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Abstract
The Laser Interferometer Space Antenna (LISA) is a future gravitational wave
detector in space to measure low-frequency gravitational waves. One of the
largest entries in the LISA noise budget is tilt-to-length coupling and it had
not previously been investigated experimentally in a representative setup.
To measure tilt-to-length coupling, a setup is needed that simulates interspacecraft interferometry. A testbed was built with two Zerodur baseplates.
One represents the optical bench for a LISA spacecraft and the other one, the
telescope simulator, generates a beam simulating the beam received from a
remote spacecraft and provides a reference interferometer.
Within this thesis, most of the telescope simulator was built using hydroxide catalysis bonding, a technique that is proven to be ultra-stable in
spaceborne interferometers. The laser preparation and test equipment was installed and the combined setup of optical bench and telescope simulator was
commissioned.
√
A frequency
stability of 300 Hz/ Hz and a temperature stability of better
√
than 10−4 K/ Hz was demonstrated for the testbed, which
is required for
√
future high precision measurements in vacuum with pm/ Hz accuracy.
In LISA, imaging systems in the interferometers are planned to reduce tiltto-length coupling. Two diﬀerent designs of imaging systems were investigated
in the testbed, one using two lenses and one using four lenses. Using a ﬂat-top
beam, similar to what will be received from a distant spacecraft, both imaging
systems suppressed tilt-to-length coupling below ±25 µm/rad for a tilt range
of ±300 µrad, meeting the design requirements.
The performance was also investigated with two Gaussian beams, representative of the local interferometer for the test mass readout. The two-lens
imaging system showed a dependency on the beam parameters. With modiﬁed
beam parameters the requirement was met.
Additionally, the performance of both imaging systems was tested as a
function of the misalignment of individual components. The measurements
agree well with optical simulations which allows the speciﬁcations of imaging
systems to be determined by simulations.
Keywords: LISA, gravitational wave detector in space, tilt-to-length coupling, imaging systems
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Kurzzusammenfassung
LISA (Laser Interferometer Space Antenna) ist ein zukünftiger Gravitationswellendetektor im Weltraum um Gravitationswellen bei niedrigen Frequenzen
zu messen. Eine der größten Beiträge im Rauschbudget für LISA ist die Kopplung von Strahlverkippung in das Weglängensignal und das wurde bisher
noch nicht in einem repräsentativen Aufbau untersucht.
Um diese Kopplung zu messen wird ein Aufbau benötigt, der interferometrische Messungen zwischen Satelliten simuliert. Dafür wurde ein Testaufbau mit zwei Grundplatten aus Zerodur gebaut. Eine repräsentiert die
optische Bank eines LISA Satelliten und die andere, der Teleskopsimulator,
simuliert den Strahl eines entfernten Satelliten und stellt ein Referenzinterferometer bereit.
Im Rahmen dieser Arbeit wurde der Großteil des Teleskopsimulators mittels ‘hydroxide catalysis bonding’ gebaut, einer Technik, die sich zum Bau
von utrastabilen Interferometern zur Weltraumanwendung bewährt hat. Die
Laservorbereitung und die Testinfrastruktur wurden aufgebaut und optische
Bank und Teleskopsimulator wurden in Betrieb
genommen.
√
Eine Frequenzstabilität
√ von 300 Hz/ Hz und eine Temperaturstabilität
von weniger als 10−4 K/ Hz wurden demonstriert,
wie sie für zukünftige
√
Präzisionsmessungen im Bereich von pm/ Hz im Vakuum benötigt wird.
Für LISA sind Abbildungssysteme in den Interferometern geplant um die
Kopplung von Strahverkippung in das Weglängensignal zu reduzieren. Zwei
verschiedene Designs von Abbildungssystemen wurden mit dem Aufbau untersucht, eins mit zwei Linsen und eins mit vier Linsen. Bei Verwendung
eines ‘ﬂat-top’-Strahls, der den Strahl eines entfernten Satelliten simuliert,
reduzierten beide Abbildungssysteme die Kopplung unter ±25 µm/rad im
Winkelbereich von ±300 µrad.
Das Verhalten wurde auch mit zwei Gaussstrahlen untersucht, repäsentativ für das lokale Interferometer zur Testmassenauslesung. Das Zwei-LinsenAbbildungssystem zeigte eine Abhängigkeit von den Strahlparametern. Mit
modiﬁzierten Parametern konnte die Anforderung erfüllt werden.
Zusätzlich wurde das Verhalten beider Abbildungssysteme abhängig von
der Verschiebung einzelner Komponenten untersucht. Die Messungen stimmen gut mit optischen Simulationen überein, so dass die Simulationen zur
Speziﬁkation von Abbildungssystemen verwendet werden können.
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PBS polarization beam splitter.
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RX clip aperture in the interface of OB and TS.
SCI science interferometer.
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sciQPD2 science interferometer QPD 2 (see ﬁg. 3.2).

ACRONYMS
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SEPD single element photo diode.
temporary pinhole SEPD temporary single element photo diode in the
RX aperture with a 150 µm pinhole aperture.
TS telescope simulator.
TTL tilt-to-length coupling.
TX transmitted beam; beam from the local laser on the OB launched to the
telescope and transmitted to the distant spacecraft.
UGL University of Glasgow.
WinCAM beam proﬁler camera from DataRay Inc., WinCamD series.
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CHAPTER

Introduction
On September 14th 2015, a gravitational wave was detected for the ﬁrst
time [1]. This ﬁrst detection opened a new window to our universe and started
the era of gravitational wave astronomy.
Gravitational waves are ripples in the fabric of space-time, caused by accelerated masses in the universe. They were predicted by Albert Einstein’s
general theory of relativity [2], but Einstein – at this time – could not imagine
an instrument sensitive enough to ever detect this phenomenon. Because of
the great stiﬀness of space-time, even incredibly massive objects as black holes
cause only very tiny variations in the space-time. The instruments capable
of measuring such small variations in distance are large laser interferometers.
GW150914 was detected in the two LIGO (Laser Interferometer Gravitational
Wave Observatory) instruments in Hanford and Livingston in the US. Besides
LIGO, a network of ground-based detectors is currently under construction to
measure more gravitational waves.
LISA and LISA Pathfinder The ground-based detectors are sensitive in
the range from Hz to kHz, but below about 1 Hz gravitational wave signals are
not accessible on Earth, because of the seismic ground motion. To extend the
observed frequency regime to lower frequencies, a laser interferometer in space
is planned. The European Space Agency (ESA) is planning to launch a spaceborne gravitational wave observatory within their Cosmic Vision program in
the 2030s. ‘The Gravitational Universe’ [3] was selected as the science theme
and the call for missions was released in October 2016. The only existing
mature mission concept is LISA, the Laser Interferometer Space Antenna,
and it is expected to be chosen as the mission concept [4].
Key technologies for LISA were already successfully tested on the LISA
Pathﬁnder mission [5], that was launched in December 2015 and is still operating. In Pathﬁnder, the drag-free test mass control and the local interferometry
21
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was tested inside one spacecraft with two test masses separated by 38 cm. The
requirements and expectations for the performance were exceeded in early operations. Further experiments and studies are underway to provide complete
understanding of the measurement noise models.
LISA is a laser interferometer with
Earth
1 million km
millions of kilometers armlength to
be sensitive to gravitational waves in
10 – 30°
60°
the millihertz regime. It is a triangular constellation with three satellites
1 AU (150 million km)
Sun
trailing the Earth on its orbit around
the Sun (see ﬁg. 1.1). The satellites
host free-falling test masses and the
Figure 1.1: The orbit around the Sun for
distances between these test masses the eLISA mission design with two arms.
are tracked by interferometric mea- Credit: The Gravitational Universe [3]
surements between spacecraft. Information about the astrophysical sources and the science case for LISA can
be found for example in a study for eLISA [6], the White Paper [3] and a
recent study on multi-band gravitational-wave astronomy [7].
Optical bench development In 2009, ESA started a technology development project to build and characterize a functional prototype, an elegant
breadboard (EBB), of a LISA optical bench. The project team included Astrium, the University of Glasgow, TNO and the AEI Hannover. The testing
was planned in Hannover and required extensive preparation.
Two important
√
conditions to reach the required accuracy of pm/ Hz in the interferometric
readout are a temperature-stable environment and a good frequency stability of the
√ laser source. The required temperature stability is better than
−4
10 K/ Hz.
Laser frequency noise couples into the interferometer readout when the
armlengths are not matched. On the EBB, armlengths
diﬀerences in the
√
order of 1 m, required a frequency stability of 300 /Hz Hz for the laser. The
ﬁrst goal of this thesis was to prepare and commission the test equipment to
provide this required environment.
During the course of this thesis NASA had to withdraw their contribution
to LISA and ESA asked for a reformulation of the mission concept as an
European only mission. This meant that the layout of the optical bench
would change signiﬁcantly and it was decided to rescope the running EBB
project.
The components intended for the elegant breadboard were used to build
the setup presented in this thesis: A minimal optical bench and a telescope
simulator to test imaging systems for tilt-to-length coupling suppression. Tiltto-length coupling is a signiﬁcant noise source in LISA, that was not investigated experimentally before in a representative way. For the NGO design,
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(a) LISA Pathﬁnder spacecraft

(b) Payload of LISA Pathﬁnder.

Figure 1.2: The LISA Pathﬁnder spacecraft is on an orbit around the Lagrange
point L1, 1.5 million kilometers away from earth. On board are two free falling test
masses with an optical bench in between to read out their distance. Image credit:
ESA

tilt-to-length coupling was identiﬁed as the second largest noise source after
shot noise, which illustrates the importance of a good understanding of the
coupling and the performance of imaging systems.
The setup was built in a joint eﬀort by most of the previous team: the
University of Glasgow, Airbus DS and the AEI in Hannover. Within this thesis, the majority of the telescope simulator was built. The construction of the
minimal optical bench and some critical alignment steps were conducted by
the University of Glasgow. The goal was to build a setup suitable to measure
tilt-to-length coupling and versatile to enable√future investigations of diﬀerent components and measurements with pm/ Hz accuracy. The setup uses
Zerodur R interferometer baseplates for a low thermal expansion coeﬃcient
and all optical components are assembled using hydroxide catalysis bonding,
a technique established to build high precision interferometers for space applications.
The commissioning of the setup
included the laser preparation and
electronics, the alignment of the telescope simulator with a few µm precision, which is mounted on the optical bench by gravity, and the calibration of the measured beam angles.
Within this thesis two diﬀerent
designs of imaging systems are investigated that suppress tilt-to-length
coupling. The performance is tested against the LISA requirement in the range
of ±300 µrad, using a beam with a ﬂat phase and intensity proﬁle, representative for a beam received from a distant spacecraft. A systematic alignment
sensitivity analysis, performed by misaligning individual components, invesFigure 1.3: One of the three LISA spacecraft. Image credit: Milde Marketing
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tigates how misalignments couple into the performance and validate results
from optical simulations.
Outline of the thesis This thesis is divided into three parts: The design
and construction of an interferometric testbed for LISA with the focus on
the construction of the telescope simulator, the experimental investigation
of tilt-to-length coupling in LISA with two diﬀerent imaging systems, and
preparations necessary for high precision measurements in vacuum with the
existing setup. The main body of the work is described in parts one and two.
After this introduction, in chapter 2, the interferometric scheme of LISA is
introduced. Interferometer signals important for this thesis are described and
the mechanisms of how tilt couples into the length measurement are discussed
as a basis for the imaging system investigations.
In chapter 3 the concept and overall design of the testbed is described
and in chapter 4 the construction of the telescope simulator is reported in
more detail. To operate the setup, a laser preparation, test equipment and a
readout scheme are needed, that are presented in chapter 5.
In chapter 6 the alignment, calibration and commissioning of the combined
optical bench and telescope simulator setup is reported. After showing the
successful commissioning, the nominal performance and alignment sensitivity
analysis for the two diﬀerent imaging system designs, using a ﬂat-top beam,
are shown in chapter 7 and 8. The performance with two Gaussian beams and
the inﬂuence of beam parameters is investigated in chapter 9.
The results of the imaging system tests are summarized in chapter 10.
The two diﬀerent designs are compared and the implications of the results are
discussed.
In chapter 11 an outlook is given into future investigations with this setup,
testing the stability of the all-Zerodur design in vacuum.

Part I

Design and Construction of
an interferometric testbed for
LISA
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LISA interferometry
In this chapter an overview of the interferometric concept of a LISA-like mission is given to motivate the design of the setup for the experimental investigations in this thesis. The detailed design of the mission which should ﬂy for
the L3 science theme ‘The Gravitational Universe’ is not yet ﬁxed, but it will
be a laser interferometer with millions of kilometers armlength [4]. A brief
overview of the mission history is given at the beginning of the ﬁrst section.
After the general mission design, typical interferometer and alignment signals are introduced which are important for this thesis. The concept of heterodyne interferometry is introduced and the diﬀerential power sensing (DPS)
and diﬀerential wavefront sensing (DWS) signals are described as well as the
phase deﬁnitions for a quadrant photodiode. Diﬀerent phase deﬁnitions are
possible and within this thesis the average phase signal was used. The readout noise as a function of laser power and photo receiver electronic noise is
calculated.
In the third part of this chapter the tilt-to-length coupling is discussed. It
is one of the largest noise sources for a gravitational wave detector in space
and the optical bench development project was dedicated to investigate this
eﬀect experimentally. At the end of the chapter, the mechanisms of tilt-tolength coupling are introduced and the concept of interferometric imaging to
suppress this coupling.

2.1

Introduction of the LISA interferometric
concept

In a LISA-like, space-borne gravitational wave observatory, the distance changes
between free falling test masses are measured to detect gravitational waves.
The triangular constellation will have two or three arms with test masses at
27
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spacecraft 2

spacecraft 1

back-link

back-link
GRS
with TM

GRS
with TM
OB

OB to TM

telescope

telescope

OB to OB

OB

OB to TM

Figure 2.1: Schematic of one laser link between spacecraft. The distance measurement between the two test masses (TM) is divided into three parts: One TM to the
local OB, distance between the two OBs in distant spacecraft and OB to TM in the
other spacecraft. The back-link is providing a phase reference between the diﬀerent
arms.

each end and laser-links in between. The mission architecture is constantly
evolving since the ﬁrst proposal for a gravitational wave observatory in space
in 1985 [4]. LISA stands for a class of missions and here a brief overview
of the recent mission history is given to clarify the nomenclature of diﬀerent
mission designs and to put the LISA optical bench development project into
the context.
In the last decade, ﬁrst a joint mission of the European Space Agency
(ESA) and the National Aeronautics and Space Administration (NASA) was
planned, until 2011 [8]. This design had three arms with 5 million kilometers
length and is often referred to as the ‘original LISA’ design. In 2011, the
mission was reformulated in a study by ESA as an only European mission
under the name of New Gravitational Observatory (NGO) [9], later called
evolved LISA (eLISA). This design has only two arms and a shorter armlength.
With the selection of ‘The Gravitational Universe’ as the science theme for
a large mission to be launched in 2034, the mission design will be evolving
again. The call for missions was released recently (in October 2016). The
mission proposal for this call is expected to have three arms with probably
approximately 2.5 million kilometer armlength and will be called ‘LISA’ again.
All mission designs follow the same principle, which is introduced in the
following. The laser links in between the test masses are divided in several
individual interferometric measurements, which are combined to a Michelsonlike interferometer in post processing. One laser link between two test masses
in distant spacecraft is divided in three parts: the distance between each test
mass and the local optical bench and the distance between the two optical
benches in the distant spacecraft (see ﬁg. 2.1). The interferometer measuring
the distance between spacecraft is called science interferometer, the interfer-
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Figure 2.2: The design of the telescope,
optical bench and test mass structure for
NGO. This design is from the NGO Yellow Book ([9]). The assembly of one telescope with the optical bench behind it and
the gravitational reference sensor (GRS) –
containing the test mass – is called movable optical sub-assembly (MOSA). Two
MOSAs in one spacecraft can be moved independent of each other to point the telescopes in the correct direction.

ometer measuring the distance from the optical bench to the test mass is called
test mass interferometer. Between two arms of the constellation, a phase reference is needed. To get the gravitational wave signal from these multiple
measurements the time delay interferometry (TDI) algorithm is used ([10],
[11], [12], [13]). This algorithm can also be used to cancel out laser frequency
noise, which has to be suppressed in LISA because of the unequal arms in the
interferometer.
In ﬁg. 2.2 the movable optical sub-assembly (MOSA) for the NGO mission
design is shown [9]. It will be similar for LISA. The optical bench is placed
vertically between the telescope and the test mass inside the gravitational
reference sensor (GRS). In this design there is one optical bench and one GRS
for each telescope. The two MOSAs can be rotated individually to compensate
for breathing of the constellation. For this approach, a ﬂexible back-link
solution is needed because the optical benches are moving with the telescopes.
An optical ﬁber was proposed for this purpose and tested experimentally ([14],
[15], [16]). The optical path through the ﬁber only has to be reciprocal – and
not absolutely stable – to the picometer level, because it is used in both
directions. The requirement for the absolute pathlength stability is more
relaxed. An optical ﬁber is in principle suitable for such a back-link but
requires some additional complexity in the optical design because of stray
light eﬀects [15]. To test alternatives, like a free-beam back-link, a dedicated
experiment was proposed [16] and is under construction [17].
Another solution would be to use only one optical bench, then a back-link is
not necessary. This is only possible if there is another mechanism for steering
the beam to compensate the breezing of the constellation. A mechanism,
called in-ﬁeld pointing, with an actuated mirror on the optical bench could do
that. The feasibility is currently tested in an experiment at Airbus DS [18].
The technical details for this solution are challenging because the actuator has
to be in the sensitive measurement path and continuously moving.
In ﬁg. 2.3, the optical layout of the optical bench for the original LISA
design [8] is shown. This design was developed for the LISA optical bench
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Figure 2.3: Optical layout of the elegant breadboard (EBB) of the optical bench
for the original LISA mission design. OptoCAD model by UGL, ﬁgure reproduced
from [22]. Some key features are labeled.

development project [19], the OptoCAD model shown here was produced by
UGL. The parts procured for building this elegant breadboard (EBB) within
this project were used instead to build the setup presented in this thesis. In
the EBB design more interferometers and components were planned to build
an optical bench representative for a full LISA optical bench. In addition to
the science interferometer for reading out the long arm, it has a test mass
interferometer, a reference interferometer and a point ahead angle mechanism
(PAAM) interferometer ([20], [21]). The PAAM is a steering mirror that
points ahead the outgoing (RX) beam to compensate for the distance the
distant spacecraft moves in the light travel time between spacecraft. Shorter
armlength would simplify this mechanism [4] and it is not implemented in
the NGO design. The optical truss interferometers are additional readouts
for deformations of the telescope structure. These interferometers are also
not included in the NGO design, because the telescopes are smaller, to allow
a smaller optical bench diameter [22]. In the current LISA design no truss
interferometers but a PAAM is planned.
Many parameters of the optical design of the mission are not ﬁxed yet,
like the armlength, the telescope size and design, the laser power, the size
of the optical bench and many others. The ’Gravitational Wave Observatory
Designer’ is a tool to predict the sensitivity depending on various mission
parameters [23].
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Interferometer signals

In this section, the principle of heterodyne interferometry, as used for intersatellite interferometry, is introduced as well as some typical interferometer
signals, that are important for this thesis. Throughout the section, references
are given for more detailed theoretical descriptions and optical simulations for
the interested reader.

Heterodyne interferometry
In a heterodyne interferometer the reference beam and the measurement beam
do not have the same frequency. This results in a beat on the photodiode with
a frequency equal to the diﬀerence frequency of the two beams. This frequency
is called heterodyne frequency fhet and is typically in the order of kHz or MHz.
For LISA Pathﬁnder the heterodyne frequency is approximately 1.6 kHz. For
LISA MHz heterodyne frequencies will occur because of the large Doppler
shifts due to relative spacecraft velocities. With a heterodyne interferometer
it is easily possible to track the phase with high resolution over many fringes.
This is why it is used for inter-satellite interferometry where the arm lengths
cannot be held constant.
The two laser beams with diﬀerent frequencies can for example come from
two phase locked lasers or from one laser where the frequency is shifted slightly
by AOMs. Usually the power of the two interfered beams on the photodiode
is written as [24]:
P = Pmean (1 + c cos (ωhet t + φ))

(2.1)

Where c is the contrast, ωhet the heterodyne frequency and φ the phase
diﬀerence that usually encodes the pathlength change of interest. The contrast
is a measure for the AC part of the signal and given by:
c=

Pmax − Pmin
Pmax + Pmin

(2.2)

where Pmin and Pmax is the minimum and maximum power, respectively.

Alignment signals
Alignment signals for an interferometer can be calculated using quadrant photodiodes (QPDs). In a QPD the active area of the photodiode is divided in
four equally sized parts, called segments, and their signals are processed individually. For technical reasons the segments are separated by a gap that is
not sensitive to the light. In ﬁg. 2.4 a schematic is showing how the active
area is divided and an example of how the segments are named. There are
diﬀerent conventions how to label the segments. Throughout this thesis the
labeling shown here is used.
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A

B
gap

D

C
(a)

(b)

Figure 2.4: Schematic of the active area of a quadrant photodiode (a) and a photograph of a diode with housing (b). The labeling of the segments is the convention
used in this thesis.

With a QPD four signals are generated which can be combined to get
alignment information. The beams incident on the active area are inducing
a photo current which is proportional to the beam power on the photodiode
surface. How to calculate the interferometer signal is given in [25].
By combining the DC signals from the diﬀerent segments the position of
the beam on the QPD surface can be determined. This signal is usually called
diﬀerential power sensing signal (DPS) and is given by:

DPSvertical =

(PA + PB ) − (PC + PD )
Ptop − Pbottom
=
Psum
PA + PB + PC + PD

(2.3)

DPShorizontal =

Plef t − Pright
(PA + PC ) − (PB + PD )
=
Psum
PA + PB + PC + PD

(2.4)

Pi is here the mean power value of the four segments A,B,C and D. Ptop
and Pbottom are the combined power signals of the top and bottom half of
the QPD, Plef t and Pright the sum of the left the right side. Psum is the
power signal of all four segments combined. With these two signals the beam
position of one beam with regard to the photodiode position can be sensed in
the vertical and the horizontal axis. An interference or phase readout is not
required. With two beams incident on the photodiode, the (weighted) average
of both beam positions is measured.
Another very useful signal is the diﬀerential wavefront sensing signal (DWS)
where the phase signals of the diﬀerent segments are compared instead of the
power levels.
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DWSvertical = φtop − φbottom

DWShorizontal = φlef t − φright
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(2.5)
(2.6)

These signal are a measure for the horizontal and vertical angle between
two wave fronts incident on the QPD. φlef t and φright are the phase signals
of the two segments on the left and the two segments on the right of the
QPD. For the vertical tilt the phase on the upper and the lower part of the
photodiode is compared. The DWS signal is much more sensitive than the
DPS signal and, to ﬁrst order, independent of the photodiode position.
For a fundamental Gaussian beam the DPS and the DWS signal can be
calculated analytically. The DPS signal for one beam on a QPD with inﬁnite
diameter and no slits is given by an error function:
!
√
x0 2| cos α|
DPSanalytical = −erf
(2.7)
w
Here x0 is the shift of the beam on the photodiode, α is the incident angle
of the beam and w is the radius of the beam on the photodiode. This analytical
solution can be found in [25] and [24]. In these references also more general
solutions for QPDs with slits and with a ﬁnite radius where beam clipping
occurs are given.

Phase definition for a QPD
For a QPD the measured phase on the four segments can be combined in
diﬀerent ways to get the phase for the whole beam. The deﬁnition chosen for
LISA Pathﬁnder (LPF) is via the complex amplitude of the photo current [26].
The phase is the argument of the complex amplitude C which is deﬁned as
the integral of the two electric ﬁelds over the detector surface. The phase of
an QPD is then the argument of the sum of the complex amplitudes of all four
segments:
φLP F = arg (CA + CB + CC + CD )

(2.8)

This deﬁnition is the one closest to the phase measured with a SEPD.
Another possible deﬁnition is the arithmetic mean of the phases measured
on the diﬀerent segments. This averaged phase (AP) deﬁnition is used for the
measurements in this thesis:
φA + φB + φC + φD
(2.9)
4
The averaged phase deﬁnition has the disadvantage that it weighs the
phase on all four segments equally even if the beam is signiﬁcantly oﬀ center.
This can be taken into account by weighing the phases according to the signal
φAP =
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amplitudes on the segments. The LPF phase does include the correct weighing
because adding the complex amplitudes is basically a vector addition.
A more detailed deﬁnition and comparison of the diﬀerent phase deﬁnitions
are given in [26].

2.3

Photoreceiver noise

The photo current generated by the photodiode is converted to a voltage by
a transimpedance ampliﬁer (TIA) shown in ﬁg. 2.5. The voltage is converted
to a digital phase signal in the phase meter ([27], [28]). Shot noise, electronic
noise and digitization noise contribute to the readout noise.
The shot noise is given by:
I˜shot =

q

2qe Iph

(2.10)

Iph is the photo current dependent on the eﬃciency η of the photodiode:
Iph = η(Pmeas +Pref ). Pmeas and Pref are the light powers of the measurement
and the reference beam, respectively. qe is the elementary charge. According
to [23], [29] and calculations by Gerhard Heinzel, the linear spectral density
(of a time domain signal s(t)) of the resulting phase noise φ̃ can be calculated
using the carrier-to-noise density C/N0 and is given by:
φ̃ =

s̃
1
=
C/N0
ssignal,rms

(2.11)

s̃ is the linear spectral √
density of s and ssignal,rms is the RMS amplitude
of the sinusoidal signal (1/ 2 of the peak amplitude). For the shot noise this
is:
φ̃ =

I˜shot
Isignal,rms

=

2qe Iph
Ahet

p

(2.12)

with the RMS heterodyne signal amplitude:
q
q
1
Ahet = √ η2 γPmeas Pref = η 2γPmeas Pref
2

(2.13)

γ the heterodyne eﬃciency which is given by the mode overlap of the two
beams and η is the eﬃciency of the photodiode. This is the amplitude on one
segment of a quadrant photodiode or of one single element photodiode. The
light powers Pmeas and Pref are here the power levels per segment or single
element photodiode.
The frequency dependent output voltage noise of the TIA is the sum of uncorrelated noise contributions. As they are uncorrelated, they sum up quadratically [30]:

35

2.3. PHOTORECEIVER NOISE
Vbias

Cf
Rf
Figure 2.5: Circuit layout of a
transimpedance ampliﬁer (TIA).

Iph

Vout

Ũout =

q

2
2
2
+ Rf I˜i2
Rf I˜shot
+ Ũjohnson
+ Ũamp

(2.14)
(2.15)

I˜shot is the shot noise of the photo current, Ũjohnson is the Johnson noise
(thermal noise), Ũamp the input voltage noise of the op-amp, I˜i the input
current noise of the op-amp and Rf the resistnance of the feedback resistor of
the TIA.
The input current noise of the ampliﬁer electronics can be estimated by
measuring the noise spectral density of the output voltage with a shot noise
limited light source and with no light incident on the photodiode [30].
The following derivation is taken from [31] and [32]. The output voltage
noise with a shot noise limited light source incident on the photodiode is given
by:
q

2
2
Ũout (f ) = T (f ) I˜shot
+ I˜el

(2.16)

Here, I˜shot is the shot noise of the light, I˜el the equivalent input current
noise of the circuit and T (f ) the transfer function of the photodiode. The
output voltage dark noise with no light incident on the photodiode is:
Ũdark (f ) = T (f )I˜el

(2.17)

By dividing the equations for Ũout and Ũdark , the transfer function cancels
out:
q

2
2
+ I˜el
T (f ) I˜shot
Ũout
=
T (f )I˜el
Ũdark

(2.18)

And solving for I˜el gives:
I˜shot
I˜el (f ) = r
2
Ũout
Ũdark

(2.19)
−1

Measurements of the input current noise using this relation are shown in
the next section.
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Another noise source is digitization noise. This depends on the voltage
corresponding to one least signiﬁcant bit ULSB and the sampling frequency
fs [33]:
ULSB
Ũdig = √
6fs

(2.20)

Pathlength noise
√
The linear spectral density of pathlength noise x̃, given in m/ Hz, √
measured
in the interferometer depends on the phase noise φ̃, given in rad/ Hz, and
the laser wavelength λ:
λ
× φ̃
(2.21)
2π
The same relation is true for converting a length change ∆l into a phase
shift ∆φ.
For the LISA optical bench testbed the photoreceiver noise was calculated
during the design to ensure this is not the limiting noise source. The testbed
was designed to provide a picometer stability even if that was not necessary
for the TTL coupling investigations. The power budget for the photodiodes is
given in [34], they are given by the available laser power at the ﬁber couplers
inside the vacuum tank and the passed beam splitters. The deﬁned requirement on the output power at the ﬁber couplers was based on the available
laser power and the properties of the modulation bench like the eﬃciency of
the AOMs and the losses at the ﬁber couplers.
The signal amplitude is then given by the heterodyne eﬃciency and the
photodiode eﬃciency. For the heterodyne eﬃciency – given by the mode
overlap of the two interfering beams – a typical value of 0.8 was assumed
which is easily possible with a reasonably well aligned interferometer. The
photodiode eﬃciency is dependent on the type of photodiode. For an InGaAs
photodiode like the GAP1000Q from GFD Optoelectronics it is 0.7 A/W. This
is a quadrant photodiode and it is used here in the science interferometer.
For silicon photodiodes the eﬃciency at 1064 nm is lower, only 0.3 A/W for
the PC50-7 from First Sensor. The single element photodiodes used here
are all silicon diodes. The larger quadrant photodiode QP22-Q from First
Sensor used in the reference interferometer is also a silicon diode but with an
optimized eﬃciency for the near infrared. At 1064 nm it has an eﬃciency of
0.55 A/W. A complete list of photodiodes built into the experiment can be
found in the design document [34].
√
For the electronic noise an input current noise of 3.5 pA/ Hz was assumed.
This assumption was veriﬁed with one photodiode, the QP22-Q. For this photodiode and the TIA built into a LISA Pathﬁnder style phasemeter [27], the
input current noise was measured using equation (2.19). The output voltage
of the TIA was measured with a spectrum analyzer. The dark noise without
x̃ =
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(a) Voltage noise measured for two different light levels with diﬀerent output
voltages, the voltage dark noise and the
analyzer noise.

(b) The input current noise estimated
with the measured voltage noise according to equation (2.19). Except for the
high frequency peaks
√ the noise is at the
expected 3.5 pA/ Hz.

Figure 2.6

any light incident on the photodiode and the noise spectrum with a shot noise
limited light source – a simple white light bulb. According to equation (2.19)
the input current noise was then calculated using these measurements, the resistor in the TIA was 5 kΩ. In ﬁg. 2.6 √
the results for one segment are plotted
showing the expected noise of 3.5 pA/ Hz. The voltage noise was measured
for two diﬀerent light levels, the dark noise of the photoreceiver was measured
and the noise of the spectrum analyzer. The input current noise was then
calculated for the two diﬀerent light levels that is nearly identical as expected.
The peaks at high frequencies are already present in the dark noise.
For calculating the digitization noise according to equation (2.20) the sampling frequency of the analog-to-digital converter (ADC) and the voltage corresponding to the least signiﬁcant bit ULSB is needed:
Umax − Umin
(2.22)
2n
Where n is the number of bits. The phasemeter used here is using the
ADC card FMC116 by 4DPS. This provides 14 bits and a diﬀerential voltage
reference of ±3.3 V. It is operated with a 80 MHz sampling frequency ([35],
[28]).
These noise contributions are uncorrelated and add up quadratically:
ULSB =

x̃ =

λ
2π

2 + I˜2 + I 2
I˜dig
el
shot

q

Ahet

(2.23)

For this experiment the total pathlength noise contribution√from shot
noise, electronic noise and digitization noise is less than 1 pm/ Hz for all
photodiodes. Another noise source not calculated here is due to the relative
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intensity noise (RIN) of the laser. The eﬀect of RIN is calculated in [23].
However, it is expected that the coupling is a little diﬀerent from what was
assumed there [36]. A table with some calculated numbers can be found in
appendix A.

2.4

Tilt-to-length coupling

Tilt-to-length (TTL) coupling is one of the largest noise sources in the expected noise budget for a spaceborne gravitational wave detector like LISA.
There is a contribution from the science interferometer where the beam received from the distant spacecraft tilts relative to the local beam because
the local spacecraft rotates. And there is a contribution from the test mass
interferometer resulting from residual test mass jitter.
TTL coupling is nearly always present in interferometers, except for a few
special cases like [37]:
• The point of rotation is exactly in the center of the wavefront curvature.
• The beam parameters of the interfering beams are identical and both
beams are detected completely (large single element photodiode).
In most cases TTL coupling is present in an interferometer. There are
diﬀerent mechanisms which cause the coupling and depending on the geometry and the beam parameters, diﬀerent mechanisms can be dominant. The
following mechanisms can cause TTL coupling (the mechanisms relevant for
this thesis are discussed in more detail below):
• Geometric coupling: when the point of rotation is not on the photodiode
surface.
• Beam parameter mismatch, leading to diﬀerent wavefront curvatures of
the beams.
• Non-complete detection of the beams: clipping at the photodiode or any
other component.
• Wavefront errors
• Variations in the intensity or the photodiode eﬃciency
The most obvious TTL coupling mechanism is the geometric eﬀect. When
the beam rotates around a pivot that is not on the photodiode surface, the
measured path length is getting longer with increasing angle. This is depicted
in ﬁg. 2.7. In the case of the science interferometer, the beam will tilt around
a pivot in the pupil plane of the telescope that will be in the RX aperture.
In the case of the test mass, the beam will tilt around the same point as
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Figure 2.7: Sketch to
illustrate the geometric
tilt-to-length coupling.
α is the angle of the
tilted beam, ∆L the
additional path length
measured and the beam
walk is the lateral oﬀset
on the photodiode surface.

the test mass causing the tilt. One special case in which this TTL coupling
is vanishing is when the waist of the beam is exactly at the pivot. Then
the wavefront curvature radius is the same as the distance of the photodiode
surface to the pivot. One can say the phase center is at the pivot. This is why
the geometric TTL coupling is also sometimes described as an ’phase center
oﬀset’ (for example in [38]).
Another phenomenon causing TTL coupling is due to beam parameter
mismatch [39]. In ﬁg. 2.8 diﬀerent scenarios are sketched to explain this eﬀect
qualitatively. Diﬀerent beam parameters means diﬀerent wave front curvatures for the interfering beams on the photodiodes. A ﬁxed wavefront (green)
is interfered with a tilting wavefront (red). The blue and yellow arrows are
symbolizing the local phase diﬀerence as phasors between the two beams. The
length of the arrows is the amplitude (assumed to be constant over the whole
beam for simplicity) and the angle is the phase of the signal. Underneath, the
sum of the phasors is depicted. The black arrows show the total phase ϕsum
on the photodiode, the grey arrows show the sum on the top and the bottom
half.
Fig. 2.8(a) shows the case of two identical wavefront curvatures and no
tilt. The measured phase is the same at every point of the photodiode (blue
and yellow arrows). ϕsum (black arrow) is the total phase measured, depicted
here as the sum of the phasors over the photodiode surface.
Fig. 2.8(b) one beam is tilted and there is an angle between the two interfering wave fronts. The phase diﬀerence between the wave fronts is not
the same at every point of the photodiode anymore. The measured phase
is again the sum of the phasors ϕsum . The phase change due to the tilt is
symmetrical for both halves of the photodiode (depicted by the grey arrows).
Therefore the total measured phase ϕsum is the same for the tilted (a) and
the non-tilted case (b). What changes is the length of the phasor ϕsum that
means the heterodyne amplitude is changing with the tilt angle.
Fig. 2.8(c) shows two wave fronts with diﬀerent curvatures and no tilt.
The phase is not the same at every point on the photodiode, the total phase
is again the sum of the phasors ϕsum .
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Figure 2.8: Sketch for qualitatively illustrating TTL coupling due to mismatched
beam parameters. The blue and yellow arrows are symbolizing the local phasors
at this position of the interfering beams. In a simpliﬁed picture, these phasors are
added to get the signal ϕsum over the whole photodiode. The resulting phase signal
is diﬀerent for tilted and non-tilted beams with diﬀerent wavefront curvatures, but
not for beams with equal curvature. Here only the length but not the angle of the
phasor changes. Sketch adapted from [39]

Fig. 2.8(d) shows two wave fronts with diﬀerent curvatures where one beam
is tilted. The phase change is not symmetric on the to halves of the photodiode
and the the total measured phase is diﬀerent to the measured phase in the
non-tilted case (c). That is symbolized here by the angle of the total phasor
ϕsum . The angle is changing with a tilt of the wave fronts and thus the total
measured phase is dependent on the tilt angle.
In this picture this can be explained by the diﬀerent weighing of the signal
on the two halves of the photodiode, depending on the phase diﬀerence being
large or small. The arrows in grey are showing the sum over one half of the
photodiode. In the case of two tilted beams with diﬀerent curvatures (d)
these signals are not symmetric like in the case with two tilted beams with
equal curvature (b). The local heterodyne amplitude is not changing, but in
the sum the larger phase diﬀerence on one half of the photodiode (here the
bottom half) is reducing the total amplitude and changing the phase.
Clipping can also cause TTL coupling. The case of the clipping by the slits
of a quadrant photo diode is discussed here and illustrated in ﬁg. 2.9. The
clipped part (grey phasor) is not contributing to the total phase ϕsum . If this
phasor is changing with the tilt angle it changes the total phase. This eﬀect
can be avoided if the slit is aligned to the pivot (to the intersection point of
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Figure 2.9: Tilted wave fronts on a
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centered to the pivot and the beam centers the gap is clipping a diﬀerent amount
of phase signal depending on the tilt angle.
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the two wave fronts) and no beam walk is present on the photodiode. Similar
TTL coupling mechanisms can be caused by other clipping eﬀects.
The TTL coupling can be calculated quantitatively for example with the
optical simulation software IfoCAD ([25], [40]). With IfoCAD the photodiode
signals can be calculated for diﬀerent beam parameters, pivot positions and
photodiode parameters. The eﬀect of the slits of a QPD, clipping at the
photodiode edges and clipping at simple apertures can also be simulated.
More complex clipping eﬀects and the propagation of clipped beams through
components is more diﬃcult and not always possible with IfoCAD.

2.5

Suppression by imaging optics

A way to reduce TTL coupling are imaging optics. By imaging the point of
rotation on the photodiode surface the beam walk is removed and thus the
TTL coupling decreased (see ﬁg. 2.10). With an ideally designed and aligned
imaging system only TTL coupling due to diﬀerent wavefront curvatures remains. This can be achieved with a classic pupil plane imaging system but in
the case of the LISA optical bench that needs to have at least four lenses to
get a more compact design that ﬁts on the bench. To save even more space a
non-classical approach can be used with only two lenses and a non-collimated
beam behind the imaging system. Both solutions have been tested to work
for LISA. In part II of this thesis the designs and experimental investigations
are shown and discussed.
In previous work a two-lens solution for the test mass interferometer was
studied using optical simulations [24] and a table-top experiment [39]. In
the experiment it was shown in a homodyne interferometer with equal beams
that this type of imaging system in principle works for reducing TTL coupling.
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pivot
Figure 2.10: Removing beam walk on the photodiode with an imaging system. The
pivot is imaged on the center of the photodiode surface.

The experiment also showed some experimental diﬃculties to measure TTL
coupling in an interferometer. One challenge is the tilt actuator. Some scheme
is needed to prevent additional path length changes due to longitudinal motion
of the actuator. The experiment also showed that higher order modes in the
Gaussian beam induce TTL coupling.

CHAPTER

Design of the LISA optical
bench testbed
In this section the concept and the design of the LISA optical bench testbed
is described. The testbed consists of a minimal optical bench and the telescope simulator. The minimal optical bench has an interferometer representing
the science interferometer for LISA and the telescope simulator is a second
baseplate providing a representative RX beam for the science interferometer
and a reference interferometer. The primary goal of this experiment was to
investigate tilt-to-length coupling and test imaging systems for the science
interferometer.
This testbed was built within a project for ESA, in a collaboration of
the AEI, the University of Glasgow (UGL) and Airbus Defense and Space in
Friedrichshafen. The optical bench was constructed at UGL and the telescope
simulator was constructed mainly in Hannover. Some critical bonding steps
were done in Glasgow, too. The completed benches were then transported to
Hannover and operated with the test equipment prepared in Hannover.

3.1

Concept of the test bed

The primary goal of the investigation supported by ESA was to test the suppression of tilt-to-length coupling by imaging systems in the science interferometer. This project evolved from the original optical bench project where it
was planned to build an elegant breadboard (EBB) of the full LISA optical
bench [38]. Most of the hardware and optical components for the EBB were
already available at the time of the redirection of the project and used for
the actual test bed. So the goal was to design a test bed for investigating
tilt-to-length coupling in a way representative for a LISA-like mission using
mostly the already available components. In addition it was designed to be
43
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ﬂexible for upgrades and further investigations to build a test bed useful for
future work towards a LISA mission.
For this test bed not the full EBB was built but a minimal optical bench.
The main part of the minimal optical bench (called optical bench or OB in the
following) is the science interferometer that measures the distance between the
local optical bench and the optical bench in the remote spacecraft. Therefore
the local laser is interfered here with the received beam (RX beam) coming
from the distant spacecraft. To operate the science interferometer in the
lab a simulated RX beam beam is needed that is provided by the telescope
simulator. In ﬁg. 3.1 a schematic of the setup is shown.
The optical bench has the science interferometer where three beams are
interfered. The local beam that is transmitted (TX beam) through the telescope to the distant spacecraft is shown in red, the RX beam in green and
the local oscillator (LO beam) in blue. The LO is used as an alignment and
phase reference beam. In front of the science interferometer photodiodes the
imaging systems are placed. The PBS and the waveplate are to send a part of
the TX beam to the telescope and to receive the RX beam on the same optical
axis. The polarization of the TX beam is rotated from s-pol to p-pol to allow
the separation of the beam path again. Using polarizing optics in precision
interferometers was shown to be compatible with picometer noise in [41]. The
RX aperture is placed in the pupil plane of the telescope. This is deﬁned as
the interface between the optical bench and the telescope.
Instead of the telescope there is a second baseplate, the so-called telescope
simulator. It provides the RX beam that can be tilted via two piezo driven
actuators and has a ﬂat-top beam proﬁle to be as representative as possible for
the actual received beam on a LISA spacecraft. Its polarization is changed before it is going to the OB and one part is going to the reference interferometer
that is on the telescope simulator baseplate. The output ports of the reference interferometer are used for reference photodiodes and a phase camera
for beam diagnostics. In addition the telescope simulator has a second beam,
the local oscillator (LO beam), that is combined with the RX beam path and
serves as a stable reference. It deﬁnes the zero angle position of the RX beam
and is used to measure and/or compensate the parasitic longitudinal motion
of the tip-tilt actuators.

3.2

Detailed design of the optical bench

The design and construction of the OB was mainly done by the University
of Glasgow and Airbus DS. It is described here to get an overview over the
whole experiment.
In ﬁg. 3.2 the layout of the OB is shown with a picture produced with
the software OptoCAD. The round baseplate is 58 cm in diameter and was
originally intended to be used for an elegant breadboard (EBB) of the optical
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(a) Schematic of the OB with the science interferometer and the telescope.
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(b) Schematic of the OB and the telescope simulator.
Figure 3.1: In (a) the OB with the science interferometer is shown. In the science
interferometer the distance to the distant spacecraft is measured with the local TX
beam and the RX beam received from the distant optical bench through the telescope.
In (b) the telescope is replaced by the telescope simulator, providing the RX beam.
The RX beam is tilted via two actuators to investigate tilt-to-length coupling in the
science interferometer where this eﬀect is suppressed by imaging optics. The telescope
simulator also provides a reference interferometer and the LO beam, a stable reference
beam. The light is exchanged between the two benches via periscope optics and
separated by polarizing optics. The RX aperture is in the pupil plane of the telescope
and is deﬁned as the interface between telescope and OB.
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bench for the joined ESA and NASA LISA mission. The design goal in this
work was to build a minimal optical bench (MOB) mainly consisting of a
science interferometer with the imaging systems to investigate. In addition a
CQP (calibrated quadrant photodiode pair) was included for easier alignment.
The baseplate has a hole in its center intended for the test mass interferometer, but not used in this experiment. Next to it a 45◦ out-of-plane mirror is
the interface to the Telescope Simulator. The TX beam is reﬂected upwards
from the plane of the optical bench optics and the RX beam coming from
above is reﬂected down into the OB optics plane. To separate the two beams
a polarization beam splitter (PBS2) and a half waveplate (HWP) are used.
In the upper left corner the TX ﬁber injector is placed. The beam is polarization cleaned by a PBS (PCO3) and a power monitor photodiode (TX PWR)
can be used for monitoring or stabilizing the laser power in the beam. The
beam splitter BS2 is splitting the beam into the beam sent to the telescope
simulator and the one for the science interferometer. After passing several
mirrors one part of the beam is then interfered at the recombination beam
splitter BS21 with the RX beam. The polarization of the beam going to the
Telescope simulator from BS2 is rotated from s-polarization to p-polarization
and transmitted through PBS2.
The RX beam coming from the telescope simulator is s-polarized and reﬂected by PBS2. BS23 is a 60/40 beam splitter sending 40% of the light to
the CQP photodiodes and 60% to the science interferometer. In the path
to the science interferometer the RX aperture is placed in the pupil plane of
the telescope. This point is deﬁned as the interface point between telescope
assembly and OB. BS21 is the recombination beam splitter of the science interferometer where the TX and the RX beams are interfered. On both output
ports QPDs are placed for reading out the interferometer signal. In front of
the QPDs imaging systems are suppressing the tilt-to-length coupling. The
imaging systems are placed on separate baseplates and can be removed or replaced. In this schematic two diﬀerent designs of imaging systems are shown
in the two output ports.
The position of the telescope simulator baseplate on top of the OB is
depicted as a dashed outline. The additional squares are the feet on which the
telescope simulator stands. The three extra feet positions mark the position
of the telescope simulator in the ﬂipped position, which is used to align the
reference photodiode on the telescope simulator.
FIOS The FIOSs (ﬁber injector optical sub-assemblies) used for this experiment were developed and built at UGL [42]. The design is based on the FIOS
for LISA Pathﬁnder [43] which were successfully used in that mission. The
main diﬀerence is that the FIOSs for this experiment do not have a free space
between the ﬁber end and the lens. The beam is only propagated in fused
silica to prevent any damages of the ﬁber end due to contamination. This
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Figure 3.2: Layout of the OB with the key components labeled. The TX beam
(red) is launched on the OB and interfered at BS21 with the RX beam (green) from
the telescope simulator. The imaging systems are placed in both output ports of the
science interferometer and mounted on separate baseplates which can be removed.
Here two diﬀerent imaging systems (two-lens and four-lens) are depicted in the layout. The RX beam and the LO beam (blue) are coming from the TS baseplate via
the out-of-plane optic labeled TS interface. A part of the beams are going to the
CQP photodiodes for position read out, the other part to the science interferometer
photodiodes (SCI QPDs). The TX beam polarization is rotated by a half wave plate
(HWP) so that the beam is transmitted through the PBS and going to the TS via
the TS interface. The dashed outline is marking the position of the TS baseplate and
feet in the nominal position. The additional dashed boxes are marking the TS feet
in the ﬂipped position.
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is necessary for LISA because higher laser power will be used than for LISA
Pathﬁnder.

Opto-mechanics
The opto-mechanics were mostly designed by Michael Perreur-Lloyd at UGL.
The detailed design of the imaging system mechanics, the photodiode mounts,
the power monitor mounts, the waveplate mounts and the beam dumps is
documented in [34] and reported in [44] and [42]. The photodiode mounts
and the beam dumps are also used for the telescope simulator.
All metal parts are in contact with the Zerodur R baseplate via ﬂexure feet
or isostatic mounts to prevent stress in the parts. The mounts glued to the
baseplate have three ﬂexure feet designed such that the front surface of the
mount is not moving but it is extending backwards. The feet are glued onto
a piece of Kapton R tape so that the parts can be removed by removing the
tape. This provides ﬂexibility to the setup and the thin tape is not spoiling the
stability. The parts clamped to the baseplate – imaging systems and science
interferometer photodiode mounts – are mounted isostatically via three ball
bearings.
Photodiode mounts The photodiode mounts are adjustable in the two
lateral directions. The photodiodes are glued into diﬀerent sized MACOR
spacers for electric isolation which are screwed to the mount. The adjustment range is approximately ±150 µm with ﬁne pitch screws. In the science
interferometer the MACOR spacer were replaced by POM spacers with elongated holes for the screws holding them to the mount. With these elongated
holes the position of the photodiode can be adjusted roughly with a bigger
adjustment range of ±1 mm.
Imaging system mechanics The mechanical mounts for the imaging systems were designed by Michael Perreur-Lloyd at the UGL. The detailed design
is documented in [34]. The aim of the design was to get a very ﬂexible mount
to allow intentional misalignment of the lenses and to switch between diﬀerent
optical designs.
The mounts shown in section 3.3 have a common baseplate for all lens
mounts (called super-baseplate) and individual mounts for either two or four
lenses. The lens mounts can be adjusted in x, y, yaw, pitch and longitudinally
along the beam axis. Two lenses together are mounted on an additional base
that is adjustable longitudinally and horizontally on the super-baseplate.
The mounts are thermally compensated by using an aluminum and a titanium part to keep the center of the lens in a stable position and the lenses
are glued at three points onto ﬂexures in the mount to avoid stress.
The imaging systems are placed on the optical bench with the superbaseplate which has three ball bearings on the underside for a kinematic
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Figure 3.3: Photographs of the two diﬀerent imaging system mechanics. (a) Fourlens imaging systems with two lens pairs and a photodiode mount. The key features
are labeled. (b) Two-lens imaging system. The key features are the same but only
one lens pair is places on a smaller super-baseplate.

mounting. It can be clamped with tie downs glued to the optical bench
baseplate. The science interferometer photodiodes have a separate kinematic
mount with an adjustment mechanism in x and y. They are clamped to the
optical bench baseplate, too.

RX clip mechanics In the RX aperture on the OB a modiﬁed photodiode mount allows insertion of a physical aperture (RX clip or aperture) at
this point. The magnetic mount, allowing exchange of apertures, was mainly
developed by Michael Tröbs (see [45]). A photograph of the mount and an
aperture is shown in ﬁg. 3.4. The aperture is held by three spherical magnets
which sit in slits to ensure a good positioning. For the calibration of the telescope simulator photodiodes are glued to the apertures. In pre-experiments
it was tested that the apertures can be repeatedly positioned within a few
microns with this mounting scheme ([45], [46]).
In this thesis the mount was used for the calibration of the TS described
in chapter 6. It was not used to insert a RX clip. The deﬁning aperture was
the edge of the active area of the science interferometer photodiodes.
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(a)

(b)

Figure 3.4: (a) Mount of the RX clip. Here a pinhole aperture is attached to the
mount with a SEPD glued to the aperture. This is mounted temporarily for the
TS calibration. The aperture is mounted via three spherical magnets and can be
exchanged by diﬀerent apertures or removed. (b) One of the possible apertures for
the RX clip mount. The slits are for positioning the clip accurately on the spherical
magnets that hold the aperture.

3.3

Detailed design of the telescope simulator

The telescope simulator was designed to have a reference interferometer and
to produce a simulated RX beam to operate the science interferometer on the
optical bench. The RX beam is tiltable to investigate tilt-to-length coupling
and a ﬂat-top generator provides a RX beam representative for an actual RX
beam coming in through the telescope. A second RX beam with a Gaussian
beam proﬁle is implemented to investigate tilt-to-length coupling with two
Gaussian beams for the local interferometers (like the test mass interferometer). In ﬁg. 3.5 the layout of the telescope simulator is shown. The detailed
design with IfoCAD was mainly done by Ewan Fitzsimons and Sönke Schuster.
In ﬁg. 3.5 the OptoCAD layout of the telescope simulator is shown. The
dimensions of the baseplate are 280x280x35 mm. In the lower left corner the
big ﬁber coupler for the RX ﬂat-top beam and the FIOS for the RX Gauss
are placed. The RX beam is the beam shown in green. The ﬂat-top beam
generator is described in more detail later in this section. On the 50/50 beam
splitter BS12 both beam paths are combined, so that it is easily possible to
alternate between using the two beams by turning one of them on and blocking
the other one on the modulation bench. The two actuators in the corners of
the baseplate tilt the RX beam around the center of the RX aperture on the
optical bench.
The beam splitter BS1 is splitting the beam into a part going to the OB via
the out-of-plane optic and a part going to the reference interferometer on the
TS. BS11 is the recombination beam splitter of the reference interferometer,
interfering the RX beam and the TX beam (red) coming from the optical
bench. The TX beam is p-polarized when it enters the TS via the out-of-
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Figure 3.5: Layout of the telescope simulator with the key components labeled.
The RX beam (green) is launched either by the ﬂat-top generator or the FIOS and
tilted via the two piezo actuators. The LO beam in blue is a stable reference beam
combined with the RX beam at BS1. At BS11 these two beams are interfered with the
TX beam (red) from the OB, coming to the TX via the OB interface. The reference
interferometer output ports are split again to get four ports, which are equipped with
a QPD (ref QPD), a small pinhole diode (ref SEPD), a large single element diode
(aux SEPD) and a phase camera. The dashed outlines indicate the position of the
feet for the tip-tilt mount.
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plane optic. Therefore it is transmitted at the PBS1 and the polarization is
rotated back to s-pol by the HWP before the recombination beam splitter.
The LO beam is shown in blue and it is combined with the RX beam at
the beam splitter BS1. It is in s-pol, too and takes the same path as the RX
beam after this beam splitter.
The power monitor photodiodes (PWR) are placed behind all ﬁber couplers to allow a monitoring of the output power. Polarizing beam splitters
clean the polarization directly after the ﬁber couplers before the power monitors.
Both output ports of the recombination beam splitter BS11 are split again
to get four output ports. Three diﬀerent photodiodes and a phase camera
are placed in the output ports at the same distance from the recombination
beam splitter. This distance puts the photodiodes in the optically equivalent
position as the RX aperture. That means the RX beam also tilts around the
center of each of the photodiodes and the phase camera.
The reference QPD (ref QPD) is a quadrant photodiode to read out the
position of the RX beam. It can be disentangled from the other beams by an
amplitude modulation. This signal is used to control the actuators and ensure
that the beam is tilted around the center of this photodiode and therefore
the center of the RX aperture. The reference pinhole SEPD (ref SEPD) is a
single element photodiode with a small 150 µm diameter pinhole in front of
it. This pinhole is small enough to be an approximation of an inﬁnitesimal
small pinhole, which does not see any tilt-to-length coupling if it is placed in
the point of rotation, because the wavefront curvature is negligible on a small
scale (see section 2.4). The RX beam and the TX beam are oﬀset phase-locked
to the LO beam on this photodiode. This removes any phase noise induced
before entering the interferometer (optical ﬁbers, longitudinal movement of
the actuators etc) and it also removes the TTL coupling of the telescope
simulator because the photodiode is at the optically equivalent position as the
RX aperture which is deﬁning the interface between TS and OB.
The auxiliary SEPD (aux SEPD) is a big single element photodiode and
the phase cam an InGaAs camera which can be used for monitoring the phase
proﬁle of the interfering beams (see [47] for more details and measurements
with the phase camera).
Tip-tilt mount The telescope simulator is gravity mounted on the optical
bench baseplate. The dashed outline in the layout (see ﬁg. 3.5) marks the
position of the three feet of the TS. The feet have two Zerodur R parts which
are clamped together by a spring loaded screw (see ﬁg. 3.6). This design was
developed by Airbus DS. The upper part is a Zerodur R block bonded to the
underside of the TS baseplate. The lower part is another block with a round
base to have a point-like support area. The two parts can slide along their
connection surface if the spring loaded screw is loosened. With the adjustment

3.3. DETAILED DESIGN OF THE TELESCOPE SIMULATOR

53

Figure 3.6:
One of the adjustable feet for the tip-tilt mount
to align the telescope simulator
baseplate. The upper Zerodur R
block is bonded to the underside of the telescope simulator and
clamped together with the lower
Zerodur R block with a spring
loaded screw. For adjusting the
height of the foot the ﬁne pitch
screw in the metal bracket on top
of the lower block pushes on the
lower block and the two Zerodur R
parts slide against each other
when the spring loaded screw is
loosened.

screw pushing on the lower part the length of the foot can be adjusted and
thereby the height and tilt of the TS baseplate. When the spring loaded screw
is tightened the adjustment screws can be retracted to get an all-Zerodur R
connection between the TS and OB baseplates. The performance of this mount
was tested and the results are presented in section 6.8.

The actuators The two actuators are piezo driven tip-tilt mirror mounts
from Newport, type Agilis AG-M100LV6. They are vacuum compatible and
have a range of ±2◦ with an angular resolution of 1 µrad. The step sizes are
varying ([48]), so counting the number of steps cannot be used for determining
the position and aligning the RX beam. Instead the DPS and DWS signals
are used (see chapter 6).
The mirrors are not mounted in the space intended by the mount design.
Instead they are glued to the actuators using an adapter plate. This ensures
the correct height of the mirror and minimizes the parasitic longitudinal motion of the actuators by placing the center of the mirror in front of the rotation
point of the actuators (see ﬁg. 4.10 in section 4.6 for a picture of the assembly).
The actuators are screwed onto a mounting platform. Its three feet are
glued on the baseplate. This mount has a thermally compensating design to
suppress any thermally driven movement of the actuated mirror. This mount
was designed by Airbus DS for the original LISA OB project were the actuators
were planned to be used in the sensitive path of the interferometer. This is not
necessary for the actual scheme where the actuators are not in the sensitive
path. They were integrated anyway to reduce the risk of any temperature
driven complications and to proﬁt from the ﬂexure feet to reduce temperature
induced stress in the Zerodur baseplate. The thermally compensating design
is described in detail in [16].
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Figure 3.7: Photograph of the
apodized aperture for the ﬂat-top
generator. The petals are shaped
to achieve a Gaussian transmission proﬁle from the inner radius to the outer radius where the
petals end.

The flat-top generator
The ﬂat-top generator is an oﬀ the shelf ﬁber injector where the inner part
of a large Gaussian beam is cut out by an aperture to get a beam with a
quasi ﬂat intensity and phase proﬁle. The design was mainly done by Ewan
Fitzsimons from Airbus DS. The mechanical parts were designed by Jan-Simon
Hennig [34].
The ﬁber coupler is a 60FC-T-4-M100S-37 from Schäﬀter+Kirchhoﬀ providing a big collimated Gauss beam with a 9 mm radius. The aperture has to
be placed directly in front of the ﬁber coupler because the following optical
components are not big enough for the 9 mm beam. To avoid diﬀraction and
a destruction of the ﬂat-top beam proﬁle in the far ﬁeld an apodized aperture
design was chosen. This aperture has an inner radius with a clear aperture
and a Gaussian transmission from the inner radius to the outer radius. This
is achieved here by a accordingly shaped petals (see ﬁg. 3.7). The shape was
optimized using a Monte-Carlo simulation to get a ﬂat intensity and phase
proﬁle in the inner 3 mm at the working distance of 80 cm, the distance from
the apodized aperture to the RX aperture.
The metal tube of the ﬁber collimator is mounted by two rings which are
glued with ﬂexure feet to the baseplate. The mounting structure consists of
an aluminum and a titanium part for thermal compensation. The center of
the tube is kept at a constant height to reduce beam jitter. The structure has
ﬂexures in the longitudinal and the vertical direction to avoid stress.
The apodized aperture is ﬁxed to the front of the tube of the ﬁber coupler. It was centered to the intensity maximum of the Gaussian beam using
a WinCam.
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Figure 3.8: Flat-top generator. The black tube is a commercial ﬁber injector from
Schäﬀter+Kirchhoﬀ providing a 9 mm collimated Gaussian beam. On the front face
the apodized aperture is aligned to the center of the big Gaussian beam. The mount
for the ﬂat-top generator consists of two thermally compensating parts to keep the
center of the collimator at the same height above the baseplate. Flexures in the
lateral and longitudinal direction reduce stress.

CHAPTER

Construction of the telescope
simulator
The test bed was jointly built at the University of Glasgow and at the AEI
in Hannover. In this chapter the construction of the telescope simulator is
described, especially those construction steps that were done in Hannover
within the scope of this thesis. The optical bench was constructed at the
University of Glasgow as well as some critical components of the telescope
simulator.
Both interferometer benches were constructed using the technique of hydroxide catalysis bonding. This technique is introduced brieﬂy at the beginning of the chapter, as well as the used alignment methods. Next, the
alignment plan and the bonding steps are described. The majority of the optical components were bonded using a template and a coordinate measuring
machine to align the template. The RX ﬁber coupler was aligned by measuring the beam vector. In Glasgow, precision alignment techniques were used
for the critical alignment steps to bond the recombination beam splitter and
the LO reference beam. At the end of the chapter the integration of the metal
mounts and parts – like photodiodes and actuators – is reported.

4.1

Hydroxide catalysis bonding

Hydroxide catalysis bonding is a technique to form chemical bonds between
polished surfaces of material that can be oxidized and form, or attach covalently to, silicate-like networks [49]. This technique was developed for Gravity
Probe B [50] and adopted for LISA Pathﬁnder. In LISA Pathﬁnder components of the optical bench and the FIOS were built using that technique [51]
and it has proven to be a suitable technique to build complex optical systems
57
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with great stability and alignment accuracy like interferometers for space applications [5].
Hydroxide catalysis bonding (in this thesis often referred to simply as
’bonding’) was used for building this testbed, the optical bench and the telescope simulator. The experience and techniques developed at UGL mainly
for LISA Pathﬁnder were used and adapted for this project. The bonding
procedure and alignment techniques are introduced and summarized here.
Bonding procedure The two surfaces to be joined by hydroxide catalysis bonding need to be polished to at least λ/10 surface ﬂatness (deﬁned for
λ=632 nm). Before applying the bonding ﬂuid the surfaces get a ﬁnal polish
with cerium oxide and are cleaned with bicarbonate of soda and deionized
water to remove any residuals of the cerium oxide. Directly before bonding
the components have to be dried and dehydrated with a high purity grade
methanol. The whole procedure is done in a clean room environment to prevent any contamination of the bonding surfaces.
The bonding ﬂuid is a 1:6 solution of a sodium silicate solution (SigmaAldrich 338443) and deionized water. The bonding solution provides OH−
ions which etch the surfaces. Diﬀerent solutions providing OH− ions can be
used. A silicate-like network based on siloxane bridges then forms between
the surfaces [50]. The solution is ﬁltered with a micro ﬁlter before use and
applied to the bonding surface with a precision pipette. The amount used is 0.4
- 0.6 µl/cm2 . Before applying the bonding ﬂuid and joining the components a
last inspection for any contamination with a white light source is crucial even
in the clean room environment.
The bond starts to form after approximately 2 min, so the ﬁnal alignment
has to be fairly quick. If this ﬁnal alignment fails, it can be tried to remove the
component. Removing the component after 2 min, if possible, usually leads to
surface damages. To stop the chemical reaction the bond should be ﬂooded
with water and the components rinsed extensively. A bottle of water was
prepared for an emergency but none of the bonds during the construction of
the telescope simulator had to be disassembled after the bonding solution was
applied.
Alignment methods For building this testbed mainly alignment methods developed for previously built precision interferometers – like the LISA
Pathﬁnder OBI [52] – were used. Other previously built interferometers for
lab experiments are for example the Hexagon interferometer [53], the polarization optics interferometer [41] and the suspension platform interferometer [54].
Some mirrors and beam splitter have to be bonded with a few µm precision
and precision alignment techniques are necessary. For the majority of optical
components a precision of approximately 50µm is suﬃcient. These compo-
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(a)

(b)

Figure 4.1: Template bonding and CMM assisted alignment. The template (a) has
precisely machined pockets for the components with three ball bearings deﬁning the
alignment. In (b) three adjustable ball bearings are allowing aliging the component.
Here it was used for the RX Gauss FIOS to align the beam orientation with the
CMM. This bridge to access any point on the base plate was built for a previous
experiment [53].

nents can be bonded by template bonding. Both techniques are reported
in [52].
Template bonding uses a brass template with ball bearings which deﬁne
the position of the components. Two ball bearings deﬁne the angle and position of the front surface of the components and a third one at the short
side ensures that the beam hits the component in the center. The precision
achieved with this alignment method is limited by manufacturing tolerances
of the template [52]. The orientation of the template on the baseplate can be
optimized for reducing these tolerances (see section 4.4).
For the precision alignment a CQP (calibrated quadrant photodiode pair)
is used as described in [55]. This target, consisting of two quadrant photodiodes at diﬀerent distances, allows to measure the beam vector to a high
precision of ±4µm and ±20µrad. This techniques was used at UGL for the
critical alignment steps (see section 4.5).
For the RX Gauss FIOS an adjustable alignment tool developed for previously built precision interferometers ([53]) was used. Here three ball bearings
for positioning a component are mounted on multiple translations stages to
adjust the angle and position.

4.2

Optical components

For building the minimal optical bench and the telescope simulator the components originally purchased for the elegant breadboard design of the optical
bench were used. The mirrors, beam splitters and polarizing beam splitters
were manufactured by ICOS and the requirements are based on the experience
from the LISA Pathﬁnder optical bench. The bonding surfaces are polished
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to better than λ/10 and the perpendicularity of the bonding surface to the
optical surface is better than 1 arcsec. This angle deﬁnes how well the interferometers can be aligned because this angle cannot be adjusted and depends on
the manufacturing tolerances. A detailed analysis and component description
is given in [19].
The beam splitters are parallel to avoid beam jitter noise, but the mirrors
are wedged to avoid reﬂections from the back surface back into the beam path.
The tolerance of the wedge angle is small enough to allow to use also the back
surface for template bonding (measured by UGL).
The components have various diﬀerent coatings for mirrors, polarizing
beam splitters and beam splitters with diﬀerent splitting ratios. A complete
list of diﬀerent sizes and coatings can be found in [19].

4.3

Alignment plan for the Telescope Simulator

In this section the alignment plan for the TS is described. The actual construction is reported in the next section.
The TS baseplate is a 28 cm by 28 cm Zerodur plate with a thickness of
35 mm. Both sides are polished for bonding and it has two holes – one for the
beams going to the optical bench and back and the other one was intended
for a test mass interferometer, but not used in the redirected project. Two
corners are cut oﬀ because they were damaged during the polishing at the
manufacturer. The baseplate was provided by Krombach KG.
First step The ﬁrst component to be bonded was the RX Gauss FIOS provided by UGL. It was aligned using the position of the beam with regard to
the baseplate. As the reference coordinate system the surfaces of the baseplate were used, this ensures the correct position of the through hole for the
interface to the OB. The orientation of this FIOS is not very critical because
the actuators deﬁne the ﬁnal alignment of the beam in the interferometers.
The required accuracy is better than 3.5 mrad and less than 1 mm oﬀset.
Second step The second and thirds steps were to bond the non-critical
components with templates. In the second step the ﬁrst half of the 18 components was bonded. Because of the tight spacing between the components it
was not possible to bond all 18 components with one template. It also takes
too long to bond so many components in one session. The components for
the ﬁrst template were chosen in a way that the components closest together
were bonded with diﬀerent templates.
Third step The second batch of non-critical components were bonded. The
inclination of the baseplate and the template was rotated by 90◦ to allow
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(b)
(a) .

(c)

(d)

Figure 4.2: Construction steps for the telescope simulator. (a) Alignment and
bonding of the RX Gauss FIOS. (b) First batch of 9 components bonded with a
template. (c) Second batch of 9 components bonded with a template. (d) Finished
telescope simulator (see ﬁg. 3.5 for a larger picture). Some critical alignment steps
were done at UGL. Back in Hannover the photodiodes and other glued parts were
integrated.

a diﬀerent orientation of the ball bearings for positioning. The lambda/2waveplate was aligned in its mount and glued to the baseplate.

Fourth step The TS was shipped to UGL. There the LO FIOS and the
missing beam splitters were bonded using their CQP alignment tool ([55]).
Also the ref SEPD was glued and the three feet for the tip-tilt mount were
bonded to the underside of the baseplate.
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Fifth step The TS was shipped back to Hannover. The remaining photodiodes were glued to the baseplate. The LO beam was used for the alignment.
The big SEPDs, the aux SEPD and the power monitors, were aligned to not
clip the beam. The ref QPD was centered on the beam, the positioning accuracy has to be well within the adjustment range of the mount.
The beam dumps were glued using the LO beam for positioning.
Sixth Step The ﬂat-top generator and the actuators were glued to the baseplate. For the positioning, a beam splitter and two QPD were placed at the
output port for the phase camera – one QPD close to the beam splitter and
one further away. The QPDs were centered to the LO beam and then the RX
beam was centered to the QPDs for aligning the actuators. The RX ﬂat-top
beam was aligned to the RX Gauss beam afterwards.

4.4

Template bonding of non-critical components

In this section the integration of the RX Gauss FIOS and the template bonding
of the non-critical components is described. For the alignment a coordinate
measurement machine (CMM) was used. The CMM used here is a DEA
GLOBAL Advantage with the software PC-DMIS from Hexagon Metrology.
The measurement accuracy is (1.5 + L/333) µm due to the last calibration.
L is the distance between measurement points. The reference frame for the
coordinate system for the CMM measurements was deﬁned by the sides of
the TS baseplate. The origin of the coordinate system is the lower left corner
of the baseplate (see ﬁg. 3.5), the same as for the IfoCAD simulations. The
deﬁning surfaces are the upper side of the baseplate and the two small sides
next to the origin. The sides are not exactly orthogonal to each other, so the
deﬁning points are the intersection of the upper side and the side facing to the
front in ﬁg. 4.3 as the y-axis, the z-axis is in the direction of the normal vector
for the upper side and the origin is the intersection of the y- axis, the z-axis
and the surface on the right of the baseplate in ﬁg. 4.3. Like this, the y-axis is
along the edge of the baseplate and the x-axis is deﬁned perpendicular to the
y- and the z-axis. This coordinate systems was used for all alignment steps
with the CMM.
For handling the TS baseplate a designated aluminum frame was used
to protect both polished sides. The baseplate rests with its underside on
three plastic cylinders covered with clean room tissues. The resting points
were chosen to be not near the feet positions that were bonded later to the
underside to avoid any possible damage of the bonding surface.
The baseplate is clamped in the aluminum frame with plastic screws and
the frame has handles for easier handling, especially during the cleaning process.
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Figure 4.3: TS baseplate in the aluminum frame for easier handling. In red the
coordinate system used for the CMM measurements is sketched. The baseplate is
rotated by 90◦ in this photograph compared to the usual layout orientations. The
origin of the coordinate system is usually in the bottom left corner.

RX Gauss FIOS
As the other FIOSs, the RX Gauss FIOS was manufactured at UGL [19].
The design is an evolution from the FIOS developed for LISA Pathﬁnder [43].
The beam is propagated only through fused silica from the ﬁber end to the
collimating lens to improve the pointing stability and be less susceptible to
damage due to contamination when operated with high output power [42].
The alignment in height and in vertical direction was also done in Glasgow
using a post. For bonding it ﬁnally to the TS baseplate only the horizontal
alignment had to be controlled. For this the method CABAM (CMM-assisted
beam alignment and measurement, [56]) was used:
The position of the beam can be measured using a QPD and the tip of the
CMM. The tip is made out of a ruby ball that is transparent and acts like a
spherical lens. The QPD is ﬁrst centered to the beam without the lens. Then
the ruby ball is inserted a few millimeters in front of the QPD and positioned
so that the focused beam is again centered on the QPD. Now the beam is
transmitted through the center of the ruby ball and the CMM position is the
position of the center of the beam. By measuring the beam position at at
least two diﬀerent distances the beam vector is given.
With this method the FIOS was aligned. For adjusting the FIOS it was
held by an alignment tool with three adjustable ball bearings (see ﬁg. 4.1b)
to adjust the position and angle. Octane was used as a buﬀer ﬂuid during
alignment to prevent optical contacting or damage of the bonding surfaces.
Using the CABAM method, the alignment is an iterative process. The beam
position is measured, the FIOS realigned and the beam position is measured
again.
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(a) Measured beam position in the horizontal axis. Plotted are the measured
points and a linear ﬁt. The oﬀset at the
FIOS (y = 0) is 0.41 mm and the angular
oﬀset 1.3 mrad of the design position.
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(b) Measured beam position in the vertical axis. Plotted are the measured points
and a linear ﬁt. The oﬀset at the FIOS
(y = 0) is less than 6 µm and the angular oﬀset less than 3 µrad of the design
position.

Figure 4.4: The beam orientation of the RX Gauss beam after bonding the FIOS
measured with the CMM. The plots are showing the measurement points and a linear
ﬁt in the horizontal (x-y) and the vertical (z-y) axis. The design orientation is parallel
to the y-axis and the z-plane with an oﬀset of 74.5 mm in x from the origin and a
beam height of 20 mm.

The beam position measured after the bonding is shown in ﬁg. 4.4. The
beam alignment in z, done by UGL with a post before bonding on the baseplate, is very good. The oﬀset from the nominal beam height of 20 mm is 6 µm
and the angle with regard to the baseplate is less than 3 µrad. This is close
to the stated measurement accuracy with CABAM of 3 µm [56].
For the alignment in horizontal direction the design position is x = 74.5 mm
and parallel to the y axis. The measured beam orientation has a 0.41 mm oﬀset
from the design position and an 1.3 mrad angular oﬀset. This is well inside the
requirement of 1 mm and 3.5 mrad oﬀset. Should a more precise alignment be
required, this should be possible with this method. Before bonding the beam
position was aligned to better then 50 µm and 10 µrad with the FIOS on an
octane ﬁlm. The disadvantage of CABAM for bonding is that it is not fast
enough to measure several points along the beam axis during the bonding
procedure. For checking that the FIOS is sitting correctly in the ball bearings
only one measurement point was taken by leaving the CMM tip at a target
position measured before. This point was hit while bonding but with one
point an oﬀset in position and angle is still possible and probably the FIOS
was not resting properly against the ball bearings during bonding.
For cleaning the baseplate before bonding the template had to be removed
and the baseplate had to be moved to the sink in its aluminum frame. For
bonding the baseplate had to be placed on the CMM table at the same position
as before otherwise the CMM tip as a target would be in the wrong position
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Figure 4.5: Measured position accuracy of the telescope simulator baseplate on
the CMM table. Every measurement shows the oﬀset of the origin of the coordinate
system compared to the original position. In between the measurements the baseplate
in its handling frame was removed from the CMM table and placed back into the ball
bearings deﬁning the position.

with regard to the baseplate. To test how well this is possible the baseplate
was removed several times and the position of the baseplate reference frame
was measured. The oﬀsets of the origin of this reference frame are shown in
ﬁg. 4.5. In the ﬁrst measurement the oﬀset in y is signiﬁcantly bigger probably
because the baseplate was not pushed properly into the reference points (three
clamps with ball bearings). This was tested later by trying to get a sheet of
paper between aluminum frame and ball bearing. In all other measurements
the deviation was less than 15 µm, good enough for bonding the FIOS.
In ﬁg. 4.6 pictures of the curing process of the bond for the FIOS are shown.
The picture 4.6a is showing the bond several minutes after placing the FIOS on
the baseplate. The bond had started to cure already but several interference
fringes are visible over the whole area (only visible from a certain angle so it
was not possible to take a photo with the whole bonding area visible). This
means the bonding surfaces are not close enough together, probably because
of a dust particle or a scratch on one of the surfaces, e.g. from the lengthy
alignment procedure. But during the curing the bond can bring the surfaces
closer together because of the strength of the newly formed molecular bonds
so the FIOS bond was observed for several days.
The second picture 4.6b was taken one day after bonding. It is clearly
visible that the fringes nearly vanished and the bond formed over nearly the
whole surface. Several days later on picture 4.6c there are no fringes visible
anymore but several little "‘dry spots"’. They show a reﬂection from a certain
angle and are visible as white spots on the photo. There the bond did not
form. However, it formed over most of the surface which gives more than
enough stability.
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(a)

(b)

(c)

Figure 4.6: Curing of the bond of the RX Gauss FIOS. (a) A few minutes after
bonding. Several fringes are visible over the whole bonding surface. (b) One day after
bonding. The fringes nearly vanished and the bond did pull the surfaces together.
(c) Several days after bonding. The fringes are gone and some dry spots are visible
but they are only a small percentage of the bonding area.

Template bonding of non-critical components
18 beam splitters and mirrors were bonded on the TS with a template. The
components not bonded with a template are the ones for the alignment of the
LO beam, which is critical because it is the alignments reference between the
two benches, and the recombination beam splitter of the reference interferometer BS11.
Two diﬀerent templates were used to bond the components. The templates
were manufactured in the in house mechanical workshop out of brass.
Design of the templates The templates were designed with the CAD
software Autodesk Inventor R using the component positions from the IfoCAD
model. Each component sits in a pocket with three ball bearings as reference.
The positions of the ball bearings were generated in IfoCAD and imported to
Autodesk Inventor R . For double checking a CAD model of the TS with the
template bonded components was generated and combined with the template
model. The CAD models are shown in ﬁg. 4.7.
For the bonding the TS baseplate with the template is placed on an inclined
breadboard with the ball bearings on the down side of the pockets to push the
components into the ball bearings by gravity. For parallel components close
together (like the PBS directly behind the RX Gauss FIOS and the beam
splitter combining the two RX beams) or component groups close together
(like the beam splitter splitting the transmission output port of the reference
interferometer and the surrounding mirrors) a scheme had to be found that
allowed to ﬁt the second template around the already bonded components.
For that the baseplate was rotated by 90◦ between the two template bonding
steps to get the inclination in another orientation.
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(b)

Figure 4.7: CAD models of the two templates for bonding the non-critical components of the telescope simulator. The positions for the components were extracted
from the IfoCAD model and a CAD model of the baseplate with components was used
to check the template design. (a) The ﬁrst template has pockets with ball bearings
for the ﬁrst batch of components. (b) The second template has pockets with ball
bearings for the second batch of components and cut outs for the already bonded
components.

The templates were positioned on the TS baseplate by three ﬁne thread
adjustment screws pushing against the sides of the baseplate. Due to the
inclination of the baseplate three adjustment screws are enough to ﬁx the
position of the template against the baseplate by gravity.
For a controlled lifting and removing of the template after bonding three
long screws were integrated to push the template upwards until it could be
removed safely by hand without touching any components (see ﬁg. 4.8).
Alignment of the templates After manufacturing the positions of the
ball bearings in the templates were measured with the CMM to determine the
manufacturing tolerances and to optimize the template position. For this the
function of the CMM measurement software PC-DMIS was used to ﬁt a sphere
to measurement points on a segment of a sphere because only a segment of
the ball bearings is accessible in the template.
The measured tolerances for the ball bearing positions is 10 µm with a
maximum deviation of 24 µm. The diameter tolerance of the ball bearings is
10 µm with one exception of more than 50 µm.
The measured positions and diameters of the ball bearings were used to
ﬁnd an optimized position of the template to minimize the alignment error
because of tolerances. The oﬀsets are not equally distributed around zero
so an oﬀset of the whole template can improve the overall alignment of the
components. The optimization was done using the Microsoft Excel Solver
Add-in as done before at UGL for templates.
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(a) Measuring the position of the
ball bearings in the template with the
CMM.

(b) Bonding the second batch of components with the ﬁrst batch already in
place.

Figure 4.8: Photographs of template bonding.

To measure the orientation of the template on the telescope simulator
baseplate the position of three ball bearings that are in diﬀerent corners of
the template was measured with the CMM. With the adjustment screws on
the side the template was set in the optimized position on the baseplate.
Bonding Before each batch of components the baseplate was cleaned as
well as the components to bond (see description in section 4.1). After placing
the template back on the baseplate its position was checked by measuring the
position of the three ball bearings again that were used for the alignment. In
between the two templates the ﬁrst batch of components were left to cure for
several days.
After all the non-critial components were bonded their positions were measured using the CMM. These measurements were used to update the IfoCAD
model to an as-built model. The oﬀsets from the design value are 100 µm or
less in x and y with a standard deviation of 45 µm in x and 47 µm in y. The
deviation of the angle of the components is less than 1 mrad except for one
component, the mirror M8 (see ﬁg. 3.5) which is oﬀ by 2.6 mrad. This is not
critical because it is only guiding the already interfered beams to the reference
QPD. The reason for this big error is probably that the component was not
properly sitting against the ball bearings while bonding. The standard deviation of the angle oﬀsets is 700 µrad without the 2.6 mrad of M8. A complete
list of the measured positions and angles can be found in appendix B.
Waveplate Gluing the λ/2-waveplate into its mount and onto the telescope
simulator was the last step before shipping the telescope simulator to Glasgow.
For aligning the orientation for optimal polarization rotation the waveplate
was placed between two PBS. The ﬁrst one ensured the right polarization of
the beam and with the second, the transmission was optimized by rotating
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(a)

(b)

Figure 4.9: The λ/2-waveplate was clamped in the ﬂexures without glue for aligning
it in the right orientation. Then the glue was applied through little holes in the
ﬂexures (a). After aligning the rotation the waveplate mount was glued to the TS
baseplate using simple positioning mechanics just to make sure the angle with regard
to the beam is slightly oﬀset to 90◦ and the waveplate is hit in the center (b).

the waveplate. In this position the waveplate was then glued to its mount (see
ﬁg. 4.9).
The position of the waveplate on the TS is not very critical so a simple
positioning procedure was used. A metal bar for the angle and the tip of the
CMM for the lateral position. The angle was chosen to be a little diﬀerent
from 90◦ with respect to the beam direction to avoid stray light in the same
direction as the nominal beam. The measured angle after gluing for the mount
of the waveplate is 88◦ .

4.5

Critical alignment steps

For some bonding and alignment steps the telescope simulator was shipped
to UGL. There the LO FIOS was bonded and the beam aligned to the telescope simulator and optical bench baseplate with the following components.
The achieved precision is 10 µm and 20 µrad with an uncertainty of 5 µm and
20 µrad ([57], [58]). The LO beam was aligned to a misplaced target and it
has an oﬀset of about 200 µm. When the telescope simulator is aligned to
the optical bench the LO beam is aligned to the center of the TX beam on
the optical bench. That means the beams are well aligned in the science interferometer but oﬀset by 200 µm on the telescope simulator. But with the
1 mm radius beams the overlap is still more than enough and the oﬀset is not
critical.
Also the recombination beam splitter of the reference interferometer BS11
was bonded and the upper part of the feet for the tip-tilt mount. The bond
for the feet needs to be strong because during the alignment some force might
be applied to the bond.
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The pinhole photodiode was also aligned to the LO beam in Glasgow. It
needs to be centered to the beam better than the adjustment range of the
mount of 150 µm with some margin. For achieving this the beam size was
reduced with a lens and the power detected on the pinhole was maximized.
The methods and results for measuring the ﬁnal alignment of the beams
on the OB and the telescope simulator are reported in [58]). After these
critical alignment steps the telescope simulator was shipped back to Hannover
to continue the integration of the remaining parts.

4.6

Integration of metal parts and mounts

In this section the integration of the remaining metal parts and mounts, like
photodiodes, beam dumps, the ﬂat-top generator and the actuators is described. All parts were glued not directly on the baseplate but on pieces of
Kapton R tape. The sticky tape was stuck ﬂat on the baseplate and the components were glued with a two component glue (Hysol R EA 9361) on top of
the tape. That allows to remove to components and keeps the setup ﬂexible.
Reference interferometer photodiodes The reference pinhole SEPD was
already integrated by UGL. Two more photodiodes were integrated for the reference interferometer. The reference QPD is a QP-22Q quadrant photodiode
for aligning the RX beam. It was aligned to the center of the LO beam using
the optical signal. It was mounted on a three degrees of freedom translation
stage during the gluing process to ensure a good alignment.
The auxiliary SEPD is a big single element photodiode with an active
area of 8 mm diameter. The alignment is not critical because the photodiode
is bigger than the beam and it was aligned by eye to the center of the LO
beam.
Power monitor photodiodes After each FIOS a PBS ensures the right
polarization (s-pol) and a power monitor behind the PBS can be used for
monitoring the actual laser power that enters the interferometers. The power
monitor mount holds a beam splitter and two single element photodiodes. The
beam splitter reﬂects one part of the beam upwards to save space (in comparison to a sideways orientation). The mount was designed and assembled by
UGL and only had to be glued to the baseplate. With the big single element
photodiode it was also suﬃcient to align them by eye to the LO beam and RX
beam, respectively. To be sure the photodiode signals were monitored during
glueing.
The beam splitters in the power monitors are not used in the polarization
they are designed for because they are rotated by 90◦ . So their splitting ratio
is not 50/50.
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Flat-top generator For the alignment of the apodized aperture, a ShackHartmann sensor was needed. The aperture was aligned to the intensity center
of the Gaussian beam and the ﬂat phase proﬁle was checked. There was no
Shack-Hartmann sensor available at the AEI at that time, hence the alignment
was done at Airbus DS. On the baseplate, the ﬂat-top beam was aligned to
the RX Gauss beam as good as possible to make switching between beams
easier. In principle an alignment within the angular range of the actuators
is suﬃcient. To overlap the two RX beams a beam splitter and two QPDs
in diﬀerent distances were installed next to the TS baseplate. Because the
actuators were not yet integrated the RX beams were leaving the baseplate
at the position of the ﬁrst actuator. In the horizontal axis the beams could
be overlapped quite well, in the vertical axis this was not possible because
the mount for the ﬂat-top generator does not have an adjustment mechanism
in this axis. But the angle is small enough to have an DPS and DWS signal
on the reference QPD for both beams with the same initial alignment by the
actuators (see section 6.3 for the automatic alignment procedure).
Actuators Fig. 4.10 shows the actuator assembly. The piezo tip-tilt actuator Agilis AG-M100LV6 from Newport are screwed to the brass base with an
aluminum adapter plate for the thermally compensated mount design. The
brass base has three ﬂexure feet to be glued on the telescope simulator baseplate. On the front, on the actuated part of the tip-tilt mount, a 1” mirror
is attached. It is placed in front of the pivot point of the actuator to reduce
longitudinal motion of the mirror. The adapter plate between actuator and
mirror allows to glue the mirror in this position and its thickness is deﬁned
by the thermally compensating design.
After assembling the two actuator assemblies the actuators were set in the
middle of their adjustment range and glued to the TS baseplate. The RX
Gauss beam was overlapped with the LO beam during integration to make
sure the correct alignment is well in the middle of the actuator adjustment
range.
To determine the actuator position where the RX beam is aligned with the
LO beam, the overlap of both beams was optimized after gluing by actuating
the mirrors step by step with the dedicated controller and control software.
The built-in position read out was then used to measure this position. Due to
the varying step size of the actuators this position readout and commanding
the actuators to this position is not very accurate. But it is accurate enough
to get initial contrast between the RX and LO beam and start the automatic
alignment procedure.
Beam dumps Beam dumps are placed at the open ports of the PBSs. The
holes for dumping the beams have a spiral shape to minimize the reﬂections

72

CHAPTER 4. CONSTRUCTION TELESCOPE SIMULATOR

Figure 4.10: Actuator assembly. The mirror is glued via an adapter plate to the
mirror mount to place it in the right height and in front of the actual rotation point
of the actuator. The actuator is screwed to a brass baseplate with ﬂexure feet. The
whole assembly is designed to be thermally compensated to keep the mirror front face
in a stable position.

Figure 4.11: Photograph of completed telescope simulator

coming out of the beam dump. Their alignment is not critical but they were
glued to the baseplate with ﬂexure feet anyway to avoid stress.
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Figure 4.12: Photograph of completed optical bench and telescope simulator
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CHAPTER

Electronics, laser preparation
and vacuum tank
In this chapter an overview of the whole setup is given. This includes the electronics, the laser preparation with modulation bench, the automatic alignment
and measurement procedure and the vacuum tank. The readout electronics
and the phasemeter are described brieﬂy. Most parts of this chapter have been
recently published in the test report [45] and in [57].
An overview of the entire setup with telescope simulator, optical bench
and laser preparation is shown in ﬁg. 5.1. The laser preparation for operating
the setup is done on a three-arm modulation bench, which is described in the
next section 5.1. The telescope simulator and the optical bench are inside a
vacuum chamber (see section 5.4) and the photodiode signals are recorded by
a phase meter. A PC controls the alignment and measurement procedure and
saves the data (section 5.3).

5.1

Modulation bench

The modulation bench provides three laser beams with diﬀerent frequencies to
allow a simultaneous measurement of all phase diﬀerences between the three
beams (LO, RX and TX). A schematic and a picture of the modulation bench
are shown in Fig. 5.2.
The laser is an NPRO 1064 nm laser, frequency stabilized to an iodine reference (Prometheus from Coherent), with an output power of about 700 mW.
The beam is divided into three parts to generate the three diﬀerent frequencies
for OB and TS. The frequency is shifted by AOMs, the used frequencies and
resulting heterodyne frequencies are listed in Tab. 5.1a and Tab. 5.1b. The
diﬀerent heterodyne signals are called A, B and C in the following. They are
chosen to be in the range of a few kHz and not to have a harmonic relation.
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Figure 5.1: Schematic of the laser preparation and electronic setup for the heterodyne frequency generation and the phase readout.
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(a)
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Figure 5.2: For the laser preparation one frequency stabilized laser is split into three
beams which are frequency shifted on a three-arm modulation bench using AOMs. A
schematic overview (a) and a picture (b) of the modulation bench are shown.
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Table 5.1: AOM and heterodyne frequencies
(a) AOM driving frequencies

beam

frequency [MHz]

(b) Heterodyne frequencies

phase

beams

frequency [kHz]

LO

79.9853515625

A

TX-RX

9.765625

TX

80.0

B

TX-LO

14.6484375

RX

80.009765625

C

RX-LO

24.4140625

The three beams are delivered to the setup by optical ﬁbers and the RX beam
is split again and coupled into two diﬀerent ﬁbers to allow an easy switching between the RX Gauss and RX ﬂat-top beam. One of the two is always
blocked in front of the ﬁber coupler on the modulation bench.
Mirrors mounted on linear piezo actuators are included in the TX and RX
beam paths after the AOMs. They are used for an optical diﬀerence pathlength stabilization (OPD) implemented in the phase meter ([59]). The phase
diﬀerence between LO-TX and LO-RX is stabilized on the pinhole reference
SEPD on the telescope simulator by actuating the pathlength with the piezo
mounted mirrors. It was chosen to use the piezo mirrors in a small angle
instead of using a PBS and a waveplate to avoid any additional spurious polarization eﬀects. An earlier version of the modulation bench was built and
characterized by Max Zwetz ([60]).
In Fig. 5.3 a schematic overview of the electronics for the modulation
bench is shown. The heterodyne frequencies are generated with frequency
generators which are locked to an external frequency reference provided by the
phase meter. The signals from the frequency generators are ampliﬁed in the
AOM driver electronics, which also provides an output power stabilization and
an amplitude modulation input. This amplitude modulation input is used to
modulate the RX beam with 267 Hz provided by the phase meter. In the phase
meter the photodiode signals are demodulated with this frequency and used
to read out the position of the RX beam on the reference QPD independent
of the other beams.

5.2

Signal readout

The signal readout and overall organization is performed with a single-bin
discrete Fourier transform phasemeter [27] and a "readout and control" software. The phasemeter has 16 input channels for reading out the photo diode
signals. All photodiodes are connected via 25 D-Sub feedthroughs in the vacuum tank and divided into signals going to the phasemeter and additional
signals in a converter box. The signals going to the phasemeter are ampliﬁed
with transimpedance ampliﬁers (TIAs) and connected to the analog-to-digital
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Figure 5.3: Schematic overview of the electronics for the modulation bench. The
AOM driver frequencies are generated by frequency generators locked to the phasemeter. The RX beam is amplitude modulated using the modulation input of the AOM
driver electronic.

converter of the phase meter. More details and circuit layouts of the converter
box and the TIAs can be found in [34].
Not all photo diodes can be read out simultaneously with the 16 channels. The CQP and the temporary four-hole aperture QPD are connected
to separate TIAs and the signals are displayed with an oscilloscope for the
alignment. However, the converter box can be used to feed diﬀerent signals to
the phasemeter temporarily like the CQP diodes or the power monitor diodes
for debugging.

5.3

Control software

The actuation of the tilt mirrors on the TS is controlled via a PC and piezo
driven mirror mounts (Newport AgilisTM AG-M100LV6). An automated measurement procedure performing a tilt measurement with all the necessary actuation and alignment of the tilt mirrors is implemented in a measurement
program. The 16 channels of the phase meter are recorded with the DC value,
phase and amplitude of all three heterodyne signals and the amplitude modulated signal. In addition error signals and actuation signals of the two OPD
locks are recorded. For the TTL measurement averaged values for every step
are recorded as well as a log ﬁle for checking alignment and measurement
steps. A screen shot of the terminal output of the measurement program is
shown in Fig. 5.4.
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Figure 5.4: Screen shot of the user interface of the measurement program. For
each phasemeter channel the DC value, phase and amplitude for all three heterodyne
frequencies and the amplitude modulated (AM) signal is displayed. In addition error signals and actuator signals for the OPD locks and DPS and DWS signals are
displayed.

The program has a watch-mode where it is run without the tilt actuation
for alignments and debugging. For this mode it displays the DPS signals of
the science QPDs.
The complete measurement procedure is described in detail in [45]. In
summary the procedure executes the following steps:
• Initial alignment by commanding the actuators to absolute positions.
The position is chosen, so that there is some contrast on the ref QPD.
• Maximizing the heterodyne amplitude on the ref QPD.
• Minimizing the DWS signal on the ref QPD.
• Starting the measurement steps. The averaging for every angle and the
number of cycles can be varied.
The step size of the actuators is varying ([48]) and cannot be used for
positioning. For every angle step the angle is set by the ﬁrst actuator and the
second actuator is used to center the RX beam on the ref QPD again using
the DPS signal. This leads to slightly varying angle step sizes and instead of
the set angles the DWS signal is used to determine the actual angle.
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Figure 5.5: Picture of OB and TS in the vacuum tank with open lid. The modulation
bench is on an optical table next to the vacuum tank.

5.4

Vacuum tank

The OB and the TS are inside a vacuum tank (see Fig. 5.5). The modulation
bench and the electronics are outside the vacuum tank connected via electrical and ﬁber feedthroughs with the setup inside. The experiments for this
projects were all performed at atmospheric pressure with a vented vacuum
tank. Vacuum is not needed to measure coupling factors and the frequent
alignment changes would make it very time consuming to measure in vacuum.
However, the vacuum tank is providing a good shielding from air ﬂows, fast
temperature changes and electric cross coupling from the surrounding lab.
The vacuum tank was closed for all measurements. For some measurements
(see section 6.8 the temperature inside the vacuum tank was recorded using an FPGA thermometer with PT10k sensors (for more information on the
temperature readout system see section 10.1).

5.5

Representivity of the operation parameters

As stated in [34] the parameters for operating the setup are chosen to be
eﬃcient and not fully representative where this is not necessary.
• kHz heterodyne frequencies are used instead of MHz heterodyne frequencies and the laser light power levels are mW instead of pW. This
is not inﬂuencing the eﬀects under investigation and would add extra
complexity.
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• Operation in air does not allow picometer stability. The measurement
of coupling factors does not require picometer stability.
• To have a representative
√ testbed it was constructed to have the ability
to measure a few pm/ Hz with pW light levels and MHz heterodyne
frequencies (with modiﬁed FEE). This also oﬀers the possibility of more
representative further investigations.
The key parameters are fully representative for this tilt-to-length coupling
investigation:
• Operation with an RX beam with a ﬂat phase and intensity proﬁle, or
two Gaussian beams with diﬀerent beam parameters, is possible.
• The RX beam is tilting around the center of the RX aperture, which
will be the position of the pupil plane of the telescope.
• By placing the reference QPD in an optical equivalent position of the
RX aperture, only the tilt-to-length coupling on the optical bench is
measured.
• The distance of the science interferometer photodiodes to the point of
rotation, as well as the magniﬁcation factor, comparable to expected
layout of the LISA optical bench.
• All-Zerodur design with components intended for an elegant breadboard
for a full LISA optical bench. The telescope simulator is only mounted
by gravity without any additional interfaces or mounts on the optical
bench.

Part II

Experimental investigation of
tilt-to-pathlength coupling in
LISA
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The results presented in this part were mainly produced within the LISA
optical bench development project. These results have been published already
in the project test report [45] and in [57] and most figures and some text are
similar in these documents. In some parts the same wording might have been
used. The author performed most of the shown measurements, the analysis and
interpretation of the results was often a combined effort, and the simulations
were mostly done by Sönke Schuster.
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CHAPTER

Alignment and calibration
In the following chapter various calibration measurements are reported which
are necessary for the TTL coupling investigations. First the diﬀerential power
sensing signal (DPS) and the diﬀerential wavefront sensing (DWS) alignment
signals are calibrated for the diﬀerent beams and photodiodes and second the
alignment and calibration of the telescope simulator are shown. The calibration of the telescope simulator is necessary to ensure that only the TTL
coupling contribution of the optical bench is measured. The reference pinhole
photodiode on the telescope simulator was aligned to the temporary pinhole
photodiode in the RX aperture. To ensure the centering of both pinholes to
the beam a ﬂipping procedure is used where the telescope simulator baseplate
is rotated by 180◦ to ﬂip the sign of the TTL coupling contribution of the
telescope simulator.
The results of the calibration of the telescope simulator are diﬀerent for the
RX Gauss and the RX ﬂat-top beam. The measurements with the RX Gauss
show good alignment of the pinhole photo diodes and a residual coupling well
inside the requirements. The RX ﬂat-top shows a larger residual coupling,
the source of which is currently unknown. Diﬀerent possibilities were investigated like ghost beams and a micro structure on the phase proﬁle. The micro
structure is currently the most likely candidate for the residual coupling and
further investigations are discussed.
At the end of this chapter a tilt-to-length coupling measurement without
imaging systems is shown to demonstrate the readiness for operation of the
complete setup. The measured TTL coupling also shows that imaging systems
are necessary to meet the LISA requirement.
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Figure 6.1: Calibration of the DWS signals for Gaussian RX beam; beam angles
calculated from calibrated DPS signals are plotted versus the DWS signals for the
active (actuated) axis and the passive axis. A third order polynomial is ﬁtted to the
measured data. The IfoCad simulation ﬁts well to the measured data.

6.1

Photodiode signal calibration

The DPS and the DWS signals were calibrated. The calibration depends on
the beam parameters and the photo diodes and if possible the results were
veriﬁed with simulations. The DPS signals are used later for aligning the RX
beam and investigating beam walk. The DWS signal of the reference QPD is
used for measuring the actual angle of the RX beam. The information from
the tip-tilt actuators cannot be used because the step size varies too much.

Calibration for the Gaussian beams
For the LO beam and the RX Gauss beam with a Gaussian beam proﬁle
the DPS signals can be calculated analytically with the measured beam sizes
(see 2.2). The beam radii are 1109 µm for the LO beam and 1355 µm for
the RX Gauss beam measured with a WinCamD at the distance of the RX
aperture from the FIOS. With the beam position on two QPDs and the known
distance between them the beam angle can be calculated. Here the reference
QPD on the telescope simulator and the QPD2 from the calibrated quadrant
photodiode pair (CQP) on the optical bench are used for measuring the angle
of the RX Gauss beam. The beam angle is then used to calibrate the DWS
signal (see ﬁg. 6.1).
The DWS signal can also be calculated with IfoCAD for a Gaussian beam.
The third order polynomial ﬁt from IfoCAD provided the following ﬁt parameters (rounded): y = - 0.48x3 - 0.01x2 - 85.05x + 0.05. The result is plotted
in ﬁg. 6.1 and shows a good agreement with the measured calibration. The
DWS signal below and above approximately ±6 rad (optical phase) is not valid
because the contrast is too low.
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(a) Position of the temporary QPD for
the DPS signal calibration of the RX
ﬂat-top beam used for the DWS signal
calibration.
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rotation point and the lateral position of
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Figure 6.2: DPS and DWS calibration for the RX ﬂat-top beam with an additional
QPD on a translation stage.

The measured data in the active axis was also ﬁtted with a third order
polynomial. In the passive axis the beam nearly stays at the zero position, the
residual motion is due to cross-coupling in the actuator axes. For the active
axis the ﬁt parameters are (rounded): y = - 1.3x3 + 0.6x2 - 82.9x + 16.2. The
deviation from a zero crossing is small. These ﬁt parameters for the measured
calibration are used in the following for calculating the angle from the DWS
signal.

Calibration for the RX flat-top beam
For the ﬂat-top beam the DPS signals cannot easily be calculated analytically,
so before calibrating the DWS signal the DPS signal has to be calibrated. This
is done by laterally shifting a QPD by a known distance - and therefore shifting
the beam position on the QPD - and reading out the DPS signal. This cannot
be done with the CQP diodes because their alignment deﬁnes the alignment
of the Telescope Simulator and cannot be moved. Therefore an additional
QPD was installed next to the Optical Bench on a x-y translation stage with
micrometer screws as shown in ﬁg. 6.2a. The result of the DPS calibration for
this temporary QPD is shown in ﬁg. 6.2b.
With the distance of this additional QPD from the rotation point in the
RX aperture the angle is calculated and the DWS signal is calibrated. The
result is shown in ﬁg. 6.3. A linear ﬁt matches the measurement very well and
the coeﬃcient for the ﬂat-top beam is -84.2 µrad/radDWS as a result from
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Figure 6.3: Beam angle vs. DWS signal for the RX ﬂat-top beam. The beam angle
is calculated from the calibrated DPS signal.

this ﬁt. Again the DWS signals below and above approximately ±6 rad are
not valid.
The coeﬃcients measured here are used in the following to calculate the
beam angle from the DWS signal in the TTL coupling measurements and thus
provide the x-axis for most plots to follow.

6.2

Telescope simulator alignment on optical
bench

The telescope simulator needs to be aligned to the optical bench. Therefore
the telescope simulator position and orientation can be adjusted in all degrees
of freedom using the mounting feet described in [34]. The target for the
alignment are the two CQP diodes on the optical bench which are aligned
to the nominal beam position of the LO. With these two photo diodes the
oﬀset and the angle of the Telescope simulator is measured by reading out
the position of the LO on the optical bench. For the x, y and roll degrees
of freedom the telescope simulator is shifted using the technique of micro
hammering. Here, the telescope simulator is shifted by tapping against it. For
roll, yaw, and z degrees of freedom the height of the individual feet is adjusted.
The alignment steps are described in more detail in [61]. With this method
the beam can be centered on the CQP diodes with a 1-2µm accuracy. This
is suﬃciently accurate because other components like the pinhole positions,
the science interferometer QPDs and others inﬂuencing the TTL coupling
performance cannot be aligned with a higher accuracy. The alignment of the
telescope simulator is limited by beam jitter due to air movement.

6.3. TILT ACTUATION OF THE RX BEAM
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Tilt actuation of the RX beam

The RX beam is tilted around the pivot in the RX aperture with the two piezo
actuators on the Telescope Simulator.
For the measurement steps and the alignment an automatic procedure was
implemented in the readout program (see section 5.3). The main steps for a
TTL measurement are:
• Alignment of the RX beam to zero DPS and DWS
• The ﬁrst actuator is commanded to do one angle step.
• The RX beam is aligned to zero DPS with the second actuator. The
beam is now tilted and centered on the reference QPD, which means it
is rotated around the RX aperture.
• Measurement. The measured phase is averaged over several data points.
• First actuator is commanded to do the next angle step.
• and so on...
Before starting the automatic procedure, the alignment between the beams
has to be suﬃciently good to have some heterodyne amplitude for the optimization. Setting the actuators to a default position is enough to have a
starting point.
In the ﬁrst step the RX beam is aligned to the zero position by minimizing
the DPS and the DWS signal on the reference QPD. Then the actuator 1
(the ﬁrst in the beam path from the FIOS) is commanded to do the ﬁrst
angle step. By aligning the RX beam with the actuator 2 back to the center
of the reference QPD, the RX beam now is tilted around the center of the
photodiode, which means is is tilted around the center of the RX aperture.
In this position a measurement point is taken by averaging the phase for the
measurement time. After completing the measurement point the ﬁrst actuator
is commanded to do the next angle step and the procedure is repeated.
The resulting angle after an angle step is slightly diﬀerent from the set
angle but this is not critical because the actual angle can be measured with
the DWS signal (see section 6.1). In the program the maximum angle in both
directions and the number of steps can be speciﬁed.
Without loss of generality the actuation axis is vertical to the baseplate
plane.
In the combined setup of optical bench and telescope simulator the TTL
coupling has a contribution from the OB but also from the Telescope Simulator. To characterise only the optical bench contribution, the contribution
of the Telescope Simulator has to be removed by a calibration (also called
phase center characterization). This is done in two steps described in [61]. In
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one of the three holes
for the magnetic mount

pinhole

Figure 6.4: Photograph of a four-hole (left) and a pinhole (right) aperture. The
apertures are clipped into the RX aperture mount by three sperical magnets that ﬁt
into the three rectangular holes. Behind the four-hole aperture a QPD is ﬁxed so that
each hole is in front of a diﬀerent quadrant. Like this a DPS signal is measured which
is only dependent on the exact position of the four holes and not on the position of
the QPD. The apertures are machined to have the four holes and the single pinhole
exactly in the center of the three mounting holes.

the ﬁrst step the reference pinhole photodiode on the Telescope Simulator is
aligned to a temporary pinhole photodiode in the RX aperture, so that they
are optically equivalent copies of each other. In the second step the Telescope
Simulator is ﬂipped by 180◦ to ﬂip the sign of the TTL coupling contribution
of the Telescope Simulator.

6.4

Pinhole alignment

The reference pinhole SEPD on the telescope simulator should be optically
equivalent to a pinhole placed in the center of the RX aperture. The latter
is realized by actually placing a temporary pinhole SEPD in the center of the
RX aperture that will be removed again after the calibration. The reference
pinhole SEPD on the telescope simulator is aligned to this temporary pinhole so that it is equivalent. In ﬁg. 6.4 a photograph of a pinhole aperture
and a four-hole aperture is shown. The four-hole aperture is an alignment tool.
Alignment procedure:
• Align the telescope simulator to the optical bench.
• Place a temporary QPD with a four-hole aperture in the RX aperture
and align it to the LO beam using the DPS signals.
• Exchange the four-hole aperture by the pinhole aperture with a SEPD.
The pinhole is in the center of the four hole aperture.
The temporary pinhole SEPD is mounted in the RX aperture with a magnetic kinematic mount and has to be aligned to the LO beam after aligning the
telescope simulator with respect to the OB. The pinhole SEPD is the pinhole
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aperture shown in ﬁg. 6.4 glued in front of a single element photo diode, so
that only the light transmitted through the pinhole is hitting the photodiode.
The pinhole itself cannot be used for aligning it to the center of the LO beam
because the accuracy that can be achieved using a Gaussian intensity proﬁle
much bigger than the pinhole is not accurate enough (see [34]). Instead a
four-hole aperture in front of a QPD is used with one hole in front of each
segment. This allows to use the position of the aperture as the alignment reference instead of the position of the QPD. The four-hole aperture is aligned
to the mount with the same magnetic mount but it is not trivial to align the
QPD to a few microns and thus the aperture was used as the reference. After
aligning the QPD is then exchanged by the pinhole photodiode. The diﬀerent
apertures are accurately machined to ensure the center of the apertures is
in the center of the rectangular holes deﬁning their position on the magnetic
mount. They are interchangeable and placed with micron accuracy on the
mount with the magnetic kinematic mount.
The critical part of this procedure is to be able to place the apertures
repeatedly on the RX aperture mount within a few microns. The manufacturing tolerances of the apertures and the repeatability of their placement were
checked before (see [45]).

6.5

Reference pinhole on the Telescope Simulator

The reference pinhole has to be aligned to be equivalent to the pinhole in
the RX aperture. The longitudinal alignment is less critical, a few mm is
suﬃcient. The RX aperture mount and the mount of the reference pinhole
were positioned carefully and the distance of the Telescope Simulator to the
optical bench was adjusted to the default height with the tip-tilt mount.
The lateral alignment has to be accurate to micrometers and is done by
measuring the TTL coupling diﬀerence of the two pinhole photo diodes. The
coupling should be the same on both pinhole diodes if they are copies of each
other. A lateral misalignment leads to a linear coupling.
The following alignment procedure was used:
• Perform a TTL measurement and look at the diﬀerence of the two pinhole photodiodes.
• If there is a diﬀerence move the reference photodiode laterally.
• Perform another TTL measurement.
• Repeat until the diﬀerence between the two pinhole photodiodes is minimized.
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(a) Pathlength change vs. beam angle. (b) Slope of pathlength change vs. beam
angle.
Figure 6.5: Diﬀerence of the pathlength signal between the reference pinhole photodiode and the temporary pinhole photodiode in the RX aperture with the RX Gauss
beam. The reference pinhole photodiode is not aligned which leads to the linear
pathlength change.

An intermediate step in this procedure is shown in Fig. 6.5. Fig. 6.5a
shows the pathlength diﬀerence between temporary photodiode and reference
photodiode on the telescope simulator versus beam angle. Figure 6.5b shows
the corresponding slope of the pathlength change. The reference pinhole photodiode is laterally not aligned to the temporary pinhole photodiode, which
leads to a linear coupling.
Figure 6.6 shows the resulting situation after completion of the alignment
procedure for the RX Gauss beam. The linear coupling could be reduced to
be well below the requirement of 25 µm/rad by aligning the pinhole photodiode laterally. The linear ﬁt in the pathlength change shows the the residual
linear part of the coupling and is a measure of how well the photodiode is
aligned. The quadratic coupling that is still visible after the alignment cannot
be reduced by a lateral alignment of the pinhole photodiode but it is small
enough to fulﬁll the requirements.
Figure 6.7a shows the pathlength diﬀerence between temporary pinhole
photodiode and reference photodiode for the RX ﬂat-top beam at an intermediate step during alignment. The reference pinhole photodiode is laterally
not aligned to to temporary pinhole diode. This leads to the linear coupling
shown in Fig. 6.7b.
Figure 6.8 shows the resulting situation after completion of the alignment
procedure for the RX ﬂat-top beam. There the linear part of the coupling
could also be removed by a lateral alignment of the pinhole photodiode. The
linear ﬁt shows again the linear part of the coupling which is a measure of
how well the photodiode is aligned laterally. However, the quadratic part
of the coupling is larger than for the Gaussian beam and the requirement
could not be fulﬁlled. The quadratic contribution cannot be removed with the
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Figure 6.6: Diﬀerence of the pathlength signal between the reference pinhole photodiode and the temporary pinhole photo diode in the RX aperture with the RX
Gauss beam. The reference pinhole photodiode is aligned to minimize the pathlength
change.
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Figure 6.7: Diﬀerence of the pathlength signal between the reference pinhole photodiode and the temporary pinhole photodiode in the RX aperture with the RX
ﬂat-top beam. The reference pinhole photodiode is not aligned which leads to the
linear pathlength change.
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(a) Pathlength change vs. beam angle. (b) Slope of pathlength change vs. beam
angle.
Figure 6.8: Diﬀerence of the pathlength signal between the reference pinhole photodiode and the temporary pinhole SEPD in the RX aperture with the RX ﬂat-top
beam. The reference pinhole SEPD is aligned to minimize the pathlength change.

foreseen procedure of lateral alignment of the pinhole photodiode. The cause
of the high quadratic term in the coupling is not known for sure. Further
investigations and a discussion can be found in section 6.7. However the
requirement for the TTL coupling in the science interferometer was met in
the measurements with imaging systems. The correct position of the reference
pinhole was ensured with the RX Gaussian beam to validate the calibration
as shown in the next section. That means the measurement between pinholes
with the ﬂat-top beam shown here does not indicate an incorrect alignment of
the reference pinhole and it is not likely to have an inﬂuence on the imaging
system performance measurements.

6.6

Alignment test using the flipping procedure

The reference pinhole photodiode was aligned to the temporary pinhole photodiode in the RX aperture by minimizing the diﬀerential coupling between
these two photodiodes. This means they see the same coupling and are hence
in equivalent positions with regard to the beams. The temporary pinhole photodiode was placed in the center of the LO beam using the four-hole aperture
(see section 3.2 and [45] for details), which is also the point of rotation, and
both pinhole photo diode should be centered on the point of rotation. This
was tested by ﬂipping the whole telescope simulator baseplate by 180◦ . By
rotating the telescope simulator, the beam on the temporary pinhole photodiode is rotated by 180◦ . If the two pinholes both had an oﬀset from the point
of rotation before ﬂipping, the sign of the oﬀset changes for the temporary
pinhole by the ﬂipping.
For the lifting and rotation of the telescope simulator an additional support
structure and a crane were used. Although the telescope simulator is not as
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Figure 6.9: Diﬀerence of the pathlength signal between the reference pinhole photodiode and the temporary pinhole photodiode in the RX aperture after the ﬂipping,
before adjusting the temp photodiode.

big and heavy as the optical bench it is not easily handled in the vacuum tank
because a lot of care is needed to not damage any of the components on the
optical bench or the telescope simulator. After the rotation the LO beam and
the CQP are again used for the ﬁne alignment to ensure that the rotation axis
is the LO beam.
The results for the ﬂipping procedure are shown in ﬁg. 6.9 for both, Gaussian and ﬂat-top RX beam. Here again the diﬀerence between the reference
pinhole photodiode and the temporary pinhole photodiode in the RX aperture
is shown. That means the measured TTL coupling is a result of an oﬀset of
the pinholes and the pinholes were not centered on the point of rotation before ﬂipping. To align both pinholes to the center of the rotation axis (beam
axis of LO and TX), they are shifted by half of the total oﬀset after the ﬂipping towards the middle. The measured TTL coupling after the ﬂipping was
51 µm/rad for both RX beams (see ﬁts in ﬁg. 6.9a and ﬁg. 6.9b). That means
both pinholes have to be shifted by 25 µm in opposite directions.
In ﬁg. 6.10 the result after the realignment of the pinhole photodiodes is
shown for the Gaussian RX. The procedure was successful and the remaining
TTL coupling of the aligned telescope simulator and optical bench setup is
well inside the requirement with the RX Gauss beam.
The TTL coupling with the RX ﬂat-top beam does not meet the requirement, not even before ﬂipping as shown in ﬁg. 6.8. The cause of the additional
quadratic coupling is not yet understood. However, it was shown with the RX
Gauss beam that the telescope simulator and the reference pinhole photodiode
are aligned. The RX Gauss and the RX ﬂat-top are both aligned in the same
way with regard to the LO beam, so the alignment of the telescope simulator
and the reference pinhole is valid for both beams. The additional coupling
with the ﬂat-top beam is probably an eﬀect of the quality of the ﬂat intensity
and wave front proﬁle in combination with the very small pinholes and is not
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Figure 6.10: Diﬀerence of the pathlength signal between reference pinhole SEPD
and temporary pinhole SEPD in the RX aperture with the RX Gauss after ﬂipping,
after adjusting the reference pinhole
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Figure 6.11: Diﬀerence of the pathlength signal between reference pinhole SEPD
and temporary pinhole SEPD in the RX aperture with the RX Gaussian before and
after ﬂipping, as well as after realignment of the reference pinhole.

present in the TTL measurements with the science interferometer to test the
performance of the imaging systems.
For comparison, the pathlength measurements before ﬂipping, after ﬂipping and after realignment of the reference pinhole are shown in ﬁg. 6.11.
Before ﬂipping the diﬀerence of the two pinholes is small because they are in
equivalent positions with regard to the beams but both with the same oﬀset
from the point of rotation. After ﬂipping the sign of the oﬀset changed for the
temporary pinhole and the distance between the two pinholes is now twice the
oﬀset from the point of rotation, causing the linear coupling. After realigning
both pinholes towards the point of rotation by half of their distance they are
again in equivalent positions and on the center of rotation.
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Investigation of the pinhole-pinhole
measurement with the flat-top beam

In this section the investigation of the cause of the remaining higher order TTL
coupling in the pinhole-pinhole calibration measurements with the RX ﬂat-top
beam, shown in ﬁg. 6.8, is presented. This higher order coupling exceeding
the requirement is only present in this measurement where the phase on the
reference pinhole photodiode on the telescope simulator and the temporary
pinhole photo diode in the RX aperture on the optical bench are compared.
The same measurement with the RX Gauss beam showed that the two pinholes are both aligned to the rotation point of the RX beam and should in
principle see exactly the same phase signal, because they are placed in optically equivalent positions. This is true well within the requirement for the
RX Gauss beam which shows that the measurement principle is working. The
additional coupling with the ﬂat-top beam has to be caused by some eﬀect
that is diﬀerent for the two pinhole diodes so that they are not seeing the
same phase signal anymore.
Several hypotheses were investigated and are discussed in the following.

Back reflection from pinhole aperture
One diﬀerence between the two pinhole diodes is the material of the apertures.
The metal foil of the temporary pinhole is more polished and has therefore
a higher reﬂectivity. The whole ﬂat-top beam and the LO beam are hitting
the front surface of the aperture (the 150 µm pinhole is much smaller than the
beams) and some fraction is reﬂected back into the interferometer.
The back reﬂection was ﬁrst reduced by inserting a non-reﬂective black
cardboard pinhole – slightly bigger than the metal pinhole – in front of the
temporary pinhole. Fig. 6.13a shows that this did not inﬂuence the remaining
TTL coupling.
Then a quarter waveplate was inserted instead in front of the temp pinhole.
See ﬁg. 6.12 for a close-up view of the modiﬁed set-up with the back reﬂected
beams visible behind BS23 and PBS2. The back reﬂected light is passing
the waveplate twice and therefore its polarization is rotated by 90◦ from sto p-polarization. It is therefore transmitted by PBS2 and not going back
to the telescope simulator. In ﬁg. 6.13b a TTL measurement is shown in this
conﬁguration. The TTL coupling remains the same, so the back reﬂected light
from the temporary pinhole is not the source of the additional TTL coupling.
Behind the beam splitter BS23 the back reﬂected light can be measured.
One of the science QPDs was placed in the open port of the beam splitter (see
ﬁg 6.12). The measured amplitude is plotted in ﬁg. 6.14. It is clearly visible
how the amplitude of the C phase decreases with larger angles.
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Figure 6.12: Setup on the optical bench to measure and suppress the light back
reﬂected from the pinhole aperture surface. The temporary pinhole photodiode is
placed in the RX aperture and an additional quarter-waveplate (QWP) is placed in
front of the pinhole. The quarter-waveplate is rotating the back reﬂected light from
s-pol to p-pol so that it is transmitted through PBS2 and not going back to reference
interferometer on the telescope simulator. BS23 is a 90/10 beam splitter so the back
reﬂected light can be detected on a photodiode placed in the open output port. The
TX beam was switched oﬀ to avoid any interference.
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Figure 6.14: Amplitude of the heterodyne signal of the C phase (RX-LO) behind
the open port of BS23. One of science interferometer QPDs, moved to BS23, was
used for this measurement.

Saturation of the temporary photodiode
A saturation of a photodiode can lead to a phase shift, this was observed in an
earlier measurement in the science interferometer. The heterodyne amplitude
is angle dependent, it decreases with increasing beam angle, and this can
lead to a situation where the photodiode is saturated for small angles but
not for larger angles. On a pinhole photodiode the contrast does not change
with angle, however it might be possible that a saturation leads to a phase
drift because the photodiode response becomes non-linear. On the temporary
pinhole photodiode nearly 2.5 times the power as on the reference photodiode
is incident, because the beam is passing two 50/50 beam splitters before the
reference photodiode, but only one 60/40 beam splitter before the temporary
pinhole. However a measurement with an OD 0.5 (transmission of 0.3) neutral
density ﬁlter in front of the temporary pinhole photodiode did not change the
measured TTL coupling and a saturation eﬀect was ruled out.

Ghost beams
Ghost beams can possibly inﬂuence the two pinhole diodes diﬀerently and
cause the phase diﬀerence. They occur as parasitic beams in the optical components. In ﬁg. 6.15 the green beam is the nominal beam and the orange
beam is the ghost beam, a parasitic reﬂection at the rear side of the component. If the component is parallel, the ghost beam is propagating in the same
direction as the nominal beam with an oﬀset dependent on the thickness of
the component. In this setup the mirrors are all wedged to avoid ghost beams
from the second surface co-propagating with the nominal beam, but the beam
splitters are parallel.
The beam splitters have a thickness of 8 mm, which gives an oﬀset of
6.3 mm between the nominal and the ghost beam at a 45◦ angle of incidence.
The ﬂat-top beam has an outer diameter of 7 mm, which means the inner
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6.3mm

Figure 6.15: Illustration of a ghost beam
from the back side of a beam splitter. The
nominal beam is in green, the ghost beam
in orange. The inner part of the ﬂat-top
beam is ∼3 mm in diameter, the outer part
with the petals ∼7 mm. The ghost beam
7mm
is not overlapping with the center of the
nominal beam where the pinhole is placed
but the outer part is close to the edge of
3mm
the beam splitter.

8mm

22mm

150 µm, seen by the pinhole photodiode, have no overlap with the ghost beam.
However, the ghost beam gets close to the edge of the beam splitter, where
the dielectric coating ends, and the ghost beam might be diﬀracted. The
smaller beam splitters have a width of 22 mm and the coating is only 18 mm
wide and does not cover the whole surface (for dimensions see [34]). Stray
light from a diﬀracted beam could interfere with the nominal beam on the
pinhole photodiode and cause small vector noise, because due to the additional
distance in the beam splitter the ghost beam has a diﬀerent phase to the
nominal beam.
To test if ghost beams from the polarizing beam splitters are inﬂuencing
the TTL coupling between the two pinholes, the power in the ghost beam was
increased. The polarization of the RX beam was rotated with a half-waveplate
in front of the out-of-plane optic on the telescope simulator. This increases
the ghost beam generated in PBS2 on the optical bench, because more power
is transmitted through the front surface and thus there is more power in the
spurious reﬂection on the back surface. This did not aﬀect the TTL coupling,
even with a nearly 90◦ polarization rotation to maximize the ghost beam.
The ghost beams from the beam splitters have an oﬀset parallel to the
baseplate surface, the beam height and angle is the same, because the front
and back surfaces are parallel. If the part of the ghost beam interfering with
the nominal beam on the pinhole photodiode is coming from the outer – petal
shaped – part of the ﬂat-top beam the orientation of the aperture should make
a diﬀerence. It should make a diﬀerence if a petal is exactly on the same height
as the pinhole or if the pinhole position is in between petals.
This was investigated by slightly rotating the whole ﬂat-top generator
because the apodized aperture is carefully aligned to the center on the big
Gaussian beam and this alignment would be spoiled if only the aperture is
rotated. The rotation results in a rotation of the polarization, but this is only
causing a small reduction in power in the RX beam, because the polarization
is cleaned with a PBS after the ﬁber coupler.
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(c) Slope of path length change vs.
beam angle. The ﬂat-top generator is
rotated slightly further to the right.
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(d) Slope of path length change vs.
beam angle. The ﬂat-top beam was
clipped on one side so that the petals
are obscured.

Figure 6.16

In ﬁg. 6.16 the results are shown. The rotation of the ﬂat-top generator
did have an inﬂuence on the TTL coupling diﬀerence on the two pinhole
photodiodes. In one position the requirement was nearly met, but no position
could be found where the coupling was as small as for the Gaussian RX beam.
Due to the lack of a ﬁne adjustment mechanism for the rotation of the ﬂat-top
generator, it was not possible to do a systematic investigation. Even going
back to the original position did not reproduce the results before starting to
rotate the ﬂat-top generator.
These results suggest that the position of the petals has an inﬂuence on the
TTL coupling diﬀerence on the two pinholes. However with the unreproducible
results it is not possible to understand how the orientation is aﬀecting the
coupling. If the hypothesis is true that the outer part of the ﬂat-top beam
is scattered into the nominal beam path and is interfering with the nominal
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beam on the pinhole photodiode, clipping the ﬂat-top beam on the side should
remove, or at least inﬂuence, the ghost beam. In ﬁg. 6.16d one side of the
ﬂat-top was clipped right behind the apodized aperture so that the petals on
this side were not visible anymore. This did not make a diﬀerence on either
side of the ﬂat-top beam. That means the rotation of the ﬂat-top generator
has to couple in a diﬀerent way.
By rotating the ﬂat-top generator not only the orientation of the apodized
aperture changes but also the polarization of the beam. Behind the PBS this
should only result in a decrease of the the power. However, this was veriﬁed by
changing the polarization independently of the petal positions of the aperture,
by inserting a half-waveplate behind the apodized aperture. As expected that
did not inﬂuence the TTL coupling measurement.

Beam walk
A beam walk of the RX beam during the TTL coupling measurement could
result in a coupling if the beam has a micro structure that is changing the
phase signal on the pinhole photodiode, when the beam is scanned over the
pinhole during the measurement. If the lateral position of the two pinholes
in the passive axis (the one perpendicular to the tilt axis) is not exactly the
same, this phase change can be diﬀerent for the two pinholes.
By centering the RX beam after each angle step on the reference QPD,
beam walk should be avoided, but it is possible that the centering is not very
accurate for the ﬂat-top beam. The DPS signal on the QPD is used, which
is very sensitive for a Gaussian beam smaller than the photo diode, like the
RX Gauss beam. The ﬂat-top beam however, is bigger than the photo diode
which has a diameter of 5.3 mm (see datasheet [62]) and the petal-shaped edge
might also disturb the DPS signal.
A ﬁrst attempt to improve the centering was to reduce the diameter of
the ﬂat-top beam with an additional focusing lens in front of the ﬂat-top
generator. The longest focal length available was a 1000 mm that reduced
the size already signiﬁcantly on the reference QPD. The measurement showed
less TTL coupling but it is not clear if a better centering is responsible for the
result, or the modiﬁed RX beam which was not a good ﬂat-top beam anymore.
A diﬀerent approach was taken in parallel by Max Zwetz, reported in [47].
The phase proﬁle of the ﬂat-top beam was analyzed, using the phase camera on the telescope simulator and a Shack-Hartmann sensor to measure the
phase front of the identical spare ﬂat-top generator. A micro structure was
identiﬁed with the Shack-Hartmann sensor that could be responsible for the
measured TTL coupling diﬀerence. The measurements with the phase camera also suggest that there is a beam walk of the order of 20 µm. It could
not be shown that this is the mechanism causing the additional coupling with
the ﬂat-top beam, because the resolution of both sensors is too low compared
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to the pinhole to identify the exact phase structure and beam walk. It is a
possible explanation, but further investigations are necessary.

Summary and discussion
Several causes for the increased TTL coupling with the ﬂat-top beam in the
pinhole-pinhole measurement could be ruled out in this investigation. The
back reﬂection from the pinhole aperture material, saturation eﬀects of the
temporary pinhole photodiode, ghost beams from the beams splitters and a
not optimally aligned polarization of the RX beam.
A possible source of the increased coupling is a micro structure on the phase
proﬁle of the ﬂat-top beam. For a micro structure to cause a TTL coupling
diﬀerence on the two pinholes, a beam walk during the tilt measurement and
an oﬀset of the two pinholes in the passive axis is necessary, otherwise the
diﬀerence between the two pinholes would be still constant. With a beam
walk, the beam is scanned over the pinhole and if the pinholes are not seeing
exactly the same part of the beam this can cause a TTL coupling diﬀerence.
The pinholes are aligned very well in the active axis (the axis in which the
beam is tilted) but not in the passive axis because that should not be critical
if the phase of the ﬂat-top beam is really ﬂat.
Two approaches were taken to investigate this mechanism: reducing the
beam walk or investigate the quality of the phase proﬁle. A ﬁrst attempt
to improve the centering of the ﬂat-top beam on the reference QPD was to
reduce the beam size, but this also altered the phase proﬁle. The measured
TTL coupling was improved but it is not clear if this was caused by the
improved centering or the modiﬁed beam. The phase proﬁle was investigated
by Max Zwetz, using a Shack-Hartmann sensor and a phase camera, but the
resolution of both sensors was not high enough to get a clear result.
Promising ideas for future investigations of this phenomenon are, for example, using a larger QPD as the reference QPD to improve the DPS signal or
installing a third pinhole photo diode to have another reference. It would be
possible to replace the large auxiliary single element photodiode by a pinhole
photodiode identical to the other two. The auxiliary photodiode is at the
same optical distance as the other photodiodes and a pinhole there is another
copy of the pinhole in the RX aperture. Another approach would be to change
the properties of the ﬂat-top beam. For comparison, the spare ﬂat-top generator could be used or the apodized aperture could be moved slightly. This
should change the micro structure in the center of the ﬂat-top beam. If the
performance cannot be improved, a diﬀerent design approach for the ﬂat-top
generator might be considered. The current design is a pragmatic solution to
save cost and space on the telescope simulator.
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Temperature dependencies of the tip-tilt
mount

The long-term stability of the tip-tilt mount of the telescope simulator (see
section 3.3) was investigated. The interferometric signals on all photodiodes
were measured for several days while the tilt actuators for the RX beam were
standing still. Furthermore, temperature sensors were placed within the vacuum tank to monitor the temperatures of the vacuum tank wall, the optical
bench baseplate and the telescope simulator baseplate. This measurement was
performed twice, once with the adjustment screws in contact to the mounting feet and once with the adjustment screws retracted, which means there
was no contact between adjustment screws and mounting feet. Only with
retracted adjustment screws is there an all-Zerodur R connection between the
two baseplates, as intended in the design. Figure 6.17 shows the variation
of the pathlength signals between science interferometer and reference pinhole for the scenario with the adjustment screws attached to the mounting
feet. Figure 6.18 shows the measurement setup with the adjustment screws
retracted from the mounting feet. Shown are the three phase signals, A, B
and C, individually as well as the sum of the A and the B phase. The A and
the B phase (shown in yellow and green) are showing a pathlength change
in opposite direction because the height of the telescope simulator above the
optical bench is sensed in opposite directions. The C phase is the interference
of the two beams launched on the telescope simulator and the height variation
is common mode for these two beams. The residual pathlength variations in
the C phase and the A+B signal are probably due to angular movement of
the telescope simulator which induces a tilt-to-length coupling. Both ﬁgures
show additional temperature data for the vacuum chamber and the telescope
simulator. In ﬁg. 6.17 the temperature was increased at day 6 in order to
investigate the experiment’s response. This was achieved by increasing the
temperature in the lab. In the measurement with the adjustment screws attached, a strong relation between temperature and pathlength change in the A
and the B phase can be observed. Presumably the temperature driven length
change of the adjustment screws is responsible for this behavior. This can not
be observed in the measurement with the adjustment screws retracted. In this
situation the all-Zerodur R path between optical bench and telescope simulator provides a connection with no temperature driven expansion. However, a
variation in the A and B phase can still be observed. The clamping mechanism seems not strong enough in order to provide a stable connection between
the two Zerodur R parts. By increasing the clamping force an improvement in
the mounting feet stability was observed. The measurement in ﬁg. 6.17 was
performed with the maximal possible clamping force that can be obtained by
the given mechanical design, see ﬁg. 6.19.
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Figure 6.17: Longterm measurement with adjustment screws attached to the mounting feet. Phase signals and temperature data are plotted in one plot.
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Figure 6.18: Longterm measurement with adjustment screws retracted from the
mounting feet. Phase signals and temperature data are plotted in one plot.
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Figure 6.19: Clamping spring of the mounting feet in the position with the maximal
possible clamping force.

Figure 6.20 and ﬁg. 6.21 show the relation between pathlength change
and temperature with adjustment screws attached and retracted, respectively.
When the adjustment screws are attached, a linear correlation between temperature and pathlength can be seen with a slope of approximately 130 nm/K.
The telescope simulator displacement amounts to half of this optical pathlength change. This measurement is compatible with the thermal expansion
of 3 mm stainless steel (10.17 · 10−6 /K), 10 mm Invar (2 · 10−6 /K), and 120
mm Zerodur R (2 · 10−8 /K), which is combined approximately 53 nm/K. The
amount of these three materials contributing to the total thermal expansion
of one telescope simulator foot was estimated by the dimensions.
Figure 6.21 shows no linear behavior, the pathlength change seems to be
not temperature driven anymore.
When the adjustment screws are attached, the height of the telescope
simulator changes with temperature due to the expansion of the adjustment
screws. When the adjustment screws are retracted, the change in the height
of the telescope simulator is much smaller, since the Zerodur R has a much
smaller coeﬃcient of thermal expansion. However, the height of the telescope
simulator is still not stable. Possibly the friction between feet and telescope
simulator is not strong enough which leads to stick-slip processes.
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measurement with adjustment screws attached to the mounting feet. The data is the
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measurement with adjustment screws retracted from the mounting feet. The data is
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the measurement.
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Figure 6.22: Pathlength change plotted over the beam angle for a comparison
between A phase and A+B phase. The angle moved from zero to +500 µrad, then to
-500 µrad and back to zero.

6.9

Telescope simulator height variation removal

The height of the telescope simulator is measured in two phase signals, in
signal A between TX and RX and in signal B between LO and TX. Since
the phase B measures the phase relation between two stable beams, it is a
good measurement of the height variation of the telescope simulator. In the
following, the phase signal of the B phase is used to correct for the height
variations of the telescope simulator in the A phase. Therefore, the telescope
simulator can be used with the adjustment screws attached to the mounting
feet, because it is not sensitive to telescope simulator movement in the z axis
anymore. Figure 6.22 shows a comparison between only A phase and A+B
phase for a two-lens imaging system. In the only A phase scenario a drift can
be observed which is caused by a height change of the telescope simulator.
If the B phases is added, the drift disappears and the measured curve is not
aﬀected by the height variation anymore.
The remaining small variation in the A+B phase is in the same order of a
few nanometers in both cases, with retracted and with attached adjustments
screws. Hence, if the large drift is subtracted by using the A+B phase the
performance is not improved by using the all-Zerodur feet in the design conﬁguration without the adjustment screws. Realigning the telescope simulator
is much less time consuming if the adjustment screws are attached already
and it was decided to operate the setup in this conﬁguration.

6.10

TTL coupling without imaging systems

In this section an initial TTL coupling measurement without imaging systems
is presented. In ﬁg. 6.23a the pathlength versus the beam angle is shown, in
ﬁg. 6.23b the numerically calculated slope of this pathlength change versus
the angle.
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Figure 6.23: TTL coupling measurement with the RX Gauss beam and no imaging
systems in the science interferometer. All three phase signals A,B and C are plotted
for one science interferometer photodiode. The slope is calculated numerically.

The three phase signals – A, B and C – are plotted for one science interferometer photo diode. The signal for the photo diode in the other output
port looks very similar and is not plotted here. The B phase is between the
two ﬁxed beams (TX and LO) and is therefore stable over the measurement
as expected. In the phase signals A and C with the tilting RX beam a large
quadratic coupling is present. It is about a factor of 6 above the requirement
for ±300 µrad. This clearly shows the necessity of TTL coupling suppression
by imaging systems.
This initial measurement is also demonstrating the successful commissioning of the setup. The measurement procedure is working as expected and in
the following it was used to investigate the performance of imaging systems.

6.11

Summary and conclusion of the
commissioning

In this chapter the alignment, calibration and commissioning of the telescope
simulator and optical bench setup was presented. Alignment signals like the
DPS and DWS signals were calibrated, the telescope simulator was aligned
on the optical bench using the LO beam as the alignment reference and the
reference pinhole photo diode was aligned to remove the TTL coupling of the
telescope simulator from the measurements.
The alignment of the reference pinhole did work well with the RX Gauss
beam and the pinhole-pinhole measurements (meaning the phase diﬀerence
between the reference pinhole on the telescope simulator and the temporary
pinhole in the RX aperture) could be used to minimize the diﬀerential TTL
coupling between the two pinholes. To center the pinholes on the beam ro-
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tation point the ﬂipping procedure was used. This ensures that the pinholes
are in optically equivalent positions and in the science interferometer only the
TTL coupling on the optical bench is measured.
With the ﬂat-top beam a higher order TTL coupling remained in this
pinhole-pinhole measurements, exceeding the requirement. The cause for that
could not be determined, although a micro structure on the phase proﬁle is
a likely candidate. This larger higher order coupling is not present in the
science interferometer and the ﬂat-top beam can be used for the imaging
systems investigations anyway.
The tip-tilt alignment mechanism of the telescope simulator was not as
stable as expected from the all-Zerodur design. It is moving in the order of a
few nanometers over the duration of a TTL measurement. The height change
of the telescope simulator can be subtracted by using the B phase, the phase
signal between the two stable beams.
At the end of the chapter, a TTL coupling measurement without imaging
systems was shown to demonstrate the operational readiness of the setup and
the necessity of imaging systems to meet the LISA requirements.

CHAPTER

Investigation of the two-lens
imaging system design
Without an imaging system the RX beam tilts around the center of the RX
aperture and the beam has an angle-dependent oﬀset on the photodiode of
the science interferometer. This results in a large tilt-to-length coupling as
shown in section 6.10. The requirement for LISA is not met. The imaging
systems are placed in the science interferometer in front of the photodiodes
to reduce the tilt-to-length coupling. The pupil plane of the telescope (which
will be in the RX aperture) is imaged onto the photodiode surface. With an
ideal imaging system, the RX beam rotates exactly around the center of the
photodiode surface with no lateral beam walk. Two sorts of imaging systems
with diﬀerent design approaches are tested and characterized in this thesis.
In this chapter the results for the two-lens design are presented. The results
for the four-lens design are presented in the next chapter.
In this chapter ﬁrst the design of the two-lens imaging system and the
alignment procedure are described. Then the results for the nominal performance with aligned imaging systems are shown and the results of an alignment
sensitivity analysis, where individual components were misaligned intentionally.
All the measurements in this chapter show the A phase, the interference
of the TX beam from the optical bench and the tilted RX beam. For the
performance measurements and the sensitivity analysis the ﬂat-top RX beam
is used. In the last section an investigation with the Gaussian RX beam is
shown.
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Design and alignment

The two-lens imaging system is not using a classic pupil plane imaging scheme.
The beam is not collimated on the photodiode after the two lenses. It was
designed with oﬀ-the-shelf lenses to meet the requirements – tilt-to-length
coupling suppression and a magniﬁcation factor of 0.4. The two-lens imaging
systems was designed by Sönke Schuster using an algorithm developed by
Gerhard Heinzel [63]. The main idea is to fulﬁll the requirements of reducing
beam walk, reducing TTL coupling and providing the right magniﬁcation
factor, but discarding the collimated beam that seems not to be important to
fulﬁll the other requirements. The design is shown in ﬁg. 7.1a more details on
the lens speciﬁcations, requirements and the design criteria are given in [45],
[63] and [34].
The two-lens imaging systems were pre-aligned outside of the testbed.
An external setup with a tilting beam was used to reduce the beam walk
behind the imaging system at the distance of the photo diode [60]. With this
procedure the distance between the lenses and the relative alignment could be
optimized. The height of the lenses above the optical bench could not be set
to a high precision because the beam in the external setup did not have the
exact same beam height as the measurement beams on the optical bench.
On the optical bench the height of the lenses was set by using the LO beam.
The beam was centered on the science interferometer QPD ﬁrst without the
imaging system by adjusting the height of the photodiode and then again
with the imaging system by keeping the photodiode at the same position and
adjusting the height of the lenses. The horizontal positioning of the complete
imaging system was also done using the QPD. The photo diode was aligned
again to the center of the LO beam without an imaging system and then the
imaging system position was aligned to center the beam again on the QPD.
Two identical two-lens imaging systems were built. They were both aligned
and tested for nominal performance. Only one was misaligned later for the
alignment sensitivity analysis.

7.2

Nominal performance

In ﬁg. 7.2 the nominal performance of the two-lens imaging systems with the
RX ﬂat-top beam is shown. The two measurements were taken simultaneously with a two-lens imaging system in front of both science interferometer
photodiodes. On the left the pathlength change is shown, on the right the
numerically calculated slope of the pathlength change. In the slope plot the
±25 µm/rad requirement is shown in grey. The measured angular range of approximately ±500 µrad is bigger than the angular range for the requirement
which is ±300 µrad.
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Figure 7.1: Optical design (a) and a photograph (b) of the two-lens imaging system. Design and ﬁgure by Sönke Schuster (reproduced from [45]). In (a) the upper
plot shows the propagation of diﬀerent rays, which start at the point of rotation (RX
aperture) under diﬀerent angles. The plot illustrates, that there is no beam walk on
the photodiode. The lower plot shows the propagation of a Gaussian beam, illustrating the beam radius compression and the waist position (triangle). The beam is
not collimated behind the imaging system and the waist position is in between the
second lens and the photodiode. The photograph (b) of the two-lens imaging system
is without the photodiode.
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(a) Path length change vs. beam angle. (b) Slope of path length change vs. beam
angle.
Figure 7.2: Two-lens imaging systems: nominal performance with the RX ﬂat-top
beam. SciQPD1 and SciQPD2 are the photodiodes in the two ports of the science
interferometer. The grey lines are indicating the upper and lower bound of the requirement of ±25 µm/rad for the angular range of ±300 µrad.

The slope of the pathlength change was computed as the rolling average of
the slope between two neighboring pathlength data points. Five data points,
with the point for which the mean is calculated in the center, are used for
the averaged slope. The slope of the pathlength change was calculated in the
same way in all following plots as well.
Both imaging systems are showing a very similar behavior over the measurement range and are well inside the requirement. They were both aligned
using the procedure described in section (7.1). After the alignment, a small
linear coupling was left because of alignment errors. This was optimized by
adjusting the photo diode vertically (the direction of the tilt actuation) to get
the best possible nominal performance. The imperfect alignment explains the
small diﬀerence in the linear part of the coupling between the two imaging
systems. One micron of photodiode misalignment already leads to ∼2µm/rad
linear coupling and it it diﬃcult to adjust the mounts with single micron
resolution.
The ﬁts plotted in ﬁg. 7.2 are higher order polynomial ﬁts. Details of the
ﬁt parameters are given in [45].

7.3

Sensitivity to misalignments

The eﬀect of intentional misalignment of diﬀerent components was investigated. Single components were systematically misaligned and the measurements are compared with optical simulations with IfoCAD done by Sönke
Schuster.
The imaging system mechanical mounts were designed to allow misalignments with ﬁne pitch screws. The lenses can be shifted individually and the
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Figure 7.3: Two-lens imaging system: sensitivity to lateral QPD displacement in the
vertical direction. A TTL coupling measurement in the nominal position is plotted
along with measurements for four diﬀerent oﬀsets. A displacement of the photo diode
results in an additional linear TTL coupling.

photo diode can be moved laterally with adjustment screws, or longitudinally
by moving the whole mount on the baseplate. The sensitive axis for the alignment is in the direction of the tilt actuation.
For the simulations a fundamental Gaussian TX beam with 1 mm waist
radius was assumed with the position of the waist at 550 mm in front of the
RX aperture. The RX ﬂat-top beam was simulated by a large Gaussian beam
with a 100 mm waist radius and a waist position at the RX aperture.

Lateral QPD shift
Figure 7.3 shows the sensitivity of the two-lens imaging system to lateral QPD
displacements in vertical direction, which is the direction of the tilt actuation.
The measurements show that a lateral misalignment of ±25 µm results in
an additional TTL coupling of approximately ±50 µm/rad. With a nominal
magniﬁcation factor of 0.4 for the imaging system in mind, these results match
very well with the expected performance. Doubling the displacement results in
a coupling twice as big and it is symmetrical for the ‘up’ and ‘down’ direction.
The same result can be obtained from numerical simulations, which match
the measurements very well. The slight mismatch between the two can be
explained by the alignment screw which was used to adjust the QPD position.
This screw has a resolution of 200 µm per turn. Therefore, the misalignment
of ±25 µm is aﬀected by an uncertainty of at least a few micrometer.
The measurement in the nominal zero position of the photodiode was taken
after the misalignment. The photodiode was adjusted to the same DPS signal

CHAPTER 7. TWO-LENS IMAGING SYSTEM DESIGN

5
4

Measurement
Fit

3
2
1
0
−1
−600

−400

−200
0
200
Beam angle (µrad)

400

600

Optical pathlength slope (µm/rad)

Optical pathlength change (nm)

116

80
60

Requirement
Measurement
Fit

40
20
0
−20
−40
−600

−400

−200
0
200
Beam angle (µrad)

400

600
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Figure 7.4: Two-lens imaging system: sensitivity to lateral displacement of the entire
imaging system in x direction (perpendicular to the tilt direction). As expected this
is not inducing an additional linear TTL coupling.

as in the measurement of the nominal performance, which was not exactly
zero to compensate alignment errors.

Lateral imaging system shift
Figure 7.4 shows the sensitivity of the two-lens imaging system to lateral
displacement in x direction of the entire imaging system. The x direction is
horizontal, parallel to the OB baseplate and perpendicular to the tilt direction
of the RX beam.
The shift of the two lenses is approximately 25 µm and this shift does not
show in the TTL coupling. Without realigning the photo diode vertically a
small linear coupling was visible because the slits of the photodiode are not
aligned perfectly to the x and y direction. But by realigning the photodiode
in y direction this coupling could be removed. The measurement is a little bit
noisier than other measurements but this does not aﬀect the behavior to be
demonstrated and was therefore not repeated. A lateral shift in the direction
perpendicular to the tilt direction does not induce an additional TTL coupling.
The same is assumed to be true for a shift of the photodiode position
in the same direction. This was not veriﬁed in an additional measurement
but the same principle should apply here, meaning that the alignment of the
photodiode is not critical in the horizontal direction for measurements with a
vertical tilt, what was observed to be true.

Longitudinal QPD shift
Figure 7.5 shows the sensitivity of the two-lens imaging system to longitudinal
QPD displacement. The longitudinal misalignment is resulting in a higher
order coupling, that is dependent on the direction of the photodiode oﬀset
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Figure 7.5: Two-lens imaging system: sensitivity to longitudinal displacement of
the QPD. The oﬀsets are in the order of several mm and result in an additional
higher order coupling which could be reproduced by simulations in the angular range
of approximately ±300 µrad.

and it is not symmetrical for both directions. The chosen oﬀsets are larger
in the negative direction – which is closer to the imaging system – because in
the positive direction the tie down (part of the clamping mechanism glued to
the baseplate) for the photodiode is in the way and is not allowing a position
further away. Note that the oﬀsets for these measurements are in the order of
mm, much larger compared to the displacements in the lateral direction which
are in the order of 10s of µm.
The IfoCAD simulation matches the measurements well, but not perfectly,
because there are unknown parameters in the measurement. The nominal
position with 0 mm oﬀset is not deﬁned very well in the experiment. The
longitudinal distance between the two lenses of the imaging system is changing
this position and the distance was only aligned by measuring the distance
between the lens mounts. The longitudinal distance of the photodiode to
the imaging system was also measured by measuring the distance between
the mounts and estimating the position of the photodiode inside the mount.
For adjusting the longitudinal position of the photodiode, the whole mount is
moved on the optical bench baseplate.
Additional parameters are the beam parameters, the waist sizes and positions. They are also not known with a good precision. Given these uncertainties, the deviation between measurements and simulations are reasonable.
In the simulation the lateral shift of the photodiode was adjusted by a few
microns to ﬁt the simulation better to the measurements, which show a small
linear component in the coupling.
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Figure 7.6: Two-lens imaging system: sensitivity to lateral displacement of lens 1 in
vertical direction. A TTL coupling measurement in the nominal position is plotted
along with measurements for four diﬀerent oﬀsets which were chosen diﬀerently in
the + and - direction. A displacement of the lens results in an additional linear TTL
coupling.

Lateral shift of lens one
Figure 7.6 shows the sensitivity of the two-lens imaging system to lateral
displacements of lens 1 in the vertical direction. Lens 1 is plano-convex and
it is the ﬁrst lens in the beam path, the one furthest from the photodiode.
The measurements show that a lateral misalignment of ±25 µm results
in an additional TTL coupling of approximately ±170 µm/rad. This is more
then three times larger than the eﬀect of a similar QPD misalignment.
In one direction, the lens is adjusted by only 12 µm. This was one of the
ﬁrst measurements and it was diﬃcult to reliably adjust the lens by such a
small distance. This is probably why the simulation for the +12 µm has the
largest deviation from the measurement. As such, 25 µm was chosen as a more
reliable step size in subsequent measurements.

Lateral shift of lens two
Figure 7.7 shows the sensitivity of the two-lens imaging system to lateral
displacement of lens 2 in vertical direction. Lens 2 is a plano-concave lens and
it is directly in front of the photodiode.
The measurements show that a lateral misalignment of ±25 µm results in
an additional TTL coupling of approximately ±100 µm/rad. This means that
the alignment of lens 2 is a little bit less critical then the alignment of lens 1.
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Figure 7.7: Two-lens imaging system: sensitivity to lateral displacement of lens 2 in
vertical direction. A TTL coupling measurement in the nominal position is plotted
along with measurements for four diﬀerent oﬀsets. A displacement of the lens results
in an additional linear TTL coupling.

7.4

Compensation by photodiode alignment

In this section it is shown that a misalignment of the imaging system can be
compensated by realigning the photodiode. Here the second lens is shifted by
50 µm, leading to a big linear coupling if the photodiode is at the nominal
position (see ﬁg. 7.8a). In ﬁg. 7.8c and ﬁg. 7.8d the photodiode was aligned to
the center of the tilting RX beam, using the LO beam, to DPS = 0. Although
the lens is still in the shifted position, the TTL coupling is reduced signiﬁcantly
and is within the requirement.
In ﬁg. 7.9 the position of the photodiode was further optimized to minimize
the TTL coupling. Because the imaging system is not aligned perfectly the
point of minimal coupling is not exactly at DPS = 0.
Here, in this section, a dedicated measurement with a deliberate misalignment of the imaging system was made to illustrate this mechanism and to
show that the compensation works. However, this method of compensation
was already used to optimize the nominal performance of the imaging systems
in section 7.2. This was done because the nominal alignment of the two-lens
imaging system is not perfect. The initial alignment was done with an external setup to align the lenses with regard to each other and minimize the beam
walk. In this setup it is not possible to control the beam height and beam
angle perfectly, so the alignment was done with a slightly diﬀerent beam than
the beam on the Optical Bench, which leads to a height deviation of the lenses
from their nominal height. However, as shown in this section, small deviations
can be compensated by adjusting the photodiode position.
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Figure 7.8: Linear TTL coupling because of a 50 µm lateral misalignment of Lens2
and the result after aligning the photo diode to DPS = 0.
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Figure 7.9: Result after realigning the photo diode to an optimized position to get
the smallest TTL coupling.
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Figure 7.10: Two-lens imaging system: nominal performance with Gaussian RX
beam. The requirement is not met due to an unfortunate beam parameter combination of the RX and the TX beam.

7.5

Investigations with the Gaussian RX beam

The performance of the two-lens imaging system was measured with the ﬂattop RX beam, shown in chapter 7, and with two Gaussian beams. In this
section the inﬂuence of a beam parameter mismatch of the two interfering
Gaussian beams is investigated. It is shown, that initially the requirement
could not be met with the two-lens system and the unmodiﬁed RX Gauss.
The behavior was investigated by simulations and the beam parameters of
the RX Gauss beam were modiﬁed by inserting an additional lens with a long
focal length in front of the ﬁber coupler.

Influence of beam parameters
Figure 7.10 shows the nominal performance of the two-lens imaging system
placed in front of SciQPD1, when the Gaussian RX beam was used. The
pathlength change between the averaged phase signal of SciQPD1 and the
reference pinhole signal versus beam angle between the RX and the TX beam
and the slope of the pathlength change versus beam angle are shown. In both
cases, the beam angle was determined from the calibrated DWS signal of the
reference QPD on the telescope simulator. The calibration is diﬀerent to the
calibration for the ﬂat-top beam (see section 6.1).
The remaining TTL coupling does not fulﬁll the requirement, but it is
shown later that the requirement is met with modiﬁed beam parameters. The
dependency on the beam parameters was reproduced in simulations.
Sönke Schuster performed numerical simulations with IfoCAD to investigate the inﬂuence of the beam parameters. With the current setup, it was not
possible to systematically investigate this eﬀect experimentally. The simulations showed that the beam parameter combination of the TX and RX beam
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Figure 7.11: In this simulated data the TTL coupling of unfavorable beam parameter combinations is shown. The TTL coupling for diﬀerent QPD positions is
shown in order to demonstrate that the residual coupling can not be reduced with an
adjustment of the QPD. The simulation was performed by Sönke Schuster.

are very unfavorable. The exact beam parameters are unknown, but for the
simulations only a few unique combinations showed a comparable behavior.
Most beam parameter combinations showed a much smaller TTL coupling.
An example of this behavior can be seen in ﬁg. 7.11. For this simulation
the RX beam was rotated directly around the center of the QPD, equivalent
to using a perfectly aligned imaging system. This leads to a larger angular
range because of the magniﬁcation factor of the imaging system of nominally
0.4. The angle scales with the inverse of the magniﬁcation factor.
The simulation parameters are: RX beam waist position 50.6 mm in front
of the QPD, waist radius 25 µm; TX beam waist position 51.6 mm, waist
radius 25 µm; and QPD radius 0.45 mm with a gap size of 20 µm. The only
change to a nominal two-lens system is a change of the RX waist position
from 51.6 mm to 50.6 mm.
The longitudinal position of the QPD is varied to demonstrate that the
residual coupling cannot be removed completely with an adjustment of the
QPD. Usually, with nominal beam parameters, the parabola shaped TTL
coupling becomes ﬂat at one QPD position. With the beam parameters chosen
here, this never happens because higher order polynomials appear before the
parabola ﬂattens.
The simulation shows qualitatively the behavior observed in the experiment. The beam parameters in the simulation are chosen without experimental evidence, they are solely used to reproduce the experiment’s behavior.
Shifting the QPD longitudinally did change the amount of TTL coupling be-
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hind the imaging system, but it could not be reduced further than shown
in 7.10. In this simulation the amount of remaining TTL coupling for an optimized QPD position (see QPD position -5 mm in ﬁg. 7.11) is still smaller
than in the measurement and only illustrates the behavior in principle. The
simulation shown here is a preliminary result and the investigation by simulations was continued in [64], where the beam parameters are varied in a more
systematic approach covering a wide range of possible mismatched beam parameters.

TTL coupling measurements with modified beam parameters
To improve the performance in this setup, the beam parameters of the RX
beam were changed, in a more or less arbitrary way, by inserting an additional lens with a large focal length to move away from the unfortunate beam
parameter combination.
Two diﬀerent lenses were tested, with 1 m and 0.5 m focal length. Other
lenses with a longer focal length would have been preferred to produce a less
divergent beam, but were not at hand at that time. The lenses were placed
directly behind the FIOS, before the actuators. Like this, an alignment and
centering by hand without micrometer translation stages was possible, because
the actuators can compensate small oﬀsets and angular misalignment.
Figure 7.12 shows the nominal performance of the two-lens imaging system
placed in front of SciQPD1 when the Gaussian RX beam was used with an
additional 500 mm focal length lens in front of the RX FIOS. Due to the
modiﬁed RX beam, the DWS signal calibration used for the plot in ﬁg. 7.10
is no longer valid here. The calibration factors were scaled so that the RX
beam angle range covered the same range as before (see e.g. ﬁg. 7.10). This
assumes the minimum and maximum angles are always the same and the
DWS signal can be interpolated in between. This is an easy way to scale
the angle without a new calibration, since the angular range does not change
signiﬁcantly between measurements. The optical pathlength ﬁt parameters
are shown in [45].
Figure 7.13 shows the nominal performance of the two-lens imaging system
placed in front of SciQPD1 when the Gaussian RX beam was used with an
additional 1 m focal length lens in front of the RX FIOS. The calibration for
the DWS signal was scaled again, so that the RX beam angle range covered
the same range as before. The optical pathlength ﬁt parameters for this plot
are also shown in [45].
With both additional lenses, the remaining TTL coupling is reduced and
fulﬁlls the requirement. The behavior is diﬀerent for the diﬀerent lenses, illustrating again that the TTL coupling is dependent on the speciﬁc beam
parameters. However, this investigation is only qualitatively illustrating this
eﬀect, since the exact beam parameters behind the lenses could not be measured.
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Figure 7.12: Two-lens imaging system: nominal performance with the Gaussian
RX beam and an additional 500 mm focal length lens in front of the RX FIOS on the
telescope simulator.
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Figure 7.13: Two-lens imaging system: nominal performance with the Gaussian
RX beam and an additional 1 m focal length lens in front of the RX FIOS on the
telescope simulator.
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Conclusion TTL coupling with two Gaussian beams
Unequal beam parameters are in principle not a problem, but it was observed
that some special combinations generate additional TTL coupling that disturbs the measurement signiﬁcantly. More extensive and systematic simulations of beam parameter combinations were done in [64]. The results conﬁrm
the hypothesis that only a few unfortunate combinations lead to an increased
TTL coupling. The underlying eﬀect is the diﬀerence in the wavefront curvature of the two beams on the photodiode. The diﬀerence changes with a
longitudinal shift of the photodiode because the beams are divergent behind
the two-lens imaging system. If the radius of curvature is changing too much
over a small range it might not be possible to ﬁnd a position of the photodiode
were the TLL coupling is small.
This eﬀect is much smaller for the four-lens imaging system because the
beams are collimated on the photodiode. The simulations suggest that the
beam parameters are not critical for the four-lens system. In [64] an alternative two-lens design with a bigger waist radius behind the imaging system is
suggested. This would be much less sensitive to unfortunate beam parameter
combinations.

CHAPTER

Investigation of the four-lens
imaging system design
The four-lens imaging system has the same purpose as the two-lens design,
reducing the tilt-to-length coupling. The RX aperture is imaged on the surface
of the photo diode and other design parameters, such as the distance between
the RX aperture and the photodiode, and the magniﬁcation factor, are the
same.
In this chapter the design of the four-lens imaging system and the alignment procedure are described. The alignment was performed at Airbus DS
with a Shack-Hartmann sensor that utilised a built-in light source. The results for the nominal performance with aligned imaging systems are shown
along with the results of an alignment sensitivity analysis, where individual
components were misaligned intentionally. These measurements are similar to
those made with the two-lens system.
All the measurements in this chapter show the A phase, the interference
of the TX beam from the optical bench and the tilted RX beam, using the
RX ﬂat-top beam.

8.1

Design and alignment

In this section the design and the alignment procedure for the four-lens imaging systems is described. The four-lens imaging system was proposed and
designed by Airbus DS.
It was designed using a classical optics approach. It has the same magniﬁcations factor of 0.4 as the two-lens imaging system, but the beam is collimated
on the photodiode. It uses spherical fused silica lenses with radii of curvature
chosen from the standard tools of Zeiss. It has a pupil plane in between the
ﬁrst and the second pair of lenses, where a ﬁeld stop can be placed to block
127
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oﬀ-axis stray light. In ﬁg. 8.1 the optical design and a photograph of the imaging system are shown. Details of the design requirements and chosen lenses
are given in [45] and [34].
The internal alignment of the four-lens imaging system was done at Airbus
DS in Ottobrunn according to their alignment plan. The ﬁrst system was
aligned by the author, the second by Airbus DS. The alignment could not be
done at AEI because a Shack-Hartmann senser (SHS) with a built-in light
source was required.
To align the lenses, a double-pass setup was used. The light from the SHS
passes through the lenses twice by placing a plane mirror behind the imaging
system, reﬂecting the beam back the same path into the SHS. The sensor
compares the outgoing and incoming wavefronts internally and the diﬀerence
between the wavefronts is a measure of how well the lenses are aligned with
respect to the beam. The setup is shown in ﬁg. 8.2. For aligning one lens or
a pair of lenses, the beam was focused to the focal point of the lens or lens
pair to obtain a collimated beam on the plane mirror. An example for the
alignment of the lens pair lens 1 (L1) and lens 2 (L2) is shown schematically
beneath the photograph.
After aligning the pair L1+L2, these lenses were removed from the superbaseplate (the baseplate of the whole imaging system, see 3.3 in section 3.2)
and the super-baseplate was rotated by 180◦ to align the pair L3+L4 in the
same way. When both lens pairs were aligned internally, the two pairs were
positioned on the baseplate and aligned with regard to each other without
changing the internal alignment of the lens pairs. For this step, a collimated
beam from the SHS was used to get again a collimated beam behind the
imaging system on the plane mirror. In ﬁg. 8.3 the measured wavefront after
aligning all four lenses is shown. The remaining tilt is subtracted because the
tilt is depended on the alignment with regard to the beam of the SHS, which
is diﬀerent on the optical bench. The measured RMS is below 0.02 λ, which
is well inside the requirement of 0.03 λ, deﬁned in the design of the imaging
systems [34].
This method uses the beam of the Shack-Hartmann sensor as a reference
and in the used setup it was not possible to control the position of the beam
well enough to match it exactly with the height and orientation of the beams
on the optical bench. For the alignment of the beam of the SHS to the imaging
system super-baseplate, two pinholes were used which were manufactured to
have the design height of the beam on the optical bench of 20 mm. This was
suﬃcient for the internal alignment of the lenses, but not accurate enough to
match the actual beam height, because of manufacturing tolerances and the
positioning accuracy of the beam to the pinhole.
The deviation in shift and tilt in the horizontal axis is not critical, because
this alignment has to be done on the optical bench directly anyway. Only
the internal alignment is critical. In the vertical direction however, there is
no adjustment mechanism foreseen in the mechanical design of the imaging
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Figure 8.1: Optical design and a photograph of the four-lens imaging system. This
imaging system was designed by Airbus DS and is a classic pupil plane imaging
system. In (a) the upper plot shows the propagation of diﬀerent rays, which start at
the point of rotation (RX aperture) under diﬀerent angles. The plot illustrates that
there is no beam walk on the photodiode. The lower plot shows the propagation of
a Gaussian beam, illustrating the beam radius compression and the waist position
(triangle). The beam is collimated behind the imaging system and the waist position
is in between the second and the third lens.
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(a)
SHS

L2
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Figure 8.2: The setup for aligning the four-lens imaging system at Airbus DS. The
back box on the left is the Shack-Hartmann sensor (SHS) with an integrated light
source, mounted on translation stages to align the outgoing beam parallel to the
imaging system. The imaging system is mounted on translation stages as well and
behind it, a big plane mirror reﬂects the beam back to the SHS. In (b) a schematic
of the alignment setup with lens 1 (L1) and lens 2 (L2) is shown.

Figure 8.3: The wavefront measured with the SHS after aligning all four lenses.
The remaining RMS of less than 0.02 λ is well inside the requirement of the design.
This ﬁgure was produced using the software provided with the SHS.
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systems. Already for the internal alignment shims were required to achieve
good results. Shimming was not an option on the optical bench because the
deviations are too big. Shims with a height between 100 µm and 200 µm would
be needed, adjusted to within 10 µm of the correct height, requiring a stack
of shims with diﬀerent thicknesses. This is unstable and not reproducible
because no large clamping force can be applied to press the stack of shims
together.
The ﬁrst four-lens assembly, imaging system 1 in ﬁg. 3.2, was installed
on adjustment screws instead of ball-bearings. The screws, fastened to the
system baseplate, allowed the height and tilt to be corrected. The LO beam
was used as the reference. First, the photodiode was aligned to the center
of the LO beam without the imaging system, then the imaging system was
inserted and aligned such that the LO is centered again on the photodiode.
The second four-lens assembly, imaging system 2 in ﬁg. 3.2, had lenses that
were too high after the alignment. There was no simple way to lower the imaging system, instead the method of compensation by photo diode alignment was
used (see section 8.4). The imaging system was aligned on the optical bench
horizontally and in the vertical axis the photodiode was moved until the DPS
signal was approximately zero, with a small correction to achieve the optimal
performance as shown in ﬁg. 8.4.

8.2

Nominal performance

In ﬁg. 8.4 the nominal performance of the four-lens imaging system is shown.
The ±25 µm/rad requirement is shown in grey in the plot showing the slope
of the pathlength change. The measured angular range of approximately
±500 µrad is bigger than the angular range for the requirement, which is
±300 µrad. Shown are the results for both four-lens imaging systems with the
RX ﬂat-top beam, which were measured at the same time in the two output
ports of the interferometer. SciQPD1 and SciQPD2 are the two science interferometer photodiodes. To achieve this performance, the imaging systems
were aligned on the optical bench as described in the previous section. The
vertical angle and the height of the imaging systems had to be adjusted in
addition to the horizontal positioning.
Both four-lens imaging systems are well inside the requirement and show
similar behavior over the measurement range. This also demonstrates the
eﬀectiveness of adjusting the lateral position of the photodiode to compensate
for the height error, as necessary for the imaging system 2 in front of SciQPD2.
The ﬁts plotted in ﬁg. 8.4 are higher order polynomial ﬁts. Details of the
ﬁt parameters are given in [45].
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Figure 8.4: Four-lens imaging systems: nominal performance with RX ﬂat-top
beam. SciQPD1 and SciQPD2 are the photodiodes in the two ports of the science
interferometer. The grey lines indicate the upper and lower bound of the requirement
of ±25 µm/rad for the angular range of ±300 µrad.

8.3

Sensitivity to misalignments

Similar to the investigation of the two-lens imaging system, systematic misalignments were investigated for the four-lens imaging system. With the ﬁne
pitch alignment screws, all components of the imaging system can be shifted
individually. The change in the TTL coupling was measured for oﬀsets of all
four lenses and of the photodiode. The results are again compared to IfoCAD
simulations by Sönke Schuster.
In the simulations, the same beam parameters are assumed as for the twolens imaging system. The TX beam is a fundamental Gaussian beam with
1 mm waist radius and a waist position 550 mm in front of the RX aperture.
The RX ﬂat-top beam was simulated by a large Gaussian beam with a 100 mm
waist radius and a waist position at the RX aperture.

Lateral QPD shift
Figure 8.5 shows the sensitivity of the four-lens imaging system to lateral
QPD displacements in the vertical direction (direction of the tilt). The measurements show, that a lateral misalignment of approximately ±25 µm results
in additional TTL coupling of approximately ±50 µm/rad. With a nominal
magniﬁcation factor of 0.4 for the imaging system in mind, these results match
very well with the expected performance.
For this measurement, the adjustment mechanism of the QPD did not
work reliably and a diﬀerent approach was used. Instead of estimating the
oﬀset with the alignment screw, the DPS signal was used to calculate the
beam position on the QPD, and therefore the oﬀset. To get the beam position
from the analytical calculation of the DPS signal, the beam parameters and
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Figure 8.5: Four-lens imaging system: sensitivity to lateral QPD displacement in
the vertical direction. A TTL coupling measurement in the nominal position is plotted
along with measurements for four diﬀerent oﬀsets. A displacement of the photo diode
results in an additional linear TTL coupling.

the beam radius (calculated via the magniﬁcation factor) are needed. The
analytical expression is given in section 2.2. The uncertainty in the actual
beam radius is quite large and results in an uncertainty of the beam oﬀset on
the photodiode. Therefore, this method was only used for the QPD oﬀsets
and not for the following measurements misaligning the lenses.

Lateral shift of lens one
Figure 8.6 shows the sensitivity of the four-lens imaging system to lateral
displacement of lens 1 in vertical direction. Lens 1 is the ﬁrst lens in the beam
path, the one furthest away from the photodiode. The TTL coupling depends
linearly on the lens shift. For a ±25 µm shift, an additional TTL coupling of
approximately ∓250 µm/rad was measured. For a shift of ±50 µm, the TTL
coupling becomes approximately ∓530 µm/rad. This is signiﬁcantly more than
for the same shift of the photodiode.

Lateral shift of lens two
Figure 8.7 shows the sensitivity of the four-lens imaging system to lateral
displacement of lens 2 in vertical direction. This is the lens directly after lens
1 in the beam path. For lens 2 for a ±25 µm shift, an additional TTL coupling
of approximately ∓200 µm/rad was measured. The additional coupling is a
little bit less then for lens 1 for the same shift.
The measurements ﬁt the simulations quite well here, except for some
small deviations for the larger lens shifts. This is probably due to the lens
mount that moves less smoothly then the other ones. For the + 50µm shift,
the mechanism was stuck and the adjustment screw was turned further, until
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Figure 8.6: Four-lens imaging system: sensitivity to a lateral displacement of lens
1 in the vertical direction. A TTL coupling measurement in the nominal position is
plotted along with measurements for four diﬀerent oﬀsets. A displacement of the lens
results in an additional linear TTL coupling.
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Figure 8.7: Four-lens imaging system: sensitivity to lateral displacement in vertical
direction of lens 2. A TTL coupling measurement in the nominal position is plotted
along with measurements for four diﬀerent oﬀsets. A displacement of the lens results
in an additional linear TTL coupling.
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Figure 8.8: Four-lens imaging system: sensitivity to lateral displacement in vertical
direction of lens 3. A TTL coupling measurement in the nominal position is plotted
along with measurements for four diﬀerent oﬀsets. A displacement of the lens results
in an additional linear TTL coupling.

the DPS signal was equal and opposite to that for the - 50µm shift. That
might have caused some additional misalignment, leading to the deviation in
the pathlength change slope for positive angles.

Lateral shift of lens three
Figure 8.8 shows the sensitivity of the four-lens imaging system to lateral
displacement of lens 3 in the vertical direction. Lens 3 is the third lens in the
beam path.
For lens 3 an additional TTL coupling of approximately ∓50 µm/rad for
a ±25 µm shift was measured. This is signiﬁcantly less than for lens 1 and
lens 2.

Lateral shift of lens four
Figure 8.9 shows the sensitivity of the four-lens imaging system to lateral
displacement of lens 4 in the vertical direction. Lens 4 is the last lens in the
beam path, the one closest to the photodiode.
For lens 4, an additional TTL coupling of approximately ∓60 µm/rad for
a ±25 µm shift was measured. This is a little bit more than for lens 3, but
still less then for the ﬁrst two lenses.
A more detailed discussion of the results and a comparison between the
four-lens and the two-lens system is given in section 9.

136

CHAPTER 8. FOUR-LENS IMAGING SYSTEM DESIGN

+50 µm
+25 µm
0 µm

60

300

−25 µm
−50 µm
IfoCAD

Optical pathlength slope (µm/rad)

Optical pathlength change (nm)

80

40
20
0
−20
−40
−60
−80

+50 µm
+25 µm
0 µm

250
200

−25 µm
−50 µm
IfoCAD

150
100
50
0
−50
−100
−150
−200

−400

−200

0

200

400

Beam angle from DWS (µrad)

−400

−200

0

200

400

Beam angle from DWS (µrad)

(a) Pathlength change vs. beam angle. (b) Slope of pathlength change vs. beam
angle.
Figure 8.9: Four-lens imaging system: sensitivity to lateral displacement in vertical
direction of lens 4. A TTL coupling measurement in the nominal position is plotted
along with measurements for four diﬀerent oﬀsets. A displacement of the lens results
in an additional linear TTL coupling.

8.4

Compensation by photodiode alignment

In this section it is shown that a misalignment of the imaging system can be
compensated by realigning the photodiode. Here, the ﬁrst lens is shifted by 25
µm downwards, which leads to a big linear coupling, if the photodiode is at the
nominal position (see ﬁg. 8.10a). In ﬁg. 8.10c and ﬁg. 8.10d the photodiode
was aligned to the center of the LO beam, such that the DPS signal was close
to zero (the same value as for nominal performance). Because the imaging
system is not aligned perfectly, the point of minimal coupling is not exactly at
DPS= 0. Although the lens is still in the shifted position, the TTL coupling
is reduced signiﬁcantly and is within the requirement.
This compensation was used to reach the nominal performance for one of
the two four-lens imaging systems, because the lenses are too high and can not
be lowered to match the beam height without modifying the lens mounts. In
addition to this dedicated measurement, the nominal performance in ﬁg. 8.4
already shows that this method is working.

8.5

The effect of the field-stop

In imaging system 1, a ﬁeld-stop (an aperture with 150 µm diameter) was
placed in the pupil plane between the lens pairs during the alignment of the
imaging system, as described in [34]. However, on the optical bench it was
not possible to align the imaging system without clipping at the ﬁeld stop.
To test the alignment of the ﬁeld-stop, the photodiode was removed and a
WinCam was placed next to the optical bench in the beam path to monitor
the beam. All tested positions of the imaging system showed signs of clipping
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Figure 8.10: Linear TTL coupling because of a 25 µm lateral misalignment of lens
1 ((a) and (b)) and the result after aligning the photo diode to DPS approximately
0 ((c) and (d)).

(diﬀraction patterns in the beam proﬁle) at some point in the angle range,
and the ﬁeld-stop was removed for all following measurements.
In ﬁg. 8.11, a measurement with and without the ﬁeld stop is shown. For
the measurement with the ﬁeld stop, the position was optimized with the
help of the WinCam until the clipping could not be minimized further. The
clipping causes a big change in the measured pathlength – due to the signal
loss – and it was not possible to meet the requirement with the ﬁeld stop. The
second four-lens imaging system was not aligned with the ﬁeld stop because
of this result.
Possible reasons for the clipping by the ﬁeld stop:
• The longitudinal position was not aligned well enough.
• The lateral position was not aligned well enough.
• The beam diameters are too big at the ﬁeld stop.
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Figure 8.11: Pathlength change of the phase A+B versus the beam angle, showing
the eﬀect of the ﬁeld-stop on the TTL coupling.

The measurements of the nominal performance of the four-lens imaging
systems suggest that a ﬁeld-stop is not necessary.

8.6

Influence of the RX aperture

The RX clip is ﬁxed with a magnetic mount in the RX aperture and it can be
removed, or replaced by diﬀerent clips with diﬀerent aperture designs. For the
testing of the imaging systems no RX clip was used and the deﬁning aperture
is the photodiode.
With the four-lens imaging system the eﬀect of an RX clip was investigated
and the result is shown in ﬁg. 8.12a and ﬁg. 8.12b. It aﬀects the A and the C
phase diﬀerently because the beam diameters are diﬀerent and the alignment
of the telescope simulator is not perfect. In the A phase, the RX clip causes a
small additional quadratic coupling that is not signiﬁcant. The performance
was improved by a few µm/rad by not using an RX clip. In the C phase
the eﬀect is bigger, changing the shape of the coupling, especially at larger
angles. The RX clip is potentially poorly aligned to the LO beam, causing
clipping. The C phase is not used for the performance measurements, but the
RX clip was not used for the imaging system tests anyway to make sure the
photodiode is the deﬁning aperture.
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Figure 8.12: A comparison, showing the eﬀect of the RX clip on the TTL coupling.
For the measurement phase A+B the small additional coupling is not signiﬁcant. The
C phase shows a diﬀerence in the shape of the coupling.
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Summary and discussion
Both imaging system designs investigated here meet the LISA requirement
and are possible solutions for the mission. The exact optical design needs to
be adapted for the concrete mission design. The good agreement of the optical
simulations with IfoCAD suggests that IfoCAD is a suitable tool to predict the
performance of imaging systems. The results presented in this thesis imply
that the choice of the imaging system design will be a trade-oﬀ between the
complexity of the four-lens design and the sensitivity to beam parameters of
the two-lens design.
The plots in ﬁg. 9.1 summarize the misalignment sensitivity of the two
diﬀerent imaging systems. The resulting TTL coupling is shown as a function of the misalignment of the corresponding imaging system parameter. For
each parameter the measured TTL coupling is compared with the results from
simulations. All the individual lenses, as well as the photodiode, were misaligned by ±50 µm. The resulting additional linear TTL coupling is diﬀerent
for the diﬀerent parameters. In this range for misalignment, the slope of the
additional TTL coupling is linearly dependent on the oﬀset for all lenses and
photo diodes.
For the four-lens system (see Fig. 9.1a), the more critical parameters (L1
and L2) show a TTL coupling in the range of ±700 µm/rad. The less critical
parameters (L3, L4 and the photo diode) show a TTL coupling of less than
±200 µm/rad. A sensitivity for the alignment of the ﬁeld stop is not provided,
since the requirements were not met with the ﬁeld stop.
The corresponding plot for the two-lens imaging system is shown in ﬁg. 9.1b.
Here, the sensitivity to misalignments are in the range of −450 µm/rad for L1,
250 µm/rad for L2 and 150 µm/rad for the photodiode.
The four-lens system has in total only slightly more demanding requirements on the lens positions. It is, however, signiﬁcantly larger and contains
more components, which means more potential stray light and ghost beam
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Figure 9.1: Sensitivity of the diﬀerent misalignment parameters for both imaging
systems, compared to simulated data.

sources. Since both the science and test mass interferometer will require imaging systems, the size and weight is expected to be a driver for the optical bench
design.
Before considering the two-lens design for selection, a better understanding
of the inﬂuence of the beam parameters is required, especially for the test mass
interferometer where two Gaussian beams will be interfered. More systematic
simulations and alternative lens choices are discussed in [64], but a systematic
experimental study would also be desirable. Such a study would be possible in
the current testbed through the addition of additional lenses or ﬁber couplers,
although due to space constraints this would likely require custom optics and
mounts.
For the science interferometer, only measurements with a ﬂat-top beam are
representative. As discussed in section 6.7, the behavior of the ﬂat-top beam
used here is not fully understood yet. The large additional TTL coupling
was only present in the calibration measurements for aligning the reference
pinhole and this is probably an eﬀect that does not spoil the TTL coupling
measurements, where the requirement was met without problems. If a micro
structure on the phase proﬁle is responsible for the additional coupling in the
pinhole-pinhole measurement, this might average out in measurements with
the whole beam. It is still desirable to either understand the behavior of the
current ﬂat-top beam or repeat the measurements with a diﬀerent ﬂat-top
generator.
Another important result of this activity for the mission is the proofof-principle of a telescope simulator. As far as the author knows, this is
the ﬁrst all-Zerodur R interferometer with two separate benches. A similar
arrangement with independent test equipment will be necessary to test ﬂight
hardware. The telescope simulator built here is not ﬁxed to the optical bench
and does not require any additional interfaces or permanent hardware on the
optical bench.

Part III

Preparations for performance
measurements in vacuum
with this setup
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Towards picometer
interferometry
For investigating the TTL coupling, the picometer stability required for the
LISA optical bench is not needed, because coupling factors are measured.
Measuring in air saves a lot of time, because of many iterative alignment
procedures and the systematic misalignment investigations. Nevertheless, the
enclosed vacuum tank environment helps reducing the inﬂuence of air movement, electrostatic coupling and fast temperature changes.
Despite not strictly being necessary for the current project, the optical
bench and telescope simulator assembly was built for measurements in vacuum. All the parts, including the vacuum tank, were already available from
the previous EBB optical bench project. Actually operating the setup in vacuum was beyond the scope of this thesis and will be future work, but before
the redirection of the project some preparatory steps were already taken to
ensure the necessary environment to perform measurements with a few picometer accuracy.
In this chapter, the steps taken are reported and an outlook is given to the
future work, which is necessary to reach picometer stability with the current
setup. Critical for high precision measurements is the temperature stability of
the experiment. The performance of the thermal shielding, already installed
in the vacuum tank, was measured with high precision temperature sensors.
Stringent requirements are also given for the laser frequency noise. Therefore
the performance of the iodine stabilized laser was tested and a second identical
laser was installed in the lab to give the possibility to monitor the performance
of the laser system.
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Figure 10.1: Schematic of the thermal insulation installed inside the vacuum chamber. The inner aluminum thermal shield is covered by multi-layer insulation foil
(MLI) and the intermediate mass is providing additional thermal mass outside of the
thermal shield for the cables. In addition the vacuum chamber is covered in several
layers of bubble wrap foil.

10.1

Temperature stability

Even with an all-Zerodur setup, a very good temperature stability during
measurements is essential for precision measurements. Therefore, the existing
thermal shielding (an aluminum thermal shield [65]), was improved in collaboration with Christian Diekmann [16]. For measuring the temperature stability
a high precision measurement system developed by Gerhard Heinzel was available. The sensor design is based on the temperature readout system developed
for LISA Pathﬁnder ([66],[67]). As sensors, resistive elements with a temperature dependent resistance are built into a Wheatstone bridge conﬁguration
and read out diﬀerentially. Here, platinum Pt10k and NTC sensor were used.
The platinum sensors provide a better absolute temperature measurements
while the NTC sensors have a lower noise, but worse absolute precision. A
detailed description and comparison of these sensors is given in [66].
Fig. 10.1 shows the layers of thermal insulation installed inside the vacuum chamber. The experiment is enclosed in an aluminum thermal shield
with a thick baseplate to provide thermal mass. The Zerodur baseplates rest
on the baseplate of the thermal shield. In the case of the temperature measurements, the interferometer baseplate was resting on another intermediate
aluminum breadboard separated from the thermal shield baseplate and the
Zerodur baseplate by thermally insulating Macor stand-oﬀs. The aluminum
box consists of several parts, so that the top and the sides can be removed
to access the experiment. The aluminum plates were covered in multi-layer
insulation (MLI) foil to reduce the heat transfer by radiation. This foil has
20 layers, alternately reﬂective aluminum foil and an insulating sheet. The
MLI foil was ﬁxed to the aluminum parts with insulating stand-oﬀs to avoid
short cutting the aluminum layers with a thermally conductive material. A
picture of the stand-oﬀs made of PEEK is shown in ﬁg. 10.2. Every part of
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(a)
(b)
Figure 10.2: (a) Multi-layer insulation (MLI) foil from the side. The reﬂective
aluminum foil layers separated by insulating layers are visible from the side. The
layers are stacked loosely to avoid short cutting the aluminum layers. (b) The standoﬀs designed to ﬁx the MLI foil to the thermal shield. The PEEK parts are screwed
to the aluminum plates and holes were cut into the MLI foil to ﬁt it on the stand-oﬀs.
The foil is then ﬁxed with nuts on the stand-oﬀs. The nuts are only holding the foil in
place, no pressure is applied to the foil to keep the individual layers stacked loosely.
All sides of the thermal shield are covered individually by the foil so the thermal
shield can still easily be opened.

the aluminum box was covered individually by the MLI foil to preserve the
possibility to remove the sides of the thermal shield.
Another possible way of temperature coupling is via the cables going from
the outside in to the vacuum tank. This can be a problem if there are a lot of
cables. This eﬀect was described in [68]. To reduce the temperature coupling
through the cables, an intermediate mass was installed providing additional
heat capacity not connected to the experiment. This was realized with a cable
canal around the thermal shield inside the vacuum chamber. The canal has a
thick aluminum base and is sitting on MACOR feet. All the cables go from
the feedthrough to the intermediate mass and then through the thermal shield
to the experiment.
In addition to the thermal isolation inside the vacuum tank, the tank was
wrapped into three layers of bubble wrap foil. This was realized by ﬁxing the
foil to the base and the sides of the tank. For the upper side a removable
cover was made so that the tank can still be opened easily.
The MLI foil did improve the temperature stability by a factor of 3 at
frequencies below 3 mHz. The intermediate mass did not improve the stability,
unfortunately it even increased the temperature noise slightly. These results
are reported in [16].
In ﬁg. 10.3 the achieved temperature stability inside the vacuum chamber
after the installing the additional thermal insulation is shown. The readout
of eight temperature sensors is plotted. The one well above the requirement
was attached to the vacuum chamber wall outside the thermal shielding. The
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Figure 10.3: Spectra of the temperature readout of eight temperature senors. 1. is
in free space inside the thermal shield, 2. is attached to the baseplate of the thermal
shield, 3. is attached to the wall of the vacuum chamber, 4. is attached to the
aluminum breadboard between the thermal shield and the interferometer baseplate,
5. is attached to the ULE interferometer baseplate, 6. is attached to the aluminum
breadboard, 7. is attached to the ULE baseplate, 8. is attached to an actuator in the
interferometer. The sensor type is deﬁned (NTC or PT10k) and the read-out limits
are the diﬀerence of two sensors of the same type.

rest was distributed over various places inside the thermal shield. At lower
frequencies, the goal was nearly met. At higher frequencies it is expected that
the temperature stability decreases with a 1/f slope, but the measurement
√
is limited by the readout noise of the sensors at about 10−5 K/ Hz. The
read-out limit in ﬁg. 10.3 was calculated by the diﬀerence of two sensors.

10.2

Laser frequency stability

For precision measurements the frequency stability of the laser is crucial if the
interferometer arms are not exactly matched in length. In LISA the armlength
mismatch will be huge and additional techniques are necessary to cancel out
the eﬀect of the laser frequency noise (like TDI, [11]). In the combined optical
bench and telescope simulator setup, the armlengths also cannot be matched
because of the two separate benches. But the mismatch is much smaller and
can be compensated by using a laser with very low frequency noise. For
example for the EBB design, the mismatch would have been in the order of
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Figure 10.4: Setup to measure the frequency stability of the iodine stabilized laser
system. As reference, a second identical laser system was used. A small pick-up
from the laser used for the modulation bench is interfered with the attenuated beam
from the reference system. The two laser systems were locked on two diﬀerent iodine
absorption lines to get a MHz beat note. The beat note is measured with a photo
receiver and recorded by a frequency counter.

1.4 m. The frequency noise of the laser couples into the pathlength readout
according to:
xf = ∆L

δf
f

(10.1)

for a laser wavelength of λ=1064 nm. Assuming√an armlength mismatch of
∆L=1.4 m and a laser frequency noise δf =300
√ Hz/ Hz this gives a pathlength
noise due to frequency noise of xf =1.4 pm/ Hz. That means this frequency
noise requirement allows measurements down to a few picometers.
To operate the setup in this thesis, an NPRO laser stabilized to an iodine
reference was used. The laser systems is commercially available from Coherent and uses their Prometheus NPRO laser [69]. Details on iodine stabilized
NPROs for space-based applications and the system from Coherent can be
found in [70] and [71]. Because the frequency stability is crucial to the experiment, two identical iodine stabilized laser systems were installed to have
the possibility to monitor their performance. A small fraction of the laser
power from the laser used for the modulation bench was interfered with the
second laser and the beat note read out with a photodiode and recorded by
a frequency counter (SR620 by Stanford Research Systems, Inc.). In ﬁg. 10.4
a schematic of the measurement setup is shown. The power of the reference
laser was reduced, using a λ/2-waveplate and a PBS. Most of the power was
dumped to get comparable power levels of a few mW for both interfered beams.
The two laser systems were stabilized on two diﬀerent absorption lines
of the iodine reference that are separated by approximately 130 MHz. The
frequency counter has a measurement range of 1.3 GHz. For one system the
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Figure 10.5: Measured spectrum of the two laser systems in red. 1915D and 1723A
are the serial numbers of the two iodine stabilized laser systems. In comparison a
similar measurement provided by the manufacturer Innolight is plotted. Here at least
one of the two laser systems is not working according to the speciﬁcations. With this
beat measurement it is not possible to distinguish which laser system is causing the
increased frequency noise but is was assumed the older system 1723A had a reduced
performance.

absorption line a1, that is recommended by the manufacturer, was chosen
and for the other one the line a2. It was avoided to use a double line for the
stabilization. The spectrum of the measured beat note is shown in ﬁg. 10.5. In
comparison a similar measurement performed by the manufacturer (Innolight
at the time of the delivery of the ﬁrst system) is plotted. In this initial
measurement the frequency noise was increased over the whole frequency range
compared to the frequency noise measured before delivery and the lasers did
not meet the LISA requirement. With this kind of beat measurement it is not
possible to distinguish which of the two laser systems is responsible for the
increased frequency noise, but it was assumed the older system (serial number
1723A) lost performance. This was the reference system, the newer system
(serial number 1915D) was planned to operated the EBB.
To ﬁnd the cause for the reduced performance, the diagnostic port of the
laser was monitored, which provides several monitoring signals like iodine
stabilization error signal, the piezo actuation signal and several temperature
readouts. No conspicuous feature could be found in the provided diagnostic
signals. Next, the alignment of the green laser light inside the laser system
used for the stabilization was optimized and the original performance could
be restored. A spectrum of a measurement after the optimization is shown in
ﬁg. 10.6. The frequency noise of the two laser systems is uncorrelated and if it
is assumed the performance of both systems is similar the actual performance
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Figure 10.6: Measured frequency spectrum of the two laser systems after realigning
the iodine stabilization of the system 1723A. The frequency noise of the two
√ systems
is uncorrelated and the measured noise level could be reduced by a factor of 2, if it is
assumed that the actual noise is similar for both systems. The bump between 0.1 mHz
and 1 mHz is probably due to temperature ﬂuctuation because the air conditioning
is ﬂuctuating in this frequency range as well.

√
of one system is better by a factor of 2. But because it cannot be known
for sure that√the performance is similar for the two systems the result was not
divided by 2 and is therefore an upper limit.

10.3

Outlook

In this section an outlook is given on what steps will be necessary to achieve
picometer stability with the current optical bench and telescope simulator
setup. This list is not supposed to be complete, more challenges will probably
come up during commissioning.
Stability of the feet for the tip-tilt mount of the telescope simulator
As shown in section 6.8 the all-Zerodur R feet of the telescope simulator are
drifting. For the TTL coupling measurements this was not a problem because
the feet could be used with the alignment screws sitting on the feet and not
retracted. In this conﬁguration the height change of the telescope simulator
is mostly temperature driven and the height variations could be subtracted
using the B phase signal (phase between the TX and LO beam which are not
moving and therefor only seeing the height change). This will very likely not
be possible on the picometer level. The drift due to temperature changes will
be too large in comparison to the measured phase signal. Already small tilts
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of the telescope simulator due to not evenly expanding or shrinking feet, will
couple into the B phase. Therefore, it would be desirable to modify the feet
so that they are working as they were designed. This means to retract the
adjustment screws after the alignment of the telescope simulator and get an
all-Zerodur R connection between the two baseplates. The cause of the drift is
not fully understood yet but possible solutions are to increase the pressure of
the screw holding the two parts of the feet together or to modify the surface
quality on the parts that are pressed together to increase the friction. Another
solution would be to glue the two parts together after the alignment. Of course
a non-permanent solution would be preferred to maintain the ﬂexibility of the
setup.
Thermal management The thermal shielding described in the previous
section was not fully installed for the TTL coupling measurements, because it
is not necessary, but is was designed to ﬁt the whole optical bench and telescope simulator assembly inside the thermal shield and can simply be installed
again. The setup is currently operated with kHz heterodyne frequencies, so
the front end electronics for the photo receivers are installed outside the vacuum chamber. It is also operated with relatively low power levels (all beams
signiﬁcantly below 100 mW). So there are no major heat sources in vacuum and
the thermal shielding should perform as shown in the previous section. Only
the phase camera on the telescope simulator produces a signiﬁcant amount of
heat, but can be switched oﬀ for performance measurements.
After the temperature stability measurements in vacuum, the air conditioning in the lab was modiﬁed and the temperature in the lab is signiﬁcantly
more stable now. It is possible that this would also improve the temperature
stability inside the thermal shield.
Amplitude stabilization To reach the picometer performance, an amplitude stabilization of the laser beams will be necessary. The implementation
is already prepared. For all three beams (TX, RX and LO) power monitor
photodiodes are installed on the telescope simulator and the optical bench. A
beam splitter after every FIOS provides a pick-up for these photodiodes. The
power monitor mounts hold another beam splitter and two single elements
photodiodes to provide an in-loop and out-of-loop amplitude measurement.
The AOM driver electronics provide an amplitude modulation input to actuate the eﬃciency of the AOMs. The electronics were designed and built
already but not yet implemented, because an amplitude stabilization is not
necessary for the TTL coupling measurements.

CHAPTER

Summary
In the ﬁrst part of this thesis the design and construction of an interferometric testbed for LISA was described. The testbed consists of two major
parts: an optical bench and a telescope simulator. The optical bench has one
measurement interferometer, representing the science interferometer, where
the local beam is interfered with the beam received from a distant spacecraft.
The telescope simulator generates a light ﬁeld representative of that arriving
from a distant spacecraft or a Gaussian beam representative for the test mass
readout.
Only a few Zerodur interferometers with a comparable number of components as on the telescope simulator have been built at AEI ([15],[53],[54]).
To the best of the author’s knowledge, the testbed is the ﬁrst experimental
demonstration of an all-Zerodur interferometer on two separate baseplates,
only constrained relative to each other by gravity. Test equipment similar to
the telescope simulator built here will be necessary to test ﬂight hardware for
LISA.
A central part of the work for this thesis was the construction of the telescope simulator. The telescope simulator was built using hydroxide catalysis
bonding. Template placement, assisted by a coordinate measurement machine,
was used for the majority of the components.
In the second part of this thesis, the investigation of imaging systems to
reduce tilt-to-length coupling was presented. First, the optical bench and
telescope simulator were aligned, calibrated and commissioned. The telescope
simulator was aligned on the optical bench, using the technique of microhammering, to a precision of 1-2 µm. To ensure that the science interferometer
only senses the tilt-to-length coupling of the optical bench, a reference photodiode was placed in an optically equivalent position of the interface between
the two benches. To ﬁnd this position, the tilt-to-length coupling diﬀerence
of the reference pinhole photodiode and a temporary identical photodiode
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was minimized. The diﬀerence should be zero if the two photo diodes are in
equivalent positions.
The ﬂat-top beam did show a remaining tilt-to-length coupling diﬀerence
in this pinhole-pinhole measurement outside the requirement. The higher
coupling was investigated within this thesis. Several possible causes could be
excluded: ghost beams from the beam splitters or the reﬂective temporary
aperture, saturation eﬀects in the photodiodes and a misaligned polarization
of the ﬁber injector. The cause could not be determined with certainty but a
micro structure on the phase proﬁle is a possible candidate.
Two diﬀerent designs of imaging systems were investigated. A four-lens
design, using classic pupil plane imaging, and a two-lens design with a divergent beam on the photodiode. It was shown that both designs meet the LISA
requirement of ±25 µm/rad for angular misalignment of the received beam in
the range of ±300 µrad with the ﬂat-top beam. This requirement was also met
with two Gaussian beams for the two-lens design when the beam parameters
were modiﬁed. The performance of the two-lens design is dependent on beam
parameter mismatch and in special cases the requirement cannot be met. The
four-lens design might be less sensitive to beam parameter mismatch because
the beams are collimated on the photodiode.
For both imaging system designs a systematic alignment sensitivity analysis was performed by intentionally misaligning individual components. The
additional tilt-to-length coupling was mostly linear and in the range between
50 to 500 µm/rad for a lateral oﬀset of 50 µm. The additional coupling scaled
linearly with the oﬀset. The results were used to verify the predictions from
the optical simulation software IfoCAD. The measurements and simulations
showed a good agreement.
This was the ﬁrst time imaging systems for LISA were investigated experimentally in a testbed representative of the mission. The tilt-to-length
coupling requirement was met using two diﬀerent imaging system designs,
and the testbed can be used in the future to investigate modiﬁed designs of
imaging systems or diﬀerent aspects of the LISA interferometry.
In the last part preparations for performing high precision measurements
in vacuum with this setup were presented. The temperature stability of
the optical setup was improved by passive thermal isolation using low-pass
ﬁlters for
√ heat conduction and radiation. A temperature stability below
frequency sta10−4 K/ Hz was√achieved, close to the requirement. A laser √
bility of 300 Hz/ Hz or below was achieved, suﬃcient for pm/ Hz interferometric measurements.

APPENDIX

Read out noise floor
The noise ﬂoor in the science interferometer and the reference interferometer
is calculated with the equations given in section 2.3 (from [72], [33], [23], [29]).
The pathlength noise is given by:
x̃ =

x̃
λ
λ
× φ̃ =
2π
2π xsignal,rms

(A.1)

Where the signal is the heterodyne amplitude given by:
p

xsignal,rms = η 2γPT X PRX

(A.2)

The noise ﬂoor was calculated here for one segment of a quadrant photodiode or one single element photodiode, so PT X and PRX are the light powers
of the beams on one segment or one single element photodiode (see table A.3,
for the QPDs the power has to divided by four segments).
The noise contributions taken into account here are:
I˜shot =

q

2qe Iph

(A.3)

ULSB
Ũdig = √
6fs

(A.4)

√
I˜el = 3.5 pA/ Hz

(A.5)

The input current noise I˜el was estimated by a measurement in section 2.3.
With A.1 the corresponding pathlength noise is then given by:
x̃shot

qe Iph
λ
√
=
π η 2γPT X PRX
p

(A.6)
155

A

156

APPENDIX A. READ OUT NOISE FLOOR
Table A.1: Parameters used for the calculations

wavelength λ

1064 nm

heterodyne eﬃciency η

0.8

Input current noise of one segment

Digitization noise Udig

x̃dig =

Hz

4.028·10−4 V

Voltage corresponding to 1 bit ULSB
ADC Sampling frequency fs

√

3.5·10−12 A/

8.0·107 Hz
√
1.839·10−8 V/ Hz

Ũ
λ
√ dig
2π Rf η 2γPT X PRX

(A.7)

Iel
λ
√
2π η 2γPT X PRX

(A.8)

x̃el =

The parameters used for the calculation of the noise ﬂoor for all photodiodes are given in table A.1. The parameters dependent on the photodiodes
are given the according section below.
For the calculations the power on the photodiodes is needed. In table A.3
the power budget assumed here is shown. The power output from the FIOSs is
an estimation based on the power in the beams on the modulation bench and
the actual power is dependent on the quality of the ﬁber coupling eﬃciency and
the alignment on the modulation bench. The power present in the experiment
is comparable to the power levels assumed here. Small losses like on the
polarization beam splitters and mirrors are not taken into account for the
power budget calculation.
The power budget is given for the reference QPD, the reference pinhole
photodiode and a science interferometer QPD. For each beam the beam splitters passed by the beam are listed with their splitting ratio (the ﬁrst number
is the transmission for the beam). The photodiode (PD) is also listed in the
path where clipping by the photodiode was taken into account in the power
calculation. The reference QPD is a QP22-Q with a diameter of 5.3 mm (see
data sheet [62]) and is only clipping the ﬂat-top beam signiﬁcantly. The reference pinhole has a diameter of 150 µm, clipping all three beams, and the
science interferometer photodiode is a GAP1000Q with a diameter of 1 mm
and a beam clip with a diameter of 0.9 mm (not used in the measurements
presented in this thesis but foreseen by design).
The power transmission trough a round aperture placed in the center on
the beam is given by [73]:
−2r2
T = 1 − exp
w2

!

(A.9)
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Table A.2: Transmission through a round aperture

beam

beam radius

aperture (PD)

radius

transmission T

RX ﬂat-top

9 mm

reference QPD

2.65 mm

0.16

RX ﬂat-top

9 mm

pinhole SEPD

75 µm

0.00014

RX ﬂat-top

3.6 mm

science QPD

0.45 mm

0.03

TX, LO, RX Gauss

1 mm

pinhole SEPD

75 µm

0.011

TX, LO, RX Gauss

1 mm

science QPD

0.45 mm

0.92

Where r is the radius of the aperture and w the radius of the beam at
the aperture. The nominal beam radius of the LO, the TX and the Gaussian
RX beam is 1 mm. The beam radius of the ﬂat-top beam is 9 mm before it
is clipped at the apodized aperture (given by the speciﬁcations of the ﬁber
coupler 60FC-T-4-M100-37 from Schäfter+Kirchhoﬀ [74]). Since the apodized
aperture is designed to minimize diﬀraction, the radius of the Gaussian beam
was used to calculate the transmitted power.
In the science interferometer the beams are compressed by the imaging
systems. The beam radii were calculated using the magniﬁcation factor of
0.4.

APPENDIX A. READ OUT NOISE FLOOR
158

BS13 (90/10), BS1 (50/50), BS23 (60/40), BS21 (50/50), PD

BS22 (90/10), BS2 (50/50), BS11 (50/50), BS14 (50/50), PD

BS12 (50/50), BS1 (50/50), BS11 (50/50), BS14 (50/50), PD

BS13 (90/10), BS1 (50/50), BS11 (50/50), BS14 (50/50), PD

BS22 (90/10), BS2 (50/50), BS11 (50/50), BS14 (50/50)

BS12 (50/50), BS1 (50/50), BS11 (50/50), BS14 (50/50), PD

BS13 (90/10), BS1 (50/50), BS11 (50/50), BS14 (50/50)

ﬁber coupler

location

-

1.24 mW

-

-

12.6 µW

-

-

1.13 mW

10 mW

LO

-

0.14 mW

-

-

1.4 µW

-

-

0.13 mW

-

2 mW

RX Gauss

-

0.09 mW

-

-

0.3 µW

-

-

0.4 mW

-

40 mW

RX ﬂat-top

2.07 mW

-

-

12.6 mW

-

-

1.13 mW

-

-

10 mW

TX

Table A.3: Power budget

BS12 (50/50), BS1 (50/50), BS23 (60/40), BS21 (50/50), PD

-

science QPD

reference pinhole SEPD

reference QPD

BS22 (90/10), BS2 (50/50), BS23 (50/50), PD
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A.1

science interferometer

The uncorrelated noise sources are added quadratically to the total pathlength
noise ﬂoor (see table A.5). Here, it is calculated for one segment of one QDP
in the science interferometer for the measurement signal C (TX-RX). The
parameters used for this calculation speciﬁc to this photodiode are given in
table A.4. The photodiode eﬃciency is given for a GAP1000Q InGaAs photodiode and the power in the beams are given on the photodiode (four times
the power incident on one segment). The RX ﬂat-top beam is used, because
it has less power than√
the Gaussian RX. The total noise ﬂoor calculated here
is with ∼2.1·10−14 m/ Hz well below 1 pm.
Table A.4: parameters for one science interferometer QPD

Photodiode eﬃciency γ

0.7 A/W

power TX beam PT X

2.07 mW

power RX ﬂat-top beam PRX

0.09 mW

signal (heterodyne amplitude) of one segment
shot noise nshot

0.1 mA

√
1.1·10−11 A/ Hz

Table A.5: pathlength noise for the signal TX+RX on one segments of one science
interferometer QPD

noise source

√
pathlength noise [m/ Hz]

pathlength noise due to shot noise

2.42·10−14

pathlength noise due to electronic noise

6.13·10−15

pathlength noise due to digitizing noise

6.44·10−15

pathlength noise ﬂoor

2.12·10−14
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A.2

reference interferometer

The total pathlength noise ﬂoor in the reference interferometer is given for a
QPD in table A.7 and the pinhole photodiode in table A.9. Here, it is calculated for the measurement signal C (TX-RX). The parameters used for this
calculation speciﬁc to the photodiode are given in table A.4 and table A.8.
The photodiode eﬃciency is given for a QP22-Q from First Sensor and a S5821
photodiode from Hamamatsu. The power in the beams are given on the photodiode, for the RX beam the ﬂat-top beam was chosen for the calculation
because it has less power than the Gaussian RX. The total noise
√ ﬂoor calculated for a science interferometer QPD is with ∼2.2·10−14√m/ Hz well below
1 pm. The noise ﬂoor for the reference pinhole is ∼1 pm/ Hz.
Table A.6: parameters for one reference interferometer QPD

Photodiode eﬃciency γ

0.55 A/W

power TX beam PT X

1.13 mW

power RX beam PRX

0.4 mW

signal (heterodyne amplitude) of one segment

66.7 µA

shot noise nshot

√
7.45·10−12 A/ Hz

Table A.7: pathlength noise for the signal TX+RX on one segment of the reference
interferometer QPD

noise source

√
pathlength noise [m/ Hz]

pathlength noise due to shot noise

2.61·10−14

pathlength noise due to electronic noise

8.89·10−15

pathlength noise due to digitizing noise

2.95·10−15

pathlength noise ﬂoor

2.11·10−14
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Table A.8: parameters for the reference pinhole photodiode

Photodiode eﬃciency γ

0.25 A/W

power TX beam PT X

12.6 µW

power RX beam PRX

0.3 µW

signal (heterodyne amplitude) of one segment

0.66 µA

shot noise nshot

√
1.02·10−12 A/ Hz

Table A.9: pathlength noise for the signal TX+RX on the reference pinhole photodiode

noise source

√
pathlength noise [m/ Hz]

pathlength noise due to shot noise

3.66·10−13

pathlength noise due to electronic noise

8.97·10−13

pathlength noise due to digitizing noise

2.98·10−13

pathlength noise ﬂoor

1.02·10−12

APPENDIX

As-built component list
In table B.1 a list of the components bonded within the work for this thesis is
given. For each component the position by design is given and the measured
deviation from this position. These components were all bonded using two different templates. The position was measured using the CMM. At the bottom
of the table the standard deviation is given for the measured deviations from
the design position. For the angle, the standard deviation is given including
M8 and without M8, because this mirror has an unusually large angular misplacement, probably because it was not touching all ball bearings during the
bonding process.
In ﬁg. B.2 and ﬁg. B.2 the layouts of the telescope simulator and the optical
bench are shown with all the components labeled according to the component
names used in the following tables.
In table B.2 and table B.3 the component speciﬁcations are given for all
optical components on the telescope simulator and the optical bench. The
substrate types are A (small beam splitter), B (small recombination beam
spitter) and C (small mirror). In the speciﬁcations the coating for both sides
is given, HR for high reﬂectivity, ARs for anti-reﬂective for s-polarization, ARp
for anti-reﬂective for p-polarization or PBS for a polarization beam splitter.
For the non-polarizing beam splitters the splitting ratio is given. Details of
the dimensions of the diﬀerent substrate types and coating speciﬁcations can
be found in [19]. The speciﬁcations for the out-of-plane optics and the FIOSs
are given there, too.
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Table B.1: Component list with nominal and measured positions.

component

nominal

deviation

angle[deg]

x[mm]

y[mm]

angle[µrad]

x[µm]

y[µm]

M6

-45

120.478

24.705

17

7

-11

M5

-45

96.482

92.162

52

6

-4

BS15

45

116.402

90.582

17

13

-13

M2

45

225.000

111.522

297

11

-24

M7

135

172.678

167.340

-279

2

-17

BS14

-135

146.259

168.921

820

71

-79

BS12

135

52.000

179.500

297

-56

-96

M9

22,5

179.192

227.148

70

31

-28

M8

-157.5

142.182

264.158

2601

15

-24

-135

30.000

142.500

663

-23

10

PCO3

45

53.580

144.080

122

-100

87

PCO2

135

72.920

183.576

-87

-90

-54

M4

-135

117.982

111.522

-140

-19

9

M3

-45

142.182

73.504

-140

-7

-1

M10

45

193.504

47.182

0

-13

22

PBS1

-45

196.000

76.000

-454

-31

26

BS1

45

193.504

114.018

87

-95

90

BS13

-45

197.580

143.256

-716

-29

15

44.999

47.0518

template1

template2
M1

standard deviation
700.663
without M8:
365.629
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tip-tilt mount

0.3
REF AUX

actuator1

REF QPD

actuator2

M8

M9

D1

PCO1
D3

0.2

BS12

PCO2

LO FIOS
M7

BS14
RX PWR
M1

BS13
D2
PCO3

M4

BS1

BS11

M2

0.1
HWP
M5

BS15

PBS1

M3
OB Interface

D4

0.0

LO PWR

M10
phase
camera

M6

ﬂat-top beam
generator

REF SEPD
RX Gauss FIOS

0.0

0.1

0.2

0.3

Figure B.1: Layout of the telescope simulator with all components labeled.
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0.3

position of Telescope Simulator
CQP2
TX PWR

0.2
TX FIOS
D5

0.1

PCO4

SCI QPD2

BS22

M20

M32
M33

TS Interface PBS2

D6

BS2
M26

HWP

0.0

imaging system 2
(two lens)

BS23

BS24
CQP1

M31

RX clip
M25

M29

BS21

−0.1
SCI QPD1

M27
M30

M28

M23

imaging system 1
(four lens)

M24

−0.2
M22
M21
position of Telescope Simulator
(ﬂipped)

−0.3
−0.3

−0.2

−0.1

0.0

0.1

0.2

Figure B.2: Layout of the optical bench with all components labeled.
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Table B.2: List of component names and speciﬁcations for the telescope simulator.

component name

substrate

coating

speciﬁcation

BS13

A

4/11

10/90, ARs

BS14

A

1/11

50/50, ARs

BS15

A

1/11

50/50, ARs

PCO1

A

9/12

PBS, ARp

PCO2

A

9/12

PBS, ARp

BS12

B

1/11

50/50, ARs

BS1

B

1/11

50/50, ARs

BS11

B

1/11

50/50, ARs

PBS1

B

9/12

PBS, ARp

PCO3

B

9/12

PBS, ARp

M1

C

10/11

HR, ARs

M2

C

10/11

HR, ARs

M3

C

10/11

HR, ARs

M4

C

10/11

HR, ARs

M5

C

10/11

HR, ARs

M6

C

10/11

HR, ARs

M7

C

10/11

HR, ARs

M8

C

10/11

HR, ARs

M9

C

10/11

HR, ARs

M10

C

10/11

HR, ARs
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Table B.3: List of component names and speciﬁcations for the optical bench.

component name

substrate

coating

speciﬁcation

BS2

A

1/11

50/50, ARs

BS23

A

3/11

60/40, ARs

BS24

A

1/11

50/50, ARs

BS22

B

4/11

10/90, ARs

BS21

B

1/11

50/50, ARs

PBS2

B

9/12

PBS, ARp

PCO4

B

9/12

PBS, ARp

M20

C

10/11

HR, ARs

M21

C

10/11

HR, ARs

M22

C

10/11

HR, ARs

M23

C

10/11

HR, ARs

M24

C

10/11

HR, ARs

M25

C

10/11

HR, ARs

M26

C

10/11

HR, ARs

M27

C

10/11

HR, ARs

M28

C

10/11

HR, ARs

M29

C

10/11

HR, ARs

M30

C

10/11

HR, ARs

M31

C

10/11

HR, ARs

M32

C

10/11

HR, ARs

M33

C

10/11

HR, ARs
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