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Abstract

Laser interferometry is the future of high-precision intersatellite range measurements.
GRACE Follow-On, a two-satellite Earth geodesy mission which will be launched in
2017, sets a new milestone by hosting, for the first time, a Laser Ranging Interfer-
ometer (LRI) to measure distance changes between the satellites with unprecedented
precision. While the main science instrument is still a conventional microwave rang-
ing system, the LRI serves as a technology demonstrator to pave the way for future
satellite missions using laser interferometry.

New space technologies require extensive test campaigns to verify and consolidate
the design functionality. The test campaigns are performed in specialized test envi-
ronments. This thesis presents the development of such test environments which have
served to test and verify the design functionality of two key LRI components: the
Triple Mirror Assembly (TMA) and the LRI Optical Bench.

The TMA is a passive retroreflector which sends the local oscillator laser beam to
the distant spacecraft. The first key property of the TMA is the beam coalignment of
the retroreflected laser beam with respect to the incident beam. This thesis verifies
that the TMA design is capable of a beam coalignment of better than 10 prad, while
incoming and outgoing beams are laterally separated by 60 cm.

The second key property of the TMA is a small rotation-to-pathlength coupling,
which couples local satellite attitude jitter into the pathlength measurement and is
one of the LRI’s limiting noise sources. The investigations in this thesis have shown
that the TMA rotation-to-pathlength coupling is reduced to below 20 pm/rad when
rotating around the TMA’s point of minimal coupling (PMC). Furthermore, the PMC
has been located within +51 pm.

The LRI Optical Bench is the core piece of the LRI. Here, the local oscillator beam
is actively coaligned to the wavefronts received from the distant spacecraft using the
LRI beam steering method. This beam steering is crucial in order to maintain the
intersatellite laser link, since drag of the residual atmosphere leads to a large local
spacecraft attitude jitter.

In this thesis, the LRI beam steering method has been implemented on bread-
board level. Investigations with the optical bench breadboard model have verified
that the LRI beam steering method is capable of maintaining an intersatellite laser
link with a coalignment of local oscillator wavefronts and received wavefronts of bet-
ter than +10 prad under local spacecraft attitude jitter of many mrad. Furthermore,
a beam coalignment stability of better than 10 prad/ VHz in the GRACE Follow-On
measurement frequency band of 0.002...0.1 Hz has been achieved.

The test environments and test campaigns presented in this thesis have substan-
tially supported the verification and consolidation of the LRI design, so that in June
2014, the LRI successfully passed the Critical Design Review at NASA /JPL and has
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now entered the flight unit production phase. Furthermore, the test concepts devel-
oped in this thesis have opened a whole new avenue of investigation for future satellite
missions using intersatellite laser interferometry.

Keywords: GRACE Follow-On, intersatellite interferometry,
space instrumentation



Kurzzusammenfassung

Die Zukunft der hochprézisen Entfernungsmessung zwischen Satelliten heif3t Laser-
interferometrie. Ein Meilenstein in dieser Entwicklung ist die GRACE Follow-On
Mission, die ab 2017 mit zwei Satelliten das Erdschwerefeld vermessen wird. GRACE
Follow-On wird zum allerersten Mal in der Geschichte der Raumfahrt ein Laserinter-
ferometer (LRI) zur Messung von Abstandsénderungen zwischen Satelliten mit bisher
unerreichter Prézision einsetzen. Das Hauptinstrument von GRACE Follow-On ver-
wendet weiterhin Mikrowellen zur Entfernungsmessung. Die Rolle des LRI ist die
eines Technologiedemonstrators, um den Weg fiir zukiinftige Satellitenmissionen mit
Laserinterferometern zu ebnen.

Neue Technologien in der Raumfahrt erfordern umfassende Testkampagnen, um
die Funktionalitdt des Designs zu verifizieren und zu konsolidieren. Die Testkampag-
nen werden in speziellen Testumgebungen durchgefithrt. Diese Arbeit beschreibt die
Entwicklung geeigneter Testumgebungen, in denen zwei LRI-Schliisselkomponenten
untersucht wurden: ein spezieller virtueller Retroreflektor, genannt “Triple Mirror
Assembly” (TMA), und die LRI Optische Bank.

Der TMA ist ein passiver Retroreflektor, der den Laserstrahl des Lokaloszilla-
tors zum entfernten Satelliten schickt. Die erste Schliisseleigenschaft des TMA ist
Strahlparallelitdt. Sie bestimmt, wie parallel der retroreflektierte Strahl zur Achse
des einlaufenden Strahls ist. In dieser Arbeit wird gezeigt, dass das TMA-Design eine
Strahlparallelitat von besser als 10prad erreicht, wahrend der einlaufende und der
retroreflektierte Strahl um 60 cm lateral versetzt sind.

Die zweite Schliisseleigenschaft des TMA ist eine kleine Rotations-zu-Langenkop-
plung, die Fluktuationen in der Fluglage des lokalen Satelliten in die gemessene
Wegliange koppelt. Dies ist eine der limitierenden Rauschquellen des LRI. Die Un-
tersuchungen dieser Arbeit belegen, dass die Rotations-zu-Langenkopplung des TMA
sich auf unter 20 pm/rad reduziert, wenn die Rotationen um den Punkt kleinster
Kopplung (PMC) durchgefiihrt werden. Desweiteren wurde der PMC auf +51 pm
genau lokalisiert.

Die LRI Optische Bank ist das Kernstiick des LRI. Hier wird der Laserstrahl
des Lokaloszillators aktiv auf die empfangenen Wellenfronten vom entfernten Satel-
liten ausgerichtet. Diese Strahlnachfiithrung ist essentiell, um die Laser-Verbindung
zwischen den Satelliten aufrechtzuerhalten, da die Fluglage der Satelliten durch den
Einfluss der Restatmosphére stark schwankt.

In dieser Arbeit wurde die LRI-spezifische aktive Strahlnachfithrung in einem Pro-
totypen der LRI Optischen Bank umgesetzt. Untersuchungen mit diesem Prototypen
haben gezeigt, dass eine Laser-Verbindung zwischen den Satelliten aufrechterhalten
werden kann, auch wenn die Fluglage der Satelliten um viele mrad schwankt. Dabei
wurde der Strahl des Lokaloszillators auf unter +10 prad parallel zum empfangenen
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Strahl gehalten, und zwar mit einer Stabilitéit von besser als 10 urad/v/Hz im GRACE
Follow-On Frequenzband von 0.002...0.1 Hz.

Die Testumgebungen und Testkampagnen, die in dieser Arbeit vorgestellt werden,
haben wesentlich zur Bestéatigung des LRI-Designs beigetragen, so dass das LRI im
Juni 2014 erfolgreich das Critical Design Review bei NASA /JPL bestanden hat und
mit der Herstellung von LRI-Flughardware begonnen wurde. Des Weiteren eroffnen
die Test-Konzepte, die in dieser Arbeit entwickelt wurden, neue Wege zu Untersuchun-
gen fiir zukiinftige Missionen, die Laserinterferometrie zur Abstandsmessung zwischen
Satelliten verwenden.

Schlagworte: GRACE Follow-On, Intersatelliten-Interferometrie,
Raumfahrttechnologie
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Chapter 1

Introduction

Laser interferometry is a powerful tool for high-precision measurements of small length
fluctuations over large distances. This makes it especially well suited as intersatellite
ranging device. There are two science fields that would immensely profit from the ad-
vent of intersatellite laser interferometry: gravitational wave astronomy and satellite
geodesy.

Gravitational wave astronomers, who are hunting tiny ripples in space-time, have
been pushing technology development to realize the Laser Interferometer Space An-
tenna (LISA, [2-18]). By monitoring length fluctuations between test masses that
are separated by millions of kilometers, LISA will open the window for gravitational
wave detection at low frequencies in the mHz regime, complementing ground-based
instruments which operate at higher frequencies of 10...1000 Hz [19, 20].

Geosciences have been revolutionized by modern satellite geodesy. A prominent
example is the two-satellite mission GRACE [21], which monitors intersatellite dis-
tance changes with a microwave ranging device. GRACE has been very success-
ful [22-37] so that a successor mission was strongly called for by the data users.
GRACE Follow-On, which will be launched in 2017, promises to be even more trail-
blazing than its predecessor: It will, for the first time in the history of cosmonautics,
use a Laser Ranging Interferometer (LRI) to measure distance changes between satel-
lites. While the main science instrument is still a microwave ranging system, the LRI
serves as a technology demonstrator for future intersatellite interferometry applica-
tions. Additionally, it is expected to deliver improved ranging data compared to the
microwave instrument.

New technologies come with new challenges. Especially for a technology demon-
strator such as the LRI, which has never been built or tested before, an extensive
design study and verification is indispensable. At various design stages, breadboard
models, prototypes, and engineering models have to be investigated to verify design

functionality, identify design caveats, and consolidate the final design for the ultimate
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INTRODUCTION

flight unit production. These investigations take place in specialized test environ-
ments that focus on specific component properties.

This thesis presents test environments and test procedures for two LRI key com-
ponents: the Triple Mirror Assembly (TMA) and the LRI Optical Bench. Dedicated
test campaigns investigate the key properties of these two components. For the TMA,
the key properties are beam coalignment and a small rotation-to-pathlength coupling,
and for the LRI Optical Bench, the LRI beam steering method. The goal of this thesis
is to verify that the design of the TMA and the LRI Optical Bench ensures that these

two components fulfill their requirements.

In the remainder of this chapter, we take a closer look at GRACE and the GRACE
Follow-On mission (Sec.1.1). Then we focus on the LRI (Sec.1.2) and pick out the
two key components which are further investigated in this thesis: the Triple Mirror
Assembly (Sec.1.3) and the LRI Optical Bench (Sec.1.4). The following chapter,
Items under test, introduces the specific LRI units that have entered the test envi-
ronments. Chapter 3, Test environments for LRI components, is dedicated to the test
setups and procedures that have been developed in this thesis. Chapter4, Test re-
sults, presents the test results that have been obtained during test campaigns with the
specific LRI units in the test environments. Finally, the last chapter, Conclusion and
outlook, provides a summary of the presented test environments and test campaigns

and discusses the future prospects of the test environments.
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1.1 GRACE AnD GRACE FoLLow-ON

1.1 GRACE and GRACE Follow-On

Earth — the place we all live on, our home, our habitat, our supplier of all resources
essential for life. Earth observation and exploration is not only a matter of quenching
our thirst for knowledge. In an age where human impact dramatically shapes the
condition of the planet as a whole, it is increasingly a matter of survival to under-
stand the underlying mechanisms and processes as a prerequisite to take appropriate
actions.

An important tool to observe global processes on our planet is satellite geodesy
[21,38,39]. By covering the entire surface of Earth in a reasonable amount of time,
satellite geodesy allows to observe processes that affect the planet as a whole and that
could hardly be grasped with small-scale measurements.

A very prominent satellite geodesy mission is the Gravity Recovery and Climate
Experiment (GRACE, [21]), which was launched in 2002 as a joint project of NASA
and GFZ. GRACE has been extremely successful in monitoring the spatial and tempo-
ral variations of Earth’s geoid [24,32]. It was the first mission to prove impressively the
feasibility of low-orbit satellite-to-satellite tracking. GRACE’s particular strength is
resolving changes in Earth’s gravitational potential caused by hydrological mass trans-
port [26]. This allows to study processes that are vital to humankind. To name a few
examples, GRACE has verified groundwater depletion in California [40] and northern
India [28] and an accelerated decline of Greenland’s ice sheet mass [27, 30, 35, 36].

GRACE comprises two identical satellites in a common, freely decaying, low polar
orbit. The satellite separation is maintained between 170-270 km by occasional orbit
maintenance maneuvers. Relative spacecraft velocities are a few m/s. A microwave
ranging system tracks intersatellite distance changes with micrometer precision, while
the satellite orbit is monitored with GNSS (global navigation satellite system) with
centimeter accuracy [41]. From the measured distance changes, the gravity potential
of Earth can be recovered.

Due to its relatively low orbit altitude of 450 km, GRACE is exposed to a non-
negligible drag from residual atmosphere. Other non-gravitational forces acting on
the satellites are solar radiation pressure and Earth’s albedo. Theses disturbances
are measured with an accelerometer [42] and henceforth removed from the science
measurement.

Every month, the surface of Earth is sufficiently covered by the ground track of
the satellites to yield an update of the gravity field. This is a remarkable advantage of
the GRACE mission, since it makes it possible to study temporal changes in Earth’s
gravity field and, due to GRACE’s long mission lifetime of already more than 12

years, longterm trends.
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INTRODUCTION

The GRACE mission has a natural lifetime limit due to hardware fatigue and
limited thruster fuel. The initially planned mission lifetime of five years has already
greatly been exceeded. Especially the worn-out batteries will soon result in a mission
termination.

Owing to its great success and the urgent need to continue the Earth gravity ob-
servations, NASA and GFZ are preparing a GRACE Follow-On mission which will
be launched in 2017. The main science instrument on board of GRACE Follow-On
is still a microwave ranging system. However, in addition, GRACE Follow-On will
fly, for the first time ever, a Laser Ranging Interferometer (LRI, [43]) as technology
demonstrator.

The goal of the LRI is to improve the intersatellite distance measurements by more
than one order of magnitude in the measurement frequency band of 0.002...0.1 Hz,
which is determined by the satellite orbit frequency. Furthermore, the LRI will
demonstrate the feasibility of laser interferometry for future geodesy missions based
on high-precision intersatellite ranging.

The GRACE geoid accuracy is not only limited by the intersatellite ranging preci-
sion, but by various noise sources such as accelerometer noise [42], temporal aliasing
effects due to ocean tides [44], orbit determination [41], and spurious forces [45]. For
this reason, we do not necessarily expect an immediate proportional improvement of
the GRACE Follow-On geoid recovery by using the LRI. However, for future geodesy
missions with an LRI as main science instrument [46,47], the full benefit of the in-
creased LRI ranging precision and pointing accuracy can be exploited.

The LRI is a joint project with US and German contributions. The developments
under US responsibility are carried out by NASA and JPL, with major components
delivered by Ball Aerospace and Tesat-Spacecom GmbH & Co. KG. The US part
includes the phasemeter and payload processing electronics, laser frequency stabiliza-
tion, and the laser source [48,49].

The German side (GFZ/AEI/DLR/STI/Airbus) is responsible for the optics, the
Triple Mirror Assembly, the beam steering method including electronics, and the
quadrant photo receivers with electronics. Within the GRACE Follow-On project, the
AET has been nominated the principal investigator of the German LRI contributions.
Additional support to the LRI project has come from Australia (ANU/EOS/CSIRO),
where first Triple Mirror Assembly prototypes were built [50] and laser link acquisi-
tion between the two spacecraft was studied [51,52].

During the past three years, the LRI project has progressed from early design
studies to breadboard model proof-of-principle experiments and to engineering model
fabrication and testing. In June 2014, the LRI has successfully passed the Critical
Design Review at NASA /JPL and has now entered the flight unit production phase.
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Figure 1.1: Schematic of the LRI on one of the two GRACE Follow-On satellites. The
LRI is identical on both satellites. For an animation of the LRI inside the satellite,
scan the QR code in the upper left corner of the picture or go to www.gracefo.
spacegravity. org/video2.

1.2 The GRACE Follow-On Laser Ranging Inter-

ferometer

Figure 1.1 shows a schematic of the LRI [43] on one satellite. The LRI is identical on
both spacecraft. The LRI uses a symmetric active transponder principle: The weak
incoming received (RX) beam is “amplified” by a strong local oscillator (LO) beam.
This beam is then sent back to the distant spacecraft as transmitted (TX) beam via
retroreflection by the Triple Mirror Assembly (TMA, [50,53,54]). An artistic view of
the two GRACE Follow-On spacecraft is displayed in Fig.1.2.

The local spacecraft attitude jitter is not sufficiently counteracted by the satel-
lite’s attitude control system to support the intersatellite laser link. This makes it
necessary to introduce the LRI beam steering method, which simultaneously coaligns
the LO and the TX beams with the RX beam. This maximizes the interferometric
contrast and makes sure that the TX beam, after being retroreflected by the TMA,
points directly towards the distant spacecraft.

Since the LRI is a technology demonstrator and not the main science instrument,

it had to be implemented within the limited space of the existing satellite design. The
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Figure 1.2: Artistic view
of the GRACE Follow-
On satellites. The mi-
crowave ray is depicted
in blue, the laser beams
in red. Image credit:
Satellites: ~ AEI/Daniel
Schiitze, Earth: [1].

tight constraints on the available space become clear from the photograph of the in-
side of one of the GRACE satellites shown in Fig. 1.3. The foreseen locations for the
different LRI units are marked with pink boxes.

As one can see in Figs. 1.1 and 1.3, the line-of-sight between the two spacecraft’s
(S/C) centers-of-masses (CM) is occupied by the main science instrument, the mi-
crowave ranging system, and tanks of the cold gas propulsion system. This was the
original motivation to choose an off-axis interferometer configuration in which the
interferometer beams are routed using the TMA. By placing the TMA vertex at the
S/C CM, the LRI virtually measures distance changes between the two S/C centers-
of-masses due to the special TMA properties [43]. Additionally, in the ideal case, the
TMA properties assure that no rotation-to-pathlength couplings occur [43,54].

While this “racetrack” configuration had originally been chosen to solve the prob-
lem of spatial constraints, it turned out that it allows for a simple implementation
of closed-loop beam steering. In on-axis interferometer concepts, closed-loop beam
steering cannot be implemented in such a simple manner. Thus the “racetrack” con-
figuration is a promising candidate architecture even for a new mission design in which
the line-of-sight would be available.

The LRI design sensitivity aims at 80 nm/+/Hz for the one-way range displacement
measurement, as shown in Fig. 1.4. This is almost two orders of magnitude below the
ranging residuals of the GRACE satellites. For low frequencies < 5mHz, the overall
sensitivity is limited by noise of the accelerometer, allowing for an increased LRI noise
level without impact on the final data product. Above 5 mHz, the main noise sources
are laser frequency noise and TMA rotation-to-pathlength coupling driven by local
spacecraft attitude jitter.

The laser frequency noise couples linearly with the spacecraft separation into the
LRI measurement [43]. Since this is a single-link measurement, frequency noise can-

not be canceled as in other interferometry schemes using time-delay interferometry
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RI optical bench

Figure 1.3: Inside view of GRACE satellite (image credit: [55]) with the foreseen
positions for the LRI components schematically marked with pink boxes. The RX
beam and the TX beam are contained within baffles.

Figure 1.4: Linear spec-
tral density (LSD, [56])
of GRACE residuals
and the LRI ranging
sensitivity goal. For low
frequencies, the overall
sensitivity will be limited
by accelerometer noise.
Above 5mHz, laser fre-
quency noise and TMA
rotation-to-pathlength

coupling are the dom-
inant  noise  sources.
Source  for GRACE
residuals: Personal
communication with
Gerhard Heinzel (AEI);
GRACE data available
at [55,57].  Source for
LRI requirements: [43].
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(TDI, [58]). However, laser frequency stabilization for the LRI laser has already been
demonstrated [48,49] and is expected to achieve 30 Hz/v/Hz. For the largest space-
craft separation of 270 km and a laser frequency of 281 THz, which corresponds to a
wavelength of 1064 nm, this leads to a noise contribution of 30 nm/ vHz.

The TMA rotation-to-pathlength coupling is caused by displacements of the TMA
vertex with respect to the spacecraft’s center of rotation which couple local spacecraft
attitude jitter into the pathlength measurement. This is discussed in Sec.1.3.2.

In the LRI concept in Fig. 1.1, we can identify four functional units: the phaseme-
ter, the laser system including the frequency stabilization which is not shown in the
figure, the TMA, and the LRI Optical Bench. This thesis focuses on the TMA and

the LRI Optical Bench, which are introduced in more detail in the following sections.
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1.3 The Triple Mirror Assembly

1.3.1 Basic TMA properties

The TMA functions as a passive retroreflector [59-63]: Its mirror planes intersect at
right angles and constitute a virtual cornercube [64], as illustrated in Fig. 1.5. We call
it virtual, because not the full corner is physically present, as in Fig. 1.5, (1). Instead,
only those fractions of the cornercube physically exist where the beam is actually
being reflected, see Fig. 1.5, (2).

The TMA mirrors M1, M2, M3 are installed into a 600 mm long rigid structure
at the specific locations of the virtual cornercube where the laser beam is incident, as
shown in Fig. 1.5, (2). Thus the virtual intersection point of the three mirror planes,
the “TMA vertex”, is located outside the TMA structure. This makes it possible
to position the TMA vertex at the spacecraft’s center of mass (CM) which is the
center of spacecraft rotations, see Fig.1.6 with Ax = Ay = Az = 0. In this way,
rotation-to-pathlength coupling does not occur, due to the special properties of the
TMA under rotations [43]:

e The round-trip pathlength L,; = 2d is preserved. This is twice the distance
from the starting point of the beam on plane (A) to plane (B) which is normal

to the beam direction and intersects the retroreflector vertex.

e The propagation direction Fout of the retroreflected beam does not change. It
is anti-parallel to the incident beam Fim which assures that the TX beam is

sent back to the distant spacecraft.

e The lateral beam offset h, which is equal for both incident and reflected beam,

remains constant.

1.3.2 TMA rotation-to-pathlength coupling

An alignment offset of the TMA vertex Ay, Az with respect to the spacecraft center-
of-mass (CM, cf. Fig.1.6) leads to coupling of local S/C pitch and yaw rotations,
00pitch and 00yay, into the interferometric one-way pathlength measurement L =
0.5 - Lyt. For small S/C rotations, the linearized variation of L under rotations is

given by [43]:
OL =~ (Az - Opitch — Az) - 0pisch + (Az - Oyawe + AY) - 00yan. (1.1)

29



INTRODUCTION

Figure 1.5: This schematic visualizes
the equivalence between a cornercube
retroreflector and the TMA. (1) Imag-
ine a hollow cornercube which functions
as a retroreflector. (2) The TMA mir-
rors M1, M2, M3 are placed at the
locations where the laser beam is in-
cident. They form a virtual corner-
cube retroreflector without the whole (2)
cornercube physically existing. This is
also illustrated in a short animation,
which you can watch by scanning the
QR code in the lower right corner of the
picture or by going to www.gracefo.
spacegravity. org/video3.

Note that in this equation, roll rotations do not couple at all. The static on-axis
angular offsets Opitch, Oyaw are of the order of mrad, so that the contribution from
the TMA vertex offset Ax is suppressed by three orders of magnitude and can be
neglected.

The shape and magnitude of the pathlength noise contribution from TMA rotation-
to-pathlength coupling depends on the residual spacecraft pointing noise due to the
attitude control system. Assuming spacecraft pointing noise for 66011, 60pitch, and
00yaw of 100 prad/ VvHz and TMA vertex placement offsets of 100 pm, the noise con-
tribution from TMA rotation-to-pathlength coupling is roughly 20nm/+/Hz. This
makes the TMA rotation-to-pathlength coupling the second largest noise source in

the LRI after laser frequency noise, cf. Fig.1.4.

1.3.3 TMA with non-zero mirror misalignments

For a real TMA, we expect non-zero misalignments between the mirror planes. This
manifests as two effects. Firstly, the incoming and outgoing beams are not exactly
anti-parallel anymore, but there is a coalignment error introduced by the TMA. Sec-
ondly, the rotation-to-pathlength coupling behavior changes from the simple formula

given in Eq. (1.1).
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Figure 1.6: This sketch illustrates TMA properties under S/C rotations. The outgoing
beam _b)out is always antiparallel to the incoming beam T;in and the lateral beam offset
h remains constant. Furthermore, for Ax = Ay = Az = 0, the roundtrip pathlength
L,y measured from a fixed reference plane (A) is constant as well. It is equal to twice
the separation of the TMA vertex to that plane, Ly = 2d.
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We follow the analytical TMA model developed in [65,66]. We introduce the
deviations of the dihedral angles between the TMA mirrors M1, M2, M3 from 90°:

T £(M1,M3) — /2
Ti= | | = | 21, M2) — 72 | (1.2)
Vs £(M2,M3) — /2

Now we take a look at how TMA beam coalignment and TMA rotation-to-pathlength
coupling change for 7 # 0.

1.3.3.1 TMA beam coalignment error

In a linear approximation, the outgoing beam direction T;Om for an incoming beam
B = (—1,0,0)T, cf. Fig. 1.6, can be written as [65, 66]:

1 0 0 0
T;out =lo|l+|-—v2 —v2 o0 |7
0 1 . V)
0 0 0
+ | —bron + Opitch Oroll — Opitch V2 o1 — V2 Opiten | 7-
V20,01 + Opay —V2+ Oronl — Oyar V2 Oy

(1.3)

For an ideal TMA with 7 = 6, the outgoing beam direction is (1,0,0)T. From
the second term in Eq.(1.3), we see that non-zero mirror misalignments change the
outgoing beam direction by the same order of magnitude. The third term shows
that for a non-perfect TMA, the direction of the outgoing beam also depends on the
TMA orientation. But since this term is suppressed by the on-axis angular offsets of
Oroll, Opitch, Oyaw S 2mrad, this effect is of second order and negligible.

For small angles, we can use Eq. (1.3) to define “horizontal” and “vertical” TMA

beam coalignment error dyo, and dye,, respectively:

Shor 1= blye = —V2 72 — V2 73,

(1.4)
Sver 1= =Vl = =11 + 72 — V2 73.

While dyor, dver depend on the specific choice of coordinates, the root-mean-square

coalignment error of the TMA is coordinate independent:

ORMS = |/ 0pg, + 02c;- (1.5)
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From manufacturing and alignment tolerances, we expect mirror misalignments of
the order of 10 prad, which should result in a TMA beam coalignment error of the
same order of magnitude. The initial beam coalignment of the TMA is required to be
better than 10 prad. After environmental tests such as thermal cycling and vibration

the beam coalignment must still be smaller than 40 prad.

1.3.3.2 Modified TMA rotation-to-pathlength coupling

The second effect of non-zero TMA mirror misalignments is a change of the rotation-
to-pathlength coupling, which, in general, will not be zero anymore as in Eq. (1.1) for
rotations around the TMA vertex. There exists a special point now, which we call
point of minimal coupling (PMC), for which TMA rotation-to-pathlength coupling is
minimized. For an ideal TMA, vertex and PMC coincide. For a realistic TMA with
non-zero mirror misalignments, the TMA PMC is displaced from the vertex. For the
specific dimensions of the TMA that is being used for the LRI, the offset between
PMC and vertex is given by [65, 66]

dxpmc 0
dypme | = | 12- (=71 +72) + 1773 | - 1mm/rad. (1.6)
S2pMc 150 - (=71 +2) +212- 793

With the expected TMA mirror misalignments of roughly 10 prad each, we derive
an offset between TMA PMC and vertex of less than 10 pm. When rotating around
the PMC, the remaining ranging error §L for non-zero TMA mirror misalignments,

in linear approximation, is given by [65,66]:
0L = (266 -1 — 334 - vo +424-~3) - 1 mrn/lrad2 00,011 (1.7)

While in principle, pitch and yaw coupling can still be zeroed by rotating around
the PMC, now roll rotations inevitably couple. However, considering TMA mirror
misalignments of 10 purad, we expect the residual rotation-to-length coupling to be
below 20 pm/rad.
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1.4 The LRI Optical Bench

1.4.1 RX beam, LO beam, and telescope

The LRI Optical Bench is the core piece of the LRI optics, cf. Fig.1.1. Here, RX beam
and LO beam are interfered on a beam splitter (BS) and the LO beam/TX beam is
coaligned with the RX beam by the LRI beam steering method. This ensures, via
retroreflection by the TMA, that the TX beam reaches the distant spacecraft.

The RX beam has traveled a distance of roughly 200 km from the distant spacecraft
and has expanded to a diameter of 60m. Over the 8 mm diameter aperture of the
LRI Optical Bench, the RX beam is flat in intensity and phase. After being clipped
by the aperture, the RX beam therefore comes very close to what is referred to as
“flattop” or “top hat” beam [67]. The received light power of the RX beam is of the
order of 100 pW.

The RX beam and the LO beam are interfered on the BS (nominally 90% reflective,
10% transmissive). On the master spacecraft, the LO laser, which produces both the
LO beam and the TX beam, is frequency-stabilized to a reference cavity [48]. On
the slave spacecraft, the LO beam is phase-locked to the RX beam with a frequency
offset so as to generate an amplified phase copy. The LO light power is of the order
of some mW.

The LO beam is delivered to the optical bench with an optical fiber connected
to a fiber collimator. On the optical bench, the LO beam is guided over a steering
mirror, which can be actuated in two axes. A two-lens telescope images both steering
mirror surface and aperture plane on a quadrant photodiode (QPD). The telescope
serves three purposes: suppression of diffraction effects caused by beam clipping at the
aperture, cancellation of beamwalk of the RX beam due to local spacecraft rotations
and of the LO beam due to steering mirror tilts, and reduction of the beam sizes to
match the QPD diameter.

1.4.2 Rotation-to-pathlength coupling

Since the beam splitter on the LRI Optical Bench (Fig. 1.1) is in the sensitive path of
the roundtrip measurement, the question of optical bench rotation-to-length coupling
arises. The optical pathlength through the beam splitter depends on the angle of
the incident beam, so that the beam splitter exhibits a large linear rotation-to-length
coupling of 2.2 mm /rad for local spacecraft yaw rotations [43]. This linear term can be
suppressed by the use of a compensation plate (CP, [43]). The remaining coupling for

pitch and yaw is quadratic and, for expected spacecraft rotations of less than 2 mrad,
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of the order of pm/rad.

Recent investigations have shown that for a plane parallel beam splitter, ghost
beams due to residual reflections at the beam splitter’s AR (anti-reflective) coating
contribute to an additional, sinusoidal term in the rotation-to-pathlength coupling.
While the amplitude of this coupling term is expected to be of the order of pm/rad,
it could still be harmful to the intersatellite range measurement due to the sinusoidal
modulation with several cycles per mrad.

For this reason, wedged optics have been chosen for beam splitter and compen-
sation plate, so that ghost beams are reflected off the optical axis so they do not
interfere with the measurement beams anymore. The wedges of beam splitter and
compensation plate are matched and aligned to each other such that the influence on

the beam coalignment of the TX beam with respect to the RX beam is negligible.

1.4.3 Heterodyne interferometry

The relative intersatellite velocities vy for GRACE Follow-On will be some m/s.
With a laser wavelength of A = 1064 nm, this leads to non-relativistic one-way Doppler

frequency shifts of some MHz, according to [43]

_27T'Ure1

: (1.8)

wp &

Thus an interferometry scheme which is capable of phase-tracking over many
fringes is required. For this reason, the LRI uses heterodyne interferometry to track
the intersatellite distance changes, as is also foreseen for other intersatellite ranging
applications [4].

In heterodyne interferometry, two laser beams with frequencies wg and wy+Aw are
interfered. The frequency offset Aw is achieved by offset phase-locking the laser light
generated on the “slave” spacecraft to the RX wavefronts received from the “master”
spacecraft. To obtain an unambiguous ranging signal for a full orbit, the offset fre-
quency Aw of the phase-lock must be larger than the maximum Doppler frequency
shifts wp caused by the relative spacecraft motion, cf. Eq. (1.8).

On the LRI Optical Bench (Fig.1.1), LO beam and RX beam are overlapped on
the beam splitter and demagnified with a telescope to fit onto the QPD. The resulting
optical power of the interfering light fields can be written as [67,68]

P(t) = PLo + Prx + A - cos (Awt — o). (1.9)

Here, P,o and Prx are the light powers of LO beam and RX beam, respectively.
The amplitude of the AC light field is given by A = 24/8PLoPrx. The heterodyne
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efficiency  is obtained from the overlap integral of LO wavefronts and RX wavefronts
normalized to the incident light power and describes how well both light fields inter-
fere. It depends on the beam properties of the LO beam and the RX beam and on
relative beam tilts.

The heterodyne efficiency § is related to the interferometric contrast « [67-71]:

2 (Puo + Prx)’

g="
4 ProPrx (1.10)
P,

max ~ Pmin

IJII]{%)('FF)I‘Hin7

with the minimum and maximum light power levels P, and Pyax, respectively.

Since 8 has a strong dependence on relative beam tilt [67], signal amplitudes are
expected to drop below the noise level for relative beam tilts of more than about
4200 prad. However, after launch, there will be a large unknown bias of some mrad
between the LRI’s optical axes and the estimated line-of-sight between the two space-
craft. The line-of-sight estimate is obtained with a star-tracker and an onboard orbit
predictor. The bias is mainly due to a bias between the LRI’s optical axes and the
star-trackers’ reference systems.

Additionally, the laser frequencies on the two spacecraft are expected to have an
offset which might be larger than the bandwidth of the QPDs. This makes it necessary
to perform an initial calibration scan in 5 degrees of freedom [51,52,67,72]: While
the steering mirrors on both spacecraft perform angular scan patterns, the laser fre-
quency onboard the slave spacecraft is slowly ramped to find the correct combination
of steering mirror angles and laser frequency which maximizes the heterodyne signal

amplitude.

1.4.4 Quadrant photo receiver signals

A QPD consists of four segments A, B, C, D, separated by a small slit. The QPD
naming convention used in the LRI project is shown in Fig.1.7, (1). Light power
P, incident on a segment ¢ = A,B,C,D produces a photo current J; = nP;. The
proportionality factor 7 is the responsivity of the photodiode. It depends on the
semiconductor material and the wavelength of the laser light. For InGaAs it has a
value of 0.7 A/W for a wavelength of 1064 nm.

The photo currents J; are converted into voltages V; by the quadrant photo receiver
(QPR) electronics using transimpedance amplifiers. For interfering LO beam and RX
beam, we find from Eq. (1.9) that the signal has a DC part and an AC part, which
are separated by low-pass and high-pass filtering in the QPR electronics into VidC and
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Figure 1.7: (1) The QPD front view (1) AlLB

shows the segment naming convention B

used in the LRI project. (2) Split pho- d

todiode with two segments A and B to

illustrate DWS for one tilt dimension. (2) LO beam

In this simplified case, the phase differ- "
ence between segments A and B is pro- ?‘)
portional to the geometric tilt angle o )

between the wavefronts of the LO beam RX beam
and the RX beam.

V.2 respectively.

The DC part is proportional to the DC light power on each QPD segment and can
be used to determine the beam position on the QPD with differential power sensing
(DPS, [73]). Neglecting offsets, horizontal and vertical beam displacements from the
QPD center Ay, and Ayer can be inferred from

Vgc + V((jic _ V]éic _ VSC
> Ve ’

Vgc + Véic _ Véic _ V]:c)ic
Z~ V_dc ’

where Chorver are proportionality factors which depend on QPD, QPR, and beam

Ahor = C'hor :

(1.11)

Avcr = Cchr .

properties. We can calibrate Chorver by translating the QPD transversally to the
incident beam by a known distance.

The telescope of the LRI Optical Bench, cf. Sec.1.4.1, is designed to cancel
beamwalk such that ideally Ay, = Apor = 0. Reversely, measuring Ay, and Ay,
can be used to align the optics of the telescope.

The AC voltages V;*° of the QPD segments contain both amplitude and phase
information of the interferometric beatnote between LO beam and RX beam for each
segment, cf. Eq.(1.9). Both amplitudes A; and phases ¢; of the AC signals are
recorded with a digital phasemeter [10-13,74]. The phase of the coherent sum of all
four QPD segments is used as error signal of the phase-locked loop onboard the slave
spacecraft and as intersatellite roundtrip ranging signal on the master spacecraft [43].
Additionally, the phasemeter computes relative tilts between LO beam and RX beam
wavefronts using differential wavefront sensing (DWS, [75-80]).

The DWS principle, reduced to one tilt dimension, is illustrated in Fig. 1.7, (2):
Consider LO beam and RX beam with plane wavefronts incident on a split photodi-
ode with two segments A, B. Without actuation of the LO beam with the steering

mirror, local spacecraft yaw rotation leads to a relative wavefront tilt a. This causes
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the integrated phases @, pp of the QPD segments A, B to change differentially. By
defining the DWS phase

PDWS,1D ‘= YA — ¥B (1.12)

we obtain a signal which, for small tilt angles o« < 200yurad, is proportional to the

wavefront tilt «,

¢pws,1D = Mip - a. (1.13)

The proportionality factor Mip converts relative geometric wavefront tilt between
LO beam and RX beam to electronic DWS phase. The value of Mip is large, of the
order of 10,000 rad/rad, which is related to the ratio of laser frequency to wavelength.
This large optical gain, in combination with common mode suppression for many
noise sources, yields the excellent noise performance of DWS.

We can generalize Egs. (1.12) and (1.13) to two dimensions by combining the
phases of the QPD segments in Fig. 1.7, (1) appropriately:

DWShor =0.5- (QOA — ¥B + Yc — <PD)7
DWSvcr =05 (QOA + YB — YC — QDD)a

DWSior) _ (00 |
DWSyer 00pitch

Now M is a 2 x 2 matrix and 660y.w, 08pitch are local spacecraft rotations leading

(1.14)

to “horizontal” and “vertical” relative wavefront tilt between LO beam and RX beam
at the beam splitter. Nominally, the QPD/DWS axes and the spacecraft’s axes of
rotation are aligned, so that the off-diagonal elements of M are zero. Due to alignment
tolerances of £2°, a small cross coupling is expected leading to off-diagonal matrix
elements that are by a factor of 100 smaller than the diagonal elements.

Note that the factor of 0.5 in Eq. (1.14) is conventional and depends on the specific
implementation of DWS calculation, which is performed in the phasemeter. However,

this only changes the calibration values of M.

1.4.5 The LRI beam steering method

The LRI beam steering method makes use of the proportionality between DWS sig-
nals and relative LO beam to RX beam tilt: By feeding the DWS signals back to
the steering mirror electronics in closed-loop, the relative wavefront tilt is actively
minimized to keep the LO beam and the TX beam coaligned to the RX beam under
local spacecraft attitude jitter, cf. Fig.1.1.

The beam steering control loop can be described by the block diagram in Fig. 1.8
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Figure 1.8: This block
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(see e.g. [81]). Note that the diagram shows only one of the two actuation axes. Local
spacecraft rotation leads to relative beam tilt which changes the relative phases on
the QPD segments. According to Eq. (1.14), the resulting DWS signals are magnified
compared to the beam tilt by the DWS transfer matrix M.

The QPR signals are processed by the phasemeter (PM), which is simplified in this
picture by two boxes accounting for digital signal processing and the servo-controller
of the loop. The gain of the servo can be adjusted to control the loop properties. The
actuation signal from the phasemeter is passed on to the steering mirror (SM), which
tilts the LO beam.

Each box in the diagram in Fig. 1.8 represents a complex, frequency-dependent
gain function. The open-loop transfer function G of the beam steering loop is given

by the product of those gain functions,
G = GDWS . GPM . GSM, (1.15)

where Gpws is the DWS gain given by M (cf. Eq. (1.14)), Gpy is the phasemeter gain,
and Ggy is the steering mirror gain. The steering mirror gain includes geometrical
factors of 2 for horizontal and v/2 for vertical tilts.

The open-loop transfer function G fully characterizes the beam steering control
loop. It can be obtained by feeding in a disturbance w (cf. Fig1.8) and measuring

the responses u and v. Since u = vG, we get

u
G=-. (1.16)
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Chapter 2

Items under test

We have looked at the LRI scheme in the previous chapter and we have identified two
important subsystems that are further investigated in this thesis: the Triple Mirror
Assembly (TMA) and the LRI Optical Bench. The development of TMA and LRI
Optical Bench evolved in parallel with the development of the test environments which
are presented in this thesis, so that TMA and optical bench units at various design
stages have been investigated.

In this thesis, a total of four different TMA units ranging from prototype design
studies to qualification models have been tested. Furthermore, the concept of the
LRI Optical Bench has been implemented on breadboard level. This optical bench
breadboard model (OBBM) was designed, fabricated, and tested within this thesis.
In this chapter, the different test items are introduced with a special focus on the
AFEI in-house built OBBM.
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2.1 Triple Mirror Assemblies

2.1.1 Fabrication of TMA units

In an early design study, two TMA versions were fabricated by a consortium led by
the Australian National University (ANU, [50]). Both TMAs were kindly provided by
ANU for test campaigns. In version one, a 600 mm long tube with 40 mm diameter
made of carbon fiber-reinforced plastic (CFRP) was used as rigid structure between
the TMA mirrors, thus the name CFRP TMA. In version two, a glass ceramic bar
was used instead, leading to the name Glass TMA.

The CFRP TMA is shown in Fig.2.1. It was the first TMA built within the
GRACE Follow-On project and thus of particular value, since at an early stage, the
design could be studied and performance tested [50,52, 53, 82].

This is the basic assembly procedure [50] which, with some modifications and

improvements, has been established for the following TMAs as well:

1. Assembly of mirror M1 and mirrors M2/M3 subassemblies. Perpendicularity

between mirrors M2 and M3 is ensured by polishing procedures of the substrates.

2. Glass spacers are glued to CFRP tube as interface between the tube and the
mirror subassemblies. Iterative polishing of spacers can later be used to adjust

TMA beam coalignment.
3. M2/M3 subassembly is fixed via spacer interface to CFRP tube.

4. M1 subassembly is installed under observance with measurement tool (Fizeau
interferometer or autocollimator) to assure proper alignment with respect to
M2/M3 subassembly.

Glass-glass interfaces are fixed by optical contacting and hydroxide-catalysis bond-
ing [83-86], while glass-CFRP interfaces are glued with space-qualified epoxides. The
CFRP TMA has been investigated in the TMA beam coalignment test bed [53], which
is described in subsequent Chaps. 3.1 and 4.1.

The Glass TMA in Fig. 2.2 was an alternative approach making use of the glass
ceramic Zerodur®, which has an ultra-low thermal expansion coefficient, as rigid
structure between the M1 and M2/M3 subassemblies. The benefit of this approach is
temperature stability and rigidity of the TMA, since via hydroxide-catalysis bonding
between the mirror subassemblies and the Zerodur® bar, the whole TMA is virtually
one monolithic glass piece.

However, concerns of this approach are that a large, rather filigree glass structure

might be prone to damage during launch. Especially invisible micro-cracks that might
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Figure 2.1: CAD model (top) and photograph (bottom, see also [53]) of the
CFRP TMA. Mirror subassemblies M1 (left) and M2/M3 (right) are separated
by a 600mm long CFRP tube. The image of the CAD model was created with
Autodesk® Inventor® using a CAD file which was kindly provided by ANU.

preexist in the Zerodur® material could lead to failure of the bar structure. This is
why the glass bar approach was abandoned in favor of the CFRP tube approach in
later TMA versions. For the Glass TMA, rotation-to-pathlength coupling has been
investigated [54] in the TMA rotation-to-pathlength coupling test bed, see Chaps. 3.2
and 4.2.

Later on, as the design grew more mature, a TMA Development Model (DM,
Fig.2.3) and Qualification Model (QM) were designed and constructed by industry
partners (STI/CAS). While TMA DM and TMA QM are identical in design, less
effort was spent on optimizing the beam coalignment for the DM due to cost and
schedule reasons. Both TMA DM and TMA QM were kindly provided by STI for
test campaigns in the TMA rotation-to-pathlength coupling test bed, see Chaps. 3.2
and 4.2.

2.1.2 TMA coordinate systems

To measure the TMA properties and to reference them to the TMA units, suitable
TMA-bound coordinate systems (TCS) have to be defined. We apply the coordinate
definitions introduced in Chap. 1, Figs. 1.1 and 1.6. The orientation of the axes of the
TMA-bound coordinate system is nominally identical with the orientation of the axes
of the S/C coordinate system.

For the CFRP TMA, beam coalignment is investigated in this thesis. Since this
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Figure 2.2: CAD model (top) and photograph (bottom, taken by ANU personnel,
see also [54]) of the Glass TMA. The photograph is upside down for installation
reasons. Top: Mirror subassemblies M1 (left) and M2/M3 (right) are separated by
a 600mm long glass ceramic bar. The image of the CAD model was created with
Autodesk® Inventor® using a CAD file which was kindly provided by ANU.
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Figure 2.3: CAD model (top) and photograph (bottom) of TMA DM. Mirror sub-
assemblies M1 (left) and M2/M3 (right) are separated by a 600 mm long CFRP tube.
Top: The reference plate features a polished cube which can be used to define a co-
ordinate system for CMM measurements. Before launch, the reference plate will be
removed. The image of the CAD model was created with Autodesk® Inventor® using
a CAD file which was kindly provided by STI. To see an animation of the three TMA
models CFRP TMA, Glass TMA, and TMA DM, scan the QR code on the left side
of the picture or go to www. gracefo. spacegravity. org/video4.
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is a relative angular measurement, the origin of the coordinate system does not need
to be defined. We fix the y-axis to be parallel to the CFRP tube, pointing from M1
to M2/M3, cf. Fig.2.1 (top). The z-axis is perpendicular to the base of the mirror
M1 subassembly so that the z-axis is antiparallel to the nominal incoming beam axis
bin, cf. Chap.1.3.1, Fig. 1.6.

For the other TMA units, this thesis investigates rotation-to-pathlength coupling.
As we will learn in Chap. 3.2, this involves measurements with a coordinate measuring
machine (CMM). This is why we define TMA-bound coordinate systems such that
they can easily be measured with the CMM.

For the Glass TMA, we use the Zerodur® bar’s front, top, and left faces to define
the coordinate system, see Fig.2.2 (top). The origin is defined as the intersection
point of the three bar faces. The z-axis is perpendicular to the front face, the z-axis
is perpendicular to the top face.

Both TMA DM and TMA QM feature a polished reference cube on a reference
plate, see Fig. 2.3 (top). The reference plate is part of the TMA assembly and testing
strategy and will be removed before launch. We use the cube’s front, top, and left
faces to define the coordinate system. The origin is defined as the intersection point
of the three cube faces. The z-axis is perpendicular to the front face, the z-axis is
perpendicular to the top face. TMA DM and TMA QM have been assembled in a
way that nominal vertex position and nominal incident beam position and direction,
which is antiparallel to z-axis and centered on TMA mirror M1, are referenced to the

cube coordinate system.
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Figure 2.4: Schematic of OBBM mounted on a carbon fiber breadboard. The OBBM
is divided into three functional parts: 1) The LO beam generator delivers a laser beam
with the desired beam profile. 2) On the optical bench assembly, RX beam and LO
beam are interfered on a beam splitter (BS) and demagnified with a telescope. The LO
beam can be tilted with a steering mirror (SM) in two axes. The compensation plate
(CP) suppresses rotation-to-pathlength coupling caused by the BS. 3) The quadrant
photo receiver (including a QPD) converts the optical beatnote between the two
beams into a voltage.

2.2 Optical bench breadboard model

For the investigations in this thesis, an optical bench breadboard model (OBBM) was
designed and fabricated at the AEI as prototype of the LRI Optical Bench following
the LRI design described in Chap.1.2. The motivation was to have a prototype to
work with at an early stage in the project. Furthermore, the OBBM served well in
preparing the LRI Optical Bench test bed, cf. Chaps. 3.3 and 4.3, which is presently
employed to investigate industry-built LRI Optical Bench engineering models from
STI [87].

When designing the OBBM, we can identify three functional subunits (Fig. 2.4):

1. The optical bench assembly (OBA), on which LO beam and RX beam are
interfered on a beam splitter (BS). Telescope T images both steering mirror
(SM) surface and aperture plane onto a QPD. Furthermore, the LO beam can
be tilted in two axes with the SM.
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2. The LO beam generator, which delivers the LO beam.

3. The quadrant photo receiver (QPR) including a QPD, which converts the optical

beatnote between LO beam and RX beam into a voltage.

The fabrication strategy is to design and build each subunit individually and then
assemble the OBBM on a carbon fiber breadboard of sufficient size. In the following,

design and construction of each OBBM subunit is described.

2.2.1 Optical bench assembly

The tasks of the OBA are (see Fig.2.4):

e Provide an 8 mm diameter aperture to clip the RX beam.

Provide two-axes beam steering for the LO beam.
e Interfere LO beam and RX beam on a beam splitter (BS).

e Suppress linear rotation-to-pathlength coupling caused by the BS with a com-

pensation plate (CP).

e Suppress beamwalk on the QPD caused by local S/C rotations by simultane-
ously imaging aperture plane and steering mirror (SM) plane on the QPD with

telescope T.

Let us begin the OBA design by choosing an aperture with 8 mm diameter and
assuming a QPD with 1 mm diameter, which is the baseline for the LRI. A telescope
with 1/8 demagnification is required to adjust the diameter of the RX beam to the
QPD diameter. To keep the design reasonably compact, we choose lens L1 for the
OBBM telescope (cf. Fig.2.4) with a focal length of f; = 81.46mm for a laser
wavelength of 1064 nm (Linos/Qioptiq GmbH & Co. KG). With a lens L2 that has
a focal length of fo = 10.20mm (Linos/Qioptiq GmbH & Co. KG), we achieve the
required demagnification factor.

The OBBM telescope has been designed with a Matlab®-based ABCD matrix
raytracing simulation. The telescope is described by the thick lens approach. The
distances dy, ds, and d3, which are sketched in Fig. 2.4, are the distances between the
telescope’s object plane and the first principle plane of lens L1, between the second
principle plane of L1 and the first principle plane of L2, and between the second
principle plane of L2 and the telescope’s image plane, respectively.

For proper imaging, one has to choose dy = f1 + f2. By making the further choice

d3 = 10mm, d; = 94.22 mm is automatically fixed, which is a convenient distance to
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place beam splitter, aperture, and steering mirror. The distances d;, ds, d3 are shown
in Fig.2.4. The ABCD system matrix Mt of the telescope T is calculated to be

01252 0
My = . 2.1
T < 0 —7.9863) 21)

We have thus designed a telescope which images an object located at the object
plane at a distance d; in front of lens L1 to the image plane at a distance d3 behind
lens L2. The image is reversed and demagnified by a factor of 1/8, while the angle of
a ray in the object plane is reversed and magnified by a factor of 8. Most importantly,
the off-diagonal elements of Mt are zero. This means that there is no coupling be-
tween beam tilt at the aperture plane or the steering mirror surface and lateral beam
offset on the QPD, which is located at the image plane at a distance d3 behind lens
L2. Thus beamwalk incurred by local S/C tilts is canceled by the telescope.

After the telescope design, the remaining OBA components are selected (cf. Fig.2.4):
aperture stop (manufactured by AEI workshop, 8 mm diameter), steering mirror (PI
GmbH & Co. KG, S-325.3SD, controller: E-616.S0), beam splitter (Melles Griot
GmbH, customized, 45 x 35 x 5mm?, 95% reflective/AR coating), and compensation
plate (Melles Griot GmbH, customized, 45 x 35 x 5mm®, AR/AR coating). Both
beam splitter and compensation plate have wedge angles of some arcmin, so that
residual ghost beam reflections from the AR coatings leave the optical axis.

In the next step, the OBA design is completed with the chosen components on a
160 x 260 mm? aluminum baseplate using the CAD program Autodesk® Inventor®.
The distances dy, do, d3 as determined above are applied. Furthermore, the compen-
sation plate is placed perpendicular to the beam splitter. The construction strategy
is to place the aperture stop and mounts for all OBA components to mechanical stops
on the baseplate defined by bolts in drill holes (3 per OBA component) with below
+100 pm positional accuracy. The mounts themselves serve as mechanical stops for
the optics and the steering mirror. Baseplate, mounts, and aperture stop were fabri-
cated from aluminum by the AEI mechanical workshop.

The step-by-step assembly is illustrated in Fig. 2.5: (1) Positioning holes are drilled
into the baseplate. (2) Steel bolts are inserted into the holes as mechanical stops for
the OBA parts (3 bolts per item). (3) The mount for the steering mirror is glued to
the baseplate by sliding it to the bolts, see close-up (4). The glue is a two-component
epoxide. During glueing, the baseplate is installed at an angle so that the mount is
held in place by gravity. (5) The steering mirror is inserted into its mount. The steer-
ing mirror axes are aligned to the baseplate within +1° by performing mirror tilts
under observation with an autocollimator (Moller-Wedel GmbH, ELCOMAT direct).

49



ITEMS UNDER TEST

(6) Aperture stop, mounts for lenses L1 and L2, and mounts for beam splitter and
compensation plate are glued to the baseplate as described for the steering mirror
mount.

After glueing the mounts, the optics are clamped into the mounts. Their position
is fixed by mechanical stops. Only lens L2 can be moved along the nominal beam axis
to adjust the outgoing beam profile. The CAD model of the fully assembled OBA is
shown in Fig.2.6. The legs under the baseplate were added to adjust the OBA beam
height within the OBBM. A photograph of the OBA is shown in Fig. 2.7.

2.2.2 LO beam generator

The LO beam generator shall deliver a beam with Gaussian beam waist diameter
of 5mm to the OBA, which is the current LRI baseline. The nominal beam waist
position shall be on the steering mirror surface, i.e., the wavefront shall be flat on the
steering mirror. While commercial fiber collimators exist which promise beams with
5mm diameter, experience has shown that the combination of beam divergence and
beam diameter is poorly controlled by commercial devices.

The approach chosen here for generating an appropriate LO beam was to start
with a commercial fiber collimator with rather small beam diameter and then expand
the beam with a two-lens telescope to the desired size, see Fig. 2.8. The selected fiber
collimator has an adjustable lens (Schéafter&Kirchhoff GmbH, SUK60FC-4-A11-03),
which can later be used to fine-tune the LO beam generator after fabrication.

The intensity profiles of the fiber collimator beam are measured with a CCD
(charge-coupled device) camera (DataRay Inc., WinCamD™) over a distance of more
than one meter, covering the waist position of the beam. From these, a Gaussian
beam waist diameter of 1.8 mm and the waist position have been determined. Using
an ABCD matrix raytracing simulation similar to Sec.2.2.1 and g-parameter propa-
gation, a suitable combination of lenses L1 and L2 was determined. This lens com-
bination transforms the beam leaving the fiber collimator to the desired beam size.
Additionally, it produces a waist position in a convenient distance to be placed on
the OBA steering mirror surface.

A suitable lens combination was found to be L1 with focal length fl = 35.38 mm
and L2 with focal length f> = 100.83 mm (Thorlabs Inc., LA1027-C and LA1509-C),
which should increase the beam size by a factor of almost 3. The distance between
fiber collimator and telescope was chosen as Eivl = 20 mm for compactness, cf. Fig. 2.8,
whereas g{; = 200mm between LO beam generator and waist position of generated
beam was chosen to have enough space for coupling the beam into the OBA with

mirrors m, M2 (cf. Fig.2.4) and for placing the beam waist on the steering mirror
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Figure 2.5: Assembly steps of OBA. (1) Holes are drilled into baseplate. (2) Steel
bolts are inserted into the drill holes. (3) The steering mirror mount is placed to
the three steel bolts which define its position and orientation and then glued. (4)
Close-up of (3). (5) The steering mirror is mounted and aligned to the baseplate with
an autocollimator. (6) All other components are placed and glued.
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Figure 2.6: CAD model of fully assembled OBA. The optics are installed in the
mounts as well. For component explanation, see Fig. 2.4.
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PN

Figure 2.7: Photograph of OBA after assembly. All optics mounts are positioned via
three steel bolts in precision drill holes and glued to the baseplate. The optics (beam
splitter, compensation plate, steering mirror with actuator, lens L1, and lens L2) are
held in place by screws. While the position of lens L1 is defined by the stop of the
mount, the position of lens L2 along the beam axis can be adjusted.

Figure 2.8: Schematic of
LO beam generator. The
beam from a commer-
cial fiber collimator is ex-
panded with lenses L1,
L2. The nominal waist
position of the generated
beam is located at ds =
200 mm, which is a con-
venient distance to place
the OBBM steering mir-
ror, cf. Fig.2.4.

Fiber ﬁ L2
collimator

D e

dq do
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Fiber
collimator

Figure 2.9: Top: CAD model of LO beam generator from two perspectives. Bottom:
Photograph of assembled LO beam generator.

surface.

Consecutively, a CAD model of the LO beam generator was created consisting of
an aluminum structure holding fiber collimator, lens fﬁ, and lens fi, which is shown
in Fig. 2.9 (top). All mechanical parts were manufactured from aluminum at the AEI
workshop. Lenses L1 and L2 were glued to an aluminum spacer with a two-component
epoxide glue. The fiber collimator could be clamped at a defined distance.

The simulations have shown that the parameters of the beam produced by the LO

beam generator depend very critically on lens parameter tolerances and on tolerances
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of the distance givg between L1 and L2. Especially the waist position varies by many
meters, if the distance between I:Vl, L2 is changed by less than 100 pm. Since this is
of comparable size with the anticipated workshop manufacturing tolerances, a fiber
collimator with an adjustable lens position was chosen to have a means of fine-tuning
the LO beam generator after construction.

The LO beam generator was fine-tuned while observing the generated LO beam
with a Shack-Hartmann sensor (SHS, Imagine Optics S.A., HASO3-128-GE2). The
SHS was placed at distance Jg = 200 mm behind lens IAé, as this is the foreseen dis-
tance to the steering mirror in the fully assembled OBBM (see Fig.2.4). Minimal
adjustment of the position of the fiber collimator lens led to a flat wavefront on the
SHS.

Consecutively, wavefront and intensity profile of the produced LO beam were
measured, see Fig.2.10, at distances of 70 mm (top), 200 mm (middle), and 700 mm
(bottom) behind lens L2. Fitting Zernike polynomials up to 2nd order, “piston”,
“tilt”, and “defocus”, to the phasefronts in Fig.2.10 (left column) yields wavefront
radii of curvature of —1.3km (top), —198 km (middle), and 0.7 km (bottom).

Within the SHS measurement accuracy, a radius of curvature of —198 km cannot
be distinguished from a wavefront curvature of zero. The sign change in radius of cur-
vature shows that the beam waist lies between 70 mm and 700 mm. At the nominal
waist position gg = 200 mm, a peak-to-valley wavefront error of 120 nm is observed.

Additionally, the LO beam intensity profile was investigated with a CCD camera,
since it offers a higher spatial resolution than the intensity profiles taken with the
SHS. Beam intensity profiles were recorded at five distances up to 1 m. The Gaussian
beam diameter fitted to the intensity distributions is 4.6 mm and does not change
noticeably over the investigated distance.

Averaging over the five measurements yields a beam diameter of (4.6440.05) mm.
The deviation from the desired beam diameter of 5mm can be attributed to lens
parameter tolerances. A typical image taken with the CCD camera at distance
673 = 200mm is shown in Fig.2.11. The beam shape is very symmetrical with a

ratio of minor to major axis of 0.966 4+ 0.005.

2.2.3 Quadrant photo receiver

The QPR used on the OBBM is the elegant breadboard model (EBB) of the LRI
QPR which was kindly provided by the Deutsches Zentrum fiir Luft- und Raumfahrt
(DLR Berlin). The EBB QPR features a 1 mm diameter InGaAs QPD (OSI Op-
toelectronics AS, FCI-InGaAs-Q1000) with 44 pm slit width, as determined with an

optical microscope.
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Figure 2.10: LO beam wavefront (left) and intensity profile (right) recorded with SHS.
Images taken behind L2 at 70 mm (top), 200 mm (middle), and 690 mm (bottom).
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A photograph of the EBB QPR is shown in the left inset of Fig.2.13. The EBB
QPR is mounted on a 3-axes translation stage with micrometer screws so it can be

aligned both along the beam axis and transversally.

2.2.4 Integration of OBBM subunits

The OBBM subunits are integrated on a 400 x 700 x 50 mm? carbon fiber breadboard
with aluminum honeycomb structure (CarbonVision GmbH, customized), which is
used for weight considerations. CAD model and photograph of the integrated OBBM
are shown in Figs. 2.12 and 2.13, respectively.

In a first step, the OBA is positioned on the carbon fiber breadboard. Mechanical
axes are coarsely aligned to a few mrad. Then the LO beam generator is placed and
connected to an optical fiber, which delivers light from a laser source with 1064 nm
wavelength (Mephisto 500, Innolight GmbH, now Coherent Inc.). The LO beam is
guided over the mirrors Nﬁ, M2 such that it travels a distance ds = (200 £ 3) mm
from the LO beam generator to the steering mirror surface on the OBA (cf. Fig.2.4).
The LO beam is aligned to the OBA telescope axis by iteratively adjusting near and
far field beam positions with mirrors m, M2 and alternately removing and inserting
lenses L1, L2 of the OBA telescope. During the alignment process, the LO beam
position behind lens L2 is monitored with a CCD camera. When properly aligned,
the LO beam position on the CCD camera does not change noticeably when inserting
lenses L1, L2.

Next, the distance dy between OBA telescope lenses L1 and L2, cf. Fig.2.4, is

fine-tuned by adjusting the L2 position along the beam with a micrometer screw.
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The straightforward approach, which is placing the SHS at the distance ds behind
lens L2 and adjusting the position of L2 until a flat wavefront is measured, could not
be realized for two reasons. Firstly, the distance of d3 = 10mm, cf. Sec.2.2.1, is
too short such that the SHS housing and the L2 mount were obstructing each other.
Secondly, the expected beam diameter at ds behind L2 of below 0.6 mm is too small
to be investigated with the SHS.

Therefore, the intensity profile of the LO beam is measured with a CCD camera
at various distances behind lens L2 to determine Gaussian waist diameter and waist
position. In a Matlab®-based raytracing simulation using ABCD matrix formalism
and g-parameter propagation, the LO beam is propagated with beam parameters as
determined in Sec.2.2.2 through the OBA telescope. By comparing the measured
beam parameters with the simulated beam parameters, the longitudinal position of
lens L2 can be corrected. This process is iteratively applied down to an L2 placement
precision below 450 pm.

Finally, the QPR mounted on a 3-axes translation stage is installed. The beam
is centered on the QPD by translating the QPR transversally to the beam and min-
imizing the DPS signals, cf. Chap.1.4.4. The alignment of the QPD position along
the beam direction to place the QPD at the image plane of the OBA telescope is part
of the test results presented in Chap.4.3.2.
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Figure 2.12: CAD model of fully assembled OBBM. The OBBM subunits OBA,
LO beam generator, and QPR are integrated on a 400 x 700 x 5Q\{nm3 carbon fiber
breadboard. The LO beam is fed into the OBA with mirrors M1, M2. You can watch
an animation of the OBBM CAD model by scanning the QR code in the lower left
corner of the picture or by going to www. gracefo. spacegravity. org/video5.
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Figure 2.13: The picture shows the fully assembled OBBM with the subunits OBA,
LO beam generator, and QPR integrated on a carbon fiber breadboard. In the left
inset, the QPR mounted on a 3-axes translation stage can be seen, while the right
inset shows a close-up of lens L1 of the LO beam generator.
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Chapter 3

Test environments for LRI

components

This chapter introduces the test environments that have been developed in this thesis
to test two important LRI components: the TMA and the LRI Optical Bench. This
chapter is divided into three sections. In Sec.3.1, the TMA beam coalignment test
bed is introduced, while Sec. 3.2 explains the TMA rotation-to-pathlength coupling
test bed. Finally, Sec. 3.3 is dedicated to the LRI Optical Bench test bed.
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3.1 TMA beam coalignment test bed

The essential property of the TMA is to retroreflect an incoming beam T)}in (cf. Fig. 1.6).
As we have seen in Chap. 1.2, this property ensures, in combination with the LRI beam
steering method, that the outgoing beam Z)out is sent back into the direction of the
distant S/C. If incoming and outgoing beams are not sufficiently well coaligned, the
light power received by the distant S/C will be reduced so that the establishment of
the laser link might be impeded. The initial beam coalignment requirement for the
TMA before environmental tests is 10 prad, cf. Chap.1.3.3.1. This is to be verified
with the TMA beam coalignment test bed.

The methods and procedures that have been developed for this test bed within
this thesis have been published [53].

The TMA beam coalignment test bed as described in Sec. 3.1.1 has been installed
at CSIRO (Sydney, Australia) in collaboration with CSIRO personnel, following a
concept which had previously been developed at CSIRO. The data processing and
evaluation procedure to recover the TMA beam coalignment information which is
described in Secs. 3.1.2 and 3.1.3 has been solely developed within this thesis.

Retroreflectors and their properties have been studied for many years due to their
usefulness in various applications [59-63]. For characterization, either dot patterns
recorded with an autocollimator [64,88] or interferograms measured with a phase-
shifting Twyman-Green or Fizeau interferometer [89-96] can be used. The dot pat-
terns or the interferograms are recorded by fully illuminating the retroreflector under
test.

However, for the TMA, the task becomes more intriguing. The large separation of
TMA mirror M1 and the M2/M3 subassembly of 600 mm (cf. Chap. 2.1) would require
an autocollimator beam or an interferometer beam of comparable size, which is not
available. Standard autocollimators have a measurement beam diameter of roughly
40 mm, while large aperture interferometers come with 150 mm diameter optics. Man-
ufacturing a customized device would require unreasonable effort and expense.

There are two common approaches for measuring large aperture optics: sub-
aperture stitching interferometry [97] and “Ritchey-Common” or “Skip-Flat” tests
[98-100]. However, for the TMA, subaperture stitching interferometry cannot be ap-
plied, since incoming and outgoing beam are laterally displaced by 600 mm. “Ritchey-
Common” and “Skip-Flat” tests reduce the effective aperture of the investigated op-
tics by installing the optics at a large angle of incidence of many degrees, but this is
far beyond the clear opening angle of the TMA, which is a few mrad.

For this reason, a new approach for characterizing TMA beam coalignment had
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to be developed in the GRACE Follow-On project. For the different TMA units, the
approaches have slightly varied. However, all of them require some sort of reference
bar, which extends the aperture of the used inspection tool to the required size, i.e.,
the distance between TMA mirror M1 and M2/M3 subassembly of 600 mm. The in-
spection tool is either an autocollimator or a large-aperture homodyne interferometer.

In this thesis, the TMA beam coalignment test bed comprises a combination of
a flat 650 mm long reference bar and a phase-shifting Fizeau interferometer. Fur-
thermore, the investigations focus on the measurement concept and demonstrate
the achievable accuracies instead of exercising the full scope of necessary test runs,
which would involve beam coalignment investigation under thermal cycling and in
vacuum [82]. However, in principle the test bed presented in this thesis could be

extended to support such test conditions as well.

3.1.1 Setup of the TMA beam coalignment test bed

A schematic of the TMA beam coalignment test bed is shown in Fig.3.1. The key
component of this setup is a polished, flat reference bar (RB) made of Zerodur® for
its low thermal expansion coefficient. The RB has been fabricated by CSIRO.

With the RB, the auxiliary mirrors 1\//\1417 M2 are aligned parallel to each other by
simultaneously observing back-reflections from the left and right side of the RB, RBf,
and RBg respectively. The auxiliary mirrors are adjusted such that the interferogram
of RBr matches the one of RBr,.

Effectively, the parallel mirrors Ml M2 expand the 150 mm diameter aperture of
the homodyne phase-shifting Fizeau interferometer (Wyko® Corp., Wyko® 6000) to
the desired size of 600 mm, which is the distance of TMA mirror M1 and M2/M3
subassembly.

The RB topography has been recorded by CSIRO personnel using a “Skip-Flat”
test [98-100], cf. Fig.3.2. The RB flat surface has a rectangular shape of 650 x 79 mm?.
To fully illuminate it with the interferometer laser beam, the RB was installed under
an angle of incidence of o = 40° leading to an effective aperture of 116 x 79 mm?.
The return flat (RF) topography with a peak-to-valley excursion of less than 70 nm
had previously been measured and is subtracted.

The measured topography of the RB is displayed in Fig. 3.3. Additionally, a photo-
graph of the RB is shown as inset. The RB exhibits a concave topography with a peak-
to-valley excursion of 600nm. Differences ¢qRBpolish = ¥Pq,RBpolishyx — ¥Pq,RBpolishy,
between angles on the right and left side of the RB, ¢q rBpolishy and ¢qRBpolishy,
respectively, are smaller than 4prad. This leads to a corresponding alignment er-

ror of the mirrors 1\7[1, m, which is considered in the measurement data evalua-
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tion (cf. Sec.3.1.2).

M2/M3
Homodyne Fizeau
interferometer

Figure 3.1: Setup to measure TMA beam coalignment. The flat reference bar (RB)
is used to align mirrors m, M2 parallel to each other. This expands the 150 mm
diameter aperture of the interferometer to the separation distance of 600 mm between
TMA mirrors M1 and M2/M3. Interference of returning beams with the interferom-
eter’s reference beam, which is the beam reflected at the transmission flat (TF), are
recorded with a CCD camera. The returning beams come from reflections at the left
and right side of the reference bar, RBy, and RBgr, and from clockwise and coun-
terclockwise propagation through the TMA, TMAgr and TMAy,. The paths of the
beams traveling through the TMA are shown as dashed line for clockwise propaga-
tion and as dotted line for counterclockwise propagation. See also [53]. To watch an
animation of the setup, scan the QR code in the upper left corner of the picture or
go to www. gracefo. spacegravity. org/video6.
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Homodyne Fizeau
interferometer

Figure 3.2: Setup to measure flatness of reference bar (RB) using the “Skip-Flat” test.
The return flat (RF) topography has previously been measured and is subtracted.
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Figure 3.3: Topography of the reference bar (RB). A photograph of the RB is shown in
the inset. The RB topography is concave with a peak-to-valley excursion of 600 nm.
Angular distortions between left and right side of the RB of below 4prad can be
inferred. See also [53].
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Now we take a closer look at the different beam paths in Fig. 3.1. Mirror M1 splits
the laser beam of the homodyne phase-shifting interferometer into two parts. One
part travels though the TMA counterclockwise, TMA[,, which is shown as dotted line.
The other part is reflected by a second mirror 1@2, which is parallel to m, and passes
the TMA clockwise, TMAR, see dashed line. The TMA is installed in a way such that
interferograms of clockwise and counterclockwise propagating beams can be observed
simultaneously on the CCD camera of the interferometer with interferograms of the
reflections from both sides of the RB, RBr, and RBgr. The arrangement of TMA and
RB in the setup can also be seen from the photograph in Fig. 3.4.

We introduce two coordinate systems in Fig. 3.1: the unprimed TMA-bound coor-
dinate system (TCS), which is defined in Chap. 2.1.2, and the primed interferometer-
bound coordinate system (ICS). The y'- and z’-axis of the ICS span the plane of the
interferometer’s CCD camera which records the interferograms. The y’-axis corre-
sponds to the horizontal, the z’-axis to the vertical direction.The ICS z’-axis points
along the laser beam axis of the outgoing interferometer beam.

Within alignment tolerances of a few mrad, the z-axis of the TMA-bound TCS
is antiparallel to the ICS z’-axis. The TCS is rotated around the ICS z’-axis by the
TMA tube angle ¢iype.

During the measurements, the TMA can be installed in two different ways to
study the effect of gravity, which is expected to bend the tube and thus change the
alignment of the TMA mirrors. The two different mounting types are illustrated in
Fig. 3.5: “center-mounting” by the TMA bracket and “2-point support” of the tube
on small steel rods close to the TMA mirror assemblies.

Additionally, the TMA can be installed with orientations ¢¢,pe = 180°,0°. For
the 2-point support, center loads can be installed at the TMA bracket. Simulations
have shown that a 2-point support with a center load of 30g and a tube angle of
Otube = 180° (¢rube = 184° was used for practical installation reasons) compensates
for the tube-bending effect of gravity such that the test conditions come close to the
zero-gravity environment during the actual satellite mission [50]. This mounting-type

4

is therefore referred to as “zero-gravity” mounting.

3.1.2 Recovery of TMA beam coalignment information

We now discuss how we can extract the TMA beam coalignment information from
the interferograms recorded with the phase-shifting homodyne interferometer in the
setup shown in Fig. 3.1. Furthermore, we learn how to remove the main error sources:
imperfect parallelism between mirrors l\?ﬁ, M2 and non-flatness of the RB.

Knowing the laser wavelength of the interferometer, A\ = 632.8 nm, the interfero-
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Interferogram

o e N2 /M3

Figure 3.4: Photograph of setup to measure TMA beam coalignment. The CFRP
TMA is installed in the setup. In the front, one can see the RB. The interferometer
is located at the back. The interferometer beam exits through the transmission flat
(TF).
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grams are phase-calibrated in an automated manner by moving the interferometer’s
transmission flat (TF) by a well-defined distance. One measurement run of the in-
terferometer is an average of 20 phase-shifting measurements. Each run gives a two-
dimensional map in the y’-z’-plane with a phase value for each pixel of the CCD
camera. We convert this map with the spatial scale of the CCD pixels given by the
manufacturer, y..,, = 0.291 [mm/pixel], 2/, = 0.339 [mm/pixel], into pathlength
variations over an area.

To facilitate explanations, Fig. 3.6 shows a typical interferogram as obtained with
the TMA beam coalignment test bed. The pathlength variations map consists of
four distinct sectors Ki(y',2’), « =RBL, RBr, TMAR, TMAy,, which are sketched
with dashed lines in Fig. 3.6. The four sectors result from laser beam reflections from
the left and right side of the RB, RBy, and RBg, and from laser beams propagating
clockwise and counterclockwise through the TMA, TMAgr and TMA;, cf. Fig.3.1.
Furthermore, we can identify the areas (a) and (b). They are caused by reflections
from TMA mirrors M2/M3 and M1, respectively, which are beyond the TMA clear
aperture and thus do not return to the interferometer. Area (c) shows a reflection
from the mirror M1 mounting base.

For each sector i =RBy1,, RBr, TMAgr, TMA,, we calculate partial derivatives

along the 3~ and the 2’-axis:

¢hor,i (y/a Z/) = — arctan (aKi(y/a Zl)) 9

oy’
5 (3.1)
bveri (1, 2') = arctan | — K;(y',2') ] .
' 0z
By averaging over each sector ¢, we obtain
Phor,i = ¢h0r7ia
' (3.2)

Pver,i = ¢ver,i-

The angles @por,i and @yer; correspond to “horizontal” and “vertical” tilts of the
return beam of sector i with respect to the reference beam of the interferometer which
is the beam reflected by the TF, cf. Fig. 3.1.

We refer to the horizontal and vertical TMA beam coalignment error in ICS coor-
dinates for a counterclockwise propagating beam as 5(1108, q = hor, ver. We calculate

(%CS, q = hor, ver, from

5,7% = 0.5 (g, TMAL — Pa.TMAR) — PqM- (3.3)

Here, 4 is the coalignment error of a counterclockwise propagating beam caused
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Figure 3.6: Typical interferogram as taken with the setup in Fig. 3.1, converted into
pathlength variations over an area. The interferogram shows four sectors schemati-
cally drawn with dashed lines: RBL, RBgr are caused by beam reflections from the
left and right side of the RB, TMAgr, TMA}, by beams propagating clockwise and
counterclockwise through the TMA. Areas (a), (b) are caused by beam reflections
from mirror M2/M3 and M1 respectively, which are beyond the TMA clear aperture
and thus do not return to the interferometer. Area (c) shows a reflection from the
mirror M1 mounting base. See also [53].
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by the two mirrors 1\7[/1, 1\%’2, if they are not perfectly parallel. This effect can be

calculated as

Ygm = 0.5 ((IDCLRBR - ‘Pq,RBL) + ©q,RBpolishs (3.4)

with ¢ = hor, ver and the polish angle difference ¢q rRBpolish between the right and left
side of the RB, which we obtain from the previously performed “Skip-Flat” test, cf.
Sec.3.1.1.

Equations (3.3) and (3.4) are deduced from simple geometrical considerations and
have been verified in raytracing simulations performed with Matlab®. In the simu-
lations, small angle approximations for rotations are applied (sin¢ = ¢, cos¢ = 0).
Furthermore, the TMA is treated as a perfect retroreflector with a small beam coalign-
ment error < 50 prad which is independent of the incident beam angle. As we have
seen in Chap. 1.3.3.1, this is a valid simplification.

, ¢ = hor, ver, are

While the horizontal and vertical beam coalignment errors 5(1105

coordinate-dependent, the root-mean-square TMA beam coalignment error

Srais = 1/ 81S5% 4 51gs? (3.5)
is independent of the coordinate system. However, the angle ¢yupe by which the TCS
is rotated around the ICS z’-axis is required if we want to transform 5(1108 from ICS
to TCS coordinates.

From the CFRP TMA CAD model, we know the horizontal (600 mm) and vertical
(48 mm) offset for a beam propagating through the CFRP TMA. From this, ¢tupe can
be determined by measuring the vertical offset between the centers of the TMAgR and
TMAL sectors in the interferograms, cf. Fig.3.6. The alignment error of the ICS z'-
and TCS z-axis is negligible. The TMA beam coalignment error 5503, q = hor, ver,
in TCS coordinates can then be calculated with a coordinate transformation of 5(1103
from ICS to TCS coordinates.

3.1.3 Data evaluation tool

A data evaluation tool written in Matlab® has been developed in this thesis with
which the interferograms from the TMA beam coalignment measurements can be
processed. The evaluation tool reads in the RB topography and the TMA interfero-
grams. It then extracts the TMA beam coalignment as described in Sec. 3.1.2.

The evaluation tool has been extensively tested with a raytracing-based data sim-
ulator, which had been developed in Matlab®. The data simulator creates simulated
RB topographies and TMA interferograms which can be processed with the evalua-

tion tool. By comparing simulation input parameters with values recovered with the
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Table 3.1: Simulation input parameters and parameter values recovered with the
evaluation tool. All values given in prad, except for ¢upe, Which is given in degrees.

Parameter name Input value Output value Unit

SIMA —2.14 —2.14 prad
SIMA 25.74 25.69 prad
®hor,RBpolishg —6.98 —6.98 prad
Pver,RBpolishg —6.62 —6.59 prad
¥hor,RBpolishy, —8.74 —8.74 prad
©ver,RBpolishy, 2.57 2.55 prad
Phor,M 5.86 5.86 prad
Pver,M —3.42 —3.37 prad
Ptube 2.97 2.96 °

evaluation tool, the evaluation tool and the achievable accuracies have been investi-
gated.

As an example, Tab.3.1 shows a list of simulation input parameters and out-
put parameters recovered with the evaluation tool. The corresponding simulated RB
topography is shown in Fig. 3.7, whereas the simulated TMA beam coalignment mea-
surement interferogram is displayed in Fig. 3.8. In total, more than 40 such simulation
runs with randomly selected input parameters have been performed. The tube angle
¢dtube Was varied by £7°, the TMA beam coalignment errors 5§CS, q = hor, ver by
+50prad each, and all other parameters by as much as +£100prad. Also extreme
scenarios with small TMA beam coalignment error (5505 < lprad and large values
for all other parameters of +100purad were studied. For all cases, the tube angle
¢tube could be recovered within +0.1°; all other parameters including the TMA beam

5205, q = hor, ver, within less than +1 prad.

coalignment error

During the evaluation process, suitable areas within the measurement sectors (cf.
Fig.3.6) are chosen manually to determine the angles wnori, ¢ver,i, ¢ = RBL, RBg,
TMAR, TMA},. For the simulations, this has no influence, since the simulated areas
are homogeneous and show no features other than horizontal and vertical tilt. How-
ever, for the evaluation of measured interferograms, this might have some arbitrary
influence on the final result, so that in Chap.4.1, each measurement is evaluated

10 times selecting slightly different areas each time.
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Figure 3.7: Topography of simulated RB. The RB topography is approximated by
two areas with horizontal and vertical tilt.
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Figure 3.8: Simulated interferogram of TMA coalignment measurement, cf. Fig. 3.6.
Note that RBy,, RBgr look different from the RB topography in Fig. 3.7 due to the
simulation of installation angle tolerances in the setup and the effect of mirrors M1,
M2.
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3.2 TMA rotation-to-pathlength coupling test bed

Besides beam coalignment, the other important property of the TMA that is essential
for the performance of the LRI is its behavior under rotation, since it is the cause of
one of the limiting noise sources of the LRI (cf. Sec.1.2).

We have seen in Chap. 1.3 that a perfect TMA which is rotated around its vertex
does not cause pathlength changes in the LRI roundtrip measurement. Further-
more, we have learned that for a real TMA with non-zero mirror misalignments, a
point of minimal rotation-to-pathlength coupling (PMC) can be defined. The residual
rotation-to-pathlength coupling can be minimized by rotating around the PMC.

During spacecraft integration, however, the TMA vertex instead of the PMC will
be placed at the S/C center of rotation for practical reasons, since the TMA vertex
can be directly measured by probing the TMA mirror planes with a coordinate mea-
suring machine (CMM, [101]).

The purpose of the TMA rotation-to-pathlength coupling test bed is threefold:

1. We want to show that for a “realistic’ TMA with non-zero mirror misalign-
ments rotation-to-pathlength coupling can be sufficiently well reduced by rotat-
ing around the TMA PMC. We aim at residual couplings of 20 pm/rad.

2. We want to verify that TMA PMC and TMA vertex are colocated within
4100 pm so that the baseline integration procedure of the TMA into the space-

craft does not significantly increase the rotation-to-pathlength coupling.

3. We want to verify the analytical model of TMA properties as presented in

Chap. 1.3 against measurements.

The TMA vertex is determined by probing the TMA mirror planes with a CMM.
In contrast, for a direct measurement, the TMA PMC has to be determined dy-
namically: The TMA is placed on a hexapod, a six-degree-of-freedom rotation and
translation platform, and range displacements incurred under calibrated hexapod ro-
tations are monitored with heterodyne interferometry. By varying the rotation pivot
of the hexapod and searching for the point for which the coupling is minimal, the
PMC can be determined within the hexapod coordinate frame.

However, there are two major challenges that had to be resolved: Firstly, the
hexapod coordinate frame is not directly measurable with the CMM, which makes
it impossible to directly compare the TMA PMC position obtained within the hexa-
pod coordinate frame with the TMA vertex position, which is measured in CMM
coordinates. Secondly, the hexapod’s translational precision is limited to +500 nm.

This introduces noise to the range displacement measurement which limits the PMC
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location to £200 pm.

There are different approaches to overcome those two challenges. One of the
attempts was to build a six-degree-of-freedom reference interferometer to monitor er-
roneous hexapod motions. While this endeavor has evolved into an interesting project
on its own right (cf. App. A), it did not provide an immediate solution due to its com-
plexity.

As so often, a much simpler, yet very elegant solution was at hand: A second,
much smaller retroreflector is iteratively positioned at the TMA PMC. The second
retroreflector serves as a physical reference of the TMA PMC and is mounted on the
same platform as the TMA. This is accomplished by choosing for the second retrore-
flector a ball-mounted retroreflector (BMR), the vertex of which is located at the
center of a spherical housing, which is accessible to CMM measurements.

In the alignment process, differential range displacements between TMA and BMR
under hexapod rotations are monitored, in which erroneous hexapod translations can-
cel out. These differential measurements are minimal when the BMR is properly po-
sitioned at the TMA PMC. Consecutively, the BMR housing is measured with the
CMM, so that the position of the TMA PMC can be determined in CMM coordinates
and compared to the CMM-derived TMA vertex position.

The TMA rotation-to-pathlength coupling test bed consists of two disjunct setups
which are introduced in the following sections: The PMC test bed comprises the
hexapod and is dedicated to aligning the BMR to the TMA PMC (Sec.3.2). In the
CMM test bed, TMA mirror planes and BMR position are measured with the CMM
to compare TMA vertex and PMC positions (Sec.3.2.2). As we will see, this setup
is a very powerful TMA investigation tool, since it even provides the possibility to
measure TMA beam coalignment.

Furthermore, Sec. 3.2.3 provides an assessment of the measurement uncertainty of
TMA vertex and PMC comparison that is to be expected with the presented method.
The setups and procedures of the TMA rotation-to-pathlength coupling test bed that
have been developed within this thesis have also been published [54,102].

3.2.1 PMC test bed: locating the TMA PMC

The PMC test bed to locate the TMA PMC is shown in Fig.3.9. The TMA and the
BMR (PLX Inc., BMR-1.5-1) are mounted on a carbon fiber breadboard (CarbonVi-
sion GmbH, customized, 700 x 400 x 50 mm?), which is installed on a hexapod (PI
GmbH & Co. KG, M824). The BMR vertex is located within 2.5 pm in the center of

the 38.1 mm diameter spherical housing according to the manufacturer’s specification.
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Figure 3.9: Setup to locate the TMA PMC. Range displacements to TMA and BMR
incurred under hexapod rotations are monitored with heterodyne interferometry on
PD-TMA and PD-BMR, with the measurement on PD-REF being subtracted as
reference. Beamwalk of TMA beam (dashed line) and BMR beam (dotted line) can
be observed on QPD-TMA and QPD-BMR, respectively. The slave laser is offset
phase-locked to the master laser before entering the setup. See also [54].
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= BMR on zyz

translation stage

Hexapod

Figure 3.10: CAD model of Glass TMA in PMC test bed. The laser beams probing
the TMA and the BMR are shown in red. Both beams are fed in along the —x-axis
(cf. Fig. 3.9). Glass TMA CAD file provided by ANU, hexapod CAD file by PI GmbH
& Co. KG. An animation of this setup can be found by scanning the QR code in
the lower left corner of the picture or by going to www. gracefo. spacegravity. org/
video?.

The hexapod exhibits a positional uncertainty of £500 nm, which has been verified
interferometrically along the x-axis. For pitch and yaw, the rotational uncertainty
of the hexapod has been shown to be below +6purad with an autocollimator (EL-
COMAT direct SN-162, Moller Wedel), which has a calibrated angular accuracy of
+0.34prad).

The setup in Fig. 3.9 has been implemented for test runs with the Glass TMA, the
TMA DM, and the TMA QM (cf. Chap.2.1). The CAD drawings and photographs
for the Glass TMA implementation are displayed in Figs. 3.10 and 3.11. Likewise, the
implementation for the TMA DM, which looks identical for the QM, can be seen in
Figs.3.12 and 3.13. The coordinate axes given are hexapod coordinates. Nominally,
these axes are coaligned with the TMA coordinate axes as defined in Chap.2.1.2.
Alignment tolerances in the setup are a few mrad.

The laser beams in the setup in Fig. 3.9 are generated by two lasers (Mephisto
500, Innolight GmbH, now Coherent Inc.) with 1064 nm wavelength, which are off-
set phase-locked at 6 MHz with an analog phase lock (not shown in the picture) and
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Figure 3.11: Photograph of Glass TMA in PMC test bed. The laser beams are routed
with periscopes.

Figure 3.12: CAD model of TMA DM in PMC test bed. The laser beams probing the
TMA and the BMR are shown in red. The TMA beam is fed in along the —x-axis
(cf. Fig. 3.9), while the BMR beam, due to space constraints, enters along +x. TMA
DM CAD file provided by STI, hexapod CAD file by PI GmbH & Co. KG.
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Figure 3.13: Photograph of TMA DM in PMC test bed. The inset shows the BMR on
a 3-dimensional translation stage with which the BMR is placed at the TMA PMC.
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delivered to the setup via optical fibers. The laser beam coming from the slave laser
serves as reference beam for the interferometric range measurements. The laser beam
from the master laser is split and coupled into both TMA and BMR.

For the Glass TMA, as shown in Figs. 3.9 and 3.10, both TMA beam and BMR
beam enter along —z. For the TMA DM and the TMA QM, cf. Fig.3.12, the BMR
beam probes the BMR from the opposite direction along +x due to space constraints.

The beams retroreflected by TMA and BMR are interfered with the reference beam
on AC-coupled photodiodes PD-TMA and PD-BMR, respectively. Furthermore, by
using differential power sensing (DPS, cf. Chap.1.4.4), beamwalk of the retroreflected
beams can be observed on the position-sensitive DC-coupled quadrant photodiodes
QPD-TMA, QPD-BMR, with the reference beam being blocked.

For the Glass TMA, the measurement beam probing the TMA is coarsely aligned
to the hexapod z-axis by translating the hexapod along this axis and simultaneously
observing beamwalk on QPD-TMA. By minimizing the beamwalk, an alignment with
an uncertainty of some mrad is achieved, which is limited by systematic errors in the
hexapod motion.

For the TMA DM and the TMA QM, the TMA beam is aligned to the nomi-
nal TMA incident beam axis, which is parallel to the TMA z-axis and centered on
TMA mirror M1 (cf. Chap. 2.1.2). As mentioned before, alignment tolerances between
hexapod coordinate axes and TMA coordinate axes of some mrad are expected. The
nominal TMA incident beam axis is referenced with two position-sensitive QPDs in-
stalled on the carbon fiber breadboard, as will be explained in Sec. 3.2.2.

The relative alignment of TMA and BMR beam is also accomplished by moving
the hexapod along the z-axis. However, this time, beamwalk differences between
QPD-TMA and QPD-BMR are minimized (cf. Fig.3.9). By this, erroneous hexapod
motion cancels out since it leads to common beamwalk on both QPDs, so that a
much better coalignment between the TMA beam and the BMR beam of +200 urad
is achieved. Since for the beamwalk differences, the relative alignment of the axes of
QPD-TMA and QPD-BMR matters, they have been aligned within +2°.

In a next step, the TMA PMC is coarsely located in hexapod coordinates. For
the z-coordinate, PMC¥, this is achieved by performing hexapod pitch and yaw rota-
tions around pivot points PP with varying z-value PP* and observing beamwalk on
QPD-TMA, cf. Fig.3.9. This method yields a 1 mm uncertainty in PMC*. This is
sufficient, since the rotation-to-pathlength coupling for PMC-to-vertex offsets along
the z-axis is expected to be three orders of magnitude smaller than for offsets along
the y- and z-axes (cf. Chap.1.3.2).

The remaining TMA PMC coordinates, PMCY and PMC?, are determined in a

similar way: While the hexapod performs calibrated yaw and pitch rotations, this
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time with varying PPY and PP?, the corresponding range displacement is observed
with heterodyne interferometry on PD-TMA. This allows for a coarse PMC determi-
nation of 200 pm within the hexapod coordinate frame.

After TMA PMC determination in hexapod coordinates, the BMR is coarsely
located to this TMA PMC position with a comparable procedure in all three axes
BMR*, BMRY, BMR”. Now the test bed is prepared to refine the relative align-
ment of BMR and TMA PMC and consecutively to measure the minimal achievable
rotation-to-pathlength coupling.

In the following, the hexapod always rotates around the TMA PMC, which has
previously been determined in hexapod coordinates. While this is in principle not
necessary, it reduces beamwalk during rotations, which is one candidate for residual
noise in the setup.

In the next step, we consider range displacement differences between PD-TMA
and PD-BMR, cf. Fig.3.9. In these differences, any erroneous hexapod translation
along the measurement beam axis cancels out, since it is common for both measure-
ments on PD-TMA and PD-BMR.

Recalling the linear rotation-to-pathlength coupling for a TMA with an offset from
the center of rotation, cf. Eq. (1.1), we can write for the displacement measurements
SL™A and §LBMR to TMA and BMR, respectively:

SLTMA = — (PMC* — PP?) §0i4cn + (PMCY — PPY) 60,4y, + 2™,

(3.6)
SLBMR — — (BMR” — PP?) §6,itcn + (BMRY — PPY) 60,y + 027,

where 627X has been added to account for erroneous hexapod translations along the
measurement beam axis. The coupling of offsets along the xz-axis has been neglected
here. This formula is valid under the assumption that TMA beam and BMR beam
are parallel.

By taking the difference of both measurements in Eq. (3.6), we obtain the relative
range displacement between TMA and BMR:

0Ly = SL™A — §IBMR — _ (PMC? — BMR?) §6,itch + (PMCY — BMRY) 60y
(3.7)

This result is astonishingly simple and has very interesting implications. Note
that the erroneous hexapod motion dzHX has canceled out. Furthermore, the hexa-
pod rotation pivot point PP does not appear at all in this formula. This means that
once the TMA PMC and the BMR have been colocated, this measurement gives the
same result as rotating around the TMA PMC, independent of the actual hexapod

pivot point. This is a very nice feature of this measurement configuration, since we
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have no means of measuring deviations of hexapod rotations from its nominal pivot
point.

To verify Eq.(3.7), the BMR was translated in y- and z-direction in steps of
100 pm while measuring the differential rotation-to-pathlength coupling § L, for yaw
and pitch, respectively. The slope was close to 1 m/rad, as expected from Eq. (3.7):
—0.993 m/rad in y- and 1.003 m/rad in z-direction, which is compatible with an align-
ment tolerance of the BMR translation stage with respect to the measurement beam
axis of a few mrad.

By iteratively translating the BMR and measuring the relative displacement 0 L¢)
under hexapod rotations d0pitch and 06y,w, the rotation-to-pathlength coupling can
be minimized. On the one hand, this yields an upper limit estimation for the minimal
achievable rotation-to-pathlength coupling. On the other hand, this simultaneously
fine-aligns the BMR to the TMA PMC location.

The differential measurement concept of Eq. (3.7) was tested by replacing TMA
and BMR in Fig. 3.9 with a large hollow cornercube retroreflector (PLX Inc., 130 mm
diameter clear aperture), as is illustrated in Fig.3.14. Since now both “TMA beam”
and “BMR beam” probe the same cornercube, the difference between both mea-
surements should nominally be zero. However, while hexapod systematic errors are
effectively suppressed in this configuration, they might still couple via misalignment
of TMA beam and BMR beam, which is of the order of +£200prad. For the PMC
test bed, a typical noise floor for the relative displacement measurements 6L, of
+5nm/rad was found, which limits BMR and TMA PMC colocation to £5 pm.

A caveat of the differential measurement concept as described by Eq. (3.7) is that
we always see the combined effect of TMA and BMR which cannot be disentan-
gled in this configuration. However, effects of an imperfect BMR such as a non-
vanishing difference between BMR vertex and BMR PMC scale with the BMR size
(cf. Chap.1.3.3.2, [65,66]), which is a factor of more than 30 smaller than the TMA.

3.2.2 CMM test bed

The CMM test bed, as second part of the TMA rotation-to-pathlength coupling test
bed, consists of a CMM facility (Global Advantage, GLOA 000670, probe head: Tesa-
Star m, 3P005901, Hexagon Metrology GmbH). The CMM positional accuracy in
calibrated contact mode has been shown to be better than +2pum over the whole
measurement volume during a manufacturer’s calibration. With the CMM, location
and orientation of the TMA mirror planes and the location of the BMR sphere can be

measured in a mechanical reference frame. The CMM test bed serves three purposes:
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Figure 3.14: Setup to determine the
noise floor in the differential range mea-
surement 6 Lye; for TMA PMC location.
TMA and BMR in Fig. 3.9 have been
replaced by a single large cornercube
retroreflector which is simultaneously
probed with both “TMA beam” and
“BMR beam”.
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1. Pre-alignment: Before installation of the carbon fiber breadboard hosting TMA
and BMR into the PMC test bed (Sec.3.2.1), the BMR can be pre-positioned
to the TMA vertex using the CMM. Furthermore, a nominal beam axis for the
measurements in the PMC test bed can be defined. For the Glass TMA test

campaign, which was the first to be performed, the pre-alignment step was not

yet included in the test procedure.

2. TMA vertex vs. PMC: After positioning the BMR at the TMA PMC in the
PMC test bed, TMA vertex and BMR position are measured with the CMM.

3. TMA dihedral angles and beam coalignment: Measurement of TMA dihedral
angles and TMA beam coalignment to compare experimental results with results
obtained from the analytical TMA model (cf. Chap.1.3).

Most of the above-mentioned tasks can be performed by positional measurements
of the TMA mirrors and the BMR sphere with the CMM. However, to define a laser

beam axis or to measure TMA beam coalignment with the CMM, a special method is

required which has been developed for this purpose. The name of this special method

is CMM-assisted beam alignment and measurement (CABAM, [102]). For stringency,
let us first continue explaining the CMM test bed. Subsequently, CABAM is intro-

duced in Sec. 3.2.2.4.

In Figs. 3.15 and 3.16, we can see the installation of the Glass TMA and the TMA
DM on the CMM table. The TMA units are mounted on the carbon fiber breadboard.

Any CMM measurement begins with the definition of a suitable coordinate system.

82



3.2 TMA ROTATION-TO-PATHLENGTH COUPLING TEST BED

Figure 3.15: CMM measurement of Glass TMA vertex and position of BMR. The
insets show (1) probing of TMA mirror M3 and (2) probing of BMR sphere with the
CMM head.

As explained in Chap.2.1.2, for the Glass TMA, the faces of the glass ceramic bar
define the coordinate system, while TMA DM and TMA QM have dedicated reference
cubes. At the beginning of the CMM measurement, a script is generated by manu-
ally probing each point position that is to be measured. For the actual measurement
run, this script is then executed in automated CNC (computerized numerical control)
mode.

In our case, each measurement run probes the three planes that define the coor-
dinate system of the respective TMA unit, cf. Chap.2.1.2, the planes of the three
TMA mirrors, and the BMR sphere. As can be seen in inset (1) of Fig.3.15 and in
the inset of Fig. 3.16, probing the TMA mirrors is a tricky task that requires a lot of
attention. The path of the CMM probe head has to be checked carefully before the
automated CNC mode is activated, since any design or execution error in the CMM
movement could damage the mirror coating or the sensitive glass pieces. Further-
more, the CMM probe shaft orientation has to be adapted to the probe object. While
for the TMA mirrors a horizontal orientation is suitable as in Fig. 3.15, inset (1), a

vertical orientation is necessary to probe the BMR sphere, see inset (2).

83



TEST ENVIRONMENTS FOR LRI COMPONENTS

Figure 3.16: CMM measurement of TMA DM vertex and position of BMR. The inset
shows probing of TMA mirror M2 with the CMM head, which was a delicate task
due to the encapsulation of the M2/M3 mirror subassembly.

3.2.2.1 Pre-alignment in CMM

For the “pre-alignment” step, TMA mirrors and BMR are probed iteratively, while
the center of the BMR sphere is translated to coincide with the TMA vertex, which
is determined as the intersection point of the TMA mirror planes. Colocation of
BMR and TMA vertex of +£351um in all three axes is easily achieved. Furthermore,
an auxiliary laser beam is aligned to the nominal TMA incident beam direction and
position as referenced to the reference cube (cf. Chap.2.1.2).

For aligning and measuring the beam axis, CABAM is used iteratively. The
auxiliary laser beam bypasses the TMA on two mirrors, see Fig.3.17. Subsequently,
two position-sensitive QPDs, which are installed on the carbon fiber breadboard, are
centered in the beam. By this, the nominal TMA incident beam axis is referenced
with the two QPDs and can be reconstructed with the measurement beam in the
PMC test bed, cf. Sec.3.2.1, by again centering the beam on the QPDs. With a lever
between QPD1 and QPD2 (see Fig.3.17) of 0.5m and a DPS centering accuracy of
typically below +10 pm, the auxiliary beam can be both referenced and reconstructed

with a positional accuracy of £10 pm and an angular accuracy of +40prad.

3.2.2.2 TMA vertex vs. PMC

After aligning the BMR to the TMA PMC in the PMC test bed (Sec.3.2.1), the
“TMA vertex vs. PMC” measurement is performed with the CMM. Just as for the
pre-alignment step, TMA mirror planes and BMR sphere are probed. However, now
the BMR is located at the TMA PMC, so that from this measurement, a difference
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TMA Carbon fiber
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Figure 3.17: An auxiliary laser beam is ,/,
aligned to the nominal TMA incident A
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which are installed on the carbon fiber N
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between TMA vertex and TMA PMC can be inferred.

3.2.2.3 TMA dihedral angles and beam coalignment measurement with
CMM

After comparing TMA vertex and PMC position in the previous step, the measure-
ment of “TMA dihedral angles and beam coalignment” is performed. While this is not
the main objective of this test bed, it is a unique opportunity to test the predictions
of the analytical TMA model, cf. Chap.1.3. Note that the TMA coalignment results
obtained in this setup are not representative for the TMA performance, since this test
bed does not support a gravity-compensating mount for the TMAs (cf. Sec. 3.1).
On the one hand, TMA dihedral angles are obtained from the TMA mirror planes,
which have already been measured in the previous “TMA vertex vs. PMC” step. On
the other hand, TMA beam coalignment is measured. This is done by launching a
beam into the TMA and measuring both incident beam axis and the beam axis of the
retroreflected beam with CABAM. The difference between the axes of the incident

and the retroreflected beam reveals the TMA beam coalignment.

3.2.2.4 CMDM-assisted beam measurement and alignment

After using CABAM so extensively in the previous steps, let us now explain how
CABAM actually works. CABAM is a novel tool to both measure laser beam direction

and position and to align a laser beam to a desired direction and position within the

85



TEST ENVIRONMENTS FOR LRI COMPONENTS

CMM mechanical coordinate system.! A detailed presentation of CABAM has also
been published [102].

The alignment and measurement of a laser beam axis within a mechanical frame
are known challenges especially in science fields involving space-born interferometers
[5,8,9,14,15,103-105]. Interferometers for space applications are often assembled with
a CMM, which is used to control position and orientation of the optical components.
However, the alignment of the laser beams that are routed through the assembly is
a much more demanding task since the beams cannot be physically contacted. To
this end, a tool has been developed known as calibrated quadrant photodiode pair
(CQP, [73).

The CQP comprises two position-sensitive quadrant photodiodes (QPDs) installed
in a mechanically stable housing. It is calibrated in a way that an incoming beam
which is centered on both QPDs has a known offset and direction with respect to the
housing.

In the CMM test bed (Sec. 3.2.2), first attempts to measure and align a laser beam
axis with the CMM were performed using an AEI in-house built CQP [106]. However,

some difficulties arose:

e The CQP calibration process is prone to inaccuracies due to instability of the
CQP housing. During the calibration, the surface of the housing is probed with
the CMM, while the housing is mounted under different orientations. When
analyzing the CMM measurements, a non-negligible effect of housing distortions
was observed when changing CQP orientations. Furthermore, for the purposes
of the CMM test bed (Sec. 3.2.2) it is necessary to move the CQP to different
locations and install it on different heights to account for the lateral and vertical
TMA beam offsets. Any such manipulation of the CQP housing might invalidate

the calibration.

e The achievable CQP angular accuracy depends on the lever arm between the
two QPDs, which is about 15cm for this specific CQP leading to an angular
accuracy of several 10prad. For the purposes of the CMM test bed, a larger

lever arm would have been preferred.

e The CQP needs to be aligned to the laser beam with a four-axes translation and
rotation stage, since the calibration is only valid if both QPDs are centrally hit
by the beam. Such stages, if desired to be reasonably stable, tend to be quite
bulky, which made it difficult to place the CQP at the desired locations in the
CMM test bed.

IThe original idea of CABAM was brought up by Vitali Miiller (AET).
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One possible approach could have been to refine the design of the AEI in-house
built CQP to overcome the main drawback, which was clearly the instability of the
housing. One could have, e.g., considered a CQP housing built quasi-monolithically
from ultra-stable materials such as Zerodur® [73]. Instead, with CABAM a new tool
to align and measure a laser beam axis has been invented, which surprises by its
simplicity and accuracy. All that is needed for CABAM is a single position-sensitive
QPD on a 2-axes translation stage. No stable housing is required and no calibration
process has to be performed.

The basic idea behind CABAM is to measure 3D-points p;, i = 1,...,n, along the

laser beam axis and consecutively fit a 3D-ray 7))(8) to these points:

b(s)=TPo+s- . (3.8)

Fo = %ZT. (3.9)

The ray direction vector w0 is obtained with a least squares fit using, e.g., singular
value decomposition [107]. The crucial trick of the CABAM method is how to mea-
sure 3-dimensional point positions on the beam axis.

The CMM usually measures point positions on a test object by physically probing
the object with its probe sphere. The sphere is installed at the end of the CMM probe
head shaft. Once a calibrated force is applied to this shaft, the CMM software records
the respective position that is being probed on the test object. However, the current
position of the probe sphere center is also available from the CMM software, even
when the CMM probe sphere is not physically contacting an object. If we accomplish
to center the CMM probe sphere in the laser beam, we can use this non-contact CMM
position information to obtain a point on the laser beam axis.

Figure 3.18 illustrates the alignment procedure of the CMM probe sphere in the
laser beam: (1) First, we center a position-sensitive QPD which is mounted on a
two-axes translation stage in the beam. (2) Second, we take advantage of the fact
that the CMM probe sphere is usually a sapphire ball: It is transmissive for the used
laser light (wavelength 1064 nm) and has the same effect as a ball lens. We position
the sapphire ball in the laser beam by minimizing the DPS signals (cf. Chap.1.4.4)
of the QPD. In this way, the beam remains centered on the QPD. This can only be
achieved when the laser beam is passing through the center of the sapphire ball.

Now that the CMM probe head has been positioned correctly, the position of the

probe sphere and thus a point p; on the beam axis can be read out from the CMM
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Figure 3.18: (1) First,
we center the incoming

beam (arrow from right) (1) (2) Shaft of
on the QPD which is CMM head
translated in two dimen- Sapphire ball

sions transversal to the of CMM head

beam. (2) Second, we

position the CMM sap-

phire ball in the beam QPD QPr
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ing through the ball re- e

mains centered on the R ,
QPD. The dashed lines

show beam deflection for

misplaced CMM ball.

See also [102].

software. We can reconstruct the ray according to Eq. (3.8) after measuring two or
more points.

Now we need to verify the achievable positional and angular accuracies of CABAM
by testing CABAM against calibrated measurement devices. The CABAM positional
accuracy, which is limited by the non-calibrated CMM non-contact positional accu-
racy, is tested by centering a separate ball lens into the laser beam which can then be
probed with the CMM in calibrated contact mode. The CABAM angular accuracy
is tested against an autocollimator.

CABAM has been tested with the setup shown in Fig.3.19. The laser beam
is generated by a Mephisto 500 laser (Innolight GmbH, now Coherent Inc.) with
a wavelength of 1064 nm and delivered to the fiber collimator (SUK60FC-4-A11-03,
Schéfter&Kirchhoff GmbH), which produces a collimated laser beam with 1 mm waist
diameter.

The beam is routed via the mirrors Nﬂ, M2. The orientation of mirror M2 is
observed with an autocollimator (ELCOMAT direct SN-162, Moller Wedel), which
has a calibrated angular accuracy of £0.34 prad. Alignment of autocollimator axes
to the horizontal plane of the CMM coordinate system to better than +1° has been
confirmed: Mirror M2 was tilted both horizontally and vertically and autocollimator
measurements were compared with mirror M2 orientations derived from CMM mea-
surements of the M2 plane.

A position-sensitive QPD (silicon, 1 cm diameter, in-house electronics) is mounted
on a two-axes translation stage. We can insert the QPD into the beam at various

positions before and after M2 to measure points along beams 7;1 and 7;2. The CMM
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Figure 3.19: In this
setup, CABAM beam
orientation measure-
ments are compared
with  calibrated  au-
tocollimator angular
measurements. First,
position and orientation
of the laser beam before
(b1) and behind mirror

M2 (_b)z) are measured

with CABAM. Then 1
mirror M2 is tilted. The J

~0.5 m

Sapphire ball
of CMM head

tilt angle is recorded M2
with an autocollimator. Fib§r
Consecutively, the new collimator

(_){ientation of beam I =05 i
by is measured with ~Uom
CABAM. See also [102].

probe sphere can be placed very precisely in the laser beam: A 1pm displacement
from the center of the beam results in a well-resolvable DPS displacement signal from
the QPD with a signal-to-noise ratio of 2.5. The noise floor of the DPS displacement
signal is dominated by beam jitter caused by the fiber collimator.

For each beam measurement, three point measurements distributed over about
0.5m along the beam axis are performed to which a ray according to Eq. (3.8) is fit-
ted. It takes about 10 minutes to perform a three-point beam measurement. For all
measurements, fit residuals of less than 1 pm are obtained. Furthermore, the fitted
beams 5)1 and ~b>2 almost intersect, approaching each other within less than 2 pm.

A beam measurement with 6 points along the beam is performed as well to im-
prove statistics. The measured points on the laser beam have a root-mean-square
distance from the fitted ray of less than 1pm. Even the maximum distance recorded
is below 1um. Over a distance of 0.5 m, this corresponds to an angular precision of

2 prad.

Now the positional accuracy of CABAM is confirmed by aligning a 9.525 mm di-
ameter sapphire ball lens (Edmund Optics, 63-227) on a two-axes translation stage at
several locations in the beam 7;2 with the same alignment method used for CABAM
(cf. Fig.3.18). For each location, the ball lens position is measured with the CMM
in calibrated contact mode. The deviations of measured ball lens positions from the

fitted _b)g ray are smaller than 3pum. This is very close to the CMM measurement
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accuracy of 2pm.

In a next step, angular CABAM measurements are compared with autocollima-
tor measurements. The orientation of the laser beam 7;2 is measured with CABAM.
After tilting mirror 1\?27 the tilt angle is recorded with the autocollimator and the
new orientation of beam Z)g is measured with CABAM. This procedure is repeated
for five different mirror M2 orientations covering an angular range of 300 prad both
horizontally and vertically.

Note that laser beam direction and autocollimator axes are not linked in an ab-
solute sense, so that only angular differences between the investigated mirror M2
orientations are considered. Furthermore, geometrical factors for beam deflection off
the mirror are taken into account: The beam’s angle of incidence is close to 45°, thus
a factor of 2 is applied for horizontal and a factor of /2 for vertical tilts.

The differences between autocollimator measurements and measured beam di-
rection changes are symmetrically distributed around zero for both horizontal and
vertical tilt angles of mirror M2. No significant bias can be observed. The root-mean-
square of the differences is less than or equal to 5 purad for both horizontal and vertical

angles, with the biggest difference being 7 urad.

Finally, let us verify with the setup in Fig.3.19 how CABAM can also be used to
align a beam to a desired position and direction. To this end, we first set two points

G1, G2 in the CMM software defining a ray
B(s)=T1+5 (0> — 71) (3.10)

to which beam 7;2 shall be aligned. Next, we use the CMM probe sphere as beam
target at ¢1, g2 to coarsely align beam 7;2 to the points ¢1, 2. Near- and far-field
beam positions are iteratively adjusted with mirrors 1\711, m, respectively.

When the coarse alignment is accomplished, we use CABAM to measure a point
P2 on beam —b>2 in the vicinity of ¢». We then move the CMM probe sphere out of
the beam so that the beam directly illuminates the QPD. With DPS, Eq. (1.11), and
the previously determined calibration factors Chor ver, we can now use the difference
(d2 — P2) to correct the beam position on the QPD with mirror M2.

Consecutively, the procedure is repeated for the near-field: We measure a point
P1 on beam 7;2 close to ¢ and correct the beam position with mirror MI1. The
alignment procedure converges quite quickly. Usually sufficient alignment is achieved
after three iterations with a total duration of 10-15 minutes. Finally, the successful

beam alignment is verified with CABAM: An alignment of beam 7;2 to the desired
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beam position and direction B with (7£3) pm positional and (24+10) prad angular
accuracy has been achieved.

With CABAM, a novel and easy-to-implement method has been developed to
measure both laser beam direction and position or to align a laser beam to desired
direction and position. CABAM uses a CMM in non-contact mode in combination
with a position-sensitive QPD to center the CMM probe sphere in the laser beam.
CABAM is capable of a positional accuracy of 3 pm and an angular accuracy of below

10 prad, as verified against calibrated devices.

3.2.3 Uncertainty of TMA vertex and PMC colocation mea-

surement

As we have learned, the method of verifying colocation of TMA vertex and PMC
involves various procedures in two test beds. On the one hand, there is an uncer-
tainty of TMA vertex determination with the CMM. On the other hand, the BMR,
the vertex of which marks the TMA PMC position, might be misplaced. Also, we
have to consider that a possible offset between TMA vertex and PMC is expected to
be rather small, cf. Chap.1.3. We now derive an estimate of the overall measurement
uncertainty and discuss the different error sources that enter during the various mea-
surement steps.

The location difference of TMA vertex and BMR, AV, as measured by the
CMM in the axes of interest y, z is given by

AVEiim = A% + Apyg £ 077 (3.11)

Here, A%, and A%y are the differences between vertex and PMC for the TMA
and the BMR, respectively. The measurement uncertainty is given by o¥-”.

The equations are identical for both axes, thus we omit y and z in the follow-
ing for simplicity. As we have estimated in Chap.1.3.3.2 for a TMA built within
requirements, the theoretically expected deviation between TMA vertex and PMC
is Arpa < 10pm. The formulas given in Chap. 1.3.3.2 have been derived for the
specific dimensions of the TMA with a lateral size of 600 mm. Since they scale with
the size of the retroreflector, we expect an even smaller vertex-to-PMC difference for
the BMR, Agpmr < 1um, because of the much smaller BMR dimensions of below
40mm. This leaves the measurement uncertainty o as dominant term in Eq. (3.11).

We assume the following contributions for o:
o = APMC + APMC* - % + AVgmr + AVEIRT + AV (3.12)
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The different terms in Eq. (3.12) have been summed up linearly as a worst-case

estimate. Their meaning is listed below:

e APMC ~ 5pum: Difference between BMR vertex and TMA PMC after BMR
placement with the help of the interferometric difference measurement. This
term is deduced from the measurement noise floor, which we have discussed in
Sec. 3.2.1.

e APMC* - ¢S ~ 15 pm: For the Glass TMA, interferometric measurement axis
and CMM z-axis are not linked, since no pre-alignment step in the CMM is
performed (cf. Sec3.2.2.1). The misalignment angle #“® between both mea-
surement axes couples the uncertainty of BMR and TMA PMC offset along the
z-axis APMC* ~ 1mm (cf. Sec.3.2.1) into APMCY, APMC?. For now, we
assume ¢S to be of the order of 15mrad. In Chap. 4.2, ¢S will be measured.
For TMA DM and TMA QM, due to the pre-alignment step in the CMM, we
can assume APMC* < 35 um and ¢S < 100 prad, leading to a totally negligible
contribution of APMC* - ¢S < 3nm.

e AVpumr ~ 2.5um: This is the uncertainty with which the BMR vertex lies

within the ball housing as specified by the manufacturer.

o AVEMM ~ 2 um: Uncertainty of position of BMR ball housing center as mea-
sured with CMM by probing the BMR sphere.

o AVEYM ~ 26 pm: Uncertainty of TMA vertex extrapolation from CMM mea-
surement of position and orientation of each TMA mirror. We estimate a CMM
angular accuracy of roughly 50 urad from the CMM positional accuracy of 2 pm
divided by the maximum distance of roughly 4 cm between the points being
probed on the TMA mirrors. The CMM angular accuracy is then multiplied
with the lever arm of 30 cm between the TMA mirrors and the TMA vertex
position, giving a contribution of 15pm per mirror. The contributions from
the three mirrors are then summed up quadratically leading to a TMA vertex

uncertainty of 26 pm.

With the above-listed terms, we get ¢ ~ 51 pm for the Glass TMA and o =~ 36 pm
for the TMA DM and the TMA QM. Thus we expect to be noise-dominated in the
comparison of TMA vertex and TMA PMC location, since a possible expected offset is
smaller than 10 pm. However, if the difference between TMA vertex and TMA PMC is
as small as expected, the method presented in this thesis is precise enough to confirm
that TMA vertex and PMC are colocated within +£100 pm within 2 o uncertainty.
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3.3 LRI Optical Bench test bed

This section presents a test bed to investigate the properties and functionalities of
the LRI Optical Bench. For developing and commissioning the test bed and in a
subsequent test run, the AEI in-house built OBBM unit (cf. Chap.2.2) was used.
Currently, the test bed is being used for tests with industry-manufactured (STI) LRI
Optical Bench engineering models [87]. The LRI Optical Bench test bed as developed
in this thesis has also been presented in a related publication [108].

The test bed focuses on the following LRI Optical Bench properties under lo-
cal spacecraft attitude jitter: DWS signals, heterodyne efficiency, closed-loop beam
steering and beam coalignment, and rotation-to-pathlength coupling. Local space-
craft attitude jitter is simulated by a hexapod, a six-degree-of-freedom rotation and
translation platform.

The setup of the LRI Optical Bench test bed with the OBBM installed is de-
picted in Fig.3.20. Furthermore, a CAD model and a photograph of the setup are
displayed in Figs. 3.21 and 3.22. To perform the envisioned tests, the test bed needs
to provide a suitable RX beam to simulate the beam coming from the distant space-
craft, a phasemeter to calculate the DWS signals and to control the beam steering
loop, and auxiliary readout systems to investigate LO beam and RX beam coalign-
ment and rotation-to-pathlength coupling. These different test bed units and their

implementation are now described.

3.3.1 RX beam generation

The LRI uses heterodyne interferometry with laser beams of 1064 nm wavelength to
measure intersatellite distance changes (cf. Chap.1.2). Since intersatellite velocities
are several m/s, a frequency offset between the lasers on both spacecraft of some MHz
is required to keep the ranging information unambiguous.

Additionally, due to the large spacecraft separation of 200 km, the RX beam that
is received by the local spacecraft is expanded to a diameter of 60 m. This results in
a flattop beam with flat wavefront and flat intensity profile over the 8 mm diameter
aperture of the LRI Optical Bench (cf. Chap.1.4.1, [67]).

The LRI Optical Bench test bed provides the required laser beams from two lasers
(Mephisto 500, Innolight GmbH, now Coherent Inc.) with 1064 nm wavelength, which
are phase-locked with a frequency offset of 6.25 MHz by an auxiliary analog phase-
locked loop and delivered to the setup (Fig.3.20) via optical fibers. While the fiber
coming from the master laser is fed into the LO beam generator of the OBBM, the

fiber from the slave laser is injected into the RX beam generator.
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Figure 3.20: Setup of LRI Optical Bench test bed. The OBBM is installed on a
hexapod which can be commanded to simulate local spacecraft attitude jitter. OBBM
properties such as heterodyne efficiency between interfering LO beam and RX beam,
DWS signals, closed-loop LO beam steering, and rotation-to-pathlength coupling can
be investigated with auxiliary readout tools. The OBBM QPD is labeled as QPDI.
Mirrors M1, M2 are not shown for simplicity (cf. Fig.2.4). QPD2 provides DWS-
measured LO beam/TX beam and RX beam coalignment. QPD3, QPD4 are sensitive
to beam position and monitor TX beam orientation changes. From the difference
between QPD1 and PD-REF, roundtrip pathlength changes incurred under hexapod
rotations can be obtained. See also [108].
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i QPR
(with QPD1)

Figure 3.21: CAD model of a part of the LRI Optical Bench test bed. The OBBM
is installed on a hexapod. The RX beam generator simulates the beam coming from
the distant S/C. Lens mount CAD file provided by Thorlabs Inc., translation stage
CAD file by Newport Corp., hexapod CAD file by PI GmbH & Co. KG. To watch
an animation of this setup, scan the QR code in the lower left corner of the picture
or go to www. gracefo. spacegravity. org/video8.
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Figure 3.22: Photograph of LRI Optical Bench test bed. The OBBM is installed on
a hexapod. The inset shows the RX beam generator.

The RX beam generator consists of a bare fiber end aligned to the focal point
of an aspherical lens with 200 mm focal length (Thorlabs Inc., AL100200-C).2 The
RX beam generator, as installed in the test bed, can be seen in the CAD model of
Fig.3.21 and in the photograph of Fig. 3.22 (inset).

During the alignment of the fiber end, the beam leaving the RX beam generator
is observed with a Shack-Hartmann sensor (SHS, Imagine Optics S.A., HASO3-128-
GE2). Wavefront and intensity profile of the generated beam are displayed in Fig. 3.23.
By fitting Zernicke polynomials up to 2nd order, “piston”, “tilt”, and “defocus”, we
obtain a radius of curvature of 2km. This shows that the fiber end has been aligned
well to the focal point of the lens. The remaining visible circular structure, which can
be attributed to lens errors, leads to a peak-to-valley wavefront error of 440 nm over
the full SHS measurement area.

Comparing the wavefront with the intensity profile in Fig.3.23, one can observe
that phasefront center and intensity center show a horizontal and a vertical offset of
some mm. However, the center of the wavefront is adjusted to the center of the OBBM
aperture, since a flat wavefront is esteemed more important than a flat intensity

profile.

2Design, construction, and alignment was performed by Gunnar Stede (AEI).
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Figure 3.23: Wavefront (left) and intensity profile (right) of RX beam measured with
SHS. Measurement taken by Gunnar Stede (AEI).

As we can see from the intensity profiles in Fig. 3.23, the RX beam is large enough
(diameter roughly 2 cm) to overshine the 8 mm diameter aperture of the OBBM. The
part of the RX beam that was later aligned to illuminate the 8 mm diameter OBBM
aperture is shown in Fig.3.24. The peak-to-valley wavefront error over the 8 mm

diameter aperture is 160 nm with an intensity drop of roughly 30 %.

3.3.2 Phasemeter, DWS signal computation, and beam steer-

ing control loop

The signals of the four QPD1 segments, cf. Fig. 3.20, are recorded and processed with
an AEI in-house built digital phasemeter.> Furthermore, the phasemeter calculates
DWS signals and controls the steering mirror loop. With some simplifications, this
phasemeter is similar to the readout system which was originally developed for the
space-based gravitational wave detector LISA [12,13].

The phasemeter has been implemented in a field-programmable gate array (FPGA).
Figure 3.25 shows a schematic overview of the phasemeter (PM) architecture.

The analog photo receiver signals from the four QPD1 segments ¢ = Al, B1, C1,

3The phasemeter has been assembled, programmed, and commissioned mainly by Oliver Ger-
berding (formerly AEI, now working at NIST/JQI).
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Figure 3.24: Wavefront (left) and intensity profile (right) of RX beam in 8mm di-
ameter OBBM aperture measured with SHS. Measurement taken by Gunnar Stede

(AEI).
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Figure 3.25: Schematic of phasemeter architecture to illustrate the generation of
DWSl1yor. The generation of DWSlye,, which is not shown here, is handled analo-
gously. See also [108].
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D1 are digitized with analog-to-digital converters (ADCs) with a sampling rate of
40 MHz. Consecutively, digital phase-locked loops (PLLs) determine frequency wj,
amplitude A;, and phase ¢; for each QPD1 segment, cf. Eq. (1.9) [11].

In a next step, the phasemeter calculates phase differences between the QPD1

segments according to

PA1B1 = PA1 — ¥Bl;

$PC1D1 = PC1 — ¥D1,
(3.13)

PA1C1 = PA1 — PC1;

¥B1D1 = ¥B1 — ¥D1-

Then, the phase differences are added up appropriately to obtain the DWS signals
corresponding to horizontal (DWS1y,,) and vertical (DWS1,.,) relative beam tilts
between LO beam and RX beam, cf. Eq.(1.14). Note that in Fig.3.25, only the
generation of DWS1,,,, is shown. The generation of DWS1y,, is handled analogously.

The beam steering loop is realized by feeding the DWS signals DWS1y,, and
DWSl1,., through a single integrator, which acts as servo controller of the loop (cf.
Fig.3.25). The loop gain can be adjusted by changing the integrator gain by factors
of 2 via simple bit shifting. The resulting actuator signal is transformed with digital-
to-analog converters (DACs) and fed to the steering mirror electronics. Since steering
mirror actuation axes are well-aligned to the DWS1/QPD1 axes within a few degrees,
cross coupling between the axes is expected to be small and no additional rotation
matrix calculation is necessary.

The behavior of the beam steering loop is simulated with a simple control model,
as explained in Chap. 1.4.5, Fig. 1.8. The model includes the simulated DWS transfer
matrix (see below, Eq. (3.14)), the digital signal processing, the variable integrator
gain of the loop’s servo controller, the steering mirror gain, and the optical geometry
(factor 2 for horizontal tilts, v/2 for vertical tilts). The steering mirror response
function has been recorded with a network analyzer (Stanford Research Systems Inc.),
see Fig. 3.26, and is included in the model.

Simulated beam steering open-loop transfer functions for three different integrator
gain factors (“I-gains”) of 2°, 24, and 2% are plotted in Fig.3.27 for both horizontal
and vertical actuation axis of the beam steering loop. From the transfer functions,
unity gain frequency fi and phase margin @i for the three different I-gains were
extracted and summarized in Tab. 3.2.

As we can see, the phase margin for an I-gain of 2° is insufficient to support a
stable control loop operation, being 0° for the horizontal and 10° for the vertical axis.

A suitable I-gain setting is 2% with a phase margin of 21° for the horizontal and 33°
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Table 3.2: Unity gain frequency fii® [Hz] and phase margin o{i% ] for three different
I-gains and both horizontal and vertical axis of the simulated beam steering loop.
Lgain  fid «{d
Horizontal 25 150 0
24 103 21
23 64 44

Vertical 25 125 10
24 82 33
23 48 54

for the vertical axis at unity gain frequencies of 103 Hz and 82 Hz, respectively. While
for the actual satellite mission, a much lower unity gain frequency would also be
sufficient, since satellite attitude jitter is expected to be present only well below 1 Hz,
higher unity gain frequencies are advantageous in the noisy environment of standard
laboratory conditions.

When closing the OBBM beam steering loop in Chap. 4.3, an I-gain of 24 is chosen
as starting point, as this promises to support stable loop operation. Then the open-
loop transfer function can be recorded with a network analyzer and, if necessary, the

I-gain can be adjusted.
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Figure 3.27: Amplitude (top row) and phase (bottom row) of the simulated beam
steering open-loop transfer function. Both horizontal (left column) and vertical (right
column) actuation axis are shown. Simulations were performed for three different I-
gains of 2°, 2%, and 23.
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3.3.3 Simulation of DWS signals and heterodyne efficiency

The DWS signals from QPD1 (cf. Fig. 3.20) can be calibrated to corresponding hori-
zontal and vertical LO beam and RX beam relative wavefront tilts at the beam splitter
by performing calibrated hexapod yaw and pitch rotations, respectively. The relation
between the DWS signals and the wavefront tilt is given by the DWS transfer matrix
M1, as defined in Eq. (1.14).

In a Matlab®-based environment, the interference of LO beam and RX beam
under hexapod rotations was simulated using the specific parameters of the OBBM
and of the LRI Optical Bench test bed (cf. Chap.2.2 and Sec.3.3.1): Gaussian LO
beam with 4.6 mm waist diameter, flattop RX beam with 8 mm diameter, OBBM tele-
scope T with 1/8 demagnification, QPD1 active area of 1 mm diameter, and QPD1
slit width of 44 pm. Perfect alignment of QPD1 segments and hexapod coordinates
is assumed, leading to zero off-diagonal elements of the DWS1 transfer matrix M1
(cf. Eq.(1.14)) and to M1§/ = —M 151", Furthermore, flat LO beam and RX beam
wavefronts and a flat RX beam intensity profile are assumed.

First, the Gaussian LO beam wavefront is generated on a 512 x 512 grid cover-
ing the QPD1 active area. Then flattop wavefronts with horizontal and vertical tilts
ranging from —550...550 prad with 10 urad step size are computed to simulate RX
beam tilts caused by hexapod yaw and pitch rotations. Consecutively, each RX beam
wavefront is interfered with the LO beam wavefront. The phases ¢; and the interfer-
ometric contrast x;, i = A1,B1,C1,D1 (cf. Chap.1.4.3), are obtained by integrating
over each QPD1 segment.

With the phases ¢;, i = Al,B1,C1,D1, the DWS signals DWS1y,o,, DWS1,,, are
calculated according to Eq. (1.14). The results are shown in Fig. 3.28. The simulated
DWST1 transfer matrix M15™ is determined with Eq. (1.14) inside the linear region

for small pitch and yaw angles:

. 1
M1™ = 5,600 0 - 1rad/rad. (3.14)
0 —15,600

Furthermore, the heterodyne efficiency for each of the four QPD1 segments is com-
puted from the simulations using Eq. (1.10). The heterodyne efficiency is displayed
in Fig. 3.29. For perfectly aligned LO beam and RX beam and with the specific pa-
rameters of this setup, the heterodyne efficiency for each QPD1 segment reaches a
maximum value of

Asim - — 60%. (3.15)
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Figure 3.28: Numerically simulated DWS signals on QPD1 under hexapod pitch and
yaw rotations. DWS signals corresponding to horizontal beam tilts are shown on the
left, DWS signals corresponding to vertical beam tilts on the right. See also [108].

3.3.4 Coalignment of LO beam and RX beam

The LRI Optical Bench test bed in Fig. 3.20 offers auxiliary measurements to verify
successful beam steering operation. Since the DWS signals of the in-loop OBBM
QPD (QPD1) are inherently small due to the suppression of the loop, an independent
out-of-loop measurement is required to verify the coalignment of LO beam/TX beam
and RX beam during closed-loop beam steering. This is achieved by the out-of-loop
DWS measurement of QPD2, for which DWS signals DWS2y,,., DWS2,, and DWS
transfer matrix M2 are defined analogously to Eq. (1.14). Signal processing for QPD2
is also performed using the phasemeter. Calibration of DWS2 and determination of
M?2 is performed simultaneously with DWS1 calibration in Chap.4.3.4.

While during the actual satellite mission the RX beam is very weak (a few hun-
dred pW), the light powers in the LRI Optical Bench test bed can be adjusted so as
to further investigate both the LO beam that is being reflected at the OBBM beam
splitter (TX beam) and the transmitted RX beam leakage.

Analogously to the OBBM scheme (cf. Chap.2.2.1), the auxiliary DWS measure-
ment of QPD2 features a telescope T2, which simultaneously images OBBM aperture
and steering mirror plane on QPD2 (see Fig. 3.20). Additionally, T2 demagnifies the
beams by a factor of ~ 1/8 to fit on the 1 mm diameter QPD2 (Hamamatsu Photon-
ics K.K., G6849-01, InGaAs, in-house electronics). This is achieved by a telescope
T2 lens selection with focal lengths for a wavelength of 1064 nm of 762.48 mm and
101.65 mm (Thorlabs Inc., LA1978-C and LA1509-C). The first lens of telescope T2
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Figure 3.29: Numerically simulated heterodyne efficiency for each segment of QPD1
under hexapod pitch and yaw rotations. See also [108].
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is positioned at a distance of 762.48 = 5mm from the OBBM aperture. The second
lens is aligned in the same way as lens L2 of the OBBM telescope, cf. Chap.2.2.4.

After telescope T2 alignment, the TX beam is centered on QPD2 by translating
QPD2 transversally to the beam and minimizing the DPS signals, c¢f. Chap.1.4.4.
The alignment of the QPD2 position along the beam direction to place QPD2 at
the image plane of T2 is performed simultaneously with the alignment of QPD1 in
Chap. 4.3.1.

The LRI Optical Bench test bed (Fig.3.20) features another auxiliary tool to in-
vestigate OBBM beam steering, consisting of two position-sensitive QPDs, QPD3 and
QPD4 (1cm diameter, silicon, in-house electronics; see also [73]). This tool offers a
DWS-independent verification of closed-loop beam steering using DPS by monitoring
horizontal and vertical changes of TX beam orientation, TX},,, and TX,., respectively.
Using Eq. (1.11), we define

TXhor = C(hor : (Ahor,S - Ah01v,4)a

(3.16)
Tchr - C’vcr : (Avcr,B - Avcr,ﬁl)v

where Ajz, Ay are the DPS signals from QPD3, QPD4, respectively. The calibra-
tion factors Chor, Cyer are determined in the setup in Fig. 3.20 by calibrated hexapod
yvaw and pitch rotations. The large lever between QPD3 and QPD4 of almost 2m
promises, in conjunction with DPS beam position measurements of £10um, an an-

gular measurement uncertainty of better than +10prad.

3.3.5 Measuring rotation-to-pathlength coupling

As we have seen in Chap.1.4.2; the beam splitter on the LRI Optical Bench causes
a big linear rotation-to-pathlength coupling of 2.2mm/rad for yaw rotations, which
is suppressed by the compensation plate. For the OBBM beam splitter with 5 mm
thickness and a refractive index of ngx7y = 1.5066 for a wavelength of 1064 nm, we
can calculate an expected linear rotation-to-pathlength coupling of 1.7 mm/mrad for
yaw rotations.

The LRI Optical Bench test bed offers an auxiliary phase readout to measure the
linear rotation-to-pathlength coupling caused by the beam splitter and to verify the
cancellation of this linear term by use of the compensation plate. This is accomplished
by branching off a part of the RX beam before it enters the OBBM (cf. Fig.3.20).
This part is then interfered with the TX beam (dot-dashed line), which is bypassing
the OBBM, on the photodiode PD-REF. By taking the phase differences between
QPD1 (coherent sum of all four segments) and PD-REF, the LRI roundtrip measure-

ment is emulated and effects of OBBM rotations on the roundtrip measurement can
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be investigated.
Furthermore, due to the mounting strategy of the OBBM optics (cf. Chap. 2.2.1),
the compensation plate can easily be removed and reinstalled. This allows for mea-

suring OBBM rotation-to-pathlength coupling with and without compensation plate.

3.3.6 QPD phase offsets

Electronic phase offsets between QPD segments couple directly into the DWS mea-
surement according to Eq.(1.14). Thus they have to be calibrated beforehand and
their stability under ambient conditions has to be verified.

In the LRI Optical Bench test bed (Fig. 3.20), this is accomplished by amplitude-
modulating the light coupled into the LO beam generator with a fiber-coupled ampli-
tude modulator (Jenoptik AG, AM 1064) with the RX beam being blocked. This sim-
ulates an interference beatnote between two perfectly aligned near-Gaussian beams,
which optically produces the same phase on each QPD segment. Thus from this
measurement, electronic phase-offsets between the QPD segments can be calibrated
and subtracted in the phasemeter signal processing chain. Phase offset calibration for
both QPD1 and QPD2 is performed simultaneously in Chap. 4.3.1.
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Chapter 4

Test results

This chapter presents the test results obtained with the three test beds introduced
in the previous chapter. In the TMA beam coalignment test bed, the CFRP TMA
has been investigated. The TMA rotation-to-pathlength coupling test bed was used
to characterize the Glass TMA, the TMA DM, and the TMA QM. Finally, the AEI
in-house built OBBM unit was tested in the LRI Optical Bench test bed.

The test runs have served two purposes. On the one hand, the test items were
investigated. This was important to verify the LRI design in early project stages and
for the Critical Design Review, which was successfully passed at NASA/JPL in June
2014. On the other hand, the test beds have been commissioned and characterized
during the tests, which is important for future test runs with LRI hardware such as

LRI Optical Bench engineering models or possibly flight units.
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4.1 TMA beam coalignment test bed

Static beam coalignment for the CFRP TMA (cf. Chap.2.1) was measured with the
TMA beam coalignment test bed (cf. Chap.3.1). While the measurements themselves
were performed in collaboration with CSIRO personnel, the processing and evaluation
of the obtained data as presented here has been solely performed within this thesis.
The results have been summarized in a project internal test report [109] and in related
publications [50, 53].

4.1.1 TMA beam coalignment test results

Beam coalignment measurements were performed for different TMA mounting types
(“center-mounting” and “2-point support”, cf. Fig. 3.5), orientations ¢sype =~ 180°,0°,
and compensation loads installed at the TMA bracket to study the effect of gravity
on the TMA beam coalignment. Furthermore, beam coalignment was measured for
the “zero-gravity” mounting type, which has been introduced in Chap. 3.1.

The interferograms that have been recorded in the test bed (cf. Fig.3.1) are shown
in Fig.4.1. All interferograms have been processed as described in Chap. 3.1 using
the evaluation tool that had been developed to obtain the TMA beam coalignment
information. Each interferogram has been processed 10 times to verify the repeata-
bility of the procedure, which was below 41 nrad for all parameters.

The main systematic error source in the measurement scheme is the non-flatness
of the reference bar, which was below 4 urad for all runs. Furthermore, this system-
atic error is effectively subtracted during the evaluation process, as we have seen in

Chap. 3.1, with residuals below 41 purad. The test results are summarized in Tab. 4.1.

4.1.2 Discussion

As we can see in Tab.4.1, the nominal “zero-gravity” mounting (measurement no.
(2)) achieves a root-mean-square coalignment error of dgms = 9 prad.

When center-mounting the TMA by its bracket, (7) and (8), we observe a root-
mean-square coalignment error of dryvs = 16nurad for ¢pupe = 186° and drms =
41 prad for ¢pupe = 6°. We expect a larger coalignment error for center-mounting

due to gravity causing TMA deformations. As expected intuitively, there is mainly

5TMA

an effect on the vertical coalignment error 4,

when changing the tube orientation,
whereas the horizontal coalignment error §EO¥A remains unchanged. This can be
explained by gravity bending the tube in the vertical direction.

When we compare the results for center-mounting, (7) and (8), to the ones for
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Figure 4.1: Interferograms recorded for CFRP TMA. The configurations and the re-
covered TMA beam coalignment angles for the measurements (1)—(8) are summarized

in Tab.4.1.
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Table 4.1: TMA beam coalignment errors for different TMA mounting types (“2-
point support”, “center-mounting”), orientations ¢iune, and center loads installed at
the TMA bracket. The nominal “zero-gravity” mounting is indicated (measurement
no. (2)). The interferograms for measurements (1)—(8) are shown in Fig. 4.1.

No. Mounting Load [g]  ¢tube [°]  OfMA [prad] OIMA [prad]  drws [nrad]
(1) 2-point 0 184 —2 8 8
(2)  (zero-gravity) 30 184 -3 9 9
(3) 93 184 -3 11 1
(4) 184 184 ) 14 14
(5) 30 5 -3 13 13
(6) 93 5 -3 10 1
(7) Center 0 186 -5 —16 17
(8) 0 6 -3 41 41

“zero-gravity” mounting (2), we find a difference of —25prad for 6IMA for ¢iupe =

186°, whereas for ¢yne = 6°, the difference is 32 prad. The sign flip can be explained
by the tube bending in the opposite direction when turning it around by 180°. The
size of the effect is only marginally different for the two considered orientations, which
might be caused by TMA tube stiffness asymmetries.

In a consecutive test run with an Intellium H2000 interferometer and a different
measurement method, a root-mean-square beam coalignment of 12 nrad was measured
for the same TMA for “zero-gravity” mounting [82], which agrees very well with
the results presented here. The slight discrepancy can either be attributed to the
measurement uncertainty or to glue shrinkage effects at the CFRP-to-glass interface

between the measurements.

4.1.3 Conclusion

The beam coalignment of the CFRP TMA has been measured with the TMA beam
coalignment test bed. With a gravity-compensating mount, a root-mean-square beam
coalignment error of dgys = 9prad was confirmed, which fulfills the requirement
of 10prad given in Chap.1.3.3.1. The repeatability of the measurement is within
+1prad. The main source for systematic errors is the non-flatness of the reference bar,
which is smaller than 4 prad. However, this effect is subtracted during the evaluation
process, as explained in Chap. 3.1.2. The analysis results in Chap. 3.1.3 confirm that

any influence on the final beam coalignment result is within +1 prad.
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4.2 TMA rotation-to-pathlength coupling test re-

sults

Rotation-to-pathlength coupling has been investigated for the Glass TMA, the TMA
DM, and the TMA QM (cf. Chap.2.1) in the TMA rotation-to-pathlength coupling
test bed (cf. Chap.3.2).

The test campaign with the Glass TMA was very useful to commission the test
bed and to refine the detailed test procedure. Since the Glass TMA was available for
a period of three months, there was enough time to gain experience with the test bed
and study difficulties in detail. Furthermore, the whole measurement procedure has
been performed twice to verify the repeatability.

For the Glass TMA, the optical measurement axis (cf. Chap.3.2.1) and the CMM
x-axis (cf. Chap.3.2.2) were not linked. However, the alignment between both axes
was measured afterwards to estimate the resulting uncertainty in PMC location (cf.
Chap. 3.2.3). The test procedure has been improved for the TMA DM and the TMA
QM by introducing the pre-alignment step in the CMM (cf. Chap.3.2.2). In this
step, the nominal TMA incident beam axis is referenced by centering two QPDs in an
auxiliary beam. By this, the nominal TMA incident beam axis can be reconstructed
for the interferometric measurements (cf. Chap.3.2.1).

The TMA DM and the TMA QM were only available for a very short time of two
weeks each, thus a detailed test procedure had to be written in advance to make sure
that each test step could be performed without delay [110]. The test procedure was
exercised with the TMA DM. This test run also served for identifying final caveats in
the test procedure. Consecutively, a detailed test plan was elaborated in close coop-
eration with STT to meet the strict regulations dictated for the TMA QM considering
handling, inspection, and cleanliness [111].

The test campaigns presented here have been documented in project internal test
reports [112-114]. Furthermore, the results of the first test campaign performed with
the Glass TMA have been published [54].

4.2.1 Pre-alignment in CMM

This step was performed for the TMA DM and TMA QM test campaigns following the
procedure described in Chap.3.2.2.1. For both test campaigns, the BMR was placed
at the TMA vertex to a precision of better than +35pm in each axis via iterative
CMM measurements of BMR, position and TMA vertex position as determined from
the intersection point of the three TMA mirror planes.

Furthermore, a laser beam was aligned to the nominal TMA incident beam axis
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using CABAM. With the high CABAM accuracies (cf. Chap. 3.2.2.4), a positional
alignment within +10 pym and an angular alignment of +50 prad was achieved. After
alignment, the beam was referenced with two position-sensitive QPDs installed on
the carbon fiber breadboard (see Fig. 3.17). The QPDs were installed with a relative
distance of 0.5 m. By centering the QPDs in the laser beam by better than £10 pm,

a beam referencing uncertainty of below +40nrad was achieved.

4.2.2 Locating the TMA PMC

The TMA units mounted on the carbon fiber breadboard were installed on the hexa-
pod platform (cf. Chap.3.2.1, Fig.3.9). For the Glass TMA, the TMA beam was
aligned to the hexapod x-axis by moving the hexapod along the z-axis and observing
beamwalk of the retroreflected beam on QPD-TMA (cf. Fig.3.9). By adjusting the
angle of incidence of the TMA beam with a steering mirror, the beamwalk was mini-
mized. Systematic errors in hexapod motion limit this alignment procedure to about
+1 mrad.

For the TMA DM and the TMA QM, the TMA beam was centered on the two
position-sensitive QPDs which reference the nominal TMA incident beam axis, cf.
Sec.4.2.1. The beam was centered on the QPDs down to £10pm. Considering the
distance between the QPDs of 0.5m, a reconstruction uncertainty of the TMA inci-
dent beam axis of 40 purad can be inferred.

In the next step, the BMR beam was aligned to the TMA beam. Again, the hexa-
pod was moving along the z-axis, but this time differential beamwalk between the
measurements of QPD-TMA and QPD-BMR was minimized, cf. Fig.3.9. With this
procedure, a relative coalignment between TMA beam and BMR beam of +200 urad
is achieved.

After beam alignment, the TMA PMC and the BMR positions were determined
in hexapod coordinates. For the TMA DM and the TMA QM, the TMA PMC and
the BMR were already colocated quite well due to the pre-alignment in the CMM, cf.
Sec.4.2.1. However, for the Glass TMA, the pre-alignment in the CMM had not been
performed, so that the determination of the BMR’s position in hexapod coordinates
was used to correct the BMR position with respect to the TMA PMC.

To determine TMA PMC* and BMR* in hexapod coordinates, calibrated hexa-
pod rotations in pitch and yaw by 1 mrad were performed while stepping the hexapod
rotation pivot PP along the z-axis in 0.5 mm increments and measuring beamwalk of
outgoing TMA beam and BMR beam on QPD-TMA and QPD-BMR, respectively (cf.
Fig.3.9). Figure 4.2 shows an exemplary measurement, which was taken for the TMA

DM. Rotation-to-beamwalk coupling is shown for pitch (blue markers) and yaw (red
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Figure 4.2:  Locating
TMA PMC* and BMR* _ _ _ _
in hexapod coordinates. 6 x TMA (pitch) e BMR (pitch) x -
The hexapod performs x TMA (yaw) o BMR (yaw)
Imrad rotations in
pitch (blue markers) and
yvaw (red markers) for
varying rotation pivot
PP*, while beamwalk
of outgoing TMA beam
(crosses) and BMR beam
(circles) is observed. The ) ) ) )
zero-crossings of the lin- 170 171 172 173 174
ear fits yield PMC* PMC™ [mm]

(solid lines) and BMR*

(dashed lines).

Rotation-to-beamwalk
coupling [mm /rad]

markers) for both TMA beam (crosses) and BMR beam (circles). The zero-crossings
of the linear regressions to the data points (solid lines: TMA, dashed lines: BMR)
yield PMC* and BMR¥*. Pitch and yaw rotations should give the same result. How-
ever, the zero-crossings for pitch and yaw differ by roughly 1 mm, which is assumed
to be the measurement uncertainty. As we can see, TMA PMC* and BMR* are colo-
cated within less than +1 mm.

To determine PMCY>* and BMRY># in hexapod coordinates, again calibrated hexa-
pod rotations in yaw and pitch by 1mrad were performed, but this time PPY and
PP” were varied in increments of 0.2 mm. During the rotations, pathlength changes
to TMA and BMR were measured interferometrically on TMA-PD and BMR-PD, cf.
Fig.3.9. Again, an example of the measurements from the TMA DM test campaign
is shown in Fig.4.3 for yaw rotations and in Fig.4.4 for pitch rotations. Measure-
ments for the TMA (crosses) and the BMR (circles) agree very well. Linear regression
curves (solid line: TMA, dashed line: BMR) show zero-crossings that coincide within
less than 0.1 mm, which is also expected to be the measurement uncertainty of this

approach.

After determination of the TMA PMC in hexapod coordinates and confirming
sufficient coarse alignment of the BMR, position with respect to the TMA PMC, rela-
tive length changes § L;e] between the BMR measurement and the TMA measurement
according to Eq. (3.7) were monitored, while the hexapod was executing rotational
steps 00011, 60pitch, 00yayw and translational steps dz, dy, dz. During this final align-

ment procedure, the TMA PMC location in hexapod coordinates was used as nominal
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Figure 4.3:  Locating
TMA PMCY and BMRY
in hexapod coordinates.
The hexapod performs
Imrad yaw rotations
for  varying  rotation
pivot PPY, while dis-
tance changes to TMA
(crosses) and  BMR
(circles) are measured
interferometrically. The
zero-crossings  of  the
linear fits yield PMCY
(solid line) and BMRY
(dashed line).

Figure 4.4:  Locating
TMA PMC” and BMR”
in hexapod coordinates.
The hexapod performs
Imrad pitch rotations
for  varying  rotation
pivot PP?, while dis-
tance changes to TMA
(crosses) and  BMR
(circles) are measured
interferometrically. The
zero-crossings of  the
linear fits yield PMC”
(solid line) and BMR”
(dashed line).
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4.2 TMA ROTATION-TO-PATHLENGTH COUPLING TEST RESULTS

hexapod rotation pivot, as this reduces beamwalk and associated measurement noise,
cf. Chap.3.2.1.

Relative length changes dL,.; under hexapod pitch and yaw rotations, §0pitch and
00yaw, were used as alignment signal to iteratively fine-tune the BMR position along
the z- and y-axis such that the differences (PMC? — BMR”) and (PMCY — BMRY)
were minimized, cf. Eq. (3.7).

In Eq. (3.7), we assume perfect alignment of TMA beam and BMR beam so that
the translational steps dx, dy, 6z of the hexapod do not couple into § L. Thus during
the measurement, translational coupling into § L, could be used to check the relative
alignment of TMA beam and BMR beam.

While in the simplified case of Eq.(3.7), roll rotations 66,1 do not couple, we
have learned in Chap. 1.3.3.2 that non-zero TMA mirror misalignments lead to a non-
vanishing rotation-to-pathlength coupling term for roll, see Eq. (1.7).

To make averaging possible, the hexapod has performed the steps 660011, 08pitch,
08yaw, 0z, 6y, 6z going forth and back N-times each. The step sizes were 06,01 =
00pitch = 00yaw = 2mrad, 0z = 2mm, and éy = dz = 0.2 mm.

For the Glass TMA with N = 10 steps for each rotation and translation, relative
length changes 6L, for each hexapod step are shown in Fig.4.5. The red dashed
line shows measurements of §L. before the final positioning step of the BMR. For
pitch, steps 11-20, relative length changes are L1 =~ 50 nm. Since §0pitch = 2 mrad,
this corresponds to a TMA PMC and BMR position difference of —25pm along the
z-axis, cf. Eq. (3.7).

The BMR was translated accordingly by —25 pm along the z-axis. The subsequent
measurement of the relative pathlength changes 6L, is also shown in Fig. 4.5, solid
black line. Now for both pitch and yaw (steps 11-30), 0 L, is dominated by noise of
about £10nm, which is equivalent to a difference between the BMR and the TMA
PMC of +5pum along the z- and the y-axis, respectively.

The residual measurement noise for pitch and yaw, see steps 11-30 in Fig. 4.5, is
most likely caused by erroneous hexapod motion of +500nm, cf. Chap.3.2.1. This
erroneous motion couples into § L, via relative TMA beam and BMR beam misalign-
ments. From steps 41-60, we find a translational coupling for dy and dz translations
of less than 25 nm /0.2 mm, which corresponds to a misalignment between TMA beam
and BMR beam of less than 125 urad both vertically and horizontally.

Additionally, for roll rotations d6,o1, see steps 1-10 in Fig.4.5, we find a non-
vanishing rotation-to-pathlength coupling of about —20nm/2mrad = —10pm/rad,
which could be caused by non-zero misalignment angles between the TMA mirrors,
cf. Eq.(1.7).

The relative length changes dL,q in Fig.4.6 for TMA DM (blue line) and TMA
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Figure 4.5: For the Glass
TMA, §L,e is measured

during  hexapod  ro-
tations 8001,  OBpitchs
00yaw of 2mrad and

translations dx of 2mm
and dy, 6z of 0.2mm.
Measurements before
(red) and after (black)
final alignment of BMR
position with respect to
TMA PMC along the
z-axis are shown. One
measurement taken per
step, solid lines are only
guides to the eye. See
also [54].

Figure 4.6: For the TMA
DM (blue line) and the
TMA QM (green line),
0 Lye) is measured during
hexapod rotations 06;.,
00pitch, 08yaw of 2mrad
and translations dx of
2mm and 6y, 6z of
0.2mm. The BMR has
already been positioned
at the respective TMA
PMC. One measurement
taken per step, solid lines
are only guides to the
eye.
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4.2 TMA ROTATION-TO-PATHLENGTH COUPLING TEST RESULTS

Table 4.2: Residual rotation-to-pathlength coupling of the three investigated TMA
units determined from measurements of § L, incurred under hexapod rotations §0,.11,
00pitch, 00yaw. Shown are averaged values and their statistical standard deviations
from 20 measurements. All units in pm/rad.

Item Roll Pitch Yaw

Glass TMA —-11+12 5+5 —-2+£6
TMA DM 12£8 -1+£9 2+£10
™AQM —-10+17 —-14+6 —-3+8

QM (green line) were obtained equivalently to the final Glass TMA measurement,
solid black line in Fig. 4.5, by iteratively measuring, adjusting the BMR position, and
minimizing 6 L.. In Fig.4.6, only N =5 steps forth and back for each rotation and
translation were performed. As before, the step sizes were 60,1 = 60pitch = 0yaw =
2mrad, dx = 2mm, and 0y = dz = 0.2 mm.

As for the Glass TMA, we can observe a non-vanishing roll coupling for steps 1-5
in Fig.4.6. For the TMA DM, we observe 20nm/2mrad = 10pm/rad and for the
TMA QM, the roll coupling is —20nm/2 mrad = —10 pm/rad.

After properly positioning the BMR at the TMA PMC, the measurement of 6 L,
under rotations 00,011, 60pitch, 00yaw Was repeated with a larger number of steps to
further improve statistics. By averaging over 20 steps for each TMA and each rota-
tion, the residual rotation-to-pathlength coupling for the TMAs was determined. The

results are summarized in Tab. 4.2.

4.2.3 Measuring TMA vertex and BMR position with CMM

Now that the BMR physically marks the TMA PMC position, the carbon fiber bread-
board hosting both TMA and BMR is transferred to the CMM (cf. Chap. 3.2.2.2).
For the Glass TMA, the pre-alignment step in the CMM (cf. Sec. 4.2.1) has not been
performed. Therefore, prior to deinstallation, two position-sensitive QPDs mounted
on the carbon fiber breadboard are centered in the BMR beam in a similar way as
shown in Fig. 3.17, so that they reference the interferometric measurement axis.

For the Glass TMA, once installed on the CMM table, an auxiliary beam was
centered on the two position-sensitive QPDs which had been installed on the carbon
fiber breadboard. The auxiliary beam axis was then measured with CABAM. The
alignment error between this beam axis and the z-axis of the CMM coordinate system
as defined by the TMA coordinate system, cf. Chap.2.1.2, introduces an additional

error in PMC location, since the PMC? error couples into the measurement of PMCY
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and PMC? (cf. Chap.3.2.3). A coalignment error of less than 12mrad was mea-
sured. With an anticipated PMC* uncertainty of +1mm (cf. Sec.4.2.2), this leads
to an extra PMCY-* uncertainty of 12 pm, which agrees well with the estimation in
Chap. 3.2.3.

Consecutively, the TMA mirror planes and the BMR position were measured.
Each TMA mirror was probed with 30 points evenly distributed around the coated
reflective area. The maximum separation between measurement points was at least
4cm for each TMA mirror. Touching the coated areas of the mirrors was avoided
to prevent any damage. The BMR sphere was also probed with 30 points. The en-
tire probing sequence was programmed in CMM script language and performed three
times in automatic CNC mode.

The vertex position of each TMA unit was calculated as the intersection point of
planes fitted to the points probed on the TMA mirrors. The TMA vertex positions
are summarized along with the BMR center positions in Tab. 4.3. The values shown
are averaged over the three CMM measurement iterations with a statistical standard
deviation of 1um. Additionally, for BMR position measurements, we expect CMM
systematic errors of 2 pm. As estimated in Chap. 3.2.3, CMM systematic errors are
expected to lead to an uncertainty in the TMA vertex position of 426 pm, since the
vertex position is extrapolated from CMM measurements of the TMA mirrors.

For the Glass TMA, TMA vertex and BMR, center position were within +1mm
in the roll-axis x and £50 um in the pitch and yaw axes, y and z respectively. For
the TMA DM and the TMA QM, TMA vertex and BMR coincided within 4+25pm

in each axis, which can be attributed to the improved test procedure.

4.2.4 Measuring TMA dihedral angles and beam coalignment
with CMM

Now the procedures from Chap. 3.2.2.3 are performed. From the CMM measurement
of the TMA mirror planes, we can determine the dihedral angle deviations from 7 /2
of the TMA mirrors (cf. Chap.1.3), which are listed in Tab.4.4. The values are
averaged over three CMM iterations with a statistical standard deviation of 13 prad.
However, systematic errors might be larger. Following the estimate in Chap. 3.2.3,
we expect an angular accuracy of roughly £50 prad, which is derived from the CMM
positional accuracy of £2pm divided by the maximum separation of 4 cm between
the probed points on the TMA mirrors, cf. Sec.4.2.3.

The TMA dihedral angle deviation 5 = (£(M2,M3) — 7/2) was zero within the
measurement accuracy for all three TMA units. The reason for this is that TMA
mirrors M2 and M3 are directly mounted together on the M2/M3 subassembly (cf.
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Table 4.3: Vertex position determined from CMM measurements of the TMA mirror
planes and position of the center of the BMR sphere in CMM coordinates for the
Glass TMA, the TMA DM, and the TMA QM. For the Glass TMA, the whole test
procedure was performed twice (“Ist run”, “2nd run”). All units in mm.

Item T Y z
Glass TMA Vertex —322.793 318.139 —70.775
(1st run) BMR —321.819 318.122 —70.766
Difference 0.975 —-0.017 0.010
Glass TMA Vertex —322.795 318.149 —70.757
(2nd run) BMR —321.908 318.199 —70.722
Difference 0.886 —0.050 0.036
TMA DM Vertex —325.745 —44.525 —84.438
BMR —325.747 —44.509 —84.430

Difference —0.002 0.016 0.008

TMA QM Vertex —325.962 —44.674 —84.648
BMR —325.961 —44.661 —84.670
Difference 0.001 0.013 —0.022

Chap. 2.1) so that the angle between them is very well controlled by the perpendicu-
larity of the mirror substrates.

The TMA beam coalignment was measured using CABAM as described in Chap.
3.2.2.3. The measurement was repeated five times for each TMA unit. Note that
the beam coalignment measured here is not representative for the performance of the
TMA units since this test bed does not support a gravity-compensating installation
of the TMA units as in Chap. 3.1. In fact, the whole purpose of this exercise is testing
the consistency of the analytical TMA model from Chap.1.3.

The measured beam coalignment angles for the three TMA units are summarized
in Tab.4.5. The values are averaged over the five measurements leading to a stan-
dard deviation of less than 10 prad. Furthermore, as we have shown in Chap. 3.2.2.4,
CABAM is accurate within +10prad.

4.2.5 Discussion

We now want to compare the measurement results with the results obtained with
the analytical TMA model from Chap. 1.3 when plugging in the TMA dihedral angle
deviations as measured in Sec.4.2.4. We do this for the residual TMA rotation-to-
pathlength coupling (cf. Sec.4.2.2), for the offset between TMA vertex and PMC (cf.
Sec. 4.2.3), and for the TMA beam coalignment (cf. Sec.4.2.4).
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Table 4.4: Deviation of dihedral angles from w/2 for Glass TMA, TMA DM, and
TMA QM as measured by probing the TMA mirrors with the CMM. All units are
prad.

Item "1 72 3
Glass TMA 76 —33 0
TMA DM  —282 —-284 0
T™MA QM —-67 —12 0

Table 4.5: Beam coalignment of Glass TMA, TMA DM, and TMA QM as measured
with CABAM. All units are prad.

Item Ohor  Over ORMS

Glass TMA —-22 —66 70
TMA DM  —-757 —6 757
TMA QM —67 —45 81

4.2.5.1 Residual rotation-to-pathlength coupling of TMA units

As we have seen in Chap. 1.3, for a TMA with non-zero mirror misalignments, rotation-
to-pathlength coupling is not vanishing in general anymore by placing the TMA vertex
in the center of rotation. However, it can be minimized by rotating around the TMA
PMC. We have learned in Chap.3.2.1 that this is equivalent to the measurement of
0Ly in Sec.4.2.2 after positioning the BMR at the TMA PMC. Now let us com-
pare the measured residual rotation-to-pathlength coupling for the TMA units from
Tab. 4.2 with the residual rotation-to-pathlength coupling that we would theoreti-
cally expect when plugging the TMA dihedral angle deviations from Tab.4.4 into
Eq. (1.7).

The results are summarized in Tab.4.6. The rotation-to-pathlength couplings
from Tab. 4.2 are values averaged over 20 measurements with standard deviations of
less than 17purad/rad, cf. Sec.4.2.2. The uncertainty of the rotation-to-pathlength
couplings derived from the dihedral angle deviations 71, 72, 3 has two contributions:
Applying error propagation, the statistical standard deviation of 71, 72, 3 of 13 prad,
cf. Sec.4.2.4, leads to an uncertainty of 13 um/rad. Furthermore, the estimated sys-
tematic error of vy, 2, v3 of £50urad, cf. Sec.4.2.4, corresponds to an uncertainty
of £51 pm/rad after error propagation.

The measured rotation-to-pathlength couplings and the ones derived from 71, 72,
~3 show an excellent agreement, with the largest deviation being 8 pm/rad. This sug-

gests that the estimate of the systematic error of 1, 72, 3 is too high. Furthermore,
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Table 4.6: Residual rotation-to-pathlength coupling of TMA. Shown are the coupling
coefficients from Tab. 4.2 measured in Sec.4.2.2 under hexapod roll, pitch, yaw ro-
tations (averaged over 20 steps) and values calculated with the TMA dihedral angle
deviations 1, 72, 3 by using the analytical TMA model, Eq.(1.7). All units in
pm/rad.

Item Roll Pitch Yaw
Glass TMA —11 5 2
From 71, 72, 73 —19 0 0
TMA DM 12 -1 -2
From 71, 72, v3 20 0 0
TMA QM -10 -1 3
From 71, 72, 73 —14 0 0

the results confirm that all coupling coefficients are below 20 pm/rad.

4.2.5.2 Offset between TMA vertex and PMC position

We calculate the expected offsets of TMA vertex and PMC position with Eq. (1.6) by
plugging in the TMA dihedral angle deviations 71, 72, v3 from Tab.4.4. The results
are displayed in Tab. 4.7 along with the TMA vertex-to-PMC offsets as obtained from
the BMR position (cf. Tab.4.3).

The TMA vertex-to-PMC offsets as determined from the BMR position show a
standard deviation of 1 um, as we have seen in Sec. 4.2.3. Furthermore, the systematic
error of the whole measurement procedure of positioning the BMR, at the TMA PMC
(Sec. 4.2.2) and subsequently comparing TMA vertex and BMR, position (Sec. 4.2.3)
has been estimated in Chap.3.2.3. For the Glass TMA, we have obtained an uncer-
tainty estimate of £1mm along the z-axis and of +51um along y and z. For the
TMA DM and the TMA QM, our estimation yields an uncertainty of +35pum along
the z-axis (cf. Sec.4.2.1) and £36 pm along y and z (cf. Chap.3.2.3).

The uncertainty of the TMA vertex-to-PMC offset derived from the dihedral an-
gle deviations 71, 72, v3 has two contributions: By error propagation, the statistical
standard deviation of 7y, 72, v3 of 13purad, cf. Sec.4.2.4, leads to an uncertainty
of 7pm. Furthermore, the estimated systematic error of 71, 72, 3 of £50urad, cf.
Sec. 4.2.4, corresponds to an uncertainty of +26 pm after error propagation.

As we can see, within the measurement uncertainties, both deductions of TMA
vertex and PMC difference agree. Furthermore, the TMA PMC test bed is precise
enough to confirm that TMA vertex and PMC are colocated within the requirements
of 100 pm.
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Table 4.7: Differences dxpnc, dypmc, 0zpmc between TMA vertex and PMC' along
the roll, pitch, and yaw axes, respectively, as determined from CMM measurements
of the TMA mirror planes and the BMR sphere. Furthermore, §zpyc, 0ypMmc, 02pMC
as calculated with Eq. (1.6) from the TMA dihedral angle deviations 71, V2, V3 are
given. All units are pm.

Item drpmc  Sypmc  0zpMC
Glass TMA (1st run) 975 -17 10
Glass TMA (2nd run) 886 -50 36
From 1, 72, 73 0 -1 11
TMA DM 2 16 -2
From v, 72, 73 0 0 0
TMA QM 1 13 —22
From Y1, Y25 V3 0 -1 8

The TMA vertex-to-PMC offsets as derived from 71, 72, 73 are close to zero
with the biggest deviation being 11pm. As this comes close to the estimation in
Chap. 1.3.3.2, this might suggest that the estimated uncertainty of £26pm is too
large. As we have also seen in Sec.4.2.5.1, this would mean that the uncertainty of

+50nrad for 71, 72, v3 overestimates the effect of systematic CMM errors.

4.2.5.3 TMA beam coalignment

We now calculate TMA beam coalignment using the TMA dihedral angle deviations
from Tab.4.4 and Eq.(1.4). In Tab.4.8, the calculation results are compared with
the TMA beam coalignment measured with CABAM in Sec. 4.2.4.

The measurement accuracy of CABAM has been shown to be +10prad, cf. Sec.
3.2.2.4. For the results obtained from the dihedral angle deviations ~1, v, 73, we
find again two uncertainty contributions: The statistical standard deviation of vy,
Y2, v3 of 13prad, cf. Sec.4.2.4, is error-propagated and leads to an uncertainty of
40 prad. Furthermore, the estimated systematic error of 1, v2, v3 of £50prad, cf.
Sec. 4.2.4, corresponds to an uncertainty of +£142prad after error propagation. This
error estimation already shows that the derivation of TMA beam coalignment from
CMM measurements of 1, 2, 73 is by far not accurate enough.

Both coalignment results obtained from CABAM measurements and derived from
Y1, Y2, Y3 agree within the measurement uncertainty. The deduction from the di-
hedral angle deviations seems to generally overestimate the TMA beam coalignment
error. The biggest difference between the CABAM results and the deduction from
the dihedral angle deviations can be found for the Glass TMA: The horizontal beam
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Table 4.8: Beam coalignment of Glass TMA, TMA DM, and TMA QM as measured
with CABAM and as derived with Eq. (1.4) by plugging in the TMA dihedral angle
deviations 71, ¥2, v3 which have been measured by probing the TMA mirrors with
the CMM. All units are prad.

Item Measurement  Opor Over ORMS
Glass TMA CABAM —-22  —66 70
Y15 Y25 V3 —113 —73 134
TMA DM CABAM —757 —6 757
Y1, Y25 V3 —-300 2 800
TMA QM CABAM —67 —45 81
Y15 V2, V3 —111 =55 124

coalignment error dy., differs by 91 prad, while the root-mean-square beam coalign-
ment error dgyg still differs by 64 nrad. This shows that a CMM measurement of the
TMA mirrors is not suitable to characterize the TMA beam coalignment sufficiently
well within the required +10prad. Instead, a dedicated coalignment measurement,
e.g., as detailed in Chap. 3.1 and in Sec. 4.1, or with a suitable test bed using CABAM,
has to be performed.

However, the deviations between CABAM measurements and the derivation using
Y1, Y2, v3 are still significantly smaller than the estimated uncertainty of £142prad.
As already noted in Secs.4.2.5.1 and 4.2.5.2 this might suggest that the estimated
uncertainty of £50 prad (cf. Sec.4.2.4) for the CMM measurement of v, 72, 73 is too

large.

4.2.6 Conclusion

For three different TMA units, positional offsets between TMA vertex and TMA PMC
have been measured with a measurement uncertainty of £51um. The results have
confirmed that TMA vertex and PMC coincide within the requirements of +100 pm.
Furthermore, the investigations have shown that by rotating around the TMA PMC,
coupling coefficients for all rotation axes are below 20 pm/rad.

Additionally, good agreement between the measurement results and results ob-
tained from the analytical TMA model (cf. Chap.1.3) using the TMA dihedral angle
deviations was shown for TMA rotation-to-pathlength coupling and TMA vertex-to-
PMC offsets. This means that in future studies, a measurement of the TMA dihedral
angles is sufficient to characterize these TMA properties.

The TMA beam coalignment can be coarsely determined from the TMA dihedral

angle deviations as well. However, the TMA beam coalignment as calculated from
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the dihedral angle deviations was too high for all three TMAs by as much as 91 prad,
which means that this is not a suitable method to characterize TMA beam coalign-
ment. Instead, dedicated TMA beam coalignment tests have to be performed, as

demonstrated in Sec.4.1.
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4.3 OBBM test results

In this section, the test results for the OBBM (cf. Chap. 2.2) test campaign obtained
with the LRI Optical Bench test bed (cf. Chap. 3.3, Fig.3.20) are presented. The test
results have also been summarized in a project internal technical note [115] and in a
related publication [108].

4.3.1 Calibration of QPD phase offsets

Electronic phase offsets between the segments of both OBBM QPD (QPD1) and
QPD2 were calibrated in the LRI Optical Bench test bed (Fig.3.20) by amplitude-
modulating the LO beam, while the RX beam was being blocked. Phase offsets were
determined to below +1mrad and subtracted in the phasemeter processing chain.
With the anticipated DWS transfer matrix from Eq. (3.14), this corresponds to an elec-
tronically caused offset of DWS-measured geometric wavefront tilt of below 0.1 prad,
which is negligible.

Consecutively, under ambient conditions, a phase offset stability of less than
100 prad/ vHz was verified in the GRACE Follow-On measurement frequency band of
0.002...0.1 Hz by recording phase differences between the QPD segments. Time series
and linear spectral density (LSD, [56]) of the measurement are shown in Figs. 4.7 and

4.8, respectively.

4.3.2 Beamwalk on QPDs

The OBBM telescope is supposed to suppress beamwalk caused by local spacecraft
rotation and, in closed-loop beam steering, corresponding steering mirror tilts (cf.

Chap.2.2.1). This suppression of beamwalk is achieved by positioning the OBBM
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QPD (QPD1 in Fig. 3.20) in the image plane of the OBBM telescope to which both
steering mirror surface and aperture plane are imaged. According to the telescope
properties, Eq.(2.1), steering mirror tilts and tilts in the aperture plane are trans-
formed into pure tilts in this image plane.

This section describes how QPD1 was positioned in the image plane of telescope
T1 and, consecutively, how the remaining rotation-to-beamwalk coupling was mea-
sured. Rotation-to-beamwalk coupling was recorded for both steering mirror rotations
and hexapod rotations to verify the suppression of beamwalk for the steering mirror
plane and the aperture plane.

In the course of the measurements, QPD1 was translated along the beam direc-
tion. For each position along the beam, QPD1 was centered in the beam by zeroing
the DPS signals. Then both horizontal and vertical steering mirror tilts and hexa-
pod rotations (yaw and pitch) of £2mrad were performed upon which QPD1 was
re-centered in the beam. Horizontal and vertical beamwalk could be inferred from
the scale of the micrometer screws on the QPD1 translation stages.

The measurement results are shown in Fig.4.9 (crosses). Rotation-to-beamwalk
coupling in units of mm/rad is plotted against the distance of QPD1 from lens L2
of the OBBM telescope (cf. Fig.2.4). The nominal distance of the image plane from
L2 obtained from the telescope simulations in Chap. 2.2.1 is dg = 3.7mm. Linear fits
(solid lines) to the measured data are also displayed in Fig. 4.9.

We determine the zero-crossing of each fitted line and take the mean value, which
is (3.5 £ 0.2) mm. Considering the parameter tolerances of the lenses, the mounts,
and the QPD1 housing, which all couple into the distance measurement between L2
and QPD1, this value is remarkably close to the simulated ds-value.

Next, QPD1 was positioned to the determined location of minimal rotation-to-

beamwalk coupling and consecutively rotation-to-beamwalk coupling was measured
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for both steering mirror tilts and hexapod rotations, which was below 2mm/rad,
as we already could have expected from Fig.4.9. Considering realistic local space-
craft rotations during the actual satellite mission of some mrad, this corresponds to
beamwalks of below 10 pm, which fullfils the LRI requirements.

Consecutively, QPD2 in the setup in Fig.3.20 is positioned analogously at the

image plane of telescope T2. Again, beamwalk was minimized to below 2 mm/rad.

4.3.3 Transfer function of beam steering loop

For both horizontal and vertical actuation axis, the open-loop transfer function of the
beam steering loop was measured with a network analyzer as described in Chaps. 1.4.5
and 3.3.2. I-gain factors of 2°, 24, and 2 were chosen, as suggested by the simulation
results in Chap. 3.3.2. A perturbation generated by the network analyzer was added
to the actuation signal coming from the phasemeter and then passed on to the steer-
ing mirror electronics.

The measurements are shown in Fig.4.10 along with the simulation results from
Chap. 3.3.2. As one can see, both measurement and simulation results behave very
similarly. Simulated and measured curves could be matched almost perfectly by re-
ducing the overall gain in the model by 30%, which is well within the parameter
tolerances of the model.

Unity gain frequency fyg and phase margin ¢yg calculated from the measure-
ments are compared in Tab.4.9 to the simulation results from Tab.3.2. An I-gain
of 2% is chosen for stable loop operation with unity gain frequency of 81 Hz for the
horizontal and 73 Hz for the vertical actuation axis of the beam steering loop and

with phase margins of 34° and 40°, respectively.
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Figure 4.10: Amplitude (top row) and phase (bottom row) of beam steering open-
loop transfer function for both horizontal (left column) and vertical (right column)
actuation axis. Both measurements (solid lines) and simulations (dashed lines) for
three different I-gains are shown.

Table 4.9: Measurement and simulation results (“sim”) of unity gain frequency fug
and phase margin pug for three different I-gains and for both the horizontal and the
vertical axis of the beam steering loop.

Lgain _fuc [Hz] f58 [Hz] oue [ «34 [°]

Horizontal 25 125 150 10 0
24 81 103 34 21

23 49 64 54 44

Vertical 25 117 125 16 10
24 73 82 40 33

23 40 48 61 54
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Figure 4.11: DWS signals of OBBM QPD (QPD1 in Fig. 3.20) as measured during
hexapod pitch, yaw rotations. See also [108].

4.3.4 DWS signals, DWS transfer matrix, and heterodyne ef-

ficiency

Hexapod pitch and yaw rotations were performed with open beam steering loop with
the steering mirror being fixed at its nominal zero position. Both DWS signals and
heterodyne efficiency were measured during the hexapod rotations.

The DWS signals recorded with the OBBM QPD (QPD1 in Fig.3.20) are shown
in Fig.4.11. The results obtained with QPD2 are very similar and are displayed in
Fig.4.12. When we compare the measurement results with the simulation results
from Chap. 3.3.3, Fig. 3.28, we see that they are very much alike: We observe a linear
response of horizontal and vertical DWS signals to hexapod yaw and pitch rotations
up to about 200 prad, then the phase wraps.

Both the simulation and the measurement show a concentric ring structure outside
of the linear region, but for the measurement the associated phase fluctuations are
much larger and even cross zero. This is not fully understood, but could be caused by
the fact that LO beam and RX beam wavefronts are not perfectly flat, cf. Chaps.2.2.2
and 3.3.1. However, the main region of interest regarding the actual satellite mission
is within +200 prad, since for much larger tilt angles, the heterodyne signal amplitude
drops below the noise level, cf. Chap.1.4.3.

The DWS transfer matrices M1, M2 for QPD1 and QPD2 were determined
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Figure 4.12: DWS signals of QPD2 (cf. Fig. 3.20) as measured during hexapod pitch,
yaw rotations.

according to Eq. (1.14) inside the linear region for small hexapod rotations:

1 —2
M1 = [ 16:000 00 ) 1 vad/rad,
—300 —18,000

) (16,400 ~100

= - 1rad/rad.
100 —16,000

The off-diagonal matrix elements of M1, M2 are by a factor of 100 smaller than
the diagonal elements, which proves that hexapod coordinates (see Fig.3.20) and
DWS/QPD axes are well aligned within less than +2°. The diagonal elements are
slightly larger than the simulation predicts in Eq. (3.14). The entry M1sy exhibits
the largest deviation, being 1.15 times larger than the simulated value. Yet this is
still within the expected parameter tolerances.

The heterodyne efficiency between LO beam and RX beam as measured during
hexapod pitch and yaw rotations for each segment of the OBBM QPD is shown in
Fig.4.13. Taking the maximum heterodyne efficiency of each segment and then aver-
aging yields (58 + 6) %, which agrees very well with the simulation result of 60 % (cf.
Eq. (3.15)).

While in the simulation result in Fig. 3.29 the maximum heterodyne efficiency is
achieved for perfectly aligned LO beam and RX beam, the maximum is offset by as
much as £45yurad in the measurements in Fig.4.13. This effect can be explained by
including curved instead of flat wavefronts in the simulations with a wavefront curva-
ture difference between LO beam and RX beam of 0.01 /m, which is well within the

130



4.3 OBBM TEST RESULTS

I I
Segment B1~

60

o
s}

L)

N
S
o

L)
:
w
o

Heterodyne efficiency [%]

[\~
o

10

1 1
250 500

O [

I

I

I

1 1 1 1 |

—500 —250 250 500 =500 —250 0
Yaw [prad] Yaw [prad]

Figure 4.13: Heterodyne efficiency as measured on the four segments of the OBBM
QPD (QPD1 in Fig. 3.20) during hexapod pitch and yaw rotations. See also [108].

alignment tolerances of LO beam generator and RX beam generator, cf. Chaps.2.2.2
and 3.3.1.

4.3.5 Coalignment of LO beam and RX beam

The coalignment of LO beam/TX beam and RX beam was measured with the setup in
Fig. 3.20 during closed-loop beam steering, while the hexapod was simulating satellite-
like attitude jitter. Since the satellite pointing stability for GRACE Follow-On is
expected to be improved compared to GRACE, a satellite pointing time series from
GRACE was used as a “worst case” estimate to command the hexapod. Satellite line-
of-sight pointing angles roll, pitch, yaw were derived from GRACE Level-1B RLO02
data (raw data available at [55,57]) for a 12h time series of January 1, 2008 [116] and
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Figure 4.14: Top: The
hexapod is commanded
to move according to
a GRACE satellite at-
titude jitter dataset,
while the beam steering
loop is closed. Bottom:
Coalignment  of LO

w

I

o

— Roll — Pitch — Yaw

Hexapod rotations [mrad]
o

beam/TX beam and RX -6
beam as measured with —_ DWS?hor' TX hor ' !
DWS signals of QPD2 8 — DWS2yer — TXyer -

(DWS2), converted into
geometric wavefront tilt
with DWS transfer ma-
trix M2 from Eq.(4.1).
Orientation changes of
the TX beam, T Xyor ver,
as recorded with QPD3,
QPD4 are also displayed.
See also [108].

Tilt angle [prad]

interpolated from 0.2 Hz to 1 Hz.!

The rotations as commanded to the hexapod during the measurement are shown
in Fig.4.14 (top). The nominal rotation pivot was set to be at the center of the
OBBM aperture to avoid shifting the aperture transversally with respect to the RX
beam.

The time series of horizontal and vertical beam coalignment between LO beam/TX
beam and RX beam as obtained from the DWS signals of QPD2, DWS2y,, and
DWS2,., respectively, are displayed in Fig. 4.14 (bottom), the linear spectral density
(LSD, [56]) in Fig.4.15. The DWS phases have been converted to relative geometric
wavefront tilts between LO beam and RX beam with the DWS transfer matrix M2
from Eq. (4.1).

From the measurements, we find an LO beam/TX beam and RX beam coalign-
ment of better than +10 prad with a stability of below 10 prad/v/Hz in the GRACE
Follow-On frequency band of 0.002 Hz...0.1 Hz. This requirement, which is shown as
a grey bar in Fig. 4.15, is only marginally crossed by the horizontal beam coalignment
DWS2y,; between 0.002...0.0024 Hz by less than 5prad/\/I£.

IRoll, pitch, yaw time series was kindly prepared by Tamara Bandikova (IfE, Universitit Han-
nover).
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However, with a fixed RX beam, a “real” beam coalignment jitter should also
manifest as TX beam orientation changes, which are displayed in Fig.4.15 as well.
As we can see, for frequencies between 0.002...0.0024 Hz, the TX beam jitter is be-
low 10 prad/ VHz for both TXpor and TXyer. Thus we can conclude that the beam
coalignment stability requirement is fulfilled down to 0.002 Hz.

Figure 4.14 (bottom) shows the time series of TX beam orientation changes TXy,o,,
TXyer- TX beam orientation changes are smaller than +10pnrad while the hexapod
rotates by many mrad. This is a beam jitter suppression of almost three orders of
magnitude.

Additionally, Fig.4.15 also shows the linear spectral density (LSD, [56]) of the in-
loop DWS measurements of QPD1, DWS1y,,, and DWS2,,,. Again, the DWS phases
have been converted using the DWS transfer matrix M1 from Eq. (4.1), leading to
relative geometric wavefront tilts between LO beam and RX beam of below 0.01 prad.
However, this is not a physical coalignment error, since this only demonstrates the
in-loop suppression of DWSI signals.

4.3.6 Rotation-to-pathlength coupling

Rotation-to-pathlength coupling of the OBBM has been investigated with the test bed
in Fig. 3.20. While performing hexapod rotations, pathlength changes were recorded
as difference between phase changes on QPD1 (coherent sum of all four segments)
and phase changes on PD-REF. As before, nominal rotation pivot was the center of
the OBBM aperture.

The hexapod has performed yaw rotations of £2.5 mrad with closed beam steering
loop without and with compensation plate to verify the suppression of the large linear
rotation-to-pathlength-coupling term caused by the beam splitter, cf. Chap.3.3.5.
The mounting strategy of the OBBM optics (cf. Chap.2.2.1) allowed for easy removal
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and reinstallation of the compensation plate.

Without compensation plate, the yaw rotation-to-pathlength coupling was found
to be 1.6mm/rad, which agrees well with the expected value of 1.7mm/rad from
Chap. 3.3.5. With the compensation plate inserted, this linear term was suppressed
to below the measurement noise level of £20um/rad. For roll and pitch rotations,
with the compensation plate inserted, it was confirmed as well that linear rotation-

to-pathlength coupling factors are below the noise level.

4.3.7 Conclusion

The LRI beam steering method implemented in the OBBM unit has successfully been
tested under realistic local spacecraft attitude jitter of many mrad performed by a
hexapod. The tests have verified that the LRI beam steering method is capable of
maintaining an intersatellite laser interferometer link with beam pointing error of
less than +10prad. Furthermore, a beam pointing stability of 10 prad/v/Hz in the
GRACE Follow-On measurement frequency band of 0.002...0.1 Hz was observed.
The OBBM rotation-to-pathlength coupling was investigated. The test results
confirm that the linear term caused by the beam splitter is suppressed to below
20pm/rad by the use of the compensation plate. Furthermore, DWS signals, het-
erodyne efficiency, and open-loop transfer function of the beam steering loop were

characterized and shown to be in good agreement with simulation results.
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Chapter 5

Conclusion and outlook

5.1 Conclusion

In this thesis, test environments have been developed to verify the design functionality
of the intersatellite Laser Ranging Interferometer (LRI) for the GRACE Follow-On
geodesy mission. Two LRI key components have been investigated: the Triple Mirror
Assembly (TMA) and the LRI Optical Bench.

The TMA retroreflects the local oscillator (LO) laser beam to send it back to the
distant spacecraft. The TMA’s key properties are the coalignment of incoming and
outgoing beam and a small rotation-to-pathlength coupling under local spacecraft
attitude jitter, when the TMA vertex is properly placed at the spacecraft’s center of
rotation.

The LRI Optical Bench delivers the LO beam, measures both accumulated phase
and tilt angle between LO wavefronts and received (RX) wavefronts, and actively
coaligns the LO wavefronts with the RX wavefronts using the LRI beam steering
method. Via retroreflection by the TMA, this ensures that the LO beam reaches the
distant spacecraft even under local spacecraft attitude jitter.

Three test environments have been presented to investigate three of the LRI key
properties: the TMA beam coalignment, the TMA rotation-to-pathlength coupling,
and the LRI beam steering method. Furthermore, these key properties have been in-
vestigated by analysis, simulation, and in test campaigns conducted in the presented

test environments.

The TMA beam coalignment was tested in the TMA beam coalignment test bed
using a large aperture homodyne interferometer and a flat reference bar to extend
the aperture of the interferometer to the required size of the TMA. The evaluation
procedure was tested with simulated mock-up data and an accuracy of +1nrad was

confirmed for the recovery of the TMA beam coalignment angle. Consecutively, a test
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campaign was performed for a prototype TMA. In a gravity-compensating installa-

tion, a TMA beam coalignment angle of 9 prad was verified.

The TMA’s behavior under rotation was investigated in the TMA rotation-to-
pathlength coupling test bed. Test campaigns were performed for a TMA prototype,
the TMA Design Model, and the TMA Qualification Model. The TMA point of
minimal coupling (PMC) was determined by measuring range displacements under
rotations of a hexapod, a six-degree-of-freedom rotation and translation platform.

When rotating around the TMA PMC, the test campaigns have confirmed a TMA
rotation-to-pathlength coupling of less than 20 pm/rad in all three rotation axes roll,
pitch, and yaw. Furthermore, the PMC position was compared with the TMA vertex
position by measuring the TMA mirror planes with a coordinate measuring machine
(CMM). The results show that the TMA vertex and the TMA PMC coincide within
the measurement uncertainty of £51 pm. This is compatible with the current baseline
in which the TMA vertex position information is used during integration of the TMA
into the spacecraft.

Additionally, the test results have been compared with predictions of an analyti-
cal TMA model which rely on TMA dihedral angle measurements with a CMM. The
results for the TMA rotation-to-pathlength coupling and the TMA PMC-to-vertex
offset agree well within the measurement uncertainty. Therefore, these TMA proper-

ties can be adequately predicted by measuring the TMA dihedral angles with a CMM.

The LRI beam steering method was studied in the LRI Optical Bench test bed.
This test environment delivers a simulated “far-field” RX beam to the optical bench
unit under test which is placed on a hexapod platform to perform “local spacecraft”
attitude jitter.

In this thesis, a representative optical bench breadboard model (OBBM) has been
developed and constructed. Test results obtained with this optical bench unit verify
that the LRI beam steering method coaligns the LO beam to the RX beam with a
beam pointing error of less than +10prad under realistic local spacecraft attitude
jitter of many mrad. In the GRACE Follow-On measurement frequency band of
0.002...0.1 Hz, a beam pointing stability of better than 10 prad/\/ﬁ has been demon-
strated.

Additionally, the tests have shown that the use of a compensation plate reduces
optical bench rotation-to-pathlength coupling to below 20num/rad, as predicted by
simulation results. Furthermore, differential wavefront sensing signals, heterodyne
efficiency, and open-loop transfer function of the beam steering loop have been inves-

tigated. The measurement results and the simulation results were in good agreement.
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The test environments and test campaigns that have been presented in this thesis
have confirmed the design functionality of the TMA and the LRI Optical Bench.
Furthermore, the elaborated concepts and procedures have laid a solid foundation
for testing LRI flight units, which are currently under production. Moreover, they
provide the opportunity to investigate concepts and instruments for future satellite

geodesy missions using intersatellite laser interferometry.
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5.2 Outlook

The scope of this thesis was the development of test environments with which the
TMA and the LRI Optical Bench have been investigated. The test environments are
highly specialized since they focus on key properties of the GRACE Follow-On LRI.
Furthermore, they have been adopted to host the specific LRI units that have been
investigated in this thesis. However, the underlying test procedures that have been
elaborated can readily be applied to modified test environments. This has successfully
been demonstrated in a test campaign performed with the engineering model of the
LRI Optical Bench [87].

The adaptation of the test environments and procedures presented in this thesis
can be exploited in three directions: testing of LRI flight hardware, establishing an
LRI ground reference setup, and testing for future satellite geodesy missions that use

intersatellite laser interferometry. This is briefly discussed in the following subsections.

5.2.1 Testing of LRI flight hardware

Testing of flight hardware is a delicate task which has to be performed by trained per-
sonnel. However, the Albert Einstein Institute (AEI) will support LRI flight hardware
testing at its best effort. Current plans foresee an implementation of the LRI Optical
Bench test bed (cf. Fig.3.20) on mobile breadboard units. By this, the setup as a
whole could be transferred to dedicated test facilities to serve as additional supportive

test platform.

5.2.2 The LRI ground reference setup

For LRI tests on spacecraft level, a special tool is being developed, which is called
fiber-based optical ground support equipment (Fiber-OGSE, [117]). The Fiber-OGSE
uses fiber-coupled acousto-optic modulators (AOMs) to simulate Doppler shifts of the
intersatellite laser link due to relative spacecraft motion (cf. Chap.1.4.3). Addition-
ally, power loss due to diffraction and mispointing of the distant spacecraft can be
simulated. The Fiber-OGSE is fully fiber-based to facilitate mounting to the space-
craft.

A modified version of the Fiber-OGSE could be combined with the LRI Optical
Bench test bed presented in this thesis (cf. Fig.3.20) to establish an LRI ground
reference setup. The envisioned configuration is shown in Fig. 5.1.

The LRI ground reference setup can be populated with LRI engineering models
of phasemeter (PM), optical bench (OB), laser (including frequency stabilization),
and TMA. Units that are currently not available could be replaced with AEI hard-
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Figure 5.1: The LRI ground reference setup features the full LRI intersatellite laser
link. Doppler shifts and power loss are simulated with a modified Fiber-OGSE, space-
craft rotations with two hexapod platforms. All LRI units can be integrated: the
phasemeter (PM), the laser including the laser frequency stabilization, the optical
bench (OB), and the TMA.

ware, such as AEI phasemeters and the AEI-built optical bench breadboard model
(OBBM), and with commercial lasers and retroreflectors. However, the goal is to in-
stall components as close as possible to the actual flight units, so that a representative
behavior can be expected.

The LRI ground reference setup is capable of simulating the full LRI link: Doppler
shifts and power loss are simulated with the modified Fiber-OGSE, while spacecraft
rotations are simulated with two hexapod platforms. This enables the LRI ground
reference setup to simulate LRI operation on ground during the GRACE Follow-On
satellite mission. This allows for on-ground instrument analysis if something un-
foreseen occurs. Furthermore, mission scenarios such as the initial calibration scan
or reacquisition procedures [51,52,67,72] can be tested before being applied to the
satellites.

5.2.3 Future satellite geodesy missions with laser interferom-

eters

Although the test environments presented in this thesis have been developed for the
specific needs of the LRI, some of the addressed issues are common to a certain

group of interferometry space missions. Especially future geodesy missions based on

139



CONCLUSION AND OUTLOOK

intersatellite laser ranging will have to face similar challenges regarding spacecraft
attitude jitter, resulting rotation-to-pathlength coupling, and the necessity of active
beam steering.

So far, investigations have shown that the LRI architecture is uniquely simple
for a system that is required to provide closed-loop beam steering. Thus the LRI
architecture is considered a promising candidate for future geodesy missions using
intersatellite laser interferometry. Since this architecture requires a TMA, it is very
likely that LRI-like components of future geodesy missions can be investigated in

modified versions of the test environments that have been presented in this thesis.
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Appendix

A Six-degree-of-freedom interferometer platform

A six-degree-of-freedom interferometer platform has been designed with which the
motion of a test object can be monitored in 3 translational and 3 rotational degrees
of freedom. Since the interferometer is implemented on two perpendicular baseplates
which form an “L”-shape, it was named “L-shaped interferometer”, in short LINT.

Originally, LINT was intended to monitor erroneous hexapod motion in the TMA
rotation-to-pathlength coupling test bed (cf. Chap. 3.2). However, the universality of
the concept allows to apply LINT to any application that requires precision measure-
ment of a moving object in six degrees of freedom.

LINT has been developed and simulated with the AEI in-house interferometry
software IfoCAD [118-120].1 The LINT architecture is quite complex due to the re-
quired readout of six degrees of freedom. The optical layout as produced with IfoCAD
is shown in Fig. A.1 (top).

The basic LINT concept is measuring distance changes between the L-platform
and six reference points on the test object with heterodyne interferometry. The ref-
erence points are constituted by vertices of six ball-mounted retroreflectors (BMR).
The BMRs are mounted on a rigid structure which can be measured with a CMM to
obtain the relative BMR positions prior to installation on the test object.

LINT supplies six outgoing laser beams (red) with well-defined beam axes, cf.
Fig. A.1 (top). The return beams (green) that have been retroreflected by the BMRs
are interfered with reference beams (blue) on photodiodes fixed to the LINT platform.
Additionally, LINT features readout of beamwalk using differential power sensing
(DPS, cf. Sec.1.4.4) and a reference interferometer to subtract fiber-induced noise.

The implementation of LINT to measure the motion of a carbon fiber breadboard
(CFB) installed on a hexapod platform has also been simulated with IfoCAD, see
Fig. A.1 (bottom). The six BMRs are installed on the carbon fiber breadboard. First

simulation results promise a measurement precision of below 10 nm.

'TfoCAD simulations of LINT performed by Vitali Miiller (AET).
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Figure A.1: The optical layout of LINT
as produced with IfoCAD. Top: LINT
sends out six laser beams (red) to six
ball-mounted retroreflectors (BMR),
which serve as reference points. The re-
turn beams (green) are interfered with
the reference beams (blue) on the pho-
todiodes for the heterodyne interfer-
ometric range displacement measure-
ments. Bottom: CFB on hexapod hosts
six BMRs so that its motions can be
tracked with LINT in six degrees of CFB on hes
freedom. Image credit: Vitali Miiller
(AEI).

The mechanical design of LINT was elaborated with the CAD program Autodesk®
Inventor®. The rigid structure hosting the BMR reference points has not been de-
signed yet.

The current CAD model of LINT is shown in Fig. A.2. The assembly strategy
is based on template-assisted glueing [121,122]. Since LINT is intended to monitor
relative motion over rather small time periods of some minutes, no high-stability as-
sembly is required, so that no advanced bonding techniques [123] need to be applied.

The two parts of the “L” can be assembled separately and then combined to form
the whole LINT platform. As LINT was originally designed to measure erroneous
motions of the hexapod platform in the TMA rotation-to-pathlength coupling test
bed (cf. Chap.3.2), the configuration of LINT and hexapod hosting carbon fiber
breadboard and TMA is shown in Fig. A.3. The rigid structure hosting the BMR
reference points would have to be installed on the carbon fiber breadboard as well.

All LINT baseplate parts have been manufactured from aluminum at the AEI
mechanical workshop. The templates have been fabricated from brass (see Fig. A.4),
as this allows for higher drill hole accuracy to place the 1 mm diameter steel balls.
The steel balls serve as mechanical stops for the optical components during glueing.

The “horizontal” LINT baseplate has successfully been assembled using tem-
plate 1, see Fig. A.4. However, when placing the recombination beam splitters, the
interferometric beatnote could not be sufficiently maximized without vertical adjust-

ment of the beam splitters. The reason for this is partly the aluminum baseplate,
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Template 2

Figure A.2: CAD model of LINT interferometer. Left: Templates for placement of
optical components are installed. Right: LINT after glueing optical components.
CAD file of translation stages provided by Newport Corp..

Figure A.3:
Configuration of LINT
and hexapod hosting )
carbon  fiber  bread- 3
board with TMA. LINT
can monitor erroneous
hexapod motions by
measuring distance
changes to six BMR Carbon fiber bre
reference  points (not
shown) that would have v
to be installed on the e d
carbon fiber breadboard.
CAD file of translation
stages provided by New-
port Corp., CAD file of
hexapod by PI GmbH &
Co. KG.

adboard

Hexapod

145



APPENDIX

Figure A.4: Left: LINT template2. Right: LINT template 1. The components (ex-
cept recombination beam splitters) are being glued.

which does not offer the same planarity as Zerodur® baseplates which are commonly
used for template-bonding of high-precision interferometers. The other reason is that
the residual wedge of the components accumulates during the beam path in the as-
sembly.

A solution for the vertical alignment of the recombination beam splitters has been
developed, which allows for accurate placement of a beam splitter in four degrees of
freedom: The component is held by a gallows construction which is fixed to a hexapod
platform, see Fig. A.5. The interferometric beatnote can conveniently be maximized
by horizontal and vertical hexapod tilts, which offers a range of many mrad and a
step size of a few prad. By using a viscous glue, the gap between component and
baseplate that results from the vertical tilt can be filled.

A first test run with the “hexapod gallows” has been performed which was promis-
ing, although beatnote reduction due to alignment distortions could be observed dur-
ing glue hardening. However, with the right choice of glue, the desired alignment of
the vertical tilt of the recombination beam splitters can be achieved and maintained

during glue hardening.
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Hexapod

Figure A.5: Left: Hexapod gallows to place beam splitter in 4 degrees of freedom.
CAD file of hexapod provided by PI GmbH & Co. KG. Right: Placement and glueing
of beam splitter, while the beatnote is being observed on a photodiode (not shown)
and the beam position on a QPD.
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