules start to move and transfer the
heat. This mechanism is negligible in our setup where our experiment is in
vacuum.

Thermal radiation is the heat transfer mechanism based on electromagnetic
waves and occurs in vacuum as well as transparent solids or fluids. All objects
above 0 K emits electromagnetic waves. This heat transfer is very important
in our set-up, thermal sensitive parts have to be shielded against thermal
radiation of parts with different temperature. This mechanism is also used to
apply a temperature signal to the sample.

This heating device was specifically designed for the tube shaped samples.
Therefore, a cylindrical structure was made of Copper due to its high heat

conductivity. The thermal output is generated by eight thermoelectric coolers
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(TEC) also known as Peltier elements, which are compressed between the
Copper tube and four Aluminum brackets. After the assembly, the Copper
tube is enclosed by two Copper cover plates and the sample is completely
enclosed. This provides an even exchange of thermal radiation between the
sample and the Copper structure. In the lower Copper plate are four holes,
three for the sample support and one for the laser beams. In order to improve
the emissivity of the Copper, Kapton tape (¢ ~ 0.9) was applied inside the
Copper tube. The heating device assembly is presented in Figure 3.13.

The heating device is mounted on an Aluminum beam that is clamped
between the walls of the vacuum chamber. The whole assembly is wrapped
by MLI (multilayer insulation) foil in order to reduce the heat transfer to
the sample support and the interferometer. The MLI foil consists of seven
metal coated plastic layers with a reflectivity of thermal radiation above 95%.
The MLI foil filters the radiation such that we were not able to measure
temperature variations at the frequency of the temperature signals (period of
several hours and an amplitude of several Kelvin) of the thermal system on
other places in the vacuum chamber like the interferometer. A photograph of

the ready for use assembly is shown in Figure 3.14. [49]

Figure 3.14.: Photograph of the interferometer of set-up (A) with the sample sup-
port and the thermal system (A) covered with MLI.
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3.2.3. Thermal control of system (A)

The control of the TEC heating chamber is carried out by a digital PID tem-
perature controller. A schematic of the control loop is shown in Figure 3.15.
The controller can be accessed with LabVIEW to apply temperature cycles
to the sample, which can be individually programmed. Also the parameters
for the PID controller are programmed with the LabVIEW program and they
are finely tuned experimentally. Usually a sinusoidal function with a period
of several hours is a suitable choice because the heating and cooling occurs
smoothly and the analysis of the resulting expansion and contraction is simple.
Here, the change in dimension of the sample also shows a sinusoidal profile
which follows the temperature cycle, as expected. Another possible tempera-
ture profile is a step function. This way, the effect of a strong periodic change

of temperature can be investigated.

PC, LabVIEW | Temperature Controller

Thorlabs, TED4015
parameters for
temperature setpoint |+ Q m max. 225W TECs
and control loop
sensor

Figure 3.15.: Control loop of the thermal system (A). The temperature controller
provides maximum 225 W to the TEC elements to cool or heat the
copper vessel surrounding the sample.

In set-up (A) a temperature controller from Thorlabs TED4015 was used,
which provides a good temperature stability of 0.002°C in a period of 24 h
with a resolution of 0.001°C. A current range of +£15A can be supplied re-
sulting in a maximum power output of 225 W at 15V. To measure the actual
temperature in the heating chamber a Pt-100 temperature sensor was used
in a 4-wire sensing method with a thermal conducting adhesive. The 4-wire
sensing method minimizes the uncertainty of the temperature measurement,
the resistance of the wires and the internal resistance of the measurement

device are balanced.
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3.3. Subsystems for set-up (B)

The main objective of this thesis was to built up a new set-up, set-up (B), with
the capability to measure at low temperatures, down to 140 K. The principle
of set-up (A) was adapted and the optical and electrical set-ups were rebuilt
with minor changes. The most significant change was the thermal system,
which introduced large vibrations that had to be minimized. The thermal
gradients in the system had to consider several subsystems. A CAD model
of the mechanical and thermal set-up inside the vacuum chamber is shown in
Figure 3.16. The support of the sample and the mirror mounts described in
Section 3.1.2 are the same as in set-up (A) and are used for measurements at
room temperature as well as at low temperatures. Parts of this section are
published in Reference [53]. The following subsections explain the subsystems

of set-up (B) as depicted in Figure 3.1.

Figure 3.16.: CAD model of: (1) vacuum chamber, (2) interferometer, (3) sample
(DUT), (4) support of the sample, (5) Copper radiator connected to
the cold head by means of Copper bars (6).
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3.3.1. Vacuum chamber

A vacuum chamber is needed to minimize disturbances in the expansion mea-
surement, which are introduced by acoustics, air and refraction index fluc-
tuations. To get a stable refraction index of n = 1 a vacuum with pressure
lower than 1072 mbar is achieved. The vacuum chamber was designed to have
sufficient room for the optical and thermal set-ups and to fit a 900 mm x
600 mm breadboard at the bottom of the chamber. The round chamber (see
Figure 3.16) has a diameter of 1200 mm and a height of 525 mm. The round
chamber is cheaper and lighter due to the thinner walls than a rectangular
chamber. For electrical and optical feed-throughs, vacuum pumps, valves and
pressure gauges 26 ISO-K and ISO-KF flanges are placed at the side of the
cylinder. For future projects requiring larger structures in the vacuum cham-
ber like telescopes, an additional ring can be mounted on top to get a larger
volume. To minimize the seismic vibration the whole vacuum chamber is
mounted on four damping systems, OTAL (2000) from Melles Griot at each

corner of the rectangular baseplate.

Due to the large temperature gradient between the heating vessel (down to
100K) and the interferometer (room temperature), the thermal isolation as
well as the dimensional stability have to be very high. In order to decouple
the heating vessel from the interferometer, the sample support is placed on a
separate Aluminum breadboard. Both breadboards are mounted with a three
point statically indeterminate mounting by Zerodur feet. The breadboard

position is stable by gravity (see Figure 3.17).

A L-shaped aluminum adapter is used as the point of contact between
the top surface of the interferometer breadboard and the top of the Zerodur
feet. The adapter was designed such that the tip of the Zerodur mount is
at the same height as the laser beams. Hence, a thermal influence on the
effective length (height of the laser beams) consists just of Zerodur parts.
The mounting of the optical fibers and the adapter are made of Aluminum
with the same CTE and their respective expansions are balanced, showing
no influence on the height of the laser beams. This correlation is illustrated

in a sectional view in Figure 3.17. The red arrows mark thermal expansion
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Interferometer breadboard
reference plane
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S — &\_ —

Constant

CFRP breadboard
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Figure 3.17.: Upper: thermal neutral support of the interferometer breadboard.
Lower: photograph of one of three feet of the interferometer support.

axes. The interferometer breadboard has no influence because it is mounted
on its top surface and therefore expands downwards (h3 in the schematic).
In addition, the expansion of the fiber mounting (h1) equals the one which is
caused by the section of the adapter from the top of the Zerodur foot to the
interferometer breadboard reference plane (h2), (h1=h2). The CTE of the

Zerodur feet compared to the CTE of the aluminum is approximately 1000
times smaller.

In order to prevent a creep of the Aluminum on the point of contact between
the Zerodur feet and the adapter, a small plate made of Sapphire (colored pink
in Figure 3.17) was bonded where the two materials are compressed. The first

shim is bonded to the Zerodur foot. For stability reasons a small cavity on the
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bottom side of the Zerodur foot was realized. This leads to a circular contact
area that provides a circular adhesive surface (better adhesive distribution).
The resulting stress due to the vacuum environment (ambient pressure in the
cavity) was not critical. A photograph of one Zerodur foot of the support is

presented in Figure 3.17.

These components were placed on a mutual surface area in order to realize a
high stability between the Aluminum breadboards, interferometer and sample
support. Any additional effects should be common-mode to the interferometer
and the sample. Therefore it was envisaged to use a vacuum compatible
breadboard with high thermal and mechanical stability, with dimensions of
900 mmx600 mm. As a possible solution, a standard optical Stainless Steel
breadboard, an optical breadboard made of CFRP and a custom breadboard
made of massive Invar were considered. Aluminum was discarded due to its
poor thermal stability. The CFRP breadboard from Carbon Vision model
CAI was chosen, mainly because of the excellent, thermal and mechanical
stability, the excellent damping properties and the low weight. Carbon Vision
quoted CTE values of the CFRP breadboard in x and y direction (lateral) of
2.5-107%1/K and in z direction of 0.5-107%1/K at T' = 273 K. Conventional
Aluminum CTE properties are higher by a factor of 10 in lateral direction

and by a factor of 50 in z direction.

To minimize vibrations on the interferometer and the sample support com-
ing from the pulse tube cooler and of the turbo pump, the CFRP bread-
board is mounted on three mechanical vibration isolators (model VIB320-3775
from Newport) providing both vertical and horizontal isolation from 16.8 kg
to 34.1kg with a vertical resonance frequency of 6.8 Hz, with an amplifica-
tion factor of approximately 8, and a horizontal resonance frequency of 6.3 Hz
with an amplification factor of approximately 6. Unfortunately, the highest
vibration source of the pulse tube cooler is at around 1 Hz where the isolators
do not have any significant effect. Vibrations of the turbo pump which are
introduced by the rotation speed of 1500 Hz are damped with approximately
40db according to the suppliers specifications.
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3.3.2. Thermal system (B) for low temperatures

The goal was to reach temperatures where many satellites and their instru-
ments operate. For example, the LISA telescope will operate at around 203 K
[2, 3] and its optical bench near room temperature, 300 K [4]. To cover a tem-
perature range between 140 K and 300 K a cooling set-up was necessary. For
this purpose several cooling techniques can be applied. A common method is
the bath cryostat, where e.g. liquid Nitrogen is used to cool down the device
under test. In our set-up, a controlled temperature was necessary. A closed-
cycle cryostat offers a very easy operation, therefore a pulse tube cooler from
TransMIT was chosen. The so-called pulse tube cooler model PTS 8030 offers
a cooling power of 30 W at 80 K and reaches a minimum temperature around
35 K at its cold head after 25 minutes with very low noise [54]. This cold head
works based on the McMahon principle using a Helium compressor. The low
noise is necessary for our set-up to reach precise expansion measurements.
The only moving part is the rotary valve which is connected to the cold head
by a flexible tube.

The pulse tube cooler is mounted with a DN 200 ISO-K T-adapter to the
vacuum chamber (see Figure 3.18). Two Copper bars are mounted at the
cold head to have a heat transfer from the cooling vessel surrounding the
sample. All Copper joints are made such that they are adjustable in one di-
mension to place the Copper vessel very precisely over the sample support.
M6 screws and Helicoils (threaded inserts) are used to mount all highly ther-
mally stressed parts together. The main characteristic of the Helicoils is that
they can compensate temperature driven load changes due to materials with
different CTE, so that an optimum force transmission from the screw to the

thread can be achieved.

To increase the efficiency of the heat diffusion, thin Pyrolytic Graphite
interface sheets (PGS EYGA121807A) with high thermal conductivity of
950 W/(m-K) were placed between the screwed parts. This 0.07mm thick
sheet is highly flexible and improves the contact surface of the two parts
where the Graphite sheets are attached to. This is used as a clean and effi-

cient alternative to thermal grease.
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Figure 3.18.: Pulse tube cooler flanged with a T-adapter and heat pipes mounted
to the cold head.

On the other end of the two Copper bars, a Copper vessel can be mounted
to surround the cylindrical sample (see Figure 3.19). The cylindrical vessel
has a diameter of 112 mm and and a inner clearance height of 146 mm. At the
top and the bottom, a Copper disk is mounted with 18 screws to the vessel
to ensure a large contact area for the heat transfer. The bottom disk also
has four holes in the middle where the laser beams go through to the sample
and three smaller holes where the sample support holds the device under test
without any contact between the Copper vessel and the sample support. The
outer side of the vessel is mounted with two M6 screws to the Copper bars

and can be adjusted in height with four set screws.

All parts at the pulse tube cooler and all connected parts which are in the
vacuum chamber are covered with a MLI (multi layer insulation) foil in order
to minimize direct radiation to the interferometer and to keep it at room

temperature.
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Figure 3.19.: Heating chamber, bottom up where the holes for the laser beam and
for the sample support are shown.

3.3.3. Temperature control of system (B)

The temperature control is done by two heating stages: (1) one control loop
with a heating resistor at the cold head and (2) a second control loop with
two heating resistors at the Copper bars near the Copper vessel surrounding
the sample (see Figure 3.20). Pt-100 sensors were placed next to the heat-
ing resistors to provide an input signal to the control loop. A two-channel
configurable PID controller from Lake Shore Cryotronics, model 335 with a
maximum output power of 50 W of channel 1 and 25 W of channel 2, is used
and its temperature setpoints are provided by a LabVIEW program. The
controller is configured as a PI controller and is tuned experimentally. The
cold head cools down with a constant power of ~30 W and the controller heats
it up with an electric heater to the set constant temperature, T1. T1 is ap-
proximately 10 K lower than the mean temperature of the Copper vessel, T2.

At the Copper vessel, the second controller provides a sinusoidal temperature
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change with an amplitude of several Kelvin with a period between three to
five hours. To adjust the period to the sample, the phase difference between
the temperature of the sample and the expansion of the sample is considered.
The period of the temperature signal is increased as long as the phase differ-
ence is minimized. The parameters for the temperature signal depend on the

material and sample dimensions.

PC, LabVIEW | | Temperature Controller

parameters for Lake Shore, 335 cold head Copper
temperature setpoint channel 1 const.~30W vessel

and control loop © m max. 50W heater heaters
sensor T1<T2 sensor j‘

channel 2

setpoint @ PID max. 25W

Figure 3.20.: Control loop of the thermal system (B). The cold head has a constant
cooling power of ~ 30 W. Channel 1 of the temperature controller con-
troles the temperature directly at the cold head. Channel 2 controls
the temperature of the copper vessel covering the sample.

To minimize the heat transfer to the Pt-100 sensor from the wires, Copper
anchors were used to wrap approximately 10 cm around the Copper cylinder
before mounting it to the measurement point (see Figure 3.21 (a)). At loca-
tions where the Copper anchors could not be used, e.g. at the sample, little
coils of twisted pair wires were placed (see Figure 3.21 (b)) around the sensor
to minimize the heat transfer from outside the thermal system [55]. On the
outer side of the sensor, an Aluminum tape reflects the radiation to maximize

the heat transfer from the other side of the sample to the sensor.

3.3.4. Optical set-up

A photograph of the the interferometer of set-up (B) is shown in Figure 3.22.
It shows more complexity in the set-up than the principle in Section 3.1.1.
The whole optical set-up was designed and built within this thesis. The
additional steering optics were incorporated to enable a better adjustment of
the laser beam for the dilatometer application. The piezo mirror mounts in the

upper side of the interferometer board enable the external adjustment of the
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Figure 3.21.: (a) Copper cylinder and (b) Aluminum tape where a Pt-100 sensor is
glued to and the leads are twisted around to minimize the error due
to the heat transfer of the Copper wires.

laser beams to the sample from outside the evacuated vacuum chamber (see
Figure 3.22). In case the pointing of these beams changes due to temperature
changes or pressure changes, the laser beams can be readjusted in four degrees
of freedom to improve the interferometer alignment prior to the measurement

campaign. Additional mirrors enable better alignment and overlap of the laser
beams, fi and fs.
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Figure 3.22.: Photograph of the optical set-up (B) for CTE measurements at low
temperatures and the drawn beam paths.



4. CTE metrology system
verification and uncertainty

analysis

In this chapter, different measurements concerning tube shaped samples are
used to verify the CTE metrology system and develop an uncertainty bud-
get. The main limitation of the measurements has been identified to be the
tilt of the sample and was published in Reference [56]. In Section 4.1, the
tilt coupling of the sample is investigated. This tilt affects the expansion
measurement and is also called tilt-to-length (TTL) coupling.

In Section 4.2, CTE measurements of Zerodur and Clearceram samples with
set-up (A) at room temperature are presented.

A detailed discussion on the noise sources of set-up (B) is provided in
Section 4.3. CTE measurements of a Zerodur sample at room temperature and
CTE measurements of a CFRP sample from 140 K to 250 K were conducted
and a detailed uncertainty analysis was done to verify the CTE metrology

system.

4.1. Tilt-to-length error contribution

The same sample support was used for all CTE measurements with set-up (A)
and set-up (B). Therefore, in both cases, the error contribution is the same. If
the sample tilts such that one beam has to travel more than the other without
any expansion, the measured length change leads to an error. Figure 4.1

summarizes the TTL coupling mechanisms in our set-up.
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Ideal Sample tilted
M2 rej e
M2
Xmz=1 —+ Pivot point Pivot point
M1
M1 - 10
I’V‘ r XM1 =O r - r

Figure 4.1.: TTL coupling. Left: ideal case. Right: sample holder tilted by 6. As
shown in Equation (4.6) the piston effect dominates the error.

In general, the distances are

1 14
oMl = —[rtan@—§(tanﬁsin0+cosﬁ—1)}

2

' [1 T Cos 20] aEASY (41)
Tyve = % [—rtan@ + g(tanesiné + cosf + 1)}

- [1 " —29] + (M) (42)

where f(M;) and f(M;) represent the independent tilt of the mirrors M1 and
M2, respectively. These are considered in a general form since their pivot
points are unknown. @ is the tilt of the sample around its center and r stands
for the distance between the pivot point (point where the sample tilts) and

the beams.
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The signal of interest is Ax = xyo — Ty, Where

A-Tideal = E (43)

14
Az = {—7’ tan 6 + 3 (tan @ sin 0 + cos 0)

1+ =)+ Fm) — ), (4.4)
(1 om)

cos 260

and the error due to the tilt is given by €1y = AZreal — ATigear, Which can be

expressed as follows for small angles to
e > —20r + f(Ms) — f(My). (4.5)
Fluctuations of this error term can be expressed by its differential:
Seqite == 2760 + [0 f (My)? + 8 f (M2, (4.6)

where the tilt functions for M1 and M2 are assumed to be uncorrelated.

The uncertainty in the CTE is dominated by the TTL error as detailed in
Section 4.3.5 Paragraph "CTE determination and uncertainty analysis”. Its
effect has also been quantified by measuring the tilt of the mirror M2, which is
representative of the total error (see Section 4.3.5 Paragraph ”Tilt-to-length
coupling”). This assumption is valid as far as the term 2réf dominates in
Equation (4.6). The TTL coupling measurement includes

dr  df(Ms) dg  df(Ms)

k:ﬁ—FT:QTﬁ—FT, (47)

and our assumption holds as long as

o df (M)
27’—dT > IT (4.8)
df(My) df (M)

ar  — 4T (4.9)

Four measurements using a Zerodur sample tube have been performed to

validate Equation (4.8): (i) mirror M2 was held by the mirror mount shown in



o8

CTE metrology system verification and uncertainty analysis

Figure 3.6, i.e., the same way as in the TTL coupling and CTE measurements;
(ii) a Zerodur mirror was held by a spring-loaded mount; (iii) M2 was held by
the Invar ring holder that usually holds the sample; and (iv) a Fused Silica
mirror was placed on the sample holder but without the 3-point Invar ring

(see Figure 4.2).

& o
&2

Figure 4.2.: Configurations to test the TTL coupling of the sample holder and
mirrors.

The results are summarized in Table 4.1 and show that, regardless the type
of mirror mount used, the TTL coefficient is around 5nmK~!. The set-up
without the Invar ring (iv) yields ¥ =0.1nm K~*. The assumption in Equa-
tion (4.8) is met since the Invar ring (sample holder) is responsible for most
of the TTL error contribution. The second assumption, Equation (4.9), is
considered plausible because M1 and M2 are mounted the same way. The
results given in Table 4.1 were taken at 307 K. The coefficients k£ at low tem-
peratures (140 K to 250 K) are also in same range and denote the same origin.
The TTL coupling coefficient & is multiplied by the temperature variation AT
and contributes an error A/ to the CTE error budget.
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Table 4.1.: TTL coupling coefficients for different configurations at 307 K.
Conf. k
(i) 59nmK™!
(i)  5.3nmK™!
(iii)  5nmK™!
(iv)  0.1nmK™!

4.2. Measurements with set-up (A)

In this section, first CTE measurements at room temperature with set-up (A),
the dilatometer at Airbus DS GmbH in Friedrichshafen, are presented, which

were taken to verify the experiment.

4.2.1. CTE measurements of a Zerodur sample and

coupling of laser frequency noise

First measurements were done with an existing interferometer at Airbus DS
GmbH in Friedrichshafen and were published in Reference [47]. This hetero-
dyne interferometer set-up had a sensitivity below 2pmv/Hz in translation
and 10nrad/ v/ Hz in tilt at frequencies > 107" Hz up to approximately 5Hz
[46]. The schematic of the optical set-up is described in Section 3.2.1. For
this first measurement the laser source was not frequency stabilized.

The optical pathlengths of both arms are not equal, making the set-up non-
symmetric. The distance between the reference mirror and the measurement
mirror is 100 mm. In ultra precise measurements, the frequency noise (A f) of
the laser appears in the translation (Af) measurement of unequal arm-length

interferometers (frequency noise to length coupling) as:
A
Al =—-z-Af, (4.10)
c

where )\ is the laser wavelength, 1064 nm, ¢ is the speed of light and z the
distance between the two mirrors. The laser frequency noise (Af) is detected
by measuring the beat note of the dilatometer laser and a laser which is

stabilized to a cavity by the Pound-Drever-Hall technique [57]. The cavity
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stabilization is explained in Appendix B.1. Due to measurement tolerances of
the interferometer geometry a mismatch of <3% was measured between the
experimentally obtained value, % -z of 0.355nm/MHz, and the expected on,
0.345nm/MHz. To validate the dilatometer set-up, we measured the CTE of

a Zerodur sample with an ultra low coefficient of thermal expansion.

—translation [nm]
101 (.D ——fnoise [nm]
—translation - fnoise [nm]

delta temperature [K]
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Figure 4.3.: An expansion measurement of a Zerodur sample tube. Upper to lower
curve: (1) translation; (2) frequency noise (fnoise) converted to nm;
(3) translation — frequency noise; (4) temperature variations around
30°C.

A CTE measurement of a Zerodur sample is shown in Figure 4.3 and was
the first attempted to verify the dilatometer set-up. The CTE is calculated
with o = Al/0- AT~ where A/ is the measured expansion of the material, ¢
the length of the sample, 100 mm and AT the measured temperature varia-
tion. A sinusoidal temperature variation with a period of 2h was applied to
the sample. Pt-100 platinum resistance temperature sensors, enabling a high
accuracy over a wide temperature range, were used to measure the tempera-
ture at the sample: 30°C £ 1.34°C. The small and slow temperature variations
enable a homogenous temperature over the whole sample. The displacement
between the reference mirror and the measurement mirror was measured and
is shown in the translation curve (see Figure 4.3 trace (1)). The large noise in
the measurement is caused by laser frequency noise (see Figure 4.3 trace (2))

which shows up due to the unequal arm-length interferometer. To measure
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the laser frequency noise, a beat signal between the measurement laser and a
reference laser that was locked to a cavity was recorded simultaneously. The
coefficient of 0.355nm/MHz (see Equation 4.10) was calculated out of the
difference in pathlength of the measurement arm and reference arm. After
subtracting the laser frequency noise from the measured translation, it is pos-
sible to reconstruct the sinusoidal expansion of the sample, as expected (see
Figure 4.3 trace (3)). The phase difference of 180° between the expansion of
the sample and the temperature was confirmed in an additional systematic
test of our measurement set-up, where a positive expansion was simulated,
obtaining thus a negative sign to the CTE value. The amplitudes of the two
signals, A¢ and AT (see Figure 4.3 trace (4)) are results of a sinusoidal fit
to the measured signals. The distance between the two mirrors, ¢, was mea-
sured with a caliper in this case. The measured CTE of the Zerodur sample is
-1.74-107 K~!. The vendor Schott quotes a CTE value of 0+3-1078 K~ [58].

The goal of this measurement was to show the functionality of the dilatome-

ter and to verify the CTE value given by the manufacturer.

4.2.2. CTE measurements of a Clearceram sample

For comparison, a sample of Clearceram from Ohara was measured. The same
set-up was used, however, in this case the dilatometer laser was locked to a
cavity (see Appendix B.1) in order to reduce the frequency noise to length
coupling. The CTE measurement of a Clearceram-7Z HS sample is shown in
Figure 4.4. A CTE value of —3.205 - 107® K~! with a standard deviation of
0.039 - 1078 K~ is obtained with the peak to peak values of a sinusoidal fit
to the translation signal (5.32nm) and the temperature signal (1.6 °C around
29°C) and with the length of the sample of 104mm. A CTE of 0£2-1078 K~}
is mentioned by the manufacturer Ohara. [59]

The systematic error of the tilt-to-length coupling of 0.55 nm /K was deter-
mined from TTL measurements in Section 4.1. This error dominates the un-
certainty budget and raises the error to (—3.205+0.57)- 1078 K~!. Therefore,
the resulting disagreement between the CTE value given by the manufacturer

and our measurements is approximately 0.6 - 1078 K1,
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Figure 4.4.: An expansion measurement of a Clearceram-Z HS sample tube. The
blue curve (with larger amplitude) shows the measured expansion
in nm of the sample and the red curve (with smaller amplitude)
the corresponding temperature around 29°C. The measured CTE is
—3.205- 1078 K1 with a standard deviation of 0.039 - 1078 K~1.

4.3. Measurements with set-up (B)

4.3.1. Noise floor of the optical system

Measurements were conducted to characterize the noise floor of this set-up.
Figure 4.5 shows LSDs (linear spectral density) measurements of the inter-
ferometer with different set-ups. The purple curve is measured with a free-
running interferometer, where the two beams are reflected off one single mirror
on the optical bench. The green curve shows a measurement with exactly the
same optical set-up, but having the laser frequency stabilized to a molecular
Iodine transition. The Iodine reference is described in Appendix B.2. The
blue trace shows a measurement with active stabilizations for the laser power
and the optical pathlength difference. Power and phase of the two beams are
measured at the optical bench and controlled by a FPGA, using the applied
input power to the AOMs, and a piezo actuator, respectively. The detailed
optical set-up is described in Section 3.1.1. The noise floor drops slightly
between 4 - 10~* Hz and 1 Hz where the phase stabilization is the main im-
provement. The red trace shows almost the same noise than the blue trace.

Here, the optical set-up is changed to test the dimensional stability of the in-
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terferometer board compared to the sample support. Therefore a mirror with
a three inch diameter was put on the Zerodur sample support to measure the

noise contribution of the sample support, which does not change significantly.
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Figure 4.5.: Different noise floors of the translation measurements. For the purple,
green and blue trace, the two laser beams of the interferometer are
reflected off at one single mirror on the optical bench with different
control set-ups. The red trace is measured with all stabilization set-
ups and the additional optical path to sample support.

This measurements show that the noise floor of the optical system is good
enough to measure below the nm-range at frequencies above 4 - 10 Hz,
enabling an accuracy of &~ 10% for a 0.1 m long ultra low expansion material
(CTE in the 1078 K~! range, like Zerodur) with temperature variations of 1 K.
In post-processing, a straight line should be obtained when the temperature

is plotted against the expansion. The residual of the measurement gives the

uncertainty of the measurements A¢ and AT
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4.3.2. Sign calibration of expansion measurement

Materials can have the property of positive or negative CTE values. This
property of the expansion measurement is calibrated in this section. The
sample and the mirror mounts are prepared such that always the same beam
is reflected at the same mirror in the sample, one beam is reflected at the
upper mirror (M2) and the second beam at the lower mirror (M1) (see Figure
4.6 left). A calibration was done to check if the measured signal shows the
correct sign of the translation, contraction or expansion of the sample. To
this end, a glass plate was mounted at a 45° angle such that only one beam

would go through.

vacuum tank
Mz | e |
sample

M1 =1

glass plate

N
g N

Figure 4.6.: Left: Schematic of the interferometer set-up with additional tilting
glass plate for sign calibration, right: schematic and detailed beam
trace in the glass plate due to the different refraction index of glass
and air.

If the glass plate is turned slightly and the light sent to M1 travels a longer
path in the glass plate due to the different refraction index of glass and air a
contraction of the sample is simulated by longer distance in the glass plate.

In Figure 4.6 a schematic outlines the beam paths in the glass plate. The
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change in pathlength (4;) can be described as

Al == dglass (nglass - Cos(aair - aglass))/ Cos(aglass>a (411)

where agqss 1s

Ln@f)) . (4.12)

Qlglass = Arcsin (
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Figure 4.7.: Measurement of the sign calibration, first the angle of the glass plate
was changed in one direction resulting in 2.045° (five steps) followed
by a five steps back.

A measurement is shown in Figure 4.7 where the glass plate was mounted
to a mirror holder and turned stepwise starting in an angle of ay; = 45°.
The screw at the mirror mount for the horizontal adjustment was turned
five times, as evidenced in the measurement graph by five steps. First, the
angle oy, was increased resulting in a negative translation or in a simulated
contraction which is the correct sign, because the optical path in the glass
plate was increased. This corresponds to a movement of M1 towards M2.
The five turns of the mirror mount screws (Thorlabs, Polaris (1 inch) result
in a 2.045° tilt, according to the fine thread properties and the dimensions
of the mount. The calculated A; for a starting angle of 45° is 13351 nm
and the measured translation in 12 752 nm. The difference of <5% leads to a

misalignment of the original 45° position of the glass plate.
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4.3.3. Temperature measurements

Up to 12 temperature measurement points are recorded simultaneously during
a CTE measurement. The most important ones are three measured directly
at the sample. In Section 3.1.2 Figure 3.5 a photograph of the sample sup-
port and the sample with these three positions is shown. In addition, several
temperatures are recorded inside and outside of the vacuum chamber (e.g. Ze-

rodur sample support, interferometer, thermal chamber, room temperature).
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Figure 4.8.: 16 hour LSD measurement of the noise floor of the Lake Shore 224 tem-
perature monitor. Green: the noise measured with a 1002 resistor at
the input; blue and red are Pt-100 sensor connected to the temperature
monitor at two different spots in the lab with running air condition.

A temperature monitor system from Lake Shore Cryotronics model 224 was
used for these measurements. This system has 12 temperature sensor inputs
for 4-wire sensing with a measurement resolution of 2mf2. In combination
with Pt-100 sensors an electronic accuracy of +0.004 Q + 0.01%, is achieved
between 0 €2 and 300 2 at 25°C ambient temperature, as quoted by the vendor.
This means that at 273K (0°C) an error of £0.04 K can be expected. In
addition, the noise level of the temperature monitor was measured connecting

a 100 (2 resistor, which has a minimal temperature dependency compared to
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the Pt-100 sensor. A LSD of this 16 hour measurement is shown in Figure 4.8.
The green trace shows the temperature monitor at frequencies above 1072 Hz,
reaching a level of 1mK. The blue and red curves show the behavior of a
temperature measurement.

All temperature sensors are platinum (Pt-100) sensors from Innovative Sen-
sor Technology model POK1.161.6W.Y.010. This sensors meet the require-
ments of DIN EN 60751 Klasse F0.1, meaning that the sensor has an uncer-
tainty of er,,, = 0.1 + 0.0017 - |T" — 273.15K]|. Relative errors are observed
as noise in the temperature measurement and the absolute error has to be
considered in the CTE measurement (see Section 4.3.5 Paragraph ”Af and
AT measurements” ).

To eliminate the lead and contact resistance, all temperature sensors are
monitored by the 4-wire sensing method. In air, regular twisted pair cables
are used. Self-made twisted pair cables made of 0.15mm diameter Copper
wires with a polyurethane insulating varnish (model: Block CUL 200/0,15)

are used in vacuum.

4.3.4. CTE measurements of Zerodur at room

temperature

This measurement was done to compare our measurements with data provided
by the vendor Schott of a Zerodur sample. Schott is measuring the CTE of its
materials using a push-rod dilatometer. For our tests, they provided a sample
which was made of the same piece of material as the one they characterized.
Their measurement procedure is different than ours, as they start at a constant
temperature of 0°C and rise the temperature in three plateaus up to 50°C.
The plateaus are, as far as they can determine, at a static temperature in
the sample before they continue with a constant temperature rate to the next
temperature plateau. For the CTE determination, the expansion between the
plateaus is measured. For the temperature values between those plateaus,
Schott uses an empirical model, where they adjust the parameters to the

manufactured material and they calculate the CTE values from this model
(see Table 4.2).
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Table 4.2.: Comparing the vendors (CTEgehott ) and our (CTEppr) CTE results of
a Zerodur sample.

T [K] CTEgsaots [K™'] CTEprr [K™'] CTE difference [K™!]

297 —5.4-1079 13.91-107° 19.13-107°
301 —9.7-107° 13.88-107° 23.58 - 1077
305 —15.0-107° 12.26 - 107* 27.26 - 1079
310 —20.0-107° 10.01-107° 30.11-107?
315 —25.2-107° 6.29-107° 31.29-107?
321 —29.9-107° —5.49-107° 24.41-107°

The CTE measurement values are determined by our set-up (B) with the
heating device using Peltier elements (TECs) for controlling the temperature
around room temperature (see Section 3.2.2). The measurements where done
by cycling the temperature around a nominal measurement point 7' (see Ta-
ble 4.2 first column). As an example, a sinusoidal temperature variation AT
of 1.6 K around 305 K, and 3.7 K around 321 K with a period of approximately
4 hours was applied to the sample.

For these measurements, the CTE is obtained by a least squares method as

follows:
L YAT(E) - Al(t)
Y SAT(t)?
where / is the length of the sample, AT'(¢) is the temperature and Af(t) is the

expansion of the measurements. This least squares method is equivalent to

(4.13)

a regression analysis, plotting A¢(t) as a function of AT'(t), where the slope
represents the CTE. The 1-sigma error of the fit €5 can be calculated from its
residual. In this example, €, = 49 - 10712 K~

The total error bar can be calculated as

AT - k
€a = Oé(%—}— AJ )—|—615 (414)
o1 20 pm 1.636 K - 0.55 2
= 12.26-107"— - K 4.1
o 6-107% (106.5mm+ 2.108 nm ) @ (415)
1
€ = 5.07-107°—, (4.16)

K
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where ¢, is the error in the length measurement, ¢ is the length of the sample,
and k is the tilt-to-length (TTL) coupling coefficient. The TTL error is the
main contributor to the error budget and it is almost two orders of magnitude
higher than the other contributions. At lower CTEs, the error bars increase

due to the experimentally determined TTL error coefficient.

By comparing the model values and the measurements, an offset between
19.13-1072K~! and 30.11-10"2K~! can be seen, which leads to an additional

systematic error in one of the dilatometer set-ups.

4.3.5. CTE measurements of a CFRP sample from
140K to 250K

In this section the CTE of a CFRP sample is determined to show the per-
formance of our dilatometer in the temperature range of 140 K to 250 K [56].
For all measurements we use sinusoidal signals as main modulation since they
are easy to generate and they are relatively simple to analyze in the time and
frequency domains, because they do not have discontinuities or high energy

at higher harmonics like square-wave type signals.

Absolute length measurement Applying the method explained in Sec-
tion 3.1.1 the absolute length, ¢, is measured. To this end, the temperature
is kept constant within 10 mK over the whole measurement time (=~ 1 hour).
The laser frequency, vy = 281.630 THz, is modulated by a sinusoidal signal
with an amplitude Ay, = 1.7 GHz, and a period of 7 = 100s, over a total
time of 700s, i.e.,

v(t) = vy + Avsin(2nt /7). (4.17)

These parameters are the results of a trade-off between generating a large sig-
nal to maximize the signal-to-noise ratio, while maintaining small enough er-
rors in Av /v, and avoid laser mode-hops. Figure 4.9 shows the measurement
at 223.48 K where Alvy, is plotted as a function of Av. The slope corresponds
to the absolute length ¢. The linear fit to the data yields ¢ = 0.0873946 m
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and oy g = 4.2 -107%m. The total uncertainty is given by

op > [07 g + i—Z(Alﬂ + eV~ 0y g =4.2-10"%m, (4.18)
0

where ¢, = 600 MHz is the accuracy of the wavelength-meter (High-Finesse
WS6-600). The term oy 4, dominates the error and results from the inter-
ferometer noise (~ 1nm) and wavelength-meter noise (~ 10 MHz), totaling
~ 2.5nm. Finally, the effect of the temperature variations is estimated as
(T, since they cause expansions/contractions of the sample. Anticipating
the results given in Section 4.3.5 Paragraph "CTE determination and un-
certainty analysis”, that o ~ 7-107"K™!, / = 0.087m and 7 = 10mK.

This yields an uncertainty of 0.6 nm, which is well below the limiting noise of

2.5nm.
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Figure 4.9.: Absolute length measurement. Left: signals in the time domain. Right
top: Aflyy as a function of Av. A/l is the interferometer output signal
while the frequency is measured with a wavelength-meter (High-Finesse
WS6-600). The red trace is the linear fit where the slope is the length
of the sample. Right bottom: fit residuals in units of m GHz, which
are equivalent to o = 2.5 nm.

A¢ and AT measurements The most critical parameter when designing
the experiment is the period of the temperature signal. The period is chosen
such that the phase shift between the temperature and the length measure-

ments is minimized and does not change by increasing the period. Once this
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condition is met, the period is doubled to have enough margin. In this man-
ner we ensure that temperature and length are measured in a steady-state
condition. The period of the applied signal has to be defined for every ma-
terial of interest because it depends on its thermal properties (heat capacity,
emissivity, conductivity and density) and the geometry (area, thickness, etc.)

of the sample. For our CFRP sample, a period of five hours was determined.
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T measurem ent
—linear fit
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Figure 4.10.: Expansion measurement. Left: Af and AT in time domain. Right
top: Al as a function of AT and the linear fit to the experimental
data. The slope of the fit gives af. The absolute temperature here is
223 K. Right bottom: fit residuals (o ~ 0.2 nm).

Figure 4.10 (left) shows the recorded time series when applying a tempera-
ture excitation (solid line) consisting of a five-cycle sine wave with a period of
5 hours and AT,k = 1.687 K. This is large enough to minimize temperature
read-out errors and induce a high signal-to-noise ratio in the interferometer.
The noise of the temperature read-out is 67 = 1 mK. The length changes of
the sample are Alypx = 102.23 nm with noise levels of 0Af ~ 0.2 nm (see Fig-
ure 4.10). The temperature was measured using three Pt-100 sensors. Two
sensors were placed at the upper part of the tube, one in the inner surface
and the other on the outer surface, and the third sensor on the exterior at
the middle of the tube (see Figure 3.5 in Section 3.1.2). This configuration
measures the largest temperature differences in the sample. The temperature
gradient, AT} .4, increases at lower temperatures due to heat transfer from
the support to the sample. At 223.48K, AT},q is 0.104 K. The third source
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of uncertainty in the temperature measurement is the absolute temperature
value, which is given by the manufacturer (see Section 4.3.3) as 0.184 K for
223.48K .

The right panel in Figure. 4.10 shows the linear fit to the data and the
residuals. The slope of the fit is af = (—60.7337 4+ 0.00025) nm K~!, which
considering ¢ = 0.0873946 m (see Section 4.3.5 Paragraph ” Absolute length
measurement” ), leads to o = (—6.9494 4+ 0.00003) - 107K~ A detailed
analysis of the total CTE uncertainty is given in Section 4.3.5 Paragraph

"CTE determination and uncertainty analysis”.

Tilt-to-length coupling As explained in Section 3.1.2, a dimensionally
stable set-up is crucial to minimize errors in CTE metrology. One of the most
dominant sources of error in our set-up is the TTL coupling, which occurs
when the sample or the mirrors are tilted with respect to the optical beams,
introducing an expansion which is not part of the CTE value. This hap-
pens due to asymmetric temperatures, different time delays, and mechanical
tolerances, among other effects. The set-up is optimized for room temper-
ature. In order to quantify this effect, the tilt of the M2 mirror was mea-
sured for each temperature. In the following, we focus on temperatures near
223.48 K. This measurement uses a slightly different optical set-up: instead
of reflecting the beams off mirrors M1 and M2, they are both reflected off
M2. The temperature modulation is very similar to the one shown in Figure
4.10, with an amplitude of 1.065 K, corresponding to a measured translation
of 3.1705nm (see Figure 4.11 (left)). This results in a TTL coefficient of
k = (2.8907 + 0.0001) nm K~! (slope of the linear fit in Figure 4.11 (right))
and indicates the effect of the M2 mirror tilt.

However, it does not provide information about the other mirror or the
whole sample behavior. Different scenarios are possible: (a) the mirrors M1
and M2 have uncorrelated tilts, or (b) M1 and M2 tilts are the same since the
whole sample is tilting. This effect dominates the uncertainty budget on the
CTE estimation as shown in Section 4.3.5 Paragraph "CTE determination
and uncertainty analysis”, where we assume the tilt in M2 is representative

of the tilt error (the M1 mirror tilt could not be measured due to its small
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size, half the diameter of M2). The validity of such assumption has been
determined experimentally and is discussed in Section 4.1. The values for &
vary from 7.29nmK~! at 120K to 5.14nm K~! at 250K in a parabolic way
with a minimum at 200K of 1.61 nm K.

&2 linear fit
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Figure 4.11.: TTL coupling measurement. Left: time domain series. Right: A/ as
function of AT and the linear fit and residuals. The coefficient (slope
of the fit) is k = (2.8907 4 0.0001) nm K~ 1.

CTE determination and uncertainty analysis The CFRP CTE is cal-
culated from the three measurements described in the previous sections: ¢,

al and the TTL coupling coefficient, k:

ol
& = O; , (4.19)
which can be written as
N al |1 2 |, —2 2 211/2
d=a+o,=—=* =0, +a‘c; + k" (4.20)
14 14

The values at 223.48K are £ = 0.0873946m and o, = 4.2 - 107 %m (see Sec-
tion 4.3.5 Paragraph ” Absolute length measurement”); af = —60.7337 nm K—!
and o4 = 0.00025nm K~! (see Section 4.3.5 Paragraph "A¢ and AT mea-
surements”); and, k = (2.8907 4 0.0001) nm K~! (see Section 4.3.5 Para-
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graph ”Tilt-to-length coupling”). Consequently,

—60.7337-107°

= = —6.95-107"K! 4.21
0.0873946 (4.21)
1
_ 2.5.10"13)2 2.9.10712)2 289 .10~2)211/2
o 0'087[(5 07 +(2.9-107)° + (2.89 - 1077)7]
2.89-1079
- —=332-10%K™! 4.22
0.087 ’ (4.22)

where clearly the TTL dominates the uncertainty budget. The two other
terms, o,s and oy, can be further reduced, to some extent, by increasing the
measurement time since they are of statistical nature, even though they are
currently not limiting factors. The TTL error could be further reduced if the
mirror tilts were measured together with A¢ and their tilts were the same.
This would indicate that the entire sample has tilted. In such a case, the TTL
error in Al is 20r, with 6 being the tilt and r the distance between the beams
and the pivot point (see Section 4.1). Consequently, Al could be corrected
by subtracting 26r and the uncertainty would depend on the quality of the
tilt measurement, the knowledge of r, and the uncorrelated mirror tilts. This
could be done by using QPDs, a differential wavefront sensor (DWS) [45].

The absolute temperature error is briefly discussed in the following and

included in the CTE uncertainty budget. The temperature error is
er = (ATouq + €1 aps) > = 0.211K, (4.23)

where AT,.q is the temperature gradient of the sample and represents its
non-homogeneous temperature distribution. €7, is the error in the tempera-
ture measurement after calibration (see Section 4.3.5 Paragraph " A¢ and AT
measurements” ). The temperature error impact for slowly changing CTEs
is small. The effect can be quantified as g—%eT, which in our case is about
102K~ in the worst case and well below the TTL error. Alternatively, the
absolute temperature errors can be shown as horizontal error bars in the CTE-
temperature plot. However, the estimated CTE is already a mean value in a
temperature range of AT = 1.6875 K around the absolute value. The error

shown in Equation (4.23) thus applies to the mean temperature.
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Table 4.3 shows the CTEs and their uncertainties for temperatures between
140K and 250 K. The values are in the 107" K~! range and their uncertain-
ties are in the order of 1078 K=! with the TTL error as the most important
contributor. The uncertainty increases at low temperatures due to stronger
thermal effects. The CTE values are plotted in Figure 4.12.

Table 4.3.: CTEs and their uncertainties of the CFRP sample for temperatures
between 140 K and 250 K.
TK] e [Kl| a[K'] 0, K]
140.75 093 | —3.76-10"7 0.8-107"
163.54 0.62 | —4.57-1077 0.8-107"
188.05 0.44 | —581-1077 0.6-107"
205.37  0.31 | —6.52-1077 0.2-1077
22348 021 | —6.95-107" 0.3-107"7
251.71  0.14 | —6.80-10"" 0.6-107"7

x 10
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Figure 4.12.: Estimated CTE of the CFRP sample from 140K to 250K (see Ta-
ble 4.3).






5. Application for space

structures

More and more dimensional stable structures made of different materials to
minimize the weight in a satellite are needed. The dimensional stability of each
material is usually well known. The performance of the structure, with all the
materials assembled using different joint technologies, have to be determined
altogether.

In this chapter, investigations conducted on a structure made of Zerodur,
CFRP and Titanium are presented. This 0.5 m long structure is a technology
demonstration breadboard for the triple mirror assembly (TMA) in the laser
ranging instrument (LRI) for the GRACE (Gravity Recovery and Climate
Experiment) Follow-On (GRACE FO) mission [5].

The verified CTE metrology system described in Chapter 3 was adapted
to determine the dimensional stability of the TMA structure. This represen-
tative structure was conducted in collaboration with the University of Bre-
men, German Aerospace Center (DLR) in Bremen and Airbus DS GmbH in
Friedrichshafen in the Laboratory for Enabling Technologies (LET). The main
set-up is the same as described in Section 3.2.1, set-up (A), with a different

thermal system. Parts of this chapter are published in Reference [60].

5.1. Dimensionally stable spacer breadboard

The structure investigated in this chapter is a dimensionally stable spacer

TMA breadboard for the GRACE FO mission [5, 61]. Airbus DS GmbH
was not selected to built the flight model of the TMA, however, it shows
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the technology and the know-how to build such a complex opto-mechanical
structure.

The GRACE FO mission will be launched in early 2018 and, as GRACE,
continue mapping the gravitational field of the earth. Two satellites on the
same orbit, one following the other, measuring the changes in their distance of
~220 km. This distance changes are measured by a microwave ranging with
a noise level of ntm/v/Hz around 10mHz. GRACE FO will include a second
instrument, the LRI, as a technology demonstrator that should have 20 times

better performance.

spacecraft |
-—-- optical
; bench
cold K/Ka ranging cold
= gas . ()() gas )
tank tank
; ((
optical )
bench

<> Spacecraft
~220 km

Figure 5.1.: Schematic of the LRI. The optical layout in and between the two almost
identical spacecraft is shown. The microwave ranging system (K/Ka
ranging) can be seen in the middle and the optical links guided around
the cold gas tank using two distributed corner cube retro-reflector
(TMA).

The LRI is a joint US and German project between NASA, JPL in USA,
and GFZ, AEI, DLR, SpaceTech GmbH, and Airbus DS GmbH in Germany.
This new instrument is an add-on to the satellites using the available space
without changing the main configuration of the original GRACE satellites.
In Figure 5.1 a schematic of the LRI and the two almost identical spacecraft
is shown. The microwave ranging system (K/Ka ranging) is located at the
middle as a link between the spacecraft. The optical links from the optical
benches have to be routed around the microwave ranging system and the
cold gas tank by the use of a distributed corner cube retro-reflector, the so
called TMA. The TMA has a length of about 0.6 m and consists of a CFRP
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structural frame and Zerodur mirror assemblies on each side. The mirror
assembly is made of three orthogonal mirrors forming a corner cube reflector,
two mirrors on one side and the third on the other. The CFRP frame serves
as a high-stability mount.

The length stability requirements of < 25nm/+v/Hz in translation (expan-
sion along the ~0.5 m long structure) and < Iprad/K in tilt in two dimensions
must be guaranteed. This stability requirements of the TMA are mentioned in
Reference [6]. The worst case thermal environment of 0.3 K/v/Hz is assumed
on the basis of GRACE measurement data without any thermal isolation [62].
In GRACE FO the thermal control system should be improved and with ad-
ditional thermal shielding of the LRI/TMA a much better (up to 10 times
better) thermal environment can be expected. The worst case requirement

for the pathlength coefficient is

Al 25 nm/ VHz

AT~ 03K/vHz

The TMA spacer breadboard design from Airbus DS GmbH, is a hexagonal
CFRP tube with a length of 499 mm, a width of 64 mm, and a wall thickness

of 2mm resulting in a total mass of 300g. A CAD model can be seen in

= 83.3nm/K. (5.1)

Figure 5.2 and a photograph in Figure 5.3. As it can be seen in these pictures,
the tube shows several elongated slots which serve as springs to compensate
forces due to different CTEs of the the spacer and the mounting bracket that
holds the tube in position inside the satellite.

Figure 5.2.: CAD model of the 0.5m long TMA spacer.
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Figure 5.3.: Photograph of the TMA spacer and a one Euro coin for size comparison.

The TMA CFRP frame was manufactured by wrapping the single Carbon
fiber layers around a metal core in order to realize the hexagonal shape. In
terms of thermal stability it was not designed to have a zero expansion along
its longitudinal axis. It is more important that the angle between the indi-
vidual mirrors stays as constant as possible to ensure parallel laser beams. If
the TMA frame changes its length due to thermal expansion the separation
between the incoming and outgoing laser beams changes, but their axis re-
main parallel. The CFRP used for the TMA consists of a M60J high modulus
Carbon fiber with a CTE of —1.1-107 K=! along the fiber axis and is cured
with a L 20 SL series epoxy resin. The epoxy resin is specified with a moisture
pickup of 0.03% (24 h at 22°C and standard pressure and humidity). [63, 64]

5.1.1. Preparations for the TM A measurements

In order to characterize interferometrically the TMA frame with representa-
tive Zerodur endfittings and their joint technology, two parallel mirrors were
mounted on the TMA. The mirror mounts were made of Zerodur and were
bonded into the TMA frame the same way it would be in a flight unit, however,
without the retroreflector mirrors. The bonding was performed by Airbus DS
GmbH.

The same bonding procedure was applied to the Titanium ring bracket
holding the CFRP frame. The Titanium bracket was clamped to the sample
support. Here, the requirements on thermal and mechanical stability are less
critical because any instability of the mount influences both mirrors the same

way (common mode). A picture of the CAD model is presented in Figure 5.4.
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Figure 5.4.: Titanium mounting ring bonded to the TMA.

The Zerodur endfitting bonded on the end of the TMA CFRP frame, is
shown in Figure 5.5. The endfittings are inserted in each end and bonded on
six sides (bonding surfaces). This results in radially acting adhesive layers
which minimize the motion of the mirror mounts under thermal fluctuations.
Each endfitting provides four attachment pads, three are used to clamp the
mirror that reflects the measurement beam. These three pads define the
position of the contact surface of the mirror and therefore they need to be flat
with machining tolerances of 20 pm. In addition, the two planes defined by the
pads on each side of the TMA have to show a close tolerance in parallelism of
the clamped mirrors. This is crucial for a proper reflection of the laser beams
to achieve good interference signals.

The maximum stationary tilt allowed between the two mirrors at the TMA
is determined by the adjustment range of the kinematic mirror mount, which is
used for realizing a proper reflection of the laser beams (see Section 5.2.4). In
this case, a maximum misalignment of 2 mrad can be tolerated which leads to
a tolerance in parallelism of 0.066 mm, considering a distance of approximately
33 mm between the attachment pads.

In order to reach this requirement the endfittings are attached to the TMA
frame following a defined adhesive process. The error in the inner geometry

of the TMA requires high tolerances of the bonding pouches. Therefore, the
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6 bonding
surfaces

laser beams

4 attachment pads

Figure 5.5.: The Zerodur endfittings are bonded to the TMA and the mirrors are
clamped on the Zerodur endfittings to reflect the laser beam to inves-
tigate its dimensional stability. One endfitting is bonded to the CFRP
frame on each side.

final position of the endfittings will differ from the initial state. For this
reason, it was decided to machine the attachment pads in a precise (realtime
interferometric measurement) lapping process after the bonding. This way,

the required parallelism of the attachment pads can be realized.

D-shaped mirrors are clamped at the Zerodur endfittings to enable a three
point mounting with a bracket (see Figure 5.5). The only difference between
the first and second mirror is that the first mirror is mounted at its backside
and the second mirror on its frontside. This includes the thermal expansion
of the first 6 mm thick mirror in the measurement, which is the reason for
choosing Zerodur (CTE of ~ 107 K™!) mirrors to minimize the impact to

the dimensional stability of the whole structure.

5.2. CTE metrology set-up

The set-up to measure the CTE of the CFRP spacer (TMA) is described here.
Most of the subsystems of set-up (A) described in Section 3.2 are used. The
main differences are the new thermal chamber, the sample support and the

additional kinematic mirror mount in the optical set-up (see Figure 5.6).
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Figure 5.6.: (a) schematics of the CTE measurement of a CFRP spacer; (b) pho-
tograph of the vacuum chamber, interferometer (front) and thermal
chamber with sample structure, TMA (back).

5.2.1. Requirements for the metrology set-up

The characterization of the samples requires, besides the adapted optical set-
up, additional new subsystems, such as a new thermal chamber for a con-
trolled temperature cycling and a thermal stable support of the structure.
The schematic of the interferometer, including a kinematic mirror mount is
shown in Figure 5.6 (a). The thermal chamber is located next to the inter-
ferometer in the vacuum chamber where the samples are placed inside and
are completely enclosed by metal plates (see Figure 5.6 (b)). Mounts have
been designed which are placed on a CFRP breadboard to connect the sample
and the interferometer. Basic requirements on the thermal and mechanical
systems were defined, based on the experience accrued from the set-up with

tube shaped samples:

e Impact of thermal fluctuations on the interferometer must be as low as
possible in order to maintain measurement performance (ideal situation

T = constant).
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e Stable mechanical connection between interferometer and sample to

maintain the relative position.

e Sufficient coverage of sample by the thermal chamber and a flexible and

easy integration of different samples.

e Controlled temperature cycling of the sample (e.g. periodic function)
with the thermal chamber to allow a warm up rate of the samples of

AT ~ 3K within a period of &~ 1 hour at approximately 30°C.

These requirements are considered in the design phase and the realized

system design is described in the following sections.

5.2.2. Thermal chamber

The new thermal chamber was designed to heat and cool structures radia-
tively with a maximum size of 503 mmx503 mmx95 mm from 20°C to 40°C
(see Figure 5.7). The size of the thermal chamber was chosen to fit into
the vacuum chamber and to have as much space in the thermal chamber as
possible for big structures. A set of 18 Peltier elements, also known as ther-
moelectric coolers (TEC), are placed between two metal sheets and used to
produce a given temperature variation. Every TEC element was pressed be-
tween both sheets, using heat transfer paste and four M3 screws to improve
thermal contact. Underneath the screws head, thermal washers minimize the
heat transfer between the two sheets on both sides of the TECs. These wash-
ers are made of Polyvinylidenfluorid (PVDF') which is a vacuum compatible
polymer with low thermal conductivity of 0.17 W/(m-K). At the inner side of
the chamber, a 2mm thick Copper sheet with high thermal conductivity of
394 W/(m-K) is mounted [65]. To improve the emissivity of the Copper, Kap-
ton was used to laminate the Copper surface, which has a specified emissivity
in the range of 0.8. An emissivity of 0.83 was measured with a TIR 100-2 by
INGLAS GmbH & Co. KG. In comparison, for the untaped Copper sheet an
emissivity of 0.08 was measured.

The outer sheet is used to buffer the heat dissipation of the TEC elements.

Therefore a 8 mm thick Aluminum sheet is used. Additionally the Aluminum
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TMA

heater

sample support

|

Figure 5.7.: Assembled TMA mounted in the thermal chamber. The ther-
mal chamber is suitable for samples with a maximum size of
503 mmx503 mmx95 mm. The Kapton taped Copper sheets (heater)
radiate the heat to change the temperature of the TMA.

is connected with Copper rods to the vacuum chamber to transfer the dis-
sipated heat to the chamber. The two sheets are separated with the TEC
elements and at the area where no TEC elements are placed, MLI foil mini-
mizes the radiative heat transfer. The whole thermal chamber is also wrapped

by MLI to shield the interferometer from radiative heat transfers.

5.2.3. Sample support

The sample support is required for a stable mounting of the TMA to minimize
the movement of the structure relatively to the laser beam due to the applied
temperature variations. During the design process, the following aspects were

considered:
e mechanical and thermal stability,
e TMA compatibility and, if possible, potential future projects,

e vacuum compatibility,

angular adjustability for alignment between the laser beams and the

mirrors, and

defined contact points for a mechanical stable mount of the sample.
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Figure 5.8.: Photograph of the Zerodur triangle mount without the feet.

To provide the necessary thermal stability the choice of materials was limited
to low expansion glass ceramics, Invar or CFRP. Due to a complex design pro-
cess and costly manufacturing, CFRP was not further considered as an option.
The baseline approach was to realize the sample support using Clearceram.
It is highly dimensionally stable, and it is possible to manufacture complex

geometries by milling process.

Figure 5.9.: Photograph of the assembled TMA on the triangle mount.

The sample support consists of an equilateral triangle (see Figure 5.8) and
three feet for a statically indeterminate mounting. The feet also serve as

pick-up pads for potential future larger structures. The TMA frame was
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mounted with a Titanium ring bracket at one side of the triangle mount (see
Figure 5.9). The three feet, which are manufactured by a grinding process, are
bonded into the clearance holes in the milled triangular structure. Therefore,
the adhesive surface has a radial direction of action which reduces the thermal
influence on the mounting structure. The feet have a diameter of 10 mm and
have rounded tips on the ends. A 5mm thick quadratic shim is placed under
each feet to ensure a defined contact point to the CFRP breadboard, thus
reducing the risk of placing the feet directly on an thread insert. The shims
are simply put below the thermal chamber on the CFRP breadboard. The
sample support is put top down through three holes in the bottom sheets of
the thermal chamber (see Figure 5.7).

5.2.4. Kinematic mirror mount

The parallelism of the TMA mirrors (M1 and M2, see Figure 5.6 left) is not
accurate enough, thus it is necessary to align each laser beam individually.
Therefore one double mirror mount with two different mirror mounts for each
beam (independently adjustable) was designed and built (see Figure 5.10). It
was essential that the mount could be realized with a very small gap between
the mirrors (< 1 mm) to enable a reflection of both beams and avoid clipping.
The beams have a diameter of 1.44 mm and are separated by 5 mm. The con-
nection between the two mirror mounts and the adjustment mechanism had to
be mechanically and thermally stable to minimize any angular misalignment
of the laser beams. Generally, in interferometric distance measurements the
standard mirror mounts used for beam guidance do not have to be extremely
stable, because the two beams are reflected off the same mirror. In case of
a dimensional change of the mirror, both beams are affected the same way
(common mode behavior), which does not lead to a difference in the optical
paths.

However, in this case, each laser beam is affected differently, which makes
the assembly critical. For the mirror mounting, two highly stable Radiant
Dyes MNI mirror mounts with a translation of 125 pm per turn were chosen. In

terms of thermal stability the front plates holding the mirrors, were designed
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Figure 5.10.: CAD drawing and principle of the double mirror mount. The reflecting
surface of the mirrors are at the back of the of the front plate of the
mirror mount, thus the thermal expansion of the front plates has no
influence to the stability.

Figure 5.11.: New double mirror mount. Photograph left: from behind; right: front
view.

in a way that they would allow mounting on the reflective surface. This way
the expansion of the mirror and the front plate do not affect the position
of the reflective surface. The mirrors were bonded to the front plates using
the high viscosity Hysol EA 9361 to absorb tensions caused by the bonding
of two different materials, Aluminum and Zerodur. A CAD model of the
double mirror mount with the laser beams is presented in Figure 5.10 showing;:
(a) isometric view, (b) top view with the red arrows marking the thermal
expansion and the reflecting surface of the mirrors (blue dashed line).

Due to a manufacturing error, the front plate was positioned too far up, so
that the laser beams hit the front plates instead of the mirrors. To solve this

issue the assembly was turned over and fit into a new mount. A photograph of
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Figure 5.12.: Interferometer noise with and without the new mirror mount.

the new double mirror mount can be seen in Figure 5.11 showing the view from
behind on the left side, and front view on the right side. The attachment was
conducted by screwing two M6 screws from the sides which provide sufficient

mechanical stability.

With the double mirror mount, a new component was introduced into the
measurement set-up. Hence, it had to be investigated how the measurement
performance would be affected. Two scenarios were compared: a LSD was
calculated with a) one mirror as measurement and reference mirror, b) the
double mirror mount was inserted and each of the adjustable mirrors served
as measurement and reference mirror, respectively. Through this method, the
relative movement between the two mirrors can be investigated. The two LSD
curves are plotted in Figure 5.12 translation noise on the x-axis, and frequency
on the y-axis. The green line indicates the interferometer performance with
the single mirror set-up and the blue line indicates the characterization of the
double mirror mount. It can be seen that the noise increased approximately
by the factor 2 to 5 depending on the frequency, however, it is still good
enough for CTE measurements. This can be seen in the uncertainty budget
of the expansion measurement of 0.1 nm, which is presented in the following

section.
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5.3. Tilt and CTE metrology of the TMA
breadboard

In this section the length changes Af¢ and tilt changes of M1 and M2 as a
function of temperature around 29°C are presented. The measurements were
done within the expected temperature in orbit of 10°C to 30°C [6]. Firstly, the
tilt of the two mirrors mounted on both ends of the TMA were determined
to measure the TTL coupling error (eprr). Secondly, the expansion as a
result of the applied temperature variation was determined and compared to
the requirements. The requirements of the TMA breadboard are formulated
in a pathlength coefficient A¢/AT and the tilt coefficients as the difference
between M1 and M2 in horizontal and vertical direction, v, = (tiltyn 1 —
tiltyio ) /AT, and g = (tiltai ua — tiltme,ua) /AT showing the bending of the
structure as a function of temperature. A schematic of the TMA mirror tilts

are shown in Figure 5.13.
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Figure 5.13.: Schematic of the TMA and the tilts according to the measurements.

5.3.1. Tilt and TTL coupling

The tilts of the TMA mirrors are measured using a DWS method described in
Section 1.3.2. The most important tilt is tilt;, (tilt from left to right), which is
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the plane where the tilt couples into the expansion signal. Figure 5.14 shows
the tilt;. of the mirrors M1, M2 and the difference between the two mirrors
(M1-M2). This measurement was done simultaneously to the expansion mea-
surement with a sinusoidal temperature variation. A sinusoidal tilt signal was
expected, but the additional higher frequencies in the measurement indicate
that we hit the limitations of the interferometer. Therefore a correction of the
expansion signal is not possible and an additional error contribution need to
be considered. The worst case error assumption for the TTL coupling, eprr,,
is that the whole structure tilts by an amplitude (peak to peak value of M1
tilt left-right) of 4.5 prad (see Figure 5.14) and with a beam distance of 5 mm
the TTL coupling can be calculated as:

errr, = tan(4.5 prad) - 5 mm = 22.5 nm. (5.2)
left-right
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Figure 5.14.: Left to right tilt of the TMA mirrors. The measurement has been
performed simultaneous to the expansion measurement.

The left-right bending of the whole structure is described in the difference
of the mirror tilts, M1-M2 (left-right), where the peak-to-peak value of 1.4 um

(see Figure 5.14) was assumed as a worst case estimation. With temperature
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variation of 3.52 K the tilt coefficient for left-right can be calculated, resulting
Yir = Atiltieferignt/ AT ~ 0.4 prad /K.

In Figure 5.15 up-down tilt of the mirrors M1, M2 and their difference,
M1-M2, are shown. The difference of M1-M2 shows the up-down bending
of the structure. A tilt coefficient for up-down can be calculated, v, =
Atiltypdown /AT =~ 0.6 prad /K, assuming a peak-to-peak value of 2 prad (see
Figure 5.15) of Atilt,pdown in & worst case estimation with a temperature

variation of 3.52 K.
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Figure 5.15.: Up to down tilt of the TMA mirrors. The measurement has been
performed simultaneous to the expansion measurement.

5.3.2. CTE measurement and pathlength coefficient

determination

Several CTE measurements are done with different temperature profiles: wave-
form, period and amplitude. Figure 5.16 shows a sinusoidal waveform temper-
ature signal applied to the sample showed the lowest error of the expansion
measurement. The sinusoidal temperature variation with a period of 4.2h
and amplitude (peak to peak) of AT = (3.52 £ 0.01) K centered around 29°C
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as well as the resulting expansion of the long TMA in a 70 hour measurement.
The expansion of the TMA is Al = (242.0 £ 0.1) nm and the TTL coupling
error contribution of eppr, = 22.5nm, yielding a TMA pathlength coefficient
Al/AT = (—68.75+£6.389) nm /K. The length of the TMA, from the reflective
mirror surface of M1 to the reflective surface of M2, is ¢ = (518.0 & 0.1) mm.
The linear CTE including the propagation of uncertainty is calculated by:

arpa = % : ﬁ = (—1.327+£0.123) - 1077 % (5.3)
where the error budget is mainly driven by the TTL coupling, which accounts
for 90% of it.
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Figure 5.16.: Measurement of the expansion (red curve) of the TMA with sinusoidal
temperature variation (blue curve).

5.3.3. Final results of TMA investigations

To finalize this chapter, the results of the measurement at 29°C are shown in
Table 5.1. The measured values are compared with the requirements of the
TMA structure.

For the CTE value, a normalized value for comparison with other struc-

tures or materials is provided. The three requirements (A¢/AT, ~,, and Yuq)
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Table 5.1.: Requirements and results of the TMA investigation.

CTE Al/AT Vi Vud
[10771/K] nm/K] [rad/K]  [prad/K]
requirements — 83.33 1 1

measurements —1.327+0.123 —68.75 = 6.389 ~ (0.4 ~ 0.6

formulated as requirements (see Section 5.1) are met by the here presented
TMA prototype at the temperature of 29°C.



6. Summary

Throughout the research work described in this thesis, measurements of the
thermal properties, in particular the CTE of materials were conducted. To
this end, a first CTE metrology system (set-up (A)) was realized to deter-
mine tube shaped material samples and initial measurements were taken at
Airbus DS GmbH at room temperature, and slightly higher temperatures.
The system was verified measuring ultra stable materials. Measurements of
glass ceramics from two different manufacturer are shown and compared to
the corresponding vendor values.

At the German Aerospace Center (DLR) in Bremen, a completely new CTE
metrology system (set-up (B)) was designed, realized and verified with a de-
tailed error budget to investigate samples in a wider temperature range. A
CFRP sample has been used to demonstrate the performance of our dilatome-
ter over a wide temperature range (140 K to 250 K). Measured CTE levels of
1078 K~! have been shown, where our measurement capabilities were lim-
ited by tilt-to-length coupling due to sample tilt. The CTEs and a detailed
uncertainty analysis was developed, indicating the sources of uncertainty.

As an application, the verified metrology system was adapted to measure
a representative space structure. A 0.5m long triple mirror assembly bread-
board, a distributed corner cube retro-reflector with representative joint tech-
nologies for the GRACE FO space mission was investigated. The structure
was built from a CFRP tube, Titanium bracket and Zerodur endfittings and
tested in our CTE metrology system at Airbus DS GmbH in Friedrichshafen.






7. Outlook

A main result of this thesis is the identification of the TTL coupling as the ma-
jor error contributor for CTE measurements. This needs to be minimized in
order to improve the measurement accuracy. A possibility for this is to modify
the sample support to reduce the tilt of the sample. A first CAD drawing of
a new sample support is suggested in Figure 7.1. The newly designed Zero-
dur sample support should have a better dimensional stability than the Invar
ring used for measurements shown in this thesis. The uncertainty can also
be reduced by actually measuring the tilt, for example, by using differential
wavefront sensing (DWS), and translation simultaneously and correcting for
it in post-processing. The former solution is not convenient when a wide tem-
perature range is needed. For this reason, the second approach is considered
to be more promising. The set-up is now being upgraded to incorporate these
improvements and reduce the uncertainty to the 107% K~! range.

Measurements with a sample made of a high-purity dislocation-free float-
zone (FZ) Silicon crystal cut in <100> orientation from the 0 zone where the
CTE is well known should help identify more systematic errors and validate
the measurement accuracy.

Comparing CTE measurements with other institutes (e.g. National Metrol-
ogy Labs) is also a big goal for the project. Such a comparison is crucial to
calibrate the CTE metrology set-up by measuring a well calibrated sample.
First actions are done to find a sample geometry which is compatible with
our set-up and a set-up of other laboratories.

Investigations of the dimensional stability of complex structures for future
space application, as demonstrated for the GRACE FO TMA, is a future goal.
The metrology system shown here can be adapted to other structures.

A suggestion for an alternative optical set-up is based on resonant optical
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cavities that can be compared with the results of the two-beam interferometry
demonstrated in this thesis. The main interest in the new optical design is
that the offset of the two beams does not exist anymore and the TTL coupling
behavior could be much smaller. Also, by using optical cavities and locking
two lasers to adjacent cavity modes the absolute length of the sample can be
measured by tracking the change in frequency between the two lasers while

the temperature of the sample is changed.

Figure 7.1.: CAD drawing of a new design of a more dimensionally stable Zerodur
ring sample holder to minimize the tilt of the sample.



A. Alternative LISA telescope

design investigation

The investigation of the telescope structure described in this chapter was car-
ried out at the University of Florida in the group of Professor Guido Mueller.
This structure is an alternative design of the LISA telescope. The main goal
of this experiment was to demonstrate the dimensional stability of a mock-up
telescope structure in the LISA measurement bandwidth and at the expected

operating temperatures. The main results are published in Reference [2].

A.1. LISA telescope

In the LISA mission [1, 66] a critical element is the telescope, which receives
and transmits the light over a few million kilometers to a far spacecraft. The
aperture of the LISA telescope is approximately 0.4m in diameter and the
primary and secondary mirror are about 0.6 m apart. The expected operating
temperature is —65°C. The telescope dimensions have changed slightly for
the latest proposed LISA space mission. The dimensions and requirements
mentioned here, are related to the former LISA concept, where the spacecraft
were 5 million km apart.

The dimensional stability requirements for the telescope are very chal-
lenging, since distance changes between the two mirrors are in the direct
path of the interferometer science measurements, which has to perform at
the 10 pm/ VHz level. Consequently, the contribution of telescope spacer
length has to be significantly less than that. The requirement has been set to
1pm/ VvHz in the LISA measurement bandwidth. In addition, the absolute

distance cannot change more than 2.5 pm, otherwise the laser beam defocusses
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and decreases the measurement signal quality [67, 68].

One promising telescope candidate for LISA is an off-axis (Schiefspiegler)
telescope which was built for investigations by Airbus DS GmbH. The mirrors
are made of Zerodur and the spacer and support are made of CFRP and
metal, such that the positive CTE of the metal components is compensated
by the CFRP struts, designed and manufactured to have the property of a
negative CTE. Another possible design is a cylinder shaped CFRP spacer
which covers both, primary and secondary mirror. The biggest challenge for
those designs is the chosen material: CFRP, which can defocus the telescope
due to the moisture release in vacuum. This causes dimensional changes in
the telescope. [69]

An alternative design, which was investigated as a part of this thesis, is
a quadpod on-axis telescope (Cassegrain telescope) made of SiC (see Fig-
ure A.1). The interesting material properties of SiC are: (i) low CTE, (ii)
relatively high thermal conductivity, and (iii) the relatively low outgassing
compared to the CFRP structures. The optical benefit of an on-axis design
is the smaller sensitivity to defocusing. However, stray light can be a prob-
lem [70].

mirror mounting
surfaces

Figure A.1.: Left: CAD model of the telescope spacer. Right: photograph of the
spacer mounted to primary and secondary plates with sister blocks to
increase the mechanical stability. [2]
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A.2. Experimental set-up

For the approach to measure the dimensional stability of the mock-up tele-
scope structure a particular experimental set-up was realized. In Figure A.2
the schematic of the SiC telescope measurement set-up is shown. The tele-
scope is mounted inside a vacuum tank and cooled with liquid Nitrogen (LNy)
to the expected operation temperature where the dimensional stability was

determined, using an optical cavity set-up.

The SiC telescope structure was made such that mirrors for the stability
measurement could be mounted to the primary and secondary plate (see Fig-
ure A.1). High reflective mirrors were installed to enable a Fabry-Pérot cavity
set-up. The optical cavity control set-up was based on the Pound-Drever-Hall
(PDH) technique [57, 68]. This technique is crucial to lock a laser from out-
side the vacuum chamber to the telescope cavity. A beat-note frequency of
the laser locked to the telescope cavity and another laser locked to a refer-
ence Zerodur cavity was measured to calculate the dimensional stability. The
beat-note frequency was measured by using a frequency counter, HP53132A,

with a sampling frequency of approximately 1 Hz.

To minimize the coupling of the ground vibrations into the telescope struc-
ture, a two stage isolation system was built. Without the isolation system
the stability measurements of the telescope were limited by ground vibra-
tions. The main vibration frequencies were higher than the measurement
bandwidth between 5Hz and 100 Hz (see Figure A.5), however, they limited
the measurement at low frequencies due to aliasing in the beat note measure-

ment and pointing issues in the optical set-up.

The big tank (see Figure A.2) had a total mass of approximately 1650 kg.
To achieve vibration isolation at low frequencies, the whole tank was mounted
on three commercial springs from Mason Industries, Inc.. The spring constant
of each of them was K=50kN/m. The vacuum tank mass was m = 550kg.

Thus the resonance frequency is

1 /K
= — /= =1.52Hz Al
f’!’CS 27T m 5 Z ( )
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To reach a better attenuation of the vibrations, a second isolation stage was
designed. Therefore, a set of four blades with a spring-like behavior where
placed inside the vacuum tank holding the telescope spacer mounted on an
Aluminum breadboard (see Figure A.2). The design of the blades and its

resonance frequency are derived from Reference [71]. In Figure A.2 (right),
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Figure A.2.: Left: Schematic of the mechanical set-up of the SiC telescope test
set-up [2]. Right: Photograph of the suspended SiC telescope in the
vacuum chamber.

the telescope in the vacuum chamber is shown. The Aluminum breadboard
where the telescope is mounted to, is suspended by four Stainless Steel blades
on each corner (see Figure A.3). The blades are mounted to a rigid Aluminum
frame holding the liquid nitrogen tank at the top. The blades were made of
3.3mm thick Stainless Steel and in a triangular shape with a length of 15cm
and a width of 10 cm. Those dimensions were calculated to achieve a resonant
frequency f,.s = 8 Hz, considering the Young’s modulus of E=186 MPa and
the weight of the suspended set-up of 50 kg. Underneath the suspension blade
a 1mm thin and 7 cm long secondary blade was installed with a clearance of
5mm to lower the amplification at the resonance frequency. A Viton O-ring
between the two blades was used for damping.

The telescope and the breadboard was hanging on the blades with steel
strings with a diameter of 1mm. At the breadboard, the strings were at-
tached to a 1/2 inch fine thread such that the length of the wire, the distance
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Figure A.3.: CAD model of the suspension blades.

Figure A.4.: Photograph of the leveling part of the telescope suspension.
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between the blade and the breadboard could be adjusted (see Figure A.4).
The breadboard was also linked to a 25 liter liquid Nitrogen (LNj) reser-
voir by means of eight big Copper leads to the telescope in order to cool the
telescope to approximately —65°C. The LN, tank could be refilled from out-
side the vacuum tank. Two Polyethylene Terephthalate (PET) sheets were
mounted to every side of the Aluminum frame to thermally insulate the set-up

from the thermal radiation of the vacuum chamber.

A.3. Results of the suspension system

The ground vibrations where measured by accelerometers mounted on the
set-up. In Figure A.5 (left) two time domain measurements are shown: one
without vibration isolation (red), and another one with the vibration isola-
tion (black). Figure A.5 (right) shows the corresponding measurements in
the frequency domain, where an additional blue trace shows the isolation
performance after damping the springs to decrease the resonance peak. The
vibration isolation attenuates the ground vibrations noise significantly for fre-
quencies between 5Hz and 100 Hz as expected. The resonance frequency at

about 2 Hz is shifted slightly to a higher frequency due to the damping of the

springs.
o
10 ’ g
1 . : : f
i springs ]
o0 ! Sprnge —— damped springs|{
5
600 I 0% o |
400 a \
y N 4
T 200 £
= N
L —
= = 3
N o 10
o _m>
10°H
‘ N WL T ‘
100 200 300 400 500 600 107 107" 10° 10’ 10° 10° 10*
time [s] frequency [Hz]

Figure A.5.: Vibrations measured with a PZT sensor at the telescope. Left: in time
domain; right: in frequency domain.
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A.4. Results of the dimensional stability

The dimensional stability measurements at room temperature were done in
a different set-up than for low temperatures. The LN, was not needed, the
Copper rods were removed, and an additional PET insulation was installed.
Such set-up improved significantly the telescope temperature stability. Fig-
ure A.6 shows the results of the dimensional stability, 5)1(/2’ at 25°C (left) and
at —62°C (right).

At room temperatures (see Figure A.6 left), the measured dimensional sta-
bility (red trace) meets the requirement for frequencies higher than 0.5 mHz.
At lower frequencies, the dimensional stability follows the temperature fluc-
tuations (green trace), which are converted from §7" in [°C], to length values,

0¢ in [m], as:

50 =a- (0T, (A.2)

where o = 2.34 - 107 K~! is the SiC CTE and ¢ = 0.619m is the length of
the telescope.
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Figure A.6.: Dimensional stability results of the SiC telescope structure at 25°C
(left) and at -62°C (right) [2].

The length fluctuations <0.3mHz are driven by the temperature, both
traces follow the same trend. However, for higher frequencies, the length fluc-
tuations might have the same origin but the temperature fluctuations could
not be measured due to the noise of the temperature sensor. The magenta

trace shows the noise floor of the measurement system, which is the noise level
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of the reference cavity.

The results at low temperatures (see Figure A.6 right) show that the LISA
requirements are met at frequencies higher than 10 mHz. The temperature
fluctuations at lower frequencies were too high to meet the requirements.

As a summary of the dimensional stability results, the SiC on-axis tele-
scope structure met the requirements at room temperature for frequencies
higher than 0.5 mHz and also at low temperatures (—60°C), for frequencies
higher than 10 mHz. For both dimensional stability measurements, the tem-
perature stability of the set-up was the limiting factor at lower frequencies.
The temperature stability for the LISA mission is about 1000 times better
in space than in the laboratories, where the SiC structure should meet the

requirements.



B. Frequency references:

cavities and Iodine standard

An unequal arm length interferometer is used in our optical set-up to mea-
sure the expansion of the sample. This asymmetry introduces noise to the
expansion due to laser frequency noise, which can be described by:
ol =dv - %,
v

where the introduced laser frequency noise dv is multiplied by the ratio of the
difference of the two laser arms (Af) and the frequency of the laser (v). To
minimize this effect, the laser source has to be very stable. In set-up (A),
a cavity is used as a frequency reference, and in set-up (B) an lodine cell
reference was used. A picometer measurement of a 0.1 m long sample can be
achieved by a stabilized laser with a frequency of 281 THz and a frequency
noise of 10 kHz.

B.1. Length reference: cavity

An optical cavity consists of two high reflective mirrors, in most cases one
flat mirror and one spherical to ensure a stable resonator. A dimensionally
stable spacer is used to separate the mirrors and keep the distance as constant
as possible. If this distance corresponds to an integer multiple of the laser
wavelength, the resonance condition is achieved. To obtain this resonance,
a controller is used to change the laser frequency according to the detected
error signal. [10]

Two cavities were built up at Airbus DS GmbH in Friedrichshafen in the
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Figure B.1.: Photograph of the cavity set-up [72]. (1) two Nd:YAG laser sources,
(2) optical set-up for beam preparation and intensity stabilization,
(3) optical set-up for Pound-Drever-Hall locking technique, (4) two
vacuum chambers with the optical cavities.
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context of the LISA-Mission, to enable high precision optical measurements of
interferometers and inertial sensors. A photograph of the experimental set-up
is shown in Figure B.1. Therefore two Nd:YAG lasers with a wavelength of
1064 nm were locked to very high finesse (F =~ 370000 —400000) cavities using
the Pound-Drever-Hall technique. [57, 72]

#]——NPRO_, vs NPRO_,

—LISA frequency noise requirement

frequency noise [Hz/ \’Hz]

10” 10 10 10
frequency [Hz]

Figure B.2.: LSD of the beat note of two optical resonators and the LISA frequency
band [72].

In Figure B.2 a LLSD of a beat note of the two stabilized lasers and the LISA
frequency band are shown. At frequencies higher than 1072 Hz, frequency
noise lower than the 100 Hz/+/Hz is achieved. At lower frequencies, a 1/f?
slope is shown which is most likely dominated by the temperature dependency

of the whole system.
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B.2. Molecular reference: Iodine standard

In set-up (B) for low temperatures an Iodine standard was used as highly
stable laser source. The set-up was available but had to be recommissioned.
To measure the frequency stability of the lodine, a second Iodine standard was
used to measure a beat note. The second Iodine system (see Figure B.3) was
provided by ESA (European Space Agency) and the set-up is described in [73].
Both lodine set-ups minimize frequency noise by using a 1064 nm Nd:YAG
laser (Innolight, Prometheus) with a doubled frequency output of 532nm
stabilized to a hyperfine transition in molecular Iodine using the modulation-

transfer-spectroscopy method [74].

Figure B.3.: Photograph of the Iodine frequency reference.

In Figure B.4 the LSD of the beat note of the two lodine standards is shown.
The blue trace shows the frequency noise of the locked laser systems showing
a noise level of 1000 Hz/v/Hz at frequencies higher than 10~2 Hz and the red
trace shows the frequency noise of the beat note while the laser systems are
free running. With the lodine reference the noise level of the laser could be

reduced four orders of magnitude at lower frequencies.
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——NPRO. vs NPRO

iodine iodine [
— free running laser

frequency noise [Hz~VHz]

10
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Figure B.4.: LSD of the beat note of two Iodine standards (blue trace) and the free
running NPRO laser (red trace).
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