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ABSTRACT

The Laser Interferometer Space Antenna (LISA) is a joint ESA-NASA mission
designed as the first space-based gravitational wave observatory and will oper-
ate in the frequency range between 0.1 mHz to 100 mHz. LISA will complement
the ground-based observatories, as these low frequencies are inaccessible to
detectors on Earth due to seismic noise predominance at frequencies lower than
10 Hz. LISA is a constellation of three identical spacecraft separated by 5 million
kilometers, flying free-falling test masses. Relative changes in the separation
between test masses located in different satellites reveal the presence of gravita-
tional waves. LISA requires a measurement accuracy of better than 40 pm/v/Hz,
which is achieved by means of precision laser interferometry.

Due to the challenges LISA represents, ESA plans to launch the technology
demonstration mission LISA Pathfinder in order to test LISA core technologies
in the frequency range from 3 — 30 mHz. A high precision laser interferometer
with picometer accuracy has been included to measure the displacement and
attitude of the free-falling test masses and produces input signals for the test
mass drag-free and spacecraft control.

This thesis describes three experiments related to LISA and LISA Pathfinder: an
optical cavity, a phase-modulated homodyne interferometer, and a heterodyne
interferometer were set up and characterized for test mass position and attitude
measurements. During investigations on the LISA Pathfinder (LPF) interferom-
etry, two testbeds were further developed: a laboratory test setup and a test
facility for engineering models of subunits of the optical metrology system. The
two setups and the results obtained are compared and described in detail.
Hardware simulations of the expected in-orbit cross-talk between test mass
angular and displacement degrees of freedom have been conducted. Noise
subtraction algorithms have been developed to correct for sensitivity limiting
effects like the coupling of test mass jitter into displacement readout, and fluctu-
ations of the laser frequency and the non-linear optical pathlength difference. A
previously developed real-time wavefront detector has been used to help the
adequate beam preparation, the manufacture of quasi-monolithic fiber injectors
for the LPF optical bench, and the characterization of the LPF optical window.

Keywords: gravitational wave detection in space, laser interferometry, noise
subtraction, data analysis
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KURZZUSAMMENFASSUNG

Die gemeinsame ESA-NASA-Mission Laser Interferometer Space Antenna (LISA)
wird als das erste weltraumgestiitzte Gravitationswellenobservatorium im Fre-
quenzbereich von 0.1 mHz bis 100 mHz konzipiert. LISA ergénzt hiermit erdge-
bundene Gravitationswellendetektoren, deren Empfindlichkeit durch seismis-
ches Rauschen der Erde unterhalb 10 Hz begrenzt ist. LISA besteht aus drei iden-
tischen Satelliten in einem Abstand von 5 Millionen km mit frei fliegenden Test-
massen. Von Gravitationswellen hervorgerufene relative Abstandsanderungen
zwischen zwei Testmassen werden mit einer Genauigkeit besser als 40 pm/v/Hz
mittels hochempfindlicher Laserinterferometrie gemessen. Aufgrund der tech-
nologischen Herausforderungen von LISA beschloss die ESA, vor LISA den
Technologiedemonstrator LISA Pathfinder (LPF) zu starten, der LISA Kerntech-
nologien im Frequenzbereich 3 — 30 mHz erprobt. Ein Laserinterferometer mit
picometer-Genauigkeit wird zur Abstands- und Winkelmessung der Testmassen
verwendet und generiert Signale zur Testmassen und Satellitenansteuerung.

In dieser Arbeit werden drei Experimente fiir LISA und LISA Pathfinder behan-
delt: ein optischer Resonator, ein phasenmoduliertes Homodyninterferometer
und ein Heterodyninterferometer wurden aufgebaut und charakterisiert, um
Testmassenpositionen und Winkel zu messen.

Im Rahmen der LISA Pathfinder Interferometrie wurden zwei Testaufbauten
weiterentwickelt: ein Labortestaufbau und ein Testaufbau fiir die Prototypen
der Flugmodelle (Engineering Models). Die Aufbauten und damit erzielten
Ergebnisse werden beschrieben und verglichen.

Laborhardwaresimulationen der im Weltraumflug zu erwartenden Kreuzkop-
plung zwischen Winkel- und Abstandsfreiheitsgraden der Testmassen wurden
durchgefiihrt. Rauschsubtraktionsalgorithmen wurden zur Korrektur von Fak-
toren, die die Empfindlichkeit begrenzen, entwickelt, wie z.B. Testmassenrest-
winkelrauschen, Laserfrequenz- und nicht-lineare optische Weglangenfluktua-
tionen. Ein zuvor entwickelter Wellenfrontdetektor wurde charakterisiert und
bei der Herstellung quasimonolithischer Faserauskoppler fiir LPF und bei der
Charakterisierung des optischen Fensters in LPF eingesetzt.

Schlagworte: Gravitationswellendetektion im Weltraum, Laserinterferometrie,
Rauschsubtraction, Datenanalyse
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INTRODUCTION

In his General Theory of Relativity presented in 1915* [1], Albert Einstein intro-
duced a model for the geometric description of Gravitation as the spacetime
curvature produced by masses and radiation present in it (see Figure 1 [2]).

Figure 1: [llustration of Gravitation as the geometric curvature of spacetime.

Accelerated masses excite oscillations® of the spacetime itself which propagate
at the speed of light and are called gravitational waves. Their theoretically pre-
dicted interaction with other physical phenomena is very small, which helps
to preserve high quality information on the cosmological events emitting them
while the waves travel through the universe. However, this fact also make gravi-
tational waves extremely challenging to detect.

Current astronomy is mainly based on the detection of electromagnetic radia-
tion emitted by celestial bodies and their interactions. Due to the fundamental
difference in the physical process of their emission, the detection of gravitational
radiation opens a completely novel field in astronomy that enables to reach a
more extensive understanding of the universe and would help probe essential
questions about its very origin and evolution.

1 Lecture given at the PreufSische Akademie der Wissenschaften.
2 “Similarly” to a ball moving on a rubber elastic bandage.
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GRAVITATIONAL WAVE OBSERVATION

The functional principle of laser interferometric gravitational wave detectors is
based on measuring the distance between test masses — suspended mirrors of
the interferometer — that changes at the pass of a gravitational wave.

The scientific community has been investing a considerable effort in the setup
of a worldwide network consisting of five ground-based laser interferometric
gravitational wave observatories.

Variations in the gravitational field of the Earth restrict the measurement band-
width of these detectors to frequencies above a few hertz.

Therefore, a space-based gravitational wave observatory is currently under
development in order to complement the ground-based network observation
bandwidth in the millihertz range.

LISA: LASER INTERFEROMETER SPACE ANTENNA

The Laser Interferometer Space Antenna (LISA) is the first space-based laser
interferometric gravitational wave observatory, designed to operate in the fre-
quency band between 10~* and 10~ Hz. Astrophysical sources such as super
massive black hole binaries, coalescences and mergers, as well as a cosmological
gravitational wave background are expected to be detectable in this frequency
range.

LISA is a joint mission between the European Space Agency (ESA) and NASA,
and consists of three identical spacecraft in an equilateral triangle formation,
separated by 5 million kilometers. The LISA triangular constellation follows the
Earth at a distance of 50 million km (20°) in a heliocentric orbit at 1 AU from
the Sun. The plane of this assembly is tilted by 60° with respect to the ecliptic
as shown in Figure 2.

LISA flies a total of six drag-free test masses, two in each spacecraft, and mea-
sures variations in their separation originating from gravitational waves with
an accuracy of 40 pm/v/Hz over their nominal separation of 5 million km,
which corresponds to a relative length measurement precision of the order of
% =8 x 10721 /v/Hz. In order to achieve this displacement sensitivity for the
gravitational wave measurement, effects of non-gravitational forces have to be
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5x10%km

Figure 2: Heliocentric orbit of the spacecraft constituting LISA

suppressed below the level of 3 x 1071 N/v/Hz at 3mHz (see Figure 3).
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Figure 3: Force and displacement noise budgets for LISA and LISA Pathfinder

LISA PATHFINDER

LISA requires some novel technology that is under development and cannot
be tested on Earth. It is therefore that ESA decided to launch the technology
demonstration mission LISA Pathfinder (LPF) to test core technology in a similar
space environment as is expected for LISA.
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LPF consists of a single satellite that carries two experiments: the ESA pay-
load LTP, and the Disturbance Reduction System (DRS) from NASA. This thesis
concentrates on research topics concerning LTP only.

The main aim of LTP is to verify drag-free control of test masses to a level
better than 3 x 10~ '* ms~2/v/Hz in the observation band of 3 — 30 mHz.

A laser interferometer has been included with the capability of measuring
the test mass with a displacement accuracy of 6.3 pm/v/Hz and an angular reso-
lution of 20 nrad/v/Hz [3]. The requirements on the LTP test mass displacement
noise are plotted in Figure 4.
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Figure 4: Requirements on the LTP test mass displacement noise

The upper trace at a level of 85pm/v/Hz defines the requirement on the LTP
test mass displacement noise under drag-free control. The middle trace at
6.3pm/vHz defines the requirement on the accuracy of the optical metrol-
ogy system for the test mass displacement measurement. The lower trace at
1pm/vHz is the noise budget allocated to each noise source of the interferome-
ter.



OUTLINE OF THE THESIS

OUTLINE OF THE THESIS

This thesis presents the development and implementation of three different
optical metrology techniques for the measurement of test mass attitude and
displacement:

1. Parti
Introduces some common optical length and attitude measurement tech-
niques used for the investigations presented in this thesis: resonant cavities,
conventional and phase-modulated homodyne interferometry, heterodyne
interferometry, and spatially resolving wavefront measurements.

2. Partii
Describes the design and initial testing of an optical cavity used for dis-
placement measurements at the level of 1 pm/v/Hz in the millihertz fre-
quency band. This facility was developed to test candidates for the LISA
point-ahead angle mechanism.

3. Part iii
Reports the development of a homodyne interferometry technique based
on the deep phase modulation over several radians of one interferometer
arm, reaching a sensitivity of the test mass displacement measurement at
the level of 10 pm/ VvHz at millihertz frequencies.

4. Part iv
Presents the status, as of May 2009, of the LTP interferometry, the develop-
ment and testing of engineering models of its optical metrology subunits,
and various performance investigations, concerning characterization of
optical components, hardware simulation of in-orbit test mass behavior,
and noise subtraction techniques.
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LENGTH AND ATTITUDE MEASUREMENT

The development of the laser in 1960 by Theodore Maiman at Hughes Research
Laboratories set a technological milestone with a device that has become indis-
pensable nowadays, being utilized in standard telecommunications, data storage,
material processing, and almost all optical metrology systems in many different
varieties and application areas, including space research and technology.

Especially in the field of optical metrology, where the physical properties of the
employed light source often determine the precision of measurements, the high
spatial and temporal coherence at an intense light beam provided by the laser,
represented a revolution to the achievable accuracy of interferometers. The short
and stable wavelength over large distances makes the laser an ideal reference
ruler for very accurate distance measurements.

This chapter gives a short description of the physical principle of three different
optical measurement techniques based on laser interferometry. The performance
of each of these three methods at millihertz frequencies, as required for the
optical metrology of LISA and LPF, has been experimentally assessed in the
laboratory. The corresponding experimental setups and obtained results for each

1.1 LENGTH MEASUREMENT
1.1.1  Resonant cavity
Optical cavities are commonly used as stable length reference for laser frequency

stabilization in interferometry applications, due to the direct proportionality
between laser frequency fluctuations and displacement noise.




1 LENGTH AND ATTITUDE MEASUREMENT

To this end, the laser frequency v is tuned by a control loop to the g-th resonance
frequency vq of the optical cavity, which is given by [4]

Vq = , €N (1.1)

£
171
where 2 L is the round-trip length of the cavity that is made stable for frequency
stabilization purposes. Fluctuations 8L of the cavity length translate as laser
frequency fluctuations as[4, 5]

ov oL

ol (1.2)

This principle can be used to measure small displacement fluctuations of a given
test mass in the optical path of the cavity, provided the remaining components
are sufficiently stable. However, this can be usually applied for small fluctuations
only in order to maintain the cavity in resonance within the operation fringe g.

Thus, in the case of LISA and LISA Pathfinder where the dynamic range of
the test mass motion is of the order of several wavelengths of the laser beam, a
different method must be applied.

Nevertheless, if the cavity can be held in resonance, this metrology technique
reaches high accuracy by comparing the frequency of the laser beam to a suffi-
ciently stable reference oscillator, which is typically a second laser stabilized to
a frequency standard that can be, for instance, a more stable cavity or an atomic
energy transition.

This can be done by overlapping the two laser beams and measuring the fluctu-
ations of the beat note frequency resulting from the optical down mix process
at the photodetector — optical heterodyning —, which is further explained in
Section 1.1.2. Provided the frequency of the reference oscillator v, is much
more stable than the measurement cavity: Vet < 8Vmeas ; the corresponding
distance fluctuations of the test mass 5L can be obtained as
SL=L SVimeas (1.3)
Vmeas
An example of the use of resonant cavities for the measurement of displacement
fluctuations of a test mass is given in Part ii that is an investigation conducted
for the stability assessment of potential candidates for the LISA point-ahead
angle mechanism (PAAM), but can be similarly used for other optical metrology
applications.

10



1.1 LENGTH MEASUREMENT

1.1.2 Interferometers

The representation of a light field E(t) at a fixed point in space can be expressed
as

E(t) = E. et (wttd), (1.4)

Given the two light fields E¢(t) and E;(t)

Ei(t) = Eq - et (wrttdr)
(1.5)
Eo(t) = Ep - et (w2at+d2)

where wy = 27 f, is the angular frequency and ¢, is the phase, their overlap
at a beamsplitter, as shown in Figure 5, can be described as

E ()

(1.6)
( Ep(t) ) < P Ey -eb(@ittdn) | E, e (wattdr) >

p- E.I . ei'(wlt+¢l) +1iT - EZ . ei'(w2t+¢2)

11




1 LENGTH AND ATTITUDE MEASUREMENT

where E4(t) and Ey(t) are the light fields emerging from the outputs of the
beamsplitter.

The intensity I, (t) averaged over the THz carrier frequency and measured
at a photodetector can be expressed as

| Ep 2 = |it-Ey cetlwrttdr) p-Ey- et (wat+d2) 2
(i’TE] . ei(w1t+¢']) +pE, - ei[wthrd)z]) (iTE] . ei(w]ter)]) 1 pE, - ei(w2t+¢2))*

(iTE] cetlwittdr) pE, - ei(wzt+d>z)) (—iTE1 Lo Hwitkdr) b, - e*i(wthrsz))

|Ep [* = T2 Ef+p? E5+itpEqE, (ei'(“’l”‘bl) —~ e—i'(wzt“”z))

2isin(Awt+Ad)
|Ep > = T2 E%+p? E3-21pE E;sin (Awt + Ad) (1.7)
where Aw = w7 —w) = w and Ad = d1 — b2 = ¢.

The effective signal Vpp measured at a photodetector can be expressed by

Vep(t) = A [1—ccos(wt+¢)], (1.8)

where A combines nominally constant factors such as light power and detector
efficiency, ¢ < 1 is the interferometer contrast, w is the frequency difference
between the two interfering beams, also known as heterodyne frequency, and
the phase shift ¢ is the interferometric measurand typically related to test mass
displacements AL by

2t AL
¢ = > (1.9)

where A is the average wavelength of the two light fields Eq(t) and E;(t) oscil-
lating at the frequencies w; and w; respectively.

Specific interferometry techniques can be derived from the general interfer-
ence of any two light fields:

12



1.1 LENGTH MEASUREMENT

Homodyne interferometer

Homodyne interferometry considers the case where the frequency of the two
interfering electric fields is equal wi = w; = w = 0, which yields the following
signal at the photodetector

Vep=A [1—ccos(d)]. (1.10)

The length measurement is done by calibrating the interferometer phase to the
photodetector output Vpp that corresponds to a DC readout.

In this case, the interferometer is usually set for small excursions about a
predefined operating point in the linear range of the sinusoidal interferogram,
which limits the dynamic range of the measurement to a this particular fraction
of a fringe.

For this reason, similarly to the case of the resonant cavity, this technique
cannot be considered for the readout of the test mass motion in LISA or LPF.

Phase-modulated homodyne interferometer

In order to overcome the dynamic range limitation of the basic homodyne
interferometer, a modulation can be applied to one arm of the interferometer to
encode the interferometer phase in the photodetector signal

Vpep(t) =A [1—ccos (b +mcos(wmt+1U))], (1.11)

where m is the modulation depth (the amplitude of the modulation signal), wm
is the modulation frequency, and 1 is the corresponding modulation phase.

The interferometer phase ¢ containing the test mass motion information can
be extracted by proper demodulation of the photodetector signal that can be
performed with different methods.

For small to moderate modulation depths m < 1, this technique is well-known
and is used, for instance, in GEO600 [6] as “frontal (Schnupp) modulation”. For
large modulation depths m > 1, this modified technique offers the capability of
measuring the test mass motion over a wide dynamic range with high accuracy,
which makes it suitable for the local optical metrology of LISA and LPF.

An experimental demonstration of a novel deep phase modulation technique
has been conducted and is described in detail in Part iii.

13




1 LENGTH AND ATTITUDE MEASUREMENT

Heterodyne interferometer

In optical heterodyne detection, the frequencies of the interfering beams have a
controlled difference that corresponds to a non-zero heterodyne frequency w.
Hence, the signal measured at the photodetector can be expressed as

Vep(t) =A [1—ccos(wt+ ¢)]. (1.12)

The controlled time dependency of the signal does not require the interferometer
to be set at a pre-determined phase operating point, which enables continuous
measurement capabilities over a wide dynamic range.

This technique has been chosen as baseline optical metrology concept for the
LPF interferometry, and its implementation and testing at laboratory breadboard
level, engineering models, and associated performance and data analysis inves-
tigations are presented in detail in Part iv. LISA is also planned to be operated as
a heterodyne interferometer.

1.2 ATTITUDE MEASUREMENT

Besides high precision test mass displacement measurements in the millihertz
frequency band, it is also important in LISA and LISA Pathfinder to measure the
test mass attitude. Due to the fact that the test masses are mirrors in the optical
path of the interferometers, it is relevant to monitor their angular orientation
in order to enable on-orbit auto-alignment procedures and characterization
of cross-coupling between angular and displacement degrees of freedom (as
explained in detail in Section 9.2).

To this end, the optical benches of LISA and LPF have been designed to include
quadrant photodetectors at the interferometer outputs to allow this measure-
ments.

Two different techniques can be applied: (a) a DC measurement is based on the
calibration of the light power distribution on the quadrants of the photodetector,
and (b) a second one uses the more sensitive differential phase measurement
conducted at each quadrant ”differential wavefront sensing (DWS)” [7, 8] to deter-
mine the test mass orientation. Variations from the calibrated nominal working
point of each method provide information on the angular motion of the test
masses, and can be applied in the same way to any of the phase measurement
techniques described in Section 1.1.2.

14



1.2 ATTITUDE MEASUREMENT

Given the notation of the quadrant photodetector channels in Figure 6 and

Figure 6: Notation of channels of a quadrant photodetector.

the incidence of the beams onto the photodetector as depicted in Figure 7, the

incoming beam

Figure 7: Representation of the beam incidence onto the photodetector for test mass
angular measurements.

test mass attitude measurement techniques can be described as follows:

1.2.1  DC angular measurement
This technique is based on the measurement of the average light power dis-

tribution on the photodetector, consisting of the two overlapping beams. One
beam has been precisely aligned on the center of the photodetector, and the

15



1 LENGTH AND ATTITUDE MEASUREMENT

second one is being reflected on the test mass before reaching the photodetector.
Angular jitter of the test mass will change the light power measurement at each
individual quadrant, giving information on the test mass orientation.

The horizontal P ¢ and vertical n°€ angles can be computed as

ePC = D¢ (Za+2Zc)—(Zp+Ip)
A+Xc+ig+Iip

x i) — (X x
nPC = PC (ZA+Zp)—(Zc+ D)/ (1.13)
ZA+ZC+ZB +ZD

where Z; is the light power measured at each quadrant i = {A, B, C,D}, and
pc . L
K-~ & i 150 rad/rad (1.14)

is the calibration factor of the DC measurement to real test mass angle, e.g., for
a lever arm L ~ 30 cm and a beam diameter d ~ 2mm.

1.2.2  Differential wavefront sensing

In the more sensitive differential wavefront sensing (DWS) measurement of the
test mass orientation, the phases between the interfering wavefronts at each
quadrant are measured, determining the difference in geometry between the
two interfering beams with a low but sufficient spatial resolution (4 pixels).
The horizontal and angular orientation of the test mass can be nominally com-
puted as

ePWS = (PWS [(pa +dc) — (dp +dD)],

nPWS = «PWS [(pa +dp) — (bc + dp)], (1.15)

where ¢; is the phase measured at quadrant i, and

kPWS ~ % = 1.9krad/rad (1.16)

is the calibration factor of the DWS measurement to real test mass angle, e.g., for
a beam diameter d ~ 2mm and a laser wavelength A = 1064 nm.

However, in the implementations presented in Parts iii and iv, this compu-
tation has been slightly modified in order to avoid phase-jump problems and

16
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take into account the signal-to-noise ratio (SNR): assuming one of the beams
is strongly deviated from the photodetector center to its left side (A and B),
Equations 1.15 would equally weight the more noisy phases (B and D), even
though the SNR in that half of the detector would be significantly lower. In order
to account for this, it is possible to express the signal (;(¢) measured at each
quadrant as

Gild) = o e, (1.17)

where «; is the total amplitude of the signal at quadrant i. Hence, the angular
orientation of the test mass can be recomputed as

DWS CA(CIJJ-l-Cc(d))) DWS
® - arg<c3(¢)+ca(¢) o

DWS CA(¢)+CB(¢)) DWS
- arg(cc(¢J+cD(¢) N (1.18)

which mathematically yields Equation 1.15 but additionally considers the rela-
tive amplitudes o for a proper weighting of the signals ¢; (¢) at each individual
quadrant.

n

As mentioned above, this technique measures the difference in geometry of
the two interfering wavefronts with a low but sufficient spatial resolution for
this application. However, it is often required to measured the wavefront ge-
ometry with much higher resolution, for example, in the characterization of
laser beams, or precision measurement of optical components and surfaces. An
optical metrology instrument capable of performing these measurements in
real-time is shortly introduced in Chapter 2.

17
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HIGH-RESOLUTION DIFFERENTIAL WAVEFRONT
DETECTION

In most precision optical metrology applications, an adequate design and prepa-
ration of the laser beam is required. Irregularities and distortions in the geometry
of the beam and other spatial effects of real optical components can have a con-
siderable impact on the performance of the instrument.

An instrument capable of measuring in real-time the difference in geometry
between two interfering wavefronts with high spatial resolution [9, 10], has been
developed and applied® in the design, manufacture and characterization of
various parts of the LTP optical metrology, as presented in detail in Section 9.1.

2.1 MEASUREMENT PRINCIPLE

The relative geometry of two interfering beams can be measured in the real-time
interference pattern using a charge-coupled device (CCD) camera and pixelwise
data processing.

Several mathematical approaches [11] can be used to obtain the phase of a sinu-
soid from a measured time-domain representation as given by Equation 1.11,
which are based on measuring n equidistant intensity samples I, = I(ty), with
tx = kAt, where k is an integer. The approach chosen for this instrument is
a 4-point algorithm [12], corresponding to a straightforward Discrete Fourier
Transform (DFT) of the signal with n =4 samples and At = T/4, where T = 1/f
is the period of the signal.

This instrument was developed by the author in his Master’s thesis. However, detail functional
and noise behavior characterization, and application of the instrument were subject of the research
activities of this doctoral thesis.
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2 HIGH-RESOLUTION DIFFERENTIAL WAVEFRONT DETECTION

In the ideal case of a noise-free signal, these intensities would be given by

Ik = lavg {1+Ccos((p—|—k72—r”, (2.1)

where L,yg is the average of the sampled intensities.

The phase at the pixel v, ¢, can be calculated from these intensity samples
(Iéyj . éy)> with the 4-point algorithm as

IgY) _ I(I'Y)
@y = arctan m . (2.2)
0 2

Additional useful data can also be obtained from these 4 intensity samples.
Using the abbreviations

ay IE)Y) — I(ZY) (2.3)
by = 1y -1\ (2.4)
_ 1v) (v) (v) (v)
it yields:

¢ Contrast at the pixel y:

\/ a2 +b2
cy=2 42 7 (2.6)

dy

* Total phase over the CCD surface:

>.,b
Ptotal = arctan (ZV . (2:7)
Y Y

e Total contrast over the CCD surface:

V(o) (2,)°

Crotal = 2 Zy dy (2.8)
¢ Average intensity at the pixel y:
d
g = = (2.9)
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2.1 MEASUREMENT PRINCIPLE

¢ The maximum and minimum intensity for the set of exposures (I ...13)
can also be determined for diagnostic purposes.

Furthermore, an exposure of the dark fringe can be directly captured by trigger-
ing the CCD camera with the appropriate delay T4y

_ 3”/2 — Qtotal

= Thet- (2.10)

Tdf
The instrument consists of a Indium Gallium Arsenide (InGaAs) CCD camera with
a 12-bit analog-to-digital converter (ADC) that is placed at one output port the
a heterodyne interferometer and is triggered by the timing control electronics
residing in a FPGA, which uses as reference the signal of a single-element photo-
diode at the second interferometer output.

The experimental setup is outlined in Figure 8.

Beamsplitter xo’f“.m\
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o = - Transfer of
UsB 2.0 the Data
Connection (FRAMES)

Figure 8: Experimental setup used for the phasemeter.
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2 HIGH-RESOLUTION DIFFERENTIAL WAVEFRONT DETECTION

2.1.1  Data display

A graphical user interface (GUI) was developed to display the measured data
in real-time (see Figure 9 (a)) at a rate of approximately 5 to 6 data updates
per second. This enables online adjustment of the optical setup according
to the feedback information delivered by the instrument. Five different data
displays have been included in the GUL The corresponding information is also
additionally plotted in Figure 9.
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Figure 9: (a) Graphical User Interface programmed to display the measured data in
real-time. (b) Spatial distribution of the phase. (c) Spatial distribution of the
contrast. (d) Exposure of a dark fringe. (e) Average intensity over four exposures.
(f) Maximum intensity over four exposures.
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2.1 MEASUREMENT PRINCIPLE

2.1.2 Noise level measurement

In order to measure the noise level of the instrument, the camera was illumi-
nated with a spatially homogeneous light source (an array of infrared LED’s
behind a matt glass window), whose intensity was sinusoidally modulated. A
rms phase error of 2.96 mrad was obtained over the CCD area of observation.
According to Equation (1.9), this value corresponds to a rms spatial resolution
AL of about 500 pm with a wavelength A = 1064 nm for the neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser source employed.

As it can be seen in Equation (2.2), one noise source of the phase measurement
is the fluctuation of the sampled intensities. The rms error of the phase, A@ms,
induced by intensity fluctuations Al;ms can be estimated from Equation (2.2) as:

d 2
AQims = Z (E)Ii) Alims (2.11)
k

2
= Alpms.
\/(Io — 1)+ (I —13)?

After simplifying Equation (2.12) by using Equation (2.1), it can be obtained that:

V2 Alims
C Tavg

A@rms = (2.12)

The following three error sources were identified, and their noise contribution
to the phase measurement was estimated:

1. Laser power fluctuations: An Allan deviation of 8.6 x 10~* was measured
at an averaging time of 33 ms, which corresponds to the sampling pe-
riod of the CCD camera (30 fps), yielding a phase error of 1.22 mrad from
Equation (2.12).

2. ADC digital noise of the camera: A rms intensity error of four quantization
units was measured by constant and spatially homogeneous illumination
of the CCD camera. The pixelwise rms variation and an average over
the CCD surface were then computed. This value corresponds to relative
intensity fluctuations of the order of 9.76 x 10~%, which translates (by
using Equation (2.12)) into a phase error of 1.38 mrad.
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2 HIGH-RESOLUTION DIFFERENTIAL WAVEFRONT DETECTION

3. Time jitter: There are at least three sources of jitter. Firstly, the synchroniza-
tion delay of the comparator output with respect to the 10 MHz clock of
the FPGA, which is uniformly distributed between 0 and 100 ns. Secondly, a
similar delay between the FPGA clock and the CCD internal clock, which is
also at 10 MHz but unsynchronized, and thirdly other jitter effects. A phase
error of 0.99 mrad was obtained by simulating the first and second effects
in software, using two independent random delays uniformly distributed.

Table 1 summarizes the noise contributions identified for the spatially resolving
phase measurement.

Table 1: Main noise sources of the wavefront measurement.

Noise Source RMS Error
Laser power fluctuations 1.22mrad
ADC digital noise of the camera  1.38 mrad
Time jitter 0.99 mrad
Total contribution 2.09 mrad
Noise level measured 2.96 mrad

2.1.3 Functional testing

A series of measurements were conducted at a table-top interferometer shown
in Figure 8 with the aim of intentionally change the curvature of one of the
interfering wavefronts in order to measure it with the wavefront detector. Since
the two interfering wavefronts are initially similar, a lens was introduced into
the path of one beam, between the corresponding fiber injector and the beam
combiner (see Figure 10).

The results of these measurements are shown in Figure 11: (a) f = +500 mm,
(b)f = —500mm, and (c) cylindrical lens with f = + 80 mm.

A two-dimensional phase unwrapping algorithm [13, 14, 15] was developed and
was used for data post-processing.

A further test was done on a table-top interferometer in order to adjust the
lenses of two commercial fiber injectors by using this instrument. The aim of
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2.1 MEASUREMENT PRINCIPLE
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Figure 10: Experimental setup with an additional lens in the path of one beam to inten-
tionally change the curvature of its wavefront.
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Figure 11: (a) Wrapped and unwrapped wavefront measured with a lens f = +500mm
in one arm of the interferometer. (b) Wrapped and unwrapped wavefront
measured with a lens f = —500 mm. (c) Wrapped and unwrapped wavefront
measured with a cylindrical lens f = + 80 mm.
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Figure 12: Adjusted phasefront measured on a table-top Mach-Zehnder interferometer.

this experiment was to match the parameters of the interfering beams and to
obtain a homogeneous flat phasefront. The result of this experiment is shown in
Figure 12.

It can be seen that over a surface of approximately 1.2 mmx 1.2 mm (that corre-
sponds to an area of 40 x 40 pixels for a 30 um pixel pitch) the phasefront shows
a reasonably homogeneous spatial profile. A circular section of approximately
1 mm diameter at the beam center was analyzed, obtaining a standard deviation
of approximately 3.49 mrad, which is very close to the measured sensitivity of
the instrument. This value corresponds to a spatial resolution of 590 pm.

Similar measurements have been performed at the LTP quasi-monolithic fiber
injectors in order to characterize the wavefront the beams obtained. This instru-
ment can also be applied in the characterization of optical components, as it has
been done with the LTP optical window. These investigations are presented in
Section 9.1.
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POINT-AHEAD ANGLE MECHANISM







ORIGIN AND VERIFICATION METHOD

3.1 POINT-AHEAD ANGLE IN LISA

LISA consists of a constellation of three spacecraft in an equilateral triangle
formation with an armlength of 5 million kilometers. The armlength varies by
approximately 1% (50 000 km) over one year, due to celestial dynamics of the
individual orbits. The rotation of the triangle combined with the finite speed
of light, induces a non-zero angle [16] between the optical axes of the incoming
beam that eventually reaches the remote spacecraft.

The orbits of the spacecraft have been analyzed [17] in order to estimate the
variations of this point-ahead angle that arise from orbital dynamics. The results
of this analysis showed an almost constant in-plane angle of approximately
3.3 urad with variations of approximately 100 nrad (see Figure 13 [17]).

The variations of the out-of-plane angle, shown in Figure 14[17], are much
larger at 12 urad (peak-to-peak) over one year orbital period, and correspond
to a pointing effect of the output beam of the order of 60 km over the 5 x 10”m
armlength. This would prevent the beam from reaching the remote spacecraft
and must therefore be actively corrected by a mechanism at the emitter.

The PAAM is placed directly in the optical path of the transmit beam, and must
be stable enough to avoid excess phase noise in the gravitational wave measure-
ment. The longitudinal stability required for this device is 1.4 pm/v/Hz above
2.3mHz and relaxes to lower frequencies, as shown in Figure 15[18].

In order to verify this longitudinal stability for prototype PAAM devices, an
appropriate optical metrology system has been developed at AEI based on the
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Figure 13: Estimated fluctuations of the in-plane point-ahead angle.
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Figure 14: Estimated fluctuations of the out-of-plane point-ahead angle.
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3.2 OPTICAL METROLOGY CONCEPT
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Figure 15: Required longitudinal stability for the point-ahead angle mechanism.

frequency readout of a laser that is stabilized to the length of a reference cavity".

The design of this optical system is presented in the Section 3.2.
3.2 OPTICAL METROLOGY CONCEPT

The required stability of 1.4 pm/ vHz at millihertz frequencies demands a highly
sensitive and stable optical setup. Interferometer systems developed for similar
applications, consisting of phase modulated homodyne interferometers and
optical heterodyne detection, have demonstrated sensitivities to the level of
few picometers in this frequency band, which is not sufficient in this case.
Developments and investigations on these other techniques are presented in
Parts iii and iv.

Hence, the chosen optical metrology concept is based on the frequency sta-
bilization of a laser to a resonant cavity that contains the PAAM within its optical
path. The mechanical stability of the PAAM is measured by monitoring the laser

This work was done together with Benjamin Sheard, who is the leading scientist of this project in
the AEI LISA Group.
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3 ORIGIN AND VERIFICATION METHOD

frequency fluctuations &v that are proportional to changes 5L of the cavity length
L as

sL= Lo, (3-1)
%

where v is the resonance frequency, as described in Section 1.1.1.

The current baseline design of the LISA optical bench defines an angle of inci-
dence of 45° of the laser beam onto the PAAM. In order to verify the stability of
the PAAM under this condition, typical linear cavities cannot be used. In addition,
the mirror mounted on the PAAM has been defined to be flat, which requires at
least one additional mirror to be curved in order to obtain a stable eigenmode.

After some design trade-offs, a triangular cavity of L = 14.5cm round trip
length, with two concave mirrors (radius of curvature of 500 mm) attached to
an ultra-stable optical bench made of Zerodur® by using hydroxide-catalysis
bonding[19], was chosen as baseline configuration [20]. The low coefficient of
thermal expansion (CTE) of Zerodur® of the order of 107 /K together with
the bonding technique of the mirrors provide a high thermal and mechanical
stability. The third cavity mirror is attached on the PAAM, as shown in Figure 16.

Since fluctuations of the laser frequency depend on the length changes of the
total cavity, the optical assembly is required to be stable enough in order to
detect variations of the PAAM only. Defining a safety margin of a factor 10
for thermal induced length changes 5L = 0.14 pm/v/Hz, and given the CTE of
Zerodur® together with the nominal designed cavity length, a requirement on
the maximum thermal fluctuations 6T allowed for the optical bench environment
can be computed as

8L 014pm/VvHz -
6T_LCTE_14.5cm1o—7/1<_9'6“K/@~10 K/vHz. (3.2)

In order to measure length fluctuations better than 1.4 pm/+v/Hz, according to
Equation 3.1, the frequency fluctuations for a typical Nd:YAG laser (A = 1064 nm
= v = 2.82 x 10'* Hz) would be of the order of

_ 14pm/vHz

&v = 2.82 x 10" Hz = 2.7kHz/vHz.
14.5 cm

It is not physically possible to directly measure the frequency of the electric
field of a laser beam, and thus, neither its fluctuations. Therefore, an optical
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3.2 OPTICAL METROLOGY CONCEPT

Zerodur

Figure 16: Design of the PAAM cavity optical bench.

down mix process of this signal is conducted by interfering this measurement
electric field (“meas”) with a local oscillator ("LO”) that is a reference laser
beam stabilized to a different reference cavity of length L o, whose frequency
stability is sufficiently high. The resulting frequency of the beat note signal “bn”
from the optical heterodyne interference (as explained in Section 1.1.2) can be
expressed as the difference between the interfering beams (LO-meas)

Von = VLO — Vmeas- (3-3)

Assuming uncorrelated fluctuations of the beams, the beat note fluctuations can
be expressed as

Vpn = \/ 6V%Q + 5V%neas . (3-4)

By substituting Equation 3.1 into Equation 3.4 for the individual frequency
fluctuations 5V g /meaqs. it yields

2 2
oL oL
Vpn = \/(VLO LO) + (Vmeas meas) ’ (3-5)
]—LO ]—meas
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3 ORIGIN AND VERIFICATION METHOD

where the fundamental laser beam frequencies (not their fluctuations) can be
assumed as equal Vi o = Vmeas = Vv for the case of similar laser systems
(Nd:YAG: A = 1064 nm). Hence, the beat note fluctuations can be computed as

2 2
dL dL
OVpn =V ( LO> + (meas) . (3.6)
Lio Lmeas
A test facility has been set up in order to conduct the measurement of beat note

fluctuations at the cavity designed for the PAAM stability verification. Chapter 4
presents a detailed description of this laboratory setup.
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TEST FACILITY

A laboratory testbed has been setup for optical length measurements at the
level of 1.4 pm/+/Hz at millihertz frequencies in order to assess the stability of
prototypes of the LISA point-ahead angle mechanism (PAAM).

The testbed consists of two Nd:YAG laser systems, each stabilized in its fre-
quency to a corresponding reference cavity operated in a vacuum chamber.

The two laser beams are recombined at a beamsplitter (as in Figure 5) in order
to readout the fluctuations of the resulting beat note from the interference of the
beams at a photodetector that is read out by a commercial frequency counter®.

Characterization of the testbed and first length measurements® conducted at
this optical setup are presented.

4.1 REFERENCE SYSTEM

A laser system with sufficient frequency stability is required to provide a beam
as local oscillator for the beat note measurement. This reference system [5, 21]
has been available at the AEI laboratories for several years and consists of a 21 cm
linear cavity made of ultra-low expansion (ULE)® glass, operated in a vacuum
chamber at a typical pressure of 10~7 mbar. The laser frequency is stabilized to
the resonance frequency of the cavity by applying the Pound-Drever-Hall (PDH)
technique [22] to obtain an zero-crossing error signal. The phase of the laser
beam is modulated at a frequency of 12 MHz by a fiber-coupled electro-optic
modulator (EOM). The sidebands imprinted on the laser beam do not match

1 Agilent 53131A
2 The measurements and the testbed setup have been conducted in collaboration with Benjamin
Sheard as team work in the AEI LISA group.
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4 TEST FACILITY

the resonance frequency of the cavity and are thus reflected to interfere with
the laser beam at a photodetector. This signal can be demodulated with the
local oscillator driving the EOM in order to obtain the error signal for the laser
frequency stabilization. Figure 17 shows an schematic layout of the system. In

identical
s system
QWP HWP HWP
polariser
pump PZT + T
current +lemp mixer -(jf- X
as
<—®<—( )—>| []H EOM D
intensity frequency 0
controller controller
frequency
mode- counter
<= matching
lens FFT
vacuum chamber
Spectrum
/ QWP PBS
reference cavity k radiation shields //

Figure 17: Schematic layout of the reference frequency system for beat note measure-
ments.

order to measure the frequency stability of this setup, beat note measurements
between two nominally identical systems were conducted [5], obtaining the
result of approximately 50 Hz/v/Hz at 3 mHz. Rescaled to the triangular ring
cavity length designed for PAAM testing, this corresponds to length fluctuations
of about 10~ '* m/+v/Hz, which is sufficiently stable as local oscillator reference
for the measurements.

4.2 MEASUREMENT SYSTEM
The optical measurement system consists of a three mirror ring cavity with two
curved mirrors rigidly attached to a Zerodur® baseplate. The third mirror is to

be mounted on prototypes of the PAAM (see Figure 18).

Due to unavailability of actual PAAM prototypes at the time these first prelim-
inary measurements were conducted, a test mount was used to fix a mirror
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Figure 18: Photograph of the bonded curved mirrors on the baseplate.

at the nominal position on the optical bench. The test mount, as well as PAAM
prototypes when available, are placed on the optical bench with a mass on
top in order to prevent it from sliding on the bench. No additional attachment
techniques (e.g. bonding, gluing or optical contacting) are foreseen.

Similarly to the reference system, the frequency of the measurement laser
system Vimeas is stabilized to the triangular cavity on resonance, obtaining the
error signal of the system by applying the PDH [22] technique.

The cavity resides in a vacuum chamber typically operated at a pressure of
107> mbar, which is shown in Figure 19.

A two-layer aluminum thermal shield was built and placed into the vacuum
chamber to operate as a passive thermal housing isolation for the optical assem-
bly (see Figure 20).

Viton o-rings were employed as intermediate layer between the shells of the ther-
mal shield, and between its overlay and the inner side of the tank. This provides
vibration insulation to the setup and additional thermal isolation, by avoiding
direct contact of metallic surfaces with a non-thermally conductive material (the
thermal conductivity of typical Viton compounds is 0.22W/m K[23]).

A photograph of the optical bench setup inside the vacuum chamber and

thermal shield is shown in Figure 21.
Temperature sensors were placed at different locations inside the vacuum tank
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4 TEST FACILITY

Figure 20: Photograph of the two-layer aluminum thermal shield inside the vacuum
chamber.
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4.2 MEASUREMENT SYSTEM

Figure 21: Photograph of optical setup inside the vacuum chamber and thermal shield in
the laboratory.

and thermal shield to monitor the thermal fluctuations of the environment.
In order to verify the required temperature stability of the optical setup (see
Equation 3.2) a dedicated low noise 8-channel thermometer board, shown in
Figure 22, based on platinum RTD sensors and a lock-in bridge readout3 has
been used to monitor the temperatures.

Figure 22: Photograph of dedicated temperature readout system.

3 developed by G. Heinzel
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4 TEST FACILITY

Figure 23 shows the temperature fluctuations measured from sensors placed
at the inner side wall of the tank and on the aluminum breadboard inside the
thermal shield.

—— Tank wall

—— Photodetector
Aluminum Breadboard 1

10° | P\ ; : Aluminum Breadboard 2

— — — Requirement

Temperature [KAWVHZ]
5
T

107 107 10° 107 10” 10° 10'
Frequency [Hz]

Figure 23: Temperature fluctuations measured at the inner tank wall and aluminum
breadboard inside the thermal shield.

A set of temperature sensors were placed at the four lateral sides of the Zerodur®
baseplate in order to directly measure temperature fluctuations at it, shown on
Figure 24.

It can be seen that the required temperature stability of 107°K/v/Hz in the mil-
lihertz range is achieved by the installed thermal isolation. The flat noise floor
of Figure 24 at 10~°K/+v/Hz above 6 x 10~ Hz can be attributed to electronic
noise of the readout system in accordance with theoretical models.

In order to measure the stability of the test cavity using a dummy test mir-

ror at the location foreseen for PAAM prototypes, a beat note measurement was
conducted by interfering the reference and measurement beams, each stabilized
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Figure 24: Temperature fluctuations measured at the lateral sides of the baseplate.
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Figure 25: Schematic layout of the complete optical setup for beat note measurements.
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in frequency to its respective cavity. Figure 25 outlines the schematic layout of
the setup for this measurement.

Figure 26 shows the beat note fluctuations measured at this test facility.

S beat note fluct. |
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Figure 26: Measured fluctuations of the beat note.

The beat note fluctuations in the frequency range of 0.5 —4 mHz are of the order
of 60kHz/vHz.

By comparing this result to the measured frequency stability of the reference
system (50 Hz/v/Hz at 3 mHz) which are over 3 orders of magnitude smaller,
the scaling factor of length of the system that translates frequency fluctuations
into cavity length variations can be obtained by simplifying Equation 3.6 in
terms of the cavity length fluctuations 0L meqs as

Lmeas s _ 0.145m
v Vb T 28ATH,

6Lmeas =

§Ven = 5.1 x 1071 [m/Hz] 6vpr . (4.1)

The results of the beat note measurement rescaled by this factor to equivalent
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pathlength fluctuations of the cavity are shown in Figure 27.
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Figure 27: Equivalent cavity length fluctuations obtained from the beat note measure-
ment.

The high frequency part above 10 mHz almost meets the requirements within
an approximate factor of 1.3. Due to its flat shape and behavior over repeated
observations, it has been attributed to the beat note readout instrument, which is
the frequency counter. Cavity length fluctuations below 0.6 mHz, which is usu-
ally the most challenging frequency band, are well below the required sensitivity.

A candidate source of the excess noise shoulder in the frequency range of
1 —10mHz has been investigated to be originated at the modulation system in
charge of imprinting the sidebands on the laser beam in order to obtain the PDH
error signals for the frequency stabilization.

A test run was conducted by reading out the PDH error signal and blocking the
cavity during the measurement. The obtained linear spectral density (LSD) from
this measurement is shown in Figure 28.

A correlation between the spectral shapes of Figures 27 and 28 can be observed
in the same frequency range. This is an indication that the source of this effect
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Figure 28: Readout of the error signal while the cavity was blocked.

couples into the beat note measurement through the modulation system induc-
ing this excess noise.

It has been observed that changes of the thermal environment of the fiber-
coupled modulator affects the shape of the noise contribution which points out
to temperature fluctuations of the laboratory environment as the primary noise
source, since the non-vacuum-compatible fiber-coupled EOM has been initially
placed outside the vacuum chamber. Further investigations on this effect are
necessary in order to assess temperature fluctuations as the actual noise source.
Provided this is the case, it is suggested to procure a vacuum compatible fiber-
coupled EOM that can be placed inside the thermal shield in order to profit
from its significant thermal isolation and stability. Nevertheless, the required
sensitivity of the test facility has been demonstrated at most frequencies of
the LISA measurement bandwidth — 0.1 — 100 mHz —, even at the usually most
challenging region, and with sufficient margin below TmHz4.

Outside the time-scope of this thesis, further investigations on the noise behavior that eventually led
to a noise floor below the requirements, have been subsequently conducted by Benjamin Sheard,
utilizing a vacuum compatible fiber-coupled EOM inside the thermal shield for the modulation.
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Part II1

DEEP PHASE MODULATION INTERFEROMETRY
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MEASUREMENT CONCEPT AND THEORY

5.1 MOTIVATION

The purpose of this research is the development of a simple and compact optical
metrology system intended to improve the readout accuracy for the LISA test
mass motion in their secondary degrees of freedom. The cross-coupling between
geometrical degrees of freedom (seem Figure 29) in precision laser interfero-
metric systems is a well known issue that could potentially be a performance
limiting factor, especially between the optical axes x (longitudinal displacement)
and the horizontal ¢ and vertical ) angles. In the case of the LISA instrument, this
cross-coupling may affect the sensitivity of the main science gravitational wave
measurement. Such an effect has been studied in detail for the LTP experiment
onboard the LPF satellite and is presented in Section 9.2.

Figure 29: Test mass reference coordinate system: x denotes the optical axes for longitu-
dinal test mass displacement. The horizontal and vertical test mass rotations
are denoted by ¢ and n, respectively.
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5 MEASUREMENT CONCEPT AND THEORY

The current baseline for LISA considers a single measurement system for these
axes based on a capacitive readout. Each test mass resides in a electrode
housing (EH), shown in Figure 30, which is a hollow cubical enclosure whose
inner side walls consist of an array of electrodes acting as displacement sensors
and actuators of the test mass.

Figure 30: Photograph of a prototype electrode housing for the capacitive readout and
electric actuation of the LISA test mass motion.

The test mass motion can be sensed by measuring the change in capacitance of
the resulting capacitor between the EH inner side wall and the surface of the test
mass. An electrostatic force can be applied to the test mass through the array
of electrodes, in order to actuate its position and attitude[24]. Figure 31 shows
a prototype of the current baseline design of the LISA and LISA Pathfinder
test mass, which is a metal cube composed of a platinum-gold (Pt-Au) alloy
of 4.3 cm side length and a mass of 2kg. This alloy was chosen for a minimal
magnetic susceptibility of the material.

The TM motion measurement accuracy achieved by the capacitive readout is of
the order of 1nm/+/Hz in the millihertz frequency band [25]. The investigations
presented here were conducted, aiming at a measurement sensitivity better than
an order of magnitude, using a compact and simple optical readout. This optical
metrology system is required to faithfully monitor the test mass motion with
constant high sensitivity over a wide dynamic range of about 2mm which corre-
sponds to many interference fringes. Hence, conventional interferometers with
high accuracy, such as Fabry-Perot cavities on resonance or recycled Michelson
interferometers that operate in a small fraction of a single fringe are not suitable
for this application.

48



5.1 MOTIVATION

Figure 31: Photograph of a prototype test mass for LISA and LISA Pathfinder.

Various techniques are currently under investigation among the LISA commu-
nity, such as a LTP-like approach with a modified optical bench reaching a sensi-
tivity of about 300 pm/v/Hz @10 mHz [26], a compact homodyne interferometer
with a sensitivity of 100 pm/vHz @10 mHz [27], and a robust implementation
of an optical lever with a readout noise level of 100 pm/ VHz @10 mHz [28].

A straightforward solution would be to implement an optical metrology sys-
tem equivalent to the one developed for LISA Pathfinder, which is explained
in detail in Part iv. However, this effort was focused on exploring different
approaches, aiming at a simpler optical configuration that does not necessarily
require acousto-optic modulators (AOM) for beam generation and the associated
radio frequency (RF) high-voltage (HV) electronics.

The technique chosen here is based on a homodyne Mach-Zehnder interfer-
ometer with a so-called deep phase modulation that yields a wide sinusoidal
phase excursion in one arm of the order of several fringes. The method was first
proposed by G. Heinzel at the first LISA optical readout meeting in Hannover[29].
This technique can be considered as a generalization of the so-called "J;...J4”
method [30, 31, 32] that comprehends a sinusoidal phase modulation at lower
modulation depths m ~ 1...5.

The results obtained from measurements conducted on a laboratory implemen-
tation for the millihertz band, showed a sensitivity of the order of 10 pm/vHz at
10mHz, which is comparable to the performance of the LTP interferometry and
represents an improvement of the test mass readout accuracy by a factor of about
two orders of magnitude in terms of capacitive sensing, and better than one
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5 MEASUREMENT CONCEPT AND THEORY

order of magnitude referring to other techniques mentioned above [26, 27, 28]. In
spite of the fact that the optical configuration of this system is simpler than the
heterodyne approach chosen for LISA Pathfinder, it should also be mentioned
that the associated data processing for interferometric phase extraction is more
complex. However, depending on the application, the increase of data processing
demand could be not only affordable but preferable to the implications of more
complex hardware.

Besides the application on space-based gravitational wave observatories — the
context within this research has been conducted — such a simple optical inter-
ferometer with sub-wavelength resolution over a wide dynamic range can be
useful in many different applications like surface profiling or general metrology.

5.2 THEORETICAL BACKGROUND

The general output signal of a homodyne interferometer can be expressed as

Vpp(t) = A [1—ccos(d)], (5.1)

where Vpp(t) is the electrical output signal of a photodiode, ¢ is the interfer-
ometer phase proportional to the test mass motion, ¢ < 1 is the contrast, and
A combines nominally constant factors such as light powers and photodiode
efficiencies.

In contrast to other phase modulation techniques applied in precision inter-
ferometry such as internal, external or Schnupp modulation [33] that use low
modulation depths, the optical measurement concept presented here is based on
the sinusoidal modulation of one arm of a homodyne Mach-Zehnder interfer-
ometer by long excursions of the phase ¢ of the order of several radians — deep
phase modulation — as given by

¢(t) = mcos (wmt+1) (5-2)

with m > 1 (typically 5 < m < 20) The signal measured at the photodetector
can be mathematically expressed as

Vpp(t) = A [1—ccos (@ +mcos (wmt+1))], (5-3)
where

¢ ( is the main measurand; the interferometric phase which is proportional
to the relative test mass position,
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5.2 THEORETICAL BACKGROUND

A is the amplitude of the signal,
* c is the contrast or visibility of the interferometer,

* m is the modulation depth,

W = 27 fpy is the modulation frequency, and

1 is the modulation phase that is related to the difference between the
modulation and sampling clocks.

Figure 32 shows typical waveforms of the photodetector signal obtained by
applying this kind of modulation with various states of ¢.

=0 =104 =m2
El A /\\ Z N \ f B N A
i\ N/ / i/ e
. / [ / i/ /
g /r \ { g { \ / g \ |
4 4 4 \/
0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1
time [fyodl time [fyodl time [fyodl
$=3m/4 o= $=5m/4
3 3 3
3 /\ 3 | 3 /\ Vo
g \ VA g \ / g | |
3 V) Vo H \ f H | \
g |/ \ / g / | g / | |
LNV \ g v g \
0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1
time [1/f o4l time [1/f o4l time [1/f o4l

Figure 32: Waveform of the obtained interferogram for different operating points of the
interferometer phase ¢ with a modulation depth m = 6rad.

The interferometer phase ¢ is the main measurand proportional to the test
mass motion and is encoded in this time-dependent signal. It is possible to
numerically extract it with a fit algorithm which processes the amplitude of the
harmonic components that can be obtained from the spectral decomposition of
the signal in terms of the Bessel functions J,(m). This is done in this method by
sampling the signal and applying a Fast Fourier Transform (FFT) algorithm.
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5.2.1  Spectral analysis

Equation 5.3 can be rewritten as
Ven(t) =%e {A (1+ celveimesiontiv]) ] (5-4)

where the last term can be expanded in terms of the Bessel functions J» (m)
as[34]

eimeos(@wmt+) _ . ) 42 Z i"Jn(m) cos(n (wmt +1)). (5:5)
n=1

The signal Vpp(t) in Equation 5.4 can be decomposed in its harmonic compo-
nents as the following Fourier series

Vep(t) = A(1+cJo(m) coscp)+ni 2¢Acos (@ +n725)1n(m)cos(n(wmt+w))
Voe(0) - o
Vpp(t) = Vpcle)+ i an cos(n(wmt +1)) (5.6)
with "
an =kJn(m)(—1)" cos ((p + ng) , (5.7)

where k = 2cA. Figure 33 shows the dependence of the harmonic amplitudes
an up ton = 6in terms of .

The ”J1...J4” method utilizes the harmonics an, typically obtained from a
FFT, in order to analytically solve for the desired unknowns m and ¢. The
generalization of this technique yields for higher modulation depths m 2 6,
which allows an improvement in the SNR and various consistency checks of the
data, by considering the additional information contained in the harmonics a,,
up to an order n =~ m. An overdimensioned system of equations that can be
numerically solved for the four sought parameters ¢, m, \, and the common
factor k from Equation 5.7, by a least-squares algorithm. The information of
the harmonic amplitude ag, corresponding to the DC component is not con-
sidered, since it usually contains a higher noise level due to large variations
in environmental and equipment conditions such as room illumination and
electronic noise, among others. However, it can still be used for computation of
the interferometer visibility and DC attitude measurements of the test mass, as
explained is Section 1.2.
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Figure 33: Dependence of the harmonics amplitudes a,, with respect to the interferometer
phase @ with a modulation depth m = 6rad.

5.2.2  Fit algorithm

The analog signal of Equation 5.3 measured at the photodetector is digitized
by an ADC and split in segments of length Ngpr samples. Then, N = Ngpy/2
measured complex amplitudes ¢,, are obtained by spectral decomposition of
this time series via a FFT algorithm.

The fit algorithm aims to estimate the parameters for a minimal deviation
between the measured ¢, and the complex amplitudes ¢, computed from the
model

Cn = ane™v. (5-8)

The four unknowns m, @, 1\, and k can be obtained by setting up the following
two separated and uncorrelated system of equations:

j{cn}>

n = arctan ,nm=1,2,3...20, .
¥ (%{Cn} (5.9)
an = cne ™, n=1,23...20, (5.10)

where ¢, e "W is a real number. However, this is not exactly the case for the
measured &, e ™Y, due to noise and distortions introduced by the analog

53




5 MEASUREMENT CONCEPT AND THEORY

electronics of the data acquisition system (DAQ) that are further discussed in
Section 6.2.

The solution for the four unknowns is obtained from the least-squares min-
imization of the expression

N
X* = Z (cn —&n)?, (5.11)
n=1

where x? is a four dimensional function of the parameters m, @, P, and k. A
modified version of the robust Nelder-Mead Simplex algorithm [35] is used
as initial stage to obtain good starting values for a Levenberg-Marquardt algo-
rithm [36, 37] that has been chosen to compute this minimization.

In order to find suitable values of the modulation index m and the number of
bins N for an optimum performance of this technique, a numerical analysis of
the Hessian matrix of x? has been conducted [38], which is a symmetric 4 x 4
matrix given by

aZXZ
H=Hy) = =—=2—]), .
)= (355 (512)
where Q) = {m, ¢, , k} are the four parameters.
The inverse of the Hessian matrix H™! = (nij) yields information about the
parameter estimates, on the variances 02 and correlation coefficients Pij:
0%11 X TMii, (5.13)
o = —U (5.14)
ij = . .
b Vv

An excursion of ¢ over the range [0, 27 is conducted in 64 steps by fixed N and
m. The best, worst and average values of the standard deviation o, (N, m, ¢)
for all ¢ € [0,2n] are shown in Figure 34. This excursion corresponds to an
entire interferometer fringe. In order to investigate the behavior of the variance
of our main measurement ¢, a similar analysis is performed, assuming maximal
values for the variances

—

2 _ 2
04 (N,m)= max o05.(N,m, ), 1
BN m) = max of (Nm o) (5.15)

-

Figure 35 shows the maximal standard deviation 0, (N, m) for some typical
values of N and m.
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Figure 34: Ideal resolution in ¢ as function of the modulation index m for N = 10, for
the best and worst ¢ as well as the average for all ¢ € [0, 27].
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Figure 35: Ideal resolution in ¢ as function of the modulation index m for different
orders N, for the worst value of ¢ at each point of each curve.

The results of this analysis show that a modulation index 3 £ m < N provides
indeed useful parameter estimates. This analysis also suggests possible best
values of m for a minimal worst-case variance, as shown, for instance, in the case
of m=6,N>8and m = 9,N > 10, where a minimal ideal resolution of ¢ can
be found. Nonetheless, these results can only be considered as rough guidelines,
since real instrument noise has not been taken into account in this analysis. In
spite of this, simulations and investigations on the laboratory prototype system
shown in Chapter 6 indicate that this guideline can be taken as a good starting
point.
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5 MEASUREMENT CONCEPT AND THEORY

The entire phase extraction method is illustrated in Figure 36, including the data
acquisition and processing chain.
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Figure 36: Data acquisition and processing chain for deep modulation phase extraction.

A prototype interferometer has been setup in the laboratory, in order to test this
method with real optical signals. The definition of the setting parameters for
modulation and demodulation is presented, as well as the debugging procedure
and obtained test mass displacement and attitude measurements.
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EXPERIMENTAL INVESTIGATIONS

A laboratory prototype consisting of a homodyne Mach-Zehnder interferometer
was set up, in order to test the length measurement technique described in
Chapter 5'. This implementation consists of the setup of an optical assembly
for the phase modulated interferometer, the development of an appropriate
real-time phase measurement system (PMS) and the associated investigation on
functional operation and noise levels for an optimum performance of the system.

A piezo-electric transducer (PZT) has been chosen as phase modulator for large
phase excursions of the order of several radians. Software and hardware simula-
tions have been conducted in order to reach a better understanding of the noise
sources and for better selection of the parameters for the modulation and phase
measurement systems.

Measurements conducted on the engineering model of the LTP optical bench
in a vacuum environment resulted in a phase readout accuracy of the order of
0.1 mrad/v/Hz at 10 mHz, which corresponds to a measurement sensitivity of
about 10pm/v/Hz in terms of test mass displacement.

6.1 LABORATORY SETUP
6.1.1  Optical assembly
The optical assembly for the phase modulated interferometer was designed with

a scheme similar to the LTP interferometry (presented in Chapter 7), consisting
of two parts:

Part of the measurements and results presented here were obtained as team work together with A.
Garcia, G. Heinzel, J. Kullmann, and F. Wang
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6 EXPERIMENTAL INVESTIGATIONS

1. Modulation bench
The the modulation bench, shown schematically in Figure 37(a), has been
assembled on a aluminum breadboard using commercial optics and con-
tains the light source and optical elements for the generation of phase
modulated laser beams:

* Laser head: The light source used is a Nd:YAG non-planar ring oscillator
(NPRO) laser, emitting 300 mW at a wavelength of 1064 nm (Mephisto
500NE FC from Innolight) [39].

* Phase modulator: Self-assembled fiber-coupled phase modulators con-
sisting of fiber optics coiled around ring-PzTs [40] (see Figure 37(b)),
are utilized for the beam generation.

table—top modulation benc}{k

Figure 37: (a) Schematic layout of the optical modulation bench for the interfer-
ometer. (b) Self-assembled fiber-coupled phase modulators: fiber optics
coiled around ring-PZTs for large phase excursions of the order of several
interferometer fringes.

The main beam emerging from the laser head is split in two beams that
are subsequently fiber coupled into ring-PZT phase modulators, and trans-
ferred through fiber optics to the optical bench.

In contrast to the LTP modulation bench, where both AOMs are necessary
for the optical heterodyning, this configuration provides truly redundant
phase modulators by including two ring-PZTs, one of which is sufficient
for operation.
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6.1 LABORATORY SETUP

2. Optical bench

The EM of the LTP OB[41], shown in Figure 38, has been used as a very
stable interferometer, in order to test the noise level of this method in a real
length measurement. This optical bench consists of four non-polarizing
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Figure 38: Photograph and schematic layout of the engineering model optical bench for
LTP.

Mach-Zehnder interferometers, whose fused-silica optical components
are attached onto a Zerodur® baseplate in a quasi-monolithic manner by
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6 EXPERIMENTAL INVESTIGATIONS

hydroxide-catalysis bonding [19]. The low CTE of Zerodur® of the order
of 1077 /K at room temperature and the mechanical stability of the setup
given by the bonding process provide a high stability optical system suit-
able for low-frequency precision interferometry.

The main optical length measurement is obtained by computing the difference
between the phase extracted from the output of two individual interferometers
on the optical bench. The interferometers chosen for the measurements are the
so-called Reference interferometer that senses environmental common-mode
noise, and the so-called X12 interferometer that contains two mirrors, each
mounted on a 3-axes PZT as dummy test mass. The complete optical bench is
discussed in detail in Part iv.

A schematic overview (only for purposes of outlining the interaction of these
two parts) of the full optical system (modulation and optical benches) is depicted
on Figure 39.

modulation bench ultra—stable optical bench

e T e e e e e e e e e e - ==~

Data-
processing

Figure 39: Schematic layout of the complete optical setup for the phase modulated
interferometer.

The entire setup resides in a vacuum chamber typically operated at a pressure of
the order of 1073 mbar, in order to minimize effects of acoustic noise, pressure
fluctuations and air currents that might otherwise perturb the optics. The vac-
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6.1 LABORATORY SETUP

uum chamber is equipped with appropriate optical and electrical feed-throughs,
in order to inject the main laser beam into the modulation bench and the electric
modulation signal into the PzTs, as well as to readout the photocurrents from
the InGaAs photodetectors on the optical bench.

6.1.2 Modulation and data acquisition system

A commercial signal generator (Agilent 33220A) was used to produce the sinu-
soidal modulation signal injected into one of the two ring-PZTs via a HV amplifier.
This signal generator produces a 10 MHz transistor-transistor logic (TTL) output
signal derived from the master clock of this direct digital synthesizer (DDs). This
10 MHz signal is used as master clock of the data acquisition system. This way,
the sampling system running at a frequency fsamp is arranged to be coherent to
the modulation signal.

The photocurrents emerging from the InGaAs quadrant photodetectors are con-
verted to voltages with a low-noise transimpedance amplifier (PD-AMP). The
resulting voltage signals are subsequently processed by a 9-pole Tschebyscheff
anti-alasing filter (AAF) with a cut-off frequency fot = 8kHz and fed into a
sample-and-hold (SH) prior to being digitized by a multiplexed ADC. The si-
multaneously triggered SH in each channel ensures synchronous digitization of
several channels. The data acquisition board (National Instruments NI PCI-6014)
installed in a standard personal computer (PC) running a Linux operating system
provides 16 analog input channels — up to 10 can be used for the phasemeters —
with a single sequential ADC up to 200 kSamples/s with 16-bit resolution. Fig-
ure 40 shows a schematic diagram of one DAQ channel.

PD,

b

PC

Figure 40: Diagram of a single data acquisition channel.

A self-written C program was used for
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6 EXPERIMENTAL INVESTIGATIONS

1. controlling the DAQ board?,

2. splitting the acquired time series in segments of length Ngpr after signal
digitization,

3. processing these data segments by an efficient FFT routine (FFTW [42]), in
order to obtain the measured complex amplitudes ¢, mentioned in the
previous chapter,

4. applying the fit algorithm explained in Section 5.2.2 for the interferometer
phase extraction, and

5. storing the data.

The entire processing time from acquiring Ngpr samples to computing one
interferometer phase point is of the order of few milliseconds, depending on the
chosen parameters.

6.1.3 Frequency plan

The sampling rate fsamp has been set to 20 kHz per channel for a maximum of
10 functional phasemeter channels.

A survey for convenient parameters was performed, in order to select ade-
quate values to operate the phasemeter. To this end, a short C program was
written to evaluate the necessary number of samples Ngpr according to the
following mathematical relations:

fsamp
f = —, 6.1
¢ NEgrr (61)
fm = bin-fg, (6-2)

where the modulation frequency fp, corresponds to the bin-th frequency compo-
nent of the Fourier transform, which is arranged to be coherent to the sampling
frequency fsamp that is the Ngpr integer multiple of the frequency resolution,
corresponding to the phase computation rate f, as given by Equation 6.1.

The following boundary conditions were chosen as rough guidelines for a
targeted evaluation of the Nppr value over a wide range [50. .. 10000]:

using COMEDI drivers: www. comedi.org
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6.2 PHASEMETER FUNCTIONAL AND NOISE INVESTIGATIONS

¢ The sinusoidal signal used for the phase modulation is obtained from
a commercial signal generator. It should be therefore strived for a max-
imal distance between its frequency fy, and the multiples of the electric
network frequency fgng = 50 Hz, in order to avoid electric cross-talk:

mod { fm }760.

TENF

¢ The modulation frequency fy, has to be chosen such that the highest
harmonic N - f, used in the phase extraction fit algorithm, is well below
the AAF cut-off frequency fot = 8kHz to prevent loss of information:
N - fn <4kHz.

e The first useful bin of the Fourier transform — corresponding to fy, —
should be far enough from the noisy DC-component for minimal spectral
leakage into the harmonics of interest: bin > 10.

The number of harmonics N to be used in the fit algorithm was set to 10 for
the basic test system. From the list of possible values obtained from this survey,
the parameters selected as a reasonable compromise were: Ngpr = 1000, N = 10,
fm =280Hz — N - fy, =2800Hz, bin = 14, and f, = 20Hz.

6.2 PHASEMETER FUNCTIONAL AND NOISE INVESTIGATIONS

Upon setup of the data acquisition system for real-time phase measurements
at 20 Hz with the parameters mentioned above, functional and noise tests were
performed to assess the performance of the phasemeter.

6.2.1 Preliminary optical testing

A table-top experiment consisting of a Mach-Zehnder interferometer was set up
for this purpose, as shown in the schematic diagram of Figure 41. The modula-
tion signal (sine wave @ 280Hz) was applied to the ring-PzT labelled A.

The first step was a functional test of the phasemeter, in order to ensure correct
interferometer phase measurements. A triangular function at a frequency of
300 mHz, coming from an additional signal generator, was injected into the spare
modulator (ring-PZT B) to drive the interferometer phase. The photodetectors
(RefA and RefB), placed at the two complementary output ports of the beam
combiner were connected to the DAQ system as shown in Figure 4o0. Figure 42
presents the time series of the interferometer phase extracted from a single
channel.

63
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table-top optical bench

modulation bench

@ test signal ADC
DDS
my @ FFT
fit
0= Oeq kg™

Figure 41: Actual laboratory breadboard implementation.

This verifies proper phasemeter operation, as the measured phase indeed follows
the injected test signal. In addition, environmental phase noise can be observed
from the shape distortion of the extracted ramp.

In order to determine the phasemeter noise level, the subtraction between
the phases @A and @p measured in both channels was calculated online by the
data processing program. The signals emerging from the complementary ports
of the beam combiner should be phase-shifted by a constant value of 7, and
hence their difference does not include real pathlength fluctuations. However,
the phasemeter operation is such that the phase of each individual channel
is measured separately, and the fluctuations of this phase difference 5 — @B
about its mean value (71) is an indication for the noise level of the PMS with real
optical interferometer signals. Figure 43 shows the measured phase difference
over a long-term run.
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raw phase ¢ [rad]

time [s]

Figure 42: Time series of one raw phase measured at the table-top interferometer that
was intentionally ramped over several fringes.

Moreover, the observation band of interest for LISA and LISA Pathfinder is below
100mHz, and thus the LSD of this time series is computed in order to assess
the phasemeter-photodiode noise level in this frequency range. The results are
plotted in Figure 44 and indicate a noise level of the measured phase of the
order of 1073 rad /v/Hz. The solid black traces are included for comparison pur-
poses and point out the required noise budget allocated for the LTP experiment,
its optical metrology system, and each individual interferometer noise source,
respectively.

The shape of the obtained LSD (“shoulder” beneath 1 Hz) points to a systematic
error in the measurement. The experience earned during noise investigations on
the LTP interferometry [43] suggests that this spectral pattern is characteristic of
a non-linear effect in the phase readout process that is also typified by a periodic
dependence between the phase difference ¢4 — @p and a single raw phase @4 /.
This periodic structure for a typical measurement can be recognized in Figure 45.

In LTP, this non-linearity is introduced by spurious sidebands in the RF signals,
driving the AOMs responsible for the optical heterodyning[43, 44]. However, this
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Figure 43: Time series of difference between two phasemeter channels @5 — @p.
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Figure 44: Linear spectral density of the phase difference @5 — @p that shows the noise
level of the phase readout with optical signals.

cannot apply to this case, due to the clear difference in modulation schemes
and hardware implementation between the two experiments. For this reason,
synthetic data was generated and introduced into the phase extraction algorithm
by software simulations, in order to investigate the origin of the noise source
encountered here.
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Figure 45: Periodicity between the phase difference @ — @p and a single raw phase
©a /B, characteristic of non-linearities in the phase readout.

6.2.2  Software simulations

A software simulation test bench was implemented in order to generate ideal
data sets reproducing noise-free signals from a phase-modulated interferometer.
This simulation environment reproduces the photodiode signal by generating
mock-data sets of Ngpr points that are fed into the software processing part of the
phasemeter, following the model of Equation 5.3 and rewritten in Equation 6.3:

Va(t) = A [1—ccos (@ +mcos (wmt+1))], (6.3)

where the signal amplitude A and the interferometer visibility ¢ were set to 1,
and the modulation phase ) was set to 0.

A check for correct operation of the data generation and the fit algorithm was
done by linearly incrementing the preset interferometer phase ¢y,, upon gen-
eration of Nppr mock-data points. This way, a constant value of @y, is ensured
over the Nppr samples required by the phasemeter software for the extraction
of single phase data point. Figure 46 shows the time series recorded from the
simulation for the preset phase @y, the phase extracted by the fit @meas, and the
error between the two, which is of the order of 1078 rad and can be attributed
to the precision of the computation.
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Figure 46: Time series recorded from the simulation for the preset phase ¢y, the phase
extracted by the fit @meas, and the error between them that is of the order of
10~8 rad.

In addition, the simulation was extended to imitate hardware characteristics
of the data acquisition system, such as effects of digitization and frequency
response of the DAQ analog electronics (PD-AMP+AAF). Similar runs were per-
formed under the influence of digitization in the data generation, which only
delivered a higher flat noise level, as expected. Hence, this effect can be excluded
as the cause of the noise shape observed.

However, the origin of this phenomenon was found by accounting for the
frequency response of the analog electronics in the simulation. As illustrated
in Figure 36, after the photodetector signal has passed through the DAQ analog
electronics — hence being altered by its frequency response — and is sampled by
the ADC (digitization), the data is Fourier transformed by a FFT routine and the
10 complex amplitudes of interest (1@ fp, ...E10 @10 fy,) are entered into the
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fit algorithm. The following steps were undertaken in order to mimic the effect
of the analog electronics:

1. The frequency response of the individual DAQ analog channels (PD-AMP+AAF)
was measured and fitted to a model of poles and zeros. Figure 47 shows a
Bode plot of the transfer function (TF) measured and fitted for one DAQ
analog channel.
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Figure 47: Transfer function of one analog channel of the data acquisition system.

Furthermore, according to the parameters chosen for the modulation and
phase measurement systems, the frequency components of interest are
only those between 280 Hz and 2800 Hz (fy, . .. 10 fr). Figure 48 highlights
this frequency range of the transfer function of one analog channel.

2. From the fitted model of this transfer function, the complex values f3,, are
obtained such that

Bn = bn eien/ (6.4)

where b, and 6, are the magnitude and phase of the transfer function at
the frequency n, respectively.
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Figure 48: Transfer function of one analog channel of the data acquisition system in the
frequency range between 280 Hz and 2800 Hz.

3. The complex amplitudes ¢,, computed by the FFT from the mock-data sets
are modified by the simulation as:

61/1 =¢&n - B, (6.5)

where ¢;, are the complex amplitudes altered to mimic the effect of the
DAQ analog electronics that are passed to the fit algorithm. Figure 49
outlines the periodic structure characteristic of a non-linearity in the phase
readout @y, — @meas against @y, plotted for mock-data being altered by
the transfer function of the DAQ analog electronics (red trace), and for ideal
data without any further modification (blue trace). The periodicity of the
resulting phase error is the indicator of importance in this plot, since it
explains the behavior of the data. The difference in the error amplitude
(approximately 1075 to 1073) is given due to the definition of the transfer
function in the program, in addition to the fact that the software produces
almost perfect data without additional (real instrument) noise.

As explained in subsection 5.2.2, the desired observable ¢ containing the in-
formation of the test mass motion in a real optical length measurement, is
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Figure 49: Periodic dependence between the phase difference @y, — @meas and a raw
phase @y,, characteristic of a non-linearity in the phase readout. Red trace:
mock-data being altered by the transfer function of the analog electronics. Blue
trace: ideal mock-data without any modification.

determined by fitting the relative measured complex amplitudes ¢, to a model
of these harmonic components cp. The ratio of the measured ¢, to each other is
altered by the frequency-dependent weighting governed by the magnitude of
the TF of the DAQ analog electronics, which varies in about 1dB in the frequency
range between 280 Hz and 2800 Hz. Thus, the fit algorithm is disturbed, resulting
in a high noise level caused by a non-linearity in the phase readout.

The simulation turned out to be an useful tool to understand the behavior
of the system. It was therefore further utilized in additional simulations, aiming
to find optimum settings for the modulation and phase measurement systems,
by varying their principal parameters in the mock-data generation.

An additional simulation was performed where the modulation depth m was
increased linearly and the phase difference between two virtual phasemeter
channels that included the effect of the DAQ analog electronics was recorded.
The intention was to investigate any dependence of the noise level of the phase
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readout with m. The amplitude of the 10 harmonics and their sum was simulta-
neously recorded, as well. The results obtained are plotted in Figures 50 and 51,
respectively.
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Figure 50: Dependence of the measured phase noise with m.
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Figure 51: Dependence of the amplitudes of the 10 harmonics used in the fit algorithm
with m.

A minimum of the phase noise in Figure 50 can be observed around m =9 — 10,
which suggests to set the modulation depth for real optical length measurements
within this range, for a minimum phase noise. Similarly, the maximum value
of the sum of the 10 harmonic amplitudes is located in this same range of m,
indicating that the maximum SNR for the fit is around this operating point of
the modulation depth.
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63 OPTICAL LENGTH AND ATTITUDE MEASUREMENTS

On the basis of the results obtained here, which are consistent with the analysis
presented in Figure 35, the number of harmonics to be used in the phase extrac-
tion fit algorithm was fixed to N = 10, and the modulation index for subsequent
real optical length measurements was chosen to be m ~ 9.7.

63 OPTICAL LENGTH AND ATTITUDE MEASUREMENTS

An experiment for length and attitude measurements was assembled, according
to the optical setup described in Section 6.1. The engineering model of the LTP
optical bench was used as ultra-stable interferometer, and was operated together
with the modulation bench (Figure 37) in a vacuum chamber at a typical pressure
of 1073 mbar. The settings for the modulation and phase measurement systems
are the following:

¢ modulation: commercial signal generator set to a sine wave output at a
frequency fy, = 280 Hz with an amplitude of approximately 4.5V that
corresponds to a modulation index m ~ 9.7.

¢ phase measurement system:
y

- sampling frequency is derived from a 10 MHz clock provided by the
signal generator in charge of the modulation. It has been set for each
DAQ channel to fsamp = 20 kHz.

- number of samples for the Fourier transform Ngpt = 1000.

— effective real-time phase measurement rate f, = 20 Hz.

- selected frequency component (bin) chosen to be coherent to the
sampling frequency fsamp is bin = 14.

— number of harmonics selected for the phase extraction fit algorithm
is N = 10.

Further debugging and noise hunting was undertaken for these experiments,
in order to overcome the effect of supplementary noise sources arising from
real pathlength noise. Two effects were studied during these investigations and
were determined to be the major limiting factors for the sensitivity of length and
attitude measurements: (1) influence of the analog electronics transfer function,
and (2) laser frequency noise.

6.3.1 Transfer function correction

As presented in Section 6.2, the frequency response of the analog electronics
of the data acquisition system was found to cause a non-linearity in the in-
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terferometer phase ¢ readout, resulting in a high noise level. The approach
chosen, in order to prevent this effect is based upon Equations 6.4 and 6.5. After
measuring the transfer functions for all phasemeter channels and computing
the corresponding complex values (3, for the frequency bins of interest, the
measured complex amplitudes ¢, were consequently corrected by inverting
Equation 6.5:

~/ Cn

Ch = E, (66)

Following this transfer function correction in the measured harmonics, the
program proceeds to enter the corrected complex amplitudes ¢/, into the fit
algorithm. Figure 52 shows LSD plots for actual length measurements with (red
trace) and without (blue trace) transfer function correction. The conversion from
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Figure 52: Sensitivity of real optical length measurements with (red) and without (blue)
transfer function correction.
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phase @ to longitudinal displacement x for the engineering model of the LTP
optical bench interferometer (see Figure 68) is given by:

@

* = 4mcos cx)\' 67)
where A = 1064 nm is the wavelength of the Nd:YAG laser used, and « ~ 3.6°
is the angle of incidence of the laser beam onto the test mass. According to
this conversion factor, the pathlength readout sensitivity for measurements
without transfer function correction is of the order of 420 pm/v/Hz at 10mHz
(5mrad/vHz). By applying this correction to the measured amplitude of the
harmonics, prior to entering the fit, the pathlength noise level is reduced to
30pm/vHz 10mHz (0.3 mrad/vHz), showing an improvement close to 1.5
orders of magnitude.

6.3.2  Laser frequency noise subtraction

Laser frequency noise translates into phase readout noise in any interferometer,
whose pathlength difference Ax between the two interfering beams is not exactly
zero. The conversion factor from laser frequency fluctuations 4v into phase
fluctuations 8¢ is given by the difference in the time of travel of the two beams,
introduced by the pathlength mismatch in the interferometer arms. In the case
of the LTP EM optical bench, the pathlength difference Ax has been determined
to be of the order of 10 mm [41].

As reported in [45], the free-running frequency noise év of an unstabilized
Nd:YAG NPRO laser at 10 mHz is of the order of 2 x 10° Hz/v/Hz, and its transla-
tion into interferometer phase noise is given by

b = 271% ov. (6.8)

By evaluating Equation 6.8 with these values, it is possible to estimate the noise
level for the phase readout ¢:
107?m

6 — \/
mz x 10°Hz =04 mrad/ Hz. (69)

dp = 2716%&/ =27

This value is consistent to the measured phase noise with a free-running laser
(0.3mrad/vHz), by applying the TF correction, as shown on Figure 52.

The LTP EM optical bench provides an auxiliary interferometer that has an

75




6 EXPERIMENTAL INVESTIGATIONS

intentionally large pathlength difference (~ 38 cm). An independent phase noise
measurement of this interferometer — using the same method — is dominated
by laser frequency fluctuations. The corresponding coupling factor into the
main length measurement was estimated by fitting the time series of the phase
measured at this interferometer to the one obtained from the sensitive test mass
interferometer by a general least squares algorithm. Furthermore, the frequency
fluctuations can be removed from the main length measurement by using this
estimated coupling factor to subtract a properly scaled version of the phase
data measured at this auxiliary interferometer. A detailed explanation of this
noise subtraction fit algorithm is given in Section 9.4 and has been reported in
reference [46].

In addition, a commercial iodine frequency stabilized Nd:YAG laser was em-
ployed for a supplementary length measurement. Due to the fact that the
frequency stability of this laser system is sufficient for this experiment, laser
frequency fluctuations were not a limiting factor for the sensitivity of the mea-
surement. Figure 53 shows the LSD of the length measurements conducted with
a free-running laser (red trace), after applying the frequency noise subtraction
procedure (blue trace), and with the frequency stabilized laser system (green
trace).

In spite of the slightly higher noise level measured with the frequency stabilized
laser system compared to the measurement with a free-running laser (above
30mHz) and its corresponding corrected data obtained from the noise subtrac-
tion algorithm (above 5 mHz), its flat spectral shape implies no presence of excess
frequency noise, but a different circumstantial limiting factor not yet determined.

However, the LSD of the noise subtracted data in the range 2 —5mHz is in
agreement to the noise level measured with the frequency stabilized laser sys-
tem. This together with the known behavior of laser frequency noise in Nd:YAG
laser systems (as shown in [45]), increasing toward lower frequencies with a 1/f
slope, indicates that the results obtained from the frequency noise subtraction
algorithm are correct. This noise subtraction technique is explained in detail
in Section 9.4. Thus, the sensitivity of the test mass optical length measure-
ment reached by this technique at the LTP EM optical bench is of the order of
10 pm/+v/Hz at 10 mHz, which is approaching — within one order of magnitude —
the performance of the LTP heterodyne interferometry.

Besides laser frequency noise correction/stabilization, it can also be mentioned
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Figure 53: Optical length measurement with a free-running laser (red), after applying
a subtraction algorithm to remove laser frequency noise (blue), and with
the iodine-stabilized laser system (green). The black curve marks a goal of

45pm/vHz.

that this first prototype system does not yet include any additional noise reduc-
tion schemes, for instance, stabilization of the laser power or optical pathlength
difference, as are already in-place in LTP. Nevertheless, the system is promising
and its sensitivity can possibly be improved by implementing such stabilizations
and noise investigations toward understanding the current limiting factors.

6.3.3 Attitude measurement

The signals emerging from the two complementary output ports of all four beam

combiners on the LTP EM optical bench, are measured by quadrant photodetec-
tors.

An optical measurement of the test mass attitude can be interferometrically
done by processing the phase obtained for the individual channels of a QPD
with a DWS algorithm, as explained in Section 1.2. Figure 54 shows the LSD of
the optical measurement of the test mass attitude in one axis.
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Figure 54: Noise level of the measurement of the test mass attitude by applying a DWS
algorithm to the phases obtained by a QPD with this technique.

In this case, the black trace denotes the required sensitivity of 10 nrad/vHz to
the test mass angular jitter measurement in the LTP interferometry. As it can be
seen, the performance of this technique for test mass attitude measurements,

regarding its functionality and noise floor, is already at the level of the LTP
interferometry.
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SUMMARY AND OUTLOOK

The research work presented in this part was realized within the context of
developing a simple, non-contact metrology system to locally monitor inertial
reference sensors (test masses) in space-based gravitational wave experiments.

A laser interferometer based upon a Mach-Zehnder topology and with a so-
called deep phase modulation technique, was chosen for this purpose. The
laboratory implementation consists of the sinusoidal modulation of one interfer-
ometer arm with piezo-electric transducers, driving the interferometer phase
over a large excursion range of the order of several fringes. Experiments con-
ducted on the engineering model of the LISA Pathfinder optical bench, achieved
a readout sensitivity of the order of 10 pm/+/Hz for the test mass displacement,
and 10nrad/vHz for attitude measurements in the millihertz observation band.
This performance is about an order of magnitude better compared to other simi-
lar experiments developed for this same purpose. The results are comparable,
within one order of magnitude, to the performance of the interferometry devel-
oped for the LISA Technology Package experiment onboard LISA Pathfinder.
Moreover and in contrast to the LTP modulation bench, this implementation
provides full redundancy for the phase modulators.

Two main effects were identified as limiting factors to the noise level of the
instrument. A systematic error originates from the alteration of the relative
harmonic amplitudes caused by the frequency response of the analog electronics.
A fit algorithm uses the first 10 harmonics of the phase modulation signal to
extract the interferometer phase. This limitation was overcome by measuring
the transfer function of the analog segment of the data acquisition system, and
correcting these complex amplitudes accordingly before entering the fit routine.

The second noise source treated were fluctuations of the laser frequency that
proportionally translate as interferometer phase noise. In order to counteract
this effect, two methods were applied that worked similarly well. One method
considered the stabilization of the laser frequency, where a commercial iodine
frequency stabilized laser system was employed for interferometric length mea-
surements. Another alternative method based on a noise subtraction algorithm
that estimates the coupling factor of laser frequency noise into the main mea-
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surement. The engineering model of the LTP optical bench provides an auxiliary
interferometer whose phase is dominated by laser frequency noise, due to an
intentionally large armlength mismatch. This enables an independent measure-
ment of laser frequency fluctuations that are then removed from the main data
stream by properly scaling them with the coupling factor estimated by a fit
algorithm.

In addition, this interferometry technique has proven to be promising, and
it is therefore encouraged to further develop the system. The experience gained
during this research work, suggests the following aspects to be taken into
consideration in forthcoming investigations:

8o

* Design of more appropriate frequency response of the analog electronics,
in order to minimize their effect on the amplitudes of the harmonics used
by fit algorithm for interferometric phase extraction.

¢ Implementation of stabilizations to counteract fluctuation in laser power
— that may similarly affect the fit routine — and residual optical pathlength
difference, as well as variations in the modulation depth applied, due to
the shown non-linear coupling into the phase readout.

¢ Expansion and improvement of the fit routine and its model to account
for additional noise sources and non-linearities, such as amplitude noise
and hysteresis of piezo-electric transducers, among others. Different fitting
techniques can also be considered and tested, such as algorithms working
in the time domain.

¢ Development of an integrated modulation and phase measurement system
for higher sampling frequencies and digitization resolution, that also
includes a direct digital synthesizer to generate the modulation signal. The
board can include digital hardware for the Fast Fourier Transform of the
photodetector signal, as for instance in a FPGA, and the fit routine can be
programmed, for example, in an onboard digital signal processor (DSP).
Such a dedicated system would allow the controlled generation of the
modulation signal using the fit output coming from the DSP as feedback.
It would also enable to control the optical pathlength difference of the
interferometer, by including its stabilization in the signal driving the PZT in
charge of the phase modulation. This control signal could also be injected
to the spare modulator, if desired.



SUMMARY AND OUTLOOK

This optical metrology technique could be useful in many other applications,
such as surface profiling or length and attitude measurements with different
purposes, besides space-based gravitational wave observation.
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Part IV

LISA TECHNOLOGY PACKAGE







INTERFEROMETRY FOR THE LISA TECHNOLOGY
PACKAGE

The first planned gravitational wave observatory in space, LISA, requires various
novel technologies that are currently under development and cannot be fully
tested on ground. It is therefore that ESA will launch the technology demon-
stration mission LISA Pathfinder, which consists of a single satellite carrying
two payloads: the LISA Technology Package (LTP) provided by ESA, and the
DRS from NASA. DRS was unfortunately descoped to a set of thrusters and a
computer with software for test mass drag-free control and will not be further
considered in this text. LTP [47] consists of a set of experiments designed to test
core technology essential for LISA, such as:

1. free-fall motion of a test mass with an acceleration noise level better than
3x 107" ms—2/vHz at 1 mHz,

2. high-precision laser interferometry with a free-falling mirror (LTP test mass)
with displacement sensitivity better than 6.3 x 10~ m/vHz between
3mHz and 30 mHz over a wide dynamic range (several microns),

3. satellite position correction via micronewton thrusters to assure a drag-free
test mass in closed-loop operation.

4. assess reliability and lifetime of components, such as thrusters, optics, and
lasers in space.

The main idea of LTP is to shorten one 5 x 10° m LISA interferometer arm to
about 30 cm. A laser interferometer is located between the two LTP test masses
and measures fluctuations in their separation with a resolution better than
6.3pm/v/Hz, as well as their attitude with a sensitivity of 20nrad/v/Hz, in the
frequency band from 3 to 30 mHz.

85

Chapter 7



=

7 INTERFEROMETRY FOR THE LISA TECHNOLOGY PACKAGE

The LTP interferometry” is an effort, resulting from a multinational collabo-
ration of research institutions and industrial partners among Europe that is
being extended toward the development of an end-to-end test facility for engi-
neering and flight hardware for units of the LTP optical metrology system (OMS)
at the Albert Einstein Institute Hannover.

Laboratory experiments and associated noise investigations have been con-
ducted for testing the measurement principle to its required performance, and
for developing algorithms for noise subtraction and data processing, as neces-
sary for actual mission operations.

This chapter gives the status as of May 2009 and an introduction to the function-
ality and measurement principle of the LTP interferometry, its data processing
and phase measurement.

7.1 INTERFEROMETER ARCHITECTURE

The optical metrology developed for the displacement and attitude measure-
ment of a free-floating test mass in LTP is based on the phase detection of a
low frequency (few kilohertz) sinusoidal signal generated by heterodyne laser
interferometry. The instrument consists of a set of non-polarizing Mach-Zehnder
interferometers, and utilizes two AOMs to individually shift the frequency of
the beams. The motion of the test mass is proportional to the phase of the
beat-note signal, resulting from the interference of the beams, whose frequency
difference — heterodyne frequency — is between 500 and 2000 Hz. Two main
sections constitute the LTP interferometer [48]: the modulation bench and the
optical bench.

7.1.1  Modulation bench

The modulation bench consists of one Nd:YAG NPRO laser system that generates
a single laser beam at a wavelength of 1064 nm. This beam is divided by a
beamsplitter in two laser beams that are subsequently frequency-shifted by
AOMs to obtain a frequency difference of about 1kHz between them. Figure 55
shows a schematic diagram of the modulation bench.

The AOMs are driven by RF signals at approximately 80 MHz and the frequency-

The development of the LTP interferometry is long-term research project involving the full LTP team
at AEI and collaborations with other research institutions and industrial partners.
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Figure 55: Schematic diagram of the LTP modulation bench.

shifted beams are coupled into fiber optics to be transferred to the optical
bench. A PZT element is employed as actuator for active OPD stabilization, which
is needed to suppress excess noise emerging from a non-linear effect in the
phase readout produced by electromagnetic pick-up between the AOM RF sig-

nals [43, 44].

A breadboard implementation for laboratory experiments is described in Chap-
ter 8. In addition, space-qualifiable engineering models of this modulation bench
have been manufactured by industrial partners and are being currently tested at
laboratories of the AEL This effort will be introduced in Chapter 8, as well.

7.1.2  Optical bench engineering model

The LTP optical bench consists of a set of four non-polarizing heterodyne
Mach-Zehnder interferometers that can be described as follows together with a
schematic diagram of their optical paths:

e The TM 1-TM 2 interferometer (labelled ”“12”) measures fluctuations in
the distance between the two drag-free test masses. Beam 1 and Beam 2
overlap at the beam combiner BS10, and the interference signal is obtained
from the redundant quadrant photodiodes PD12A and PD12B.

e The TM 1 interferometer (labelled “1”) monitors the position of test mass
1 with respect to the optical bench. Both beams recombine at the beam-
splitter BS8, and the interference signal is obtained from the redundant
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Figure 56: Optical layout of the TM 1-TM 2 interferometer.

quadrant photodiodes PDTA and PD1B.

¢ The reference interferometer (R) operates within the optical bench only,
detecting disturbances common to all interferometers that couple into
the measurement in the more unstable part (modulation bench and fiber
optics), such that they can be subtracted from 12 and 1. The recombination
beamsplitter for this interferometer is BS5 and the readout photodetectors
are PDRA and PDRB.

¢ The frequency stabilization interferometer (F) has an intentionally large
orD of approximately 38 cm, in order to sense laser frequency fluctuations
such that its output signal can be used for active stabilization. The two
beams overlap at BS7 and the input signal for the control loop is obtained
from the photodetectors PDFA and PDFB.

The optical bench also has two photodiodes PDA1 and PDA2 as power monitors
of the injected laser beams, which are stabilized by feeding back their signal to
a control loop in the AOM driver electronics.

An engineering model (EM) of this optical bench was manufactured by at-

taching the fused-silica optical components onto a Zerodur® baseplate, using a
technique known as hydroxide-catalysis bonding [19]. This work was conducted

88



7.1 INTERFEROMETER ARCHITECTURE

in 2004 at Rutherford Appleton Laboratories in collaboration with the AEI and
the University of Glasgow.

Due to its rigidness and the low CTE of Zerodur® (about 107 /K), this bonding
procedure provides high mechanical and thermal stability, essential for precision
interferometry at millihertz frequencies.
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Figure 57: Optical layout of the TM 1 interferometer.
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Figure 58: Optical layout of the reference interferometer.

The LTP EM optical bench has successfully undergone the required ESA space
qualification process [49], demonstrated the required metrology performance,
and has been used since then for further investigations at the AEI laboratories.
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Figure 60 is a photograph of the space-qualified engineering model of the
LTP optical bench [41] and points out the location and mounting of test mirrors

that simulate the LTP test masses in the experimental setup.
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Figure 59: Optical layout of the frequency interferometer.

EAD

Figure 60: Space-qualified engineering model of the LTP optical bench. Note the expected
location of the LTP test masses and the mounting of the test mirrors that
simulate them.

Most of the results presented in this and the following chapters have been
measured at this prototype?. A detailed description of the laboratory test bed
setup for the performed investigations is given in Chapter 8.

2 Most of the measurements and results presented in Chapters 7 and 8 are the result of team work in
the AEI LTP group: G. Heinzel, A. Garcia, F. Guzman, F. Steier, . Reiche, and V. Wand.
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7.1.3 Modified design: optical bench flight model

The original optical layout presented above in Section 7.1.2 defines the nominal
positions of optical components at engineering model level. After successful
manufacture and space qualification of the LTP OB EM, subsequent studies at
system level concerning integration of LTP units and interaction of the OB with
the test masses, resulted in tighter alignment tolerances and supplementary
requirements for the OB FM.

As part of a comprehensive review of the OB EM construction and considering the
additional requirements to the OB FM, it was judged that novel quasi-monolithic
fiber injectors and some modifications to the optical layout were needed, aiming
an improvement in mechanical stability, manufacturability and beam clearances
at critical points.

Fiber injector optical subassembly

The EM OB was manufactured with commercial fiber injectors, aligned on the OB
using a system of v-blocks and shims, as shown in Figure 61.

Figure 61: Photograph of the commercial fiber injectors used at the LTP OB EM.

However, these commercial devices are not well specified in terms of beam
quality, mechanical stability and robustness of the optical assembly over the
mission time-line, as well as cleanliness due to outgassing. Moreover, the tight
requirements on adjusting the laser beam onto the nominal test mass reflection
point within a 100 um-side uncertainty cube demand high precision positioning
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of the fiber injectors and high stability of the final alignment.

A novel design for a fiber injector optical subassembly (FIOS) that meets the FM
requirements has been developed and is currently under manufacture and space
qualification at the University of Glasgow [50], in charge of delivering the LTP OB
FM.

The main concept is to produce a quasi-monolithic unit that can be bonded
onto the optical bench. The FIOS design consists of a fiber in a glass ferrule
that is glued inside a fused-silica block. A single aspherical lens glued on a
fused-silica carrier piece is used to collimate the beam. The lens carrier and fiber
block are catalysis bonded to a small fused-silica baseplate with a very accurate
separation, aiming for the desired beam parameters. A polarizing beamsplitter
is glued to the baseplate at the output of the lens, in order to inject light with
the correct s polarization into the OB.

Upon manufacturing two fiber injectors, these are bonded to a fused-silica
post for precise adjustment of beam height and angle. Figure 62 shows a photo-
graph3 of the first FIOS prototype bonded to a OB FM-like baseplate used for the
space-qualification process.

Figure 62: Photograph of the first FIOS prototype, bonded onto a LTP OB FM-like baseplate
for space-qualification tests.

A wavefront detector [9] was used to measure the beam profile expected to
be obtained from the FIOS at the main interference points. These results are
presented in Chapter 9.

courtesy of the University of Glasgow
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Modified optical layout

As a result of a detailed study of the OB EM layout some areas of potential
difficulty were identified in the design, concerning clearance about beam clip-
ping and component positioning for bonding. These areas are highlighted in

Figure 63.
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Figure 63: Areas of potential difficulty in the OB EM design.

Chapter 7

It was necessary to relocate some optical components in order to achieve suffi-
cient clearance to place the FIOS onto the optical bench, avoid beam clipping, and
unfavorable locations of optical components. These changes induced additional
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component rearrangements, in order to re-equalize the optical pathlengths of
the main interferometers (R, TM1, and TM1-TM2). The main modifications were:

e clearance to locate FIOS(1): Move BS16 and BS11 3 mm toward the OB center.

e beam clearance:

- BS1(2) and Ms5(4): the angle of incidence of Beam 1 onto the test
masses was increased from 3.6° to 4.5°, reducing potential clipping
issues at these components.

— MB8(3): this component was shifted toward the recombination beam-
splitter BS10. Beam 2 was then deflected in a different way over MS,
Mio, and Mi5 to the recombination point BS10. This modification
prevents chamfers on M8 (back side, and reflective side) that were
needed at EM manufacturing to avoid clipping.

¢ further modifications to adjust the OPD in the main interferometers:

— M14 was shifted toward the OB center, due to relocation of M8 and
Mais.

— BSs was shifted toward BSg, due to relocation of M14. BS2 and M11
were moved closer to BSy to match the optical path length of the
reference interferometer.

— BS8, BS3 and M1 were shifted toward test mass 2, due to relocation
of BS5 and M14, as well as to match the optical path length of the
TM1 interferometer.

— M4 was relocated to deflect the overlapped beams at the output of the
TMa1 interferometer to PD1A. Beam 1 is being deflected to TM2 by BS3.

- The photodiodes were relocated properly for the modified optical
layout.

These modifications to the layout do not change the measurement principle of
the interferometer. Moreover, no optical components were neither added to, nor
removed from the optical bench.

For comparison purposes, Figure 64 outlines the layouts of the EM and FM

94



INTERFEROMETER ARCHITECTURE

optical designs.
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Figure 64: (a) Layout of the LTP OB EM optical design.
design.

(b) Layout of the LTP OB FM optical

The following Section 7.2 describes the phase measurement system designed
to readout the interferometers presented here, and the defined data processing
chain to obtain the corresponding test mass displacement and attitude in the
LTP experiment.

Chapter 7
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7.2 PHASE MEASUREMENT SYSTEM AND DATA PROCESSING
7.2.1 Phase computation and phasemeter

The signal measured at each individual channel n of the QPDs on the LTP optical
bench can be expressed as:

Vpp(t) = A [T —ccos (Whet t +¥n) ], (7.1)
where
® 1, is the interferometric phase measured at quadrant n,
® Wpet = 27 fpet is the heterodyne frequency of the order of 1kHz,
* A is the amplitude of the signal, and
® c is the contrast or visibility of the interferometer.

The phase measurement is based upon a single-bin discrete Fourier Transform
(SBFT) [45] at the heterodyne frequency. The signal from each channel n is
sampled by an dedicated ADC, and split into consecutive segments of length
Ngprr- The data is processed in digital hardware by means of FPGAs where the
SBFT is computed by multiplying the sampled amplitude data streams I with two
sets of coefficients in orthogonal quadratures a and b (cosine and sine tables,
respectively):

NsprT

d = ) (ail+lbi]L (7-2)
i=0
NsBrT

z = Z a; Ii, (7.3)
i=0
NSsBFT

> bil, (7-4)
i=0

where d is the DC level of each channel, z and y are the real and imaginary part
obtained from the SBFT, respectively.

Y

The phase 1, of the signal at channel n can be computed as the argument
of the complex number F=z+1iy:

P, = arg(F) = arctan (%) . (7-5)
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For correct behavior in all four quadrants of the complex plane the atan2(x,y)
function must be used in the software.

A laboratory prototype phasemeter4 with 20 input channels has been developed
at AEI (see Figure 65).

Figure 65: Photograph of the laboratory phasemeter prototype developed at AEI.

A single input channel consist of a low-noise transimpedance amplifier to con-
vert the photocurrent to a voltage, an 18-bit ADC running at a sampling frequency
fsamp = 800kHz, and one FPGA for the SBFT computation. The ADCs in all input
channels are triggered by the same master clock for synchronous sampling. The
phasemeter has been equipped with a parallel port interface, in order to transfer
the SBFT output to a PC for phase computation and further processing.

The setting parameters of the phasemeter for typical operation in laboratory
experiments are:

* heterodyne frequency fhe; = 12%\/&)& ~ 1623.38 Hz.

4 developed by G. Heinzel
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sampling frequency fsamp = 800 kHz.
length of sampled data sets for SBFT, Ngppr = 24640.
frequency component corresponding to fy, bin = 50.

effective real-time phase measurement rate f, = 32.47 Hz.

This instrument allows to conduct laboratory experiments with LTP-representative
hardware, since its design is comparable to the LTP flight phasemeter, which
mainly differs by the following characteristics:

the usage of space-compatible hardware.

16 input channels with 16-bit ADCs and space-qualified FPGAs.
nominal heterodyne frequency fper = 1kHz.

nominal sampling frequency fsamp = 50 kHz.

nominal SBFT length Ngggr = 500.

nominal bin = 10.

effective real-time phase measurement rate f, = 100 Hz.

communication over a MIL-STD-1553 interface (MIL-BUS standard IEEE
1553) with other LTP units, including the DMU, which is the computer in
charge of the phase computation and interferometric signal processing.

The latter point is of importance in the setup of a test facility at AEI for engi-
neering and flight hardware of the LTP units, as presented in Chapter 8. For
redundancy purposes, LTP is equipped with two of these phasemeters, enabling
the processing of 32 channels in total.

7.2.2  Data processing

The optical bench contains redundant quadrant photodiodes at the two comple-
mentary output ports — A and B — of each interferometer. The following conven-
tion has been defined to identify the output of the two redundant phasemeters:
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where i = {1, 12, R, F} refers to the respective interferometer (TM 1, TM 1-TM 2,
Reference, Frequency), j = {A, B, C, D} designates the single channels of a QPD
as in Figure 66, and k = {A, B} identifies the corresponding phasemeter where
the data W = {d, z, y} is coming from, according to Equations 7.2-7.4.

Figure 66: Label convention of QPD channels.

The interferometric data processing has been defined such that in nominal opera-
tion, the signals from all channels in a single interferometer are used to compute
the longitudinal and angular measurements [51]. This means, that according
to the convention defined in Equation 7.6, redundant quadrants are combined
to average their signals for the calculations. However, redundant quadrants
must be carefully selected for this averaging, as for instance, depending on the
precise optical layout of each interferometer, left (A,C) and right (B,D) side of
the QPDs may be swapped (see Figure 67) due to an additional reflection at the
recombination beamsplitter.

The following intermediate quantities are obtained per interferometer i:

e total DC level Z;:

1
L= Z 7 (dija + dijB) (7.7)
j

¢ total complex amplitude F;:

1
Fi = Z 7 (Fija+FijB) (7.8)
j
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PDxA PDxB
(o1 ]
‘ D C
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2/2

Figure 67: Illustration of an example of averaging signals from redundant QPD channels.

e left side DC level Z}eft and complex amplitude F}eﬂ:

zieft > (diax+dick)
k
Fieft > (Fax+Fick)
k
¢ right side DC level Ziright and complex amplitude Firight:
ight
o = Z (dipx +dipx)
k
ight
8 = > (Fipx+Fipk)
k

¢ upper side DC level Ziup and complex amplitude F?p:

oP o= ) (djax+dipk)
k

FP = Z (Fiax+Figx)
K
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¢ Jower side DC level Z?O‘A’n and complex amplitude Fidown:

gdown = % (dicx+dipx) (7.15)
k

Flown = % (Ficx+Fipk) (7.16)
k

As explained in Section 7.1.2, the reference interferometer (R) is mainly used to
detect common environmental noise that is sensed by all interferometers and
can be subtracted from their data streams, to achieve a higher sensitivity in the
main test mass measurements. Accordingly, the longitudinal phase ¥ for the
single interferometers is computed as

Y, = PT(arg(F;)—arg(Fr)) (7.17)
Y, = PT(arg(Fi,) —arg(Fr)) (7.18)
Yr = PT(arg(Fr)) (7.19)
Yr = PT(arg(Fp) —arg(Fr)), (7.20)

where the function PT(¥) represents a phase unwrapping algorithm in order to
prevent phase jumps in the time series.

The interferometer alignment is also calculated twice with DC signals and by
applying a DWs algorithm, as mentioned in Section 1.2. The measurements at the
TM 1 and TM 1-TM 2 interferometers provide information about the horizontal
¢ and vertical 1 test mass angular orientation:

sleft _ yright

o7 = s Koo (7:21)

1
ZPP_:CIOWH

e o= (7:22)
1

DWS Fleft DwWS

@; = arg Fright K (7.23)
i

DWS F}lp DWS

n; = A g | <0 (7.24)
i

where the constants k are the measured calibration factors from the DC and DWs
measurements to real test mass angles, as presented in Section 1.2.
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The total optical path s covered by the laser beam is proportional to the in-
terferometric phase ¥ as:

A

=V .
S 7 (7.25)

where A = 1064 nm is the wavelength of the laser.
In order to compute the conversion of measured interferometric phase ¥ in test

mass displacement x, it is necessary to consider the specific LTP OB geometry,
which is depicted in Figure 68.

Figure 68: Conversion of test mass displacement into interferometric phase measurement.
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The following mathematical relations can be obtained from this geometry:

ds = X
CcoSs o
dy = 2dssinx
.2
s = dysinoczzsm %
Ccos &
y 1 —sin? «
s = 2ds+s"=2x—— =2xcosx
oS ¢
Hence,
s
X = .26
2 cosa (7:26)

Finally, from Equations 7.25 and 7.26, the displacement x of test masses 1 and 2
can be obtained from the measured longitudinal phases ¥, /,, as:
A

= — VY .
X1 drcosa v (7.27)
A

~ 47cos ocwu' (7:28)

X2 = X1—X2

where A = 1064 nm is the wavelength of the Nd:YAG laser used, and « is the
angle of incidence of beam onto the test masses, which is 3.6° in the EM and
4.5° in the FM.

The processing of the phasemeter output (d, z, and y) as described here cor-
responds to the baseline to be implemented on the flight DMU, and has been
programmed in a laboratory PC to operate the LTP OMS test facility at AEL

A detailed description of the LTP OMSs facilities set up at AEI for laboratory
experiments and tests of engineering and flight models is provided in Chapter 8.
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TEST FACILITIES

An experimental setup for further LTP interferometry investigations has been as-
sembled to operate the engineering model of the optical bench with supporting
laboratory equipment, as a prototype of the LTP optical metrology system. Some
of these investigations are presented in Chapter 9.

This setup has been extended for verification of functionality and noise level
of industrial engineering models, starting with the RLU and LMU (modulation
bench Section 7.1.1), and forthcoming flight model tests.

8.1 LABORATORY EXPERIMENTAL TEST BED

The experimental setup consists of a breadboard modulation bench and the LTP
OB EM.

The breadboard modulation bench shown in Figure 69, has been assembled
with a commercial Nd:YAG NPRO laser, and optics for optimal adjustment of the
required s polarization.

After passing the AOMs, the frequency-shifted beams are coupled into fiber
optics, and a mirror mounted on a PZT element is used as actuator for an OPD
stabilization. The beams are injected into the optical bench, residing in a vacuum
tank (via optical feed-throughs) (see Figure 70) typically operated at a pressure
of the order of 1073 mbar.

The vacuum tank is equipped with optical and electrical feed-throughs to

inject the beam inside the tank and to transfer the photocurrents measured at
the QPDs to the FPGA-based phasemeter.
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Figure 69: Photograph of the breadboard modulation bench for laboratory experiments.

The modulation electronics consist mainly of two oscillators for generation of RF
signals (see Figure 71 (a)"). Each temperature compensated voltage-controlled
crystal oscillator (TCVCXO) runs at a frequency of approximately 80 MHz which
is steered by a phase-locked loop (PLL) (see Figure 71 (b)") to a difference hetero-
dyne frequency of about 1.6 kHz between the two.

An electric heterodyne signal is extracted from the mixer output, and is used
to stabilize the TCVCXO frequencies. This signal is compared to the optical het-
erodyne signal, measured at the reference interferometer, in order to set up an
OPD stabilization, which is explained in Section 8.2.2 and 8.4.2. Furthermore, the
power of the TCVCXO signals is increased by HvV amplifiers to drive the AOMs. The
AOM drivers are equipped with an additional input that can be used to regulate
the amplitude of the RF output signals, which enables the power stabilization
of the individual laser beams. An additional control loop can be established by
mixing down the heterodyne signals measured at the reference and frequency
interferometers, in order to stabilize the laser frequency.

These three stabilization systems for laser power, OPD, and laser frequency
are necessary to achieve the required LTP longitudinal measurement accuracy of
6.3 x 1072 m//Hz between 3mHz and 30 mHz. Their laboratory implementa-
tion is presented in the following Section 8.2.

developed by G. Heinzel
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Figure 70: Photograph of the vacuum tank containing the OB EM in the LTP laboratory at

AEI.
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Figure 71: (a) Block-diagram of the PLL. (b) Block-diagram of the AOM drivers.
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8.2 STABILIZATION SYSTEMS
8.2.1 Laser power stabilization

Fluctuations of the laser power corresponding to the heterodyne frequency
fhet, couple directly into the phase measurement (Equations 7.3-7.5). Moreover,
slower power variations of the measurement beam (Beam 1) in the frequency
range of 3 — 30 mHz exert spurious forces on the test masses, disturbing their
motion by radiation pressure noise [45].

For interferometry experiments, an AC-coupled analog control loop has been im-
plemented to stabilize the laser power, in order to suppress fluctuations around
the heterodyne frequency that may affect the phase measurement. A fraction of
the beam light is picked up individually by the photodiodes PDAT and PDA2.
Their signals are fed into the associated circuitry to produce a control signal
that is injected into an additional input at the corresponding AOM drivers for
amplitude regulation of the first diffraction order beams emerging from the
AOMS.

Figure 72 shows the measured OLG of the analog servos for the power sta-
bilizations of the measurement (MB) (a) and reference (RB) (b) beams.

50 180 40 { 180
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@ 20 o 2 10 3
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(a) (b)

Figure 72: (a) OLG of the measurement beam power stabilization. (b) OLG of the reference
beam power stabilization.
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8.2.2  Stabilization of optical pathlength difference

The reference interferometer depicted in Figure 58 is mainly used to sense
common-mode phase fluctuations caused by environmental noise, such as
fluctuations in the modulation bench and fiber optics that couple into all four
interferometers. This common-mode phase noise has to be subtracted from the
other three interferometers (TM 1, TM 1-TM 2, frequency stabilization) in order
to increase their sensitivity. However, non-linear excess noise, which originates
from electromagnetic cross-coupling between the RF signals driving the AOMs,
dominates the phase data streams at the milliradian level. This effect generates
sidebands in the optical signals that interfere at the photodetector, producing
beats at the heterodyne frequency [44]. The phase of this spurious contribution to
the main signal is unstable and induces phase fluctuations in the net measured
carrier at the milliradian level [44]. In order to mitigate this excess noise, an
active stabilization of the optical pathlength difference has been implemented,
by comparing the phase of the reference interferometer to the phase of the
electric heterodyne signal — obtained from the modulation electronics (PLL) —
and controlling this difference to be held constant by a servo. A free-beam
actuator has been implemented within the modulation bench in the laboratory
test bed, by mounting a mirror on a PZT element as shown on Figure 69. The PZT
is driven by the control loop to correct the optical path, in order to compensate
these phase fluctuations. Figure 73 shows the OLG measured for the OPD control
loop, which reaches a bandwidth of 60 Hz.

-120

-140

-160

-180

Gain [dB]
Phase [deg]

-200

-220

240

Frequency [Hz]

Figure 73: Measured OLG of the OPD stabilization.
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8.2.3 Laser frequency stabilization

As mentioned in Section 6.3.2, laser frequency fluctuations &v proportionally
translate to phase fluctuations A¢ by the length mismatch between the interfer-
ometer arms dx:

dp = 27‘(%5’\/. (8.1)
The armlength mismatch Ax has been measured to be of the order of 10 mm [41]
in the main interferometers (TM 1, TM 1-TM 2, reference) and is intentionally
increased to 38 cm in the frequency interferometer in order to increase its sen-
sitivity to fluctuations of the laser frequency. In order to stabilize the laser
frequency, the difference between the phases measured at the frequency and
reference interferometers is held constant, by using a split control signal driving
two actuators: the PZT element and the temperature controller, both acting on

the laser crystal [45].

Figure 74 shows the OLG measured for the control loop implemented in the
laboratory to stabilize the laser frequency.
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Figure 74: Measured OLG of the laser frequency stabilization.
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83 INTERFEROMETER LENGTH AND ANGULAR SENSITIVITY

The experimental setup described in Section 8.1 was used to conduct long-term
interferometric measurements of the test mass displacement. Figure 75 shows
the results obtained from two different runs: one case (red trace) was conducted
in free-running mode, with no operative stabilizations, and a second one was
performed in fully stabilized condition (blue trace).
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Figure 75: Measured OLG of the laser frequency stabilization.

It can be seen that the sensitivity of interferometric length measurements con-
ducted with laboratory equipment can be improved by over a factor 200 with
fully operational control loops, described above.

As mentioned before, the LTP OB is equipped with QPDs at the interferom-
eter outputs, in order to measure the test mass attitude and interferometer
alignment signals. To this end, the phase data measured at the channels of a
QPD are processed with a DWS algorithm, as explained in Section 1.2, by the LTP
interferometric data processing according to Equations 7.23 and 7.24. Figure 76
shows the LSD of the DWS measurements in the horizontal (¢) and vertical (n)
axes for the two test mirrors used as test masses in the laboratory.

It can be seen that the noise levels of the interferometric length and angular

measurements meet with margin the required budgets of 6.3 pm/vHz and
20nrad/vHz in the frequency range of 3 — 30 mHz.
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Figure 76: Noise level of the DWS angular measurement of the test mass.

The following section introduces the modifications made to the test bed for
testing engineering models of the RLU and LMU, and the performance and
interferometric sensitivity achieved with these units.

84 TEST FACILITY FOR ENGINEERING AND FLIGHT MODELS

A facility for testing of engineering and flight hardware of LTP OMS units has
been setup, starting with engineering models of the optical bench (0B) and
modulation bench, which consists of the reference laser unit (RLU), and laser
modulator unit (LMU). This test facility will be expanded upon availability of
additional units and is intended for the assessment of the functionality and
noise level during long-term measurement runs.

The breadboard modulation bench for laboratory experiments (see Figure 69)
was replaced by the RLU and LMU engineering models shown in Figure 77.

In order to operate these units, Kayser-Threde Munich (KTM) — the indus-
trial partner in charge — provided the necessary electrical ground support
equipment (EGSE) (Figure 78), consisting of an electronics rack and a PC equipped
with the appropriate interfaces to drive the equipment, in particular a MIL-
STD-1553 card running the standard communication protocol defined for LISA
Pathfinder.
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(b)

Figure 77: (a) Photograph of the LTP reference laser unit (RLU) engineering model.
(b) Photograph of the LTP laser modulator unit (LMU) engineering model.

Upon testing functionality of the units, the main aim was to conduct a long-term
interferometric length measurement with operating control loops for OPD, laser
power and frequency stabilizations, in order to reach the required readout sensi-
tivity in the TM 1 and TM 1-TM 2 interferometers [52]. To this end, an additional
vacuum vessel was procured for proper handling of the EM units (see Figure 79).

Fiber optics are used as interface between the tanks to transfer the two frequency-
shifted beams obtained from the LMU into the OB. In LTP, these stabilizations use
the phase measured at the reference and frequency interferometers obtained
from the phasemeters, whose output data is processed by the DMU to compute
the digital control signals, as illustrated on Figure 8o.

The corresponding actuators are integrated in the EM and FM units such that
they can only be driven over a digital-to-analog converter (DAC) that responds
to the digital commands sent by the DMU through the MIL-STD-1553 interface.
Due to the fact that a DMU prototype was not available at the moment, AEI and
KTM with support of the Technische Universitdt Miinchen (TUM) implemented
a workaround solution in the test setup by replacing the DMU with the AEI
FPGA-based phasemeter prototype, and analog phasemeters (electronic mixers)
to obtain the phase information (Yg and ¥f in Equations 7.19 and 7.20, respec-
tively) at higher rates (2 100 Hz) as input signals for digital closed-loop controls
running in a real-time signal processing system in charge of commanding the
actuators in the laser assembly (LA) — RLU and LMU — over the MIL-STD-1553
interface.
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i)y

Figure 78: Photograph of the electronics rack and computer to operate the RLU and LMU
engineering models.

A simplified functional description of this setup is given by the scheme in
Figure 81.

Due to the modular implementation of the actuators in the LA units, the stabi-
lizations treated here have been split in four separate digital filters:

® OPD stabilization: uses as input the phase signal W and consists of one
digital filter and DAC commanding a free-beam PZT-mounted mirror.

¢ Laser frequency stabilization: uses as input the phase signal Yf and is split
in two filters

- Slow frequency: one filter controlling the temperature of the laser
crystal.

— Fast frequency: one filter driven a PZT acting on the laser crystal to
correct faster fluctuations.

* Laser power: uses as input the signals from the photodetectors PDA1
and PDA2. One additional digital filter is used to suppress slow power
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Figure 79: Test facility for engineering and flight hardware in the LTP laboratory at AEL
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Figure 8o0: Phasemeter output data processing chain in the DMU.

variations in the millihertz range. As mentioned in Section 8.2.1, laser
power noise around the heterodyne frequency (~ 1kHz) would also affect
the phase measurement. In order to stabilize these fast fluctuations, it is
necessary to run an analog control loop, similar to the one previously
presented in Figure 72.
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Figure 81: Simplified functional description of the laboratory set-up for closed-loop
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control tests with the RLU and LMU EMs. LA: Laser assembly engineering
model. AEI-PM: AEI FPGA-based phasemeter prototype. AEI-PC: computer
in the AEI LTP laboratory. AP: analog phasemeter. EGSE: electrical ground
support equipment computer. DAQ: data acquisition system sampling the
output of the analog phasemeters. MIL: MIL-STD-1553 interface card to LA
and EGSE
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8.4.1 Definition and implementation of digital control loops

Each of the four digital LTP OMS control loops (fast frequency, slow frequency,
orD and slow power) is implemented as a digital infinite impulse response (IIR)
filter, which can be generically described by the following equation:

yi =ao (xj + Ax) + ay (xj—1 + Ax) + - -
(8.2)
by (yi—1) +b2 (yi—2) +--

which means that the output y; can be iteratively computed from the present and
previous inputs (xj, xj_1, ... ) and outputs (yi—1, Yi—2, ... ). Ax is a programmable
offset to the error point resulting in a shift of the stabilized error point. The
coefficients a; and b; determine the filter response. The output y; is typically a
floating number, which has to be scaled to integer values for the DACs driving
the actuators.

The integer conversion of the floating number filter outputs is scaled, according
to the following equation:

i =+ Py; (8.3)

The digital control loop is fully characterized by these coefficients a;, b;, «, 3, Ax,
which are precomputed on ground and stored in the DMU for the LTP onboard
implementation.

The coefficients « and {3 are chosen for an optimal utilization of the DAC dynamic
range. The controller processes the corresponding input error signal (WY, Y, or
PDAT1/2) with an IIR filter to a digital feedback signal that is finally sent to the
actuators in the LA.

The frequency plan in LTP has been designed such that the DMU computes
the interferometric phase data (W, Yr) and the digital feedback signals for the
LA stabilizations at a rate of 100 Hz. The absence of a DMU or similar individual
equipment capable of the phasemeter back-end processing and communication
with the LA units via the MIL-STD-1553 interface, forced a workaround strategy
that includes the interaction of the AEI prototype phasemeter with a set of elec-
tronic mixers — working as analog phasemeters —, whose outputs are sampled by
an ADC integrated into a real-time signal processing system. The four IR filters
for the digital control loops were programmed into the real-time system, which
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is also equipped with a MIL-STD-1553 interface to command the DACs, driving
the actuators in the LA.

Figure 82 illustrates the complete setup with analog phasemeters and digi-
tal control loops implemented as IIR filters in the real-time system software,
according to the DMU software specifications [51].
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Figure 82: Complete functional description of the laboratory set-up with analog phaseme-
ter and control loops.

8.4.2 OPD digital filter design

Initially, the available information about the system is limited, and therefore a
conservative non-optimal controller is designed to ensure lock acquisition. Once
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this is achieved, the OLG can be measured in order to characterize the complete
control loop and improve its design for optimal noise suppression and stability.

Figure 83 presents the initial controller design and the associated IR filter,
obtained as the result of fitting the filter coefficients to the preset transfer func-
tion, using the software tool LISO [53].
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Figure 83: OPD initial filter design and corresponding IIR filter with matching frequency
response.

In order to measure the OPD OLG, the analog error signal in the setup is used
as depicted in Figure 84, maintaining the closed-loop control and injecting a
sinusoidal excitation over one input of an adder to obtain the transfer function
between its output and second input.

Figure 85 shows the measured OLG with the system locked using the controller
from Figure 83.

Once the behavior of the closed-loop system was characterized, it was possible
to do a targeted optimization of the IIR filter design, which is shown in Figure 86.
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Figure 84: Method to measure the OLG in the present setup using analog signals (Note
that the measurement of the frequency loop OLG is depicted for clarity).
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Figure 85: OPD OLG measurement once the system is locked with the initial filter design.
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Figure 87 shows the measured OLG of the optimized OPD control loop that
evidences a higher gain and bandwidth.
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Figure 86: OPD optimized filter design and corresponding IIR filter with matching
frequency response
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Figure 87: OPD OLG measurement with the optimized filter design.
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8.4.3 Frequency control loop

A similar procedure was followed to design the controllers for the fast and slow
frequency loops.

The transfer function of the controller designed for the fast frequency control
loop and the frequency response of its associated fitted IIR filter implemented in
the real-time system are shown in Figure 88.
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Figure 88: Fast frequency filter design and corresponding IIR filter with matching fre-
quency response

Figure 89 shows the transfer function of the designed filter for the slow fre-
quency loop and the matching transfer function of the IR filter.

According to the method of Figure 84, the OLG transfer function of the to-
tal laser frequency control loop with optimized parameters was measured. The
result is shown in Figure go.

Again for this case, the IR filter coefficients were also fitted to the designed OLG,
by using the software tool LISO for the computation.
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Figure 89: Slow frequency filter design and corresponding IIR filter with matching fre-
quency response
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Figure go: Frequency loop OLG measurement with the optimized filter design. Also
plotted is the model for the OLG.
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8.4.4 Slow power loop

In a similar way, the controller used for the slow power stabilization and its asso-
ciated IIR filter were designed and implemented. The corresponding frequency
response is shown in Figure 91. Once again, the functionality of the controller
design was demonstrated by successful lock acquisition.
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Figure 91: Frequency response of the controller design and corresponding IIR filter for
the slow power loop.

85 LONG TERM PERFORMANCE

Once lock was acquired in all stabilizations and the noise suppression was
optimized, the setup described in Figure 81 was used to conduct long-term
measurements. The high precision phase readout from the AEI phasemeter
was processed and recorded with the PC. These phase data streams were an-
alyzed with the LTP data analysis tool (LTPDA) [54, 55], which is the official
LISA Pathfinder mission analysis software. Figure 92 shows the LSD of the OMS
sensitivity to position fluctuations of the dummy test mirrors that act as test
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masses in the interferometric setup. The required interferometric sensitivity of
6.3 pm/vHz has been demonstrated using the engineering models of the LA
and OB, operating with back-end processing driving the digital stabilizations.
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Figure 92: Sensitivity to test masses position fluctuations demonstrated with the LA EM.

An alternative data analysis method to correct excess noise in the phase mea-
sured at the interferometers TM 1 and TM 1-TM 2, which results from laser
frequency and non-linear OrD fluctuations is presented in Chapter 9.
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This chapter presents the results of various experiments and analysis performed
on the functionality and noise behavior of the LISA Technology Package (LTP) in-
terferometry. Many of these techniques and results will also be applicable to LISA.

One of the investigated topics is the cross-talk between angular and displace-
ment degrees of freedom, coming from test mass jitter due to the limited gain in
their drag-free control system. This effect was simulated in hardware by movable
test masses and it was possible to subtract the introduced excess noise in the
longitudinal measurement by data analysis.

Further noise subtraction algorithms have been developed to correct for noise
contributions in the interferometer generated by fluctuations of the laser fre-
quency and optical pathlength difference.

Test samples of the LTP optical window, which is at the interface between
optical bench and test masses, were interferometrically measured to assess the
effect of different coatings on the interferometer performance.

A real-time wavefront detector, developed to help adequate beam preparation
and evaluation of components [9, 10], has been utilized in the design and manu-
facture of the quasi-monolithic fiber injectors FIOS for the LTP optical bench and
characterization of the LTP optical window. This device will also be employed in
forthcoming investigations of key LISA components, such as the telescope and
the initial acquisition sensor.
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9.1 APPLICATION OF THE REAL-TIME WAVEFRONT DETECTOR

As shortly introduced in Chapter 2, an instrument capable of conducting a spa-
tially resolving measurement in real-time of the differential wavefront resulting
from the overlap of two laser beams has been developed’ [9, 10] and has been
subsequently applied for the characterization of key optical components on
the LTP optical bench, such as the quasi-monolithic fiber injectors FIOS and the
LTP optical window. The measurements presented here are the result of and
were conducted as part of a unique research collaboration between AEI and the
Institute for Gravitational Research (IGR) at University of Glasgow, which is the
institution in charge of the development and manufacture of the LTP OB and FIOS
flight models.

9.1.1 Characterization of the LTP fiber injectors

During the development of the FIOS, a series of measurements were conducted
on test pieces with the aim of evaluating the obtained beam quality in a real
optical setup, in order to fix the design. Part of the tests conducted was to
measure the resulting phasefront in an interferometer, by using prototype lenses
of similar optical properties to the specified for the FIOS FM.

The armlengths on the OB differ by approximately 35cm on the main mea-
surement interferometers (“1”, ”12”, and R). This mismatch is compensated by
the length of the fiber, delivering the frequency-shifted beams from the modula-
tion bench into the optical bench. However, the parameters of the interfering
beams are determined by the fiber injectors, and the curvature of their wavefront
depends on the distance covered from the FIOS output to the interference point.
In order to match the curvature of the two wavefronts, each fiber injector has
to be custom-built, due to interferometer armlength difference. The baseline
design [56] specifies the following characteristics fiber injectors

A table top interferometer with unequal armlengths similar to the LTP OB was
setup, in order to measure the resulting phasefront from the interference of the
beams. A schematic diagram of the test setup is shown in Figure 93°.

The phasefront measured at this setup is shown on Figure 94. This measurement
gives the resulting difference in geometry between the two interfering wave-

This instrument was developed by the author in his Master’s thesis.
courtesy of the University of Glasgow
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FIOS | radius of curvature of the lens | fiber-lens interspacing
1 14.58 mm 3.40 mm
2 14.58 mm 3.38 mm

Table 2: Baseline design for the LTP fiber injectors with a single lens.
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Figure 93: (a) Schematic diagram of the table top interferometer setup for the phasefront
measurement with FIOS prototype test pieces. (b) Photograph of the setup.
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fronts for the nominal beam parameters and beam propagations in the optical
bench.
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Figure 94: Measured phasefront at an interferometer with unequal armlengths and test
pieces of similar optical properties to the specifications of the FIOS.

The table top setup was rebuilt for an interferometer with matched armlengths,
in order to measure the phasefront characteristics for beams covering a similar
distance. The result is shown on Figure 95.

A similar measurement was previously conducted at the frequency interferome-
ter of LTP OB EM [9, 10] which has a small armlength difference on the optical
bench of about 1cm. Figure 96 shows the measured phasefront in this case as a
comparison to the results obtained with a laboratory prototype configuration of
the LTP FIOS FM.

The results shown on Figures 95 and 96 help to compare the beam quality
between the LTP OB EM and the one expected on the LTP OB FM, since they were

both measured at interferometers with arms of similar length.

The larger spatial inhomogeneities measured on the LTP OB EM can be attributed
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Figure 95: Measured phasefront at an interferometer with matched armlengths, using
the same fiber injector configuration.
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Figure 96: Phasefront measured at the frequency interferometer of the engineering model
of the optical bench for LTP.
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to non-optimal adjustment of the lenses in the two fiber injectors. During its
manufacture, the beam quality was not so carefully considered as it is the case in
the design and manufacture of the flight model optical bench. Large variations
in the spatial distribution of the measured phase at the beam interference points,
especially under the effect of beam pointing, due to angular test mass jitter,
could significantly contribute to the noise level of the interferometric measure-
ment. Thus, the availability of such a measurement device and the adequate
measurement procedure to characterize these inhomogeneities is of importance
for proper beam preparation in the manufacturing process of the LTP OB FM.

9.1.2  Measurement of the LTP optical window

The real-time wavefront instrument was also utilized to measure the optical win-
dow with high spatial resolution. The aim of this investigation was to quantify
the effect of potential inhomogeneities in the material on the measured phase
under the presence of beam jitter across the window. To this end, three samples
made of the same material and with the same dimensions, were measured with
the only difference on their optical coating properties: one of the samples was
uncoated (pure substrate), a dielectric anti-reflection (AR) coating was applied
on the second sample, and the third sample was prepared with a conductive
Indium-Tin Oxide (ITO) coating additional to the dielectric AR coating. While
it is very common to use AR-coatings in optics, in order to minimize spurious
reflections and maximize transmission, conductive coatings usually degrade
the optical properties. The reason for considering such a coating in the LTP
interferometer is the fact that the window will experience electrostatic charging
from the space environment, which could eventually compromise the operation
of the LPF inertial sensors (test masses and electrode housing) by electrostatic
interactions. The window is at the optical interface between the optical bench
and the test masses and is rigidly attached to the vacuum enclosure, as shown
in Figure 97.

In order to measure inhomogeneities of the optical window with high spatial
resolution, a series of phasefront measurements? were conducted on these three
window samples, by inserting them (one after the other) into one arm of the
interferometer (see Figure 98).

The measurements were conducted in collaboration with the University of Glasgow, who had
available the sample windows and the wavefront detector. The raw data were taken by J. Bogenstahl
in Glasgow while the processing was done by the author.

132



9.1 APPLICATION OF THE REAL-TIME WAVEFRONT DETECTOR

Figure 97: CAD model pointing out the location of the window in the optical path of the
LTP interferometer.
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Figure 98: Interferometer setup for the spatially resolving measurement of the optical
window by using the real-time wavefront detector.
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A first null measurement was conducted on this interferometer prior to inserting
a window sample, in order to obtain a reference phasefront that can be sub-
tracted as background from the window measurements. Figure 99 shows the
obtained reference phasefront. The results obtained from measuring the three
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Figure 99: Reference phasefront obtained for the optical window measurements.

sample windows after subtracting the reference phasefront of Figure 99 are
presented in Figure 100. The phasefront differences obtained from these mea-
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Figure 100: (a) Phase difference measured at the window substrate. (b) Phase difference
measured at the AR-coated window. (c) Phase difference measured at the
ITO+AR-coated window.

surements represent the spatially resolved effect of the inhomogeneities in the
window and its corresponding coating on the phase measurement. However, it
is necessary to properly weight this phase information with the correct Gaussian
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intensity distribution of the laser beam passing through the window. To this end,
the measured phase difference distributions have to be processed by the two-
dimensional convolution of each phasefront with the adequate two-dimensional
Gaussian filter kernel. This two-dimensional filtering method is also known in
image processing as Gaussian blur filter. The Gaussian filter kernel is given by
the parameters of the beam passing through the window, which in the case of
the LTP OB FM design corresponds to a beam radius o = 554 um at the second
optical window (WIN 2) in front of test mass 2 (see Figure 64 (b)). This window
has been taken as reference point in the interferometer, because beam pointing
onto WIN 2 caused by residual angular noise from test mass 1, will produce the
strongest effect due to the long lever arm of approximately 30 cm (optical path)
between TM 1 and WIN 2. The filter kernel has been normalized to a total power
of 1 and can be computed as

1 _ (x=x0)2+(y-vo)?

r(xly) = W € 202 ’ (91)

where the coordinates (xo,Yo) denote the center of the Gaussian distribution,
and o corresponds to the beam radius at the WIN 2. Figure 101 shows the
generated kernel for this analysis.
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Figure 101: Computed kernel for the two-dimensional Gauss blur filter.

The Gauss blur filter can be applied to the measured phase differences by com-
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puting the discrete two-dimensional convolution between each phase difference
distribution and the Gaussian filter kernel, an can be obtained as

nx ny

Ayl =) Y O -Tx—1iy—j), 9-2)
i

where A(x,y) is the result obtained from filtering the image ®(i,j) of nx x
ny pixels corresponding to the measured phasefront distributions shown in
Figure 100. Figure 102 shows the obtained filtered phasefronts for the three
window samples.
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Figure 102: (a) Gauss blur of the phasefront measured at the window substrate. (b) Gauss
blur of the phasefront measured at the AR-coated window. (c) Gauss blur of
the phasefront measured at the ITO+AR-coated window.

In addition, the maximum ©(x,y) of the two-dimensional gradient (V, V) of
the filtered phasefronts is computed, in order to determine the maximum spatial
phase fluctuations obtained in each of the three measured sample windows.

O(x,y) = /V2xy) + V3 (xy) ©:3)
where
1,y)—A(x—1
Vxlxy) = Alet ’y)ZhA(x 1Y) (9-4)
Vyloy) = /\(x,y—l—])th/\(x,y—ﬂ 9.5)
(9.6)

are the corresponding directional derivatives in the horizontal x and vertical y
axes, and h = 30 pm is the pixel pitch of the spatially resolving photodetector
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(CCD camera). Figure 103 presents the resulting phase gradient distributions
O(x,y). Assuming that the spatial inhomogeneities of the windows are station-
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Figure 103: (a) Gradient of the filtered phasefront measured at the window substrate.
(b) Gradient of the filtered phasefront measured at the AR-coated window.
(c) Gradient of the filtered phasefront measured at the ITO+AR-coated win-
dow.

ary and the position of the laser beam on the optical window does not change
in time, the net effect of the measured phasefront distortions would only be a
constant phase shift in the longitudinal phase measurement of the test masses,
which does not contribute to the noise level of the measurement. However,
limited gain in the LTP drag-free and attitude control system (DFACS) results
in residual test mass angular noise that produces excursions of the beam over
the surface of the optical window, due to this beam pointing, and additionally
generated excess noise in the longitudinal phase measurement due to the cross-
coupling between the longitudinal and angular degrees of freedom. The latter
point is discussed in detail in Section 9.2.

It is possible to estimate the maximum effect on the longitudinal phase caused
by phasefront distortions introduced by inhomogeneities of the material and
coatings of the optical window under the presence of beam pointing. To this end,
the expected test mass residual angular noise [57] (see Figure 110) was scaled by
the lever arm of approximately 30 cm (optical path) between TM 1 and WIN 2 in
order to project the maximum value of the phase gradient distribution @mnayx as a
noise contribution on the measured longitudinal phase. The estimated values of
Omax for each of the three cases are listed in Table 3. The noise projections for the
windows are the lower three plotted curves on Figure 105. In addition, a direct
experimental investigation of the influence of test mass jitter in conjunction
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Optical Window | Omax [rad/m|]
substrate 130.4
AR-coating 49.1

ITO+AR-coating 189.5

Table 3: Maximum phase gradients obtained for each of the three samples of the LTP
optical window.

with coated windows was performed. A sample of an optical window with
ITO+AR-coating, which was additionally exposed to y-radiation* at the level of
30krad, was introduced in the LTP OB EM interferometer (see Figure 104) for test
mass readout sensitivity measurements (similar to the measurements presented
in Chapter 8).

Figure 104: Optical window sample with ITO+AR-coating inserted in the LTP OB EM for
interferometric test mass readout sensitivity measurements.

For this measurement, the expected residual test mass angular noise was injected
into PZT-actuated test masses, replacing the Zerodur® static mirrors used for
previous measurements. The injection of angular noise into the PZT-actuated test
masses, the cross-coupling of angular and displacement degrees of freedom, and
a noise subtraction technique to counteract its effect are described in detail in Sec-
tion 9.2. Figure 105 shows the noise projections of the estimated inhomogeneity
effects of the three sample windows analyzed in this section. The interferometric
measurement of the irradiated ITO+AR-coated window is also included in the

The sample window was irradiated using a ®°Co y source at ESA-ESTEC thanks to Zoran Sodnik.
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plot together with the corresponding corrected LSD trace, where the coupling
of the angular noise into the longitudinal measurement was subtracted. It can
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Figure 105: Red: sensitivity of the longitudinal phase readout when injecting TM angular
noise. Blue: sensitivity of the corrected longitudinal phase after the angular
noise subtraction. Green: projection of phase noise estimated from phasefront
distortions at the AR-coated window. Cyan: phase noise projection for the
ITO+AR-coated window. Magenta: phase noise projection for the window
substrate.

be seen from this plot that the estimated phase noise contributions from the
inhomogeneities in the window (traces green, cyan, and magenta) are in the
worst case at approximately 1pm/v/Hz. The real interferometric measurement
under the influence of test mass jitter (red trace) evidences excess noise that
has been determined to come from the cross-coupling between angular and dis-
placement degrees of freedom, and can be corrected (blue trace) by the angular
noise subtraction algorithm that is presented in Section 9.2. Hence, material
and coating inhomogeneities measured at representative prototypes of the LTP
optical window are not expected to be a limiting factor to the interferometer
sensitivity, also in the case of the recently defined baseline configuration of the
conductive ITO+AR coating.
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9.2 RESIDUAL TEST MASS ANGULAR NOISE

In order to investigate the effect of test mass residual angular noise into the
longitudinal measurement, the Zerodur® static mirrors were substituted by PZT
actuated mirrors, which are shown in Figure 106.

Figure 106: Comparison between PZT actuated mirrors (left) and static test mirrors
(right).

Figure 107 illustrates the mounting of the static mirrors (a) and the PzT-actuated
mirrors on the optical bench.

(b)

Figure 107: (a) Mounting of static test mirrors on the optical bench. (b) Mounting of
PZT-actuated mirrors on the optical bench.
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In particular, the mechanical stability of the PZT elements together with the
mirrors glued on them was of importance for this investigation that relied on
it being similar to the the static mirrors in order avoid excess noise that would
prevent this assembly to meet the LTP longitudinal and angular requirements.

Figure 108 shows a comparison between the sensitivity spectra measured for
the longitudinal T™M displacement ¥; and ¥, with Zerodur® static mirrors
and with forward-biased PZT-actuated mirrors in static condition (applied DC
voltage of about 3 —5V).
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Figure 108: Sensitivity spectra of longitudinal phase measurements performed with static
test mirrors and with PZT actuated mirrors.

It can be seen that all sensitivity curves remain below the required 6.3 pm/vHz
in the measurement band (interferometer budget). Figure 109 shows the hor-
izontal (¢1,12) and vertical (1,12) angular resolution spectra achieved with
forward biased PZT mirrors in static condition, which is better than the required
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20 nrad/vHz T™ jitter in the measurement band.
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Figure 109: Sensitivity spectra of angular measurements with PZT actuated mirrors.

Simulations conducted on the TM dynamics under the currently designed DFACS
control led to spectral predictions of the residual T™M angular noise [57] that can
be expected in orbit, during high sensitivity science mode operations in the LisA
Pathfinder mission.

From this information, time series that matches this spectral behavior were
generated with a numerical method [58] and injected into the PZT actuated mir-
rors via a DAC. Figure 110 shows the simulated angular noise spectra (¢1,12
and 17,12), and the corresponding T™ angular noise spectra read out by the
interferometer DWS signals.

Due to limited accuracy alignment of the laser beam onto the T™M center of
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Figure 110: Expected injected residual TM angular noise for on-orbit operation and inter-
ferometric measured angular noise of the test masses.

rotation, the resulting cross-coupling from T™M angular noise into the T™ longitu-
dinal displacement readout introduces excess noise into the measurement of T™
position fluctuations, thus spoiling the sensitivity of the optical readout.

The aim of this investigation was to characterize this cross-coupling and to
determine the corresponding coupling factors that translate this angular motion
of the TM into an apparent longitudinal T™ displacement. This was done by
fitting the DWS measurements to the longitudinal time series with a linear least
squares algorithm, as described below.

Once these coupling factors have been estimated, the excessive noise can be
subtracted from the main longitudinal data stream.
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9.2.1 Fit algorithm

The longitudinal raw measurements ¥; and ¥, depend on the T™ angular
motion @112 and 17,12

wieas = Witue(4) L wiOMmP (g, 1) 9-7)
WIsees = Witve(t) + WIS (@q,m1, @12,M12) (98)

As it can be seen in Figure 110, the SNR of the measured DWS signals motion is
much higher within the LTP observation band (3 mHz — 30 mHz) than at higher
frequencies.

Under normal laboratory conditions, the effect of fast electronic and mechanical
noise in the higher frequency band (approximately above 100 mHz), as well
as long-term thermal drifts at frequencies below 1 mHz dominate the time
evolution and behavior of the longitudinal and angular interferometric signals.
Hence, the information of the T™M angular noise vanishes in the noise level of the
measured time series. A significant correlation exists only in a limited frequency
band.

In order to overcome this limitation, a second order band-pass filter in the
frequency rage> 3mHz — 30 mHz was applied to each longitudinal (‘Pl]’p and

‘i’k]’g) and angular ((pk]’p,n?p and @?g,n?g) time series within the LTP observation
band. This way, it is possible to precisely characterize the cross-coupling process
of the T™M angular motion into the longitudinal interferometric readout.

The dependence of the filtered longitudinal measurements WPP with respect to
the filtered angular signals @°P,n°P can be rephrased as

b bp b
v o=y ((p]p'nlp) (99)

b b b b b
\1}13 W]Z ((P1p/ﬂ1pr (01311112) . (9'10)

Detailed optical simulations [59] indicate a nonlinear coupling mechanism of
parabolic type, but have also shown that for the noise levels occurring in our

This frequency range was later on expanded to 0.4 mHz — 500 mHz that copes with the noise
subtraction technique presented in Section 9.4.
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9.2 RESIDUAL TEST MASS ANGULAR NOISE

experiment, a linear model is sufficient. A general model for this approach can
be described by the following linear system of equations:

O-k=VY, (9.11)

where @ is the design matrix for our fitting problem (angular data @°P,n°P), k
is a vector containing the coupling factors we are looking for, and ¥ is a vector
corresponding to the time series of our target function (longitudinal T™ data
ybp)y,

The dimensions of © are N x m, where N is the length of the time series
and m is the number of input time series to be used. In the case of the TM 1

interferometer m = 2 ((pk]’p,nk])p), and for the TM 1-TM 2 interferometer m = 4

((p]?p ,n?p , (pt;g,nl])g). Kk is a vector with dimensions m x 1, and V¥ is a vector with
dimensions N x 1.

In this specific case, the following system of equations is obtained for the
TM 1 interferometer:

YNx1 = ONxz Kix1, (9-12)
with
1
K
o' = ( (pl]’f’ nﬁ’p ) and ' = ( ? ) . (9.13)
The system of equations for the TM 1-TM 2 interferometer can be expressed as:

12 _ 12 12
YNx1 = ONxa - Kax1/ (9.14)

with

12 _ bp bp bp bp 12 _
(C] —( (OB up ©1o Myo ) and k = 12 . (915)
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The fit can be performed by a general linear least squares algorithm. This linear
system of equations can be solved by applying different algorithms such as the
Cholesky decomposition, the use of normal equations, or the singular value
decomposition, among others.

The proper selection of the solving method usually depends on the topol-
ogy of the design matrix ©. This way, the set of coupling coefficients k! and k'2
of the TM angular noise into the longitudinal T™ displacement readout can be
obtained.

9.2.2 Test mass angular noise subtraction

The band-pass filtered data WPP and ¢PP,1PP are utilized to obtain the coupling
coefficients k. For example, typical fitted values for k' are

(9.16)

—6
< m/rad] — ( —438x 10 )

—219x10~°

Once they have been estimated, it is possible to subtract the TM angular noise
from the original (unfiltered) measured longitudinal T™ data as follows:

\yr11ew = ¥ - ( ®©1 M )'K]’ and (9-17)

W;ezw = ¥y — ( ©12 M2 )'K]Z' (9.18)

The entire procedure to subtract the TM angular noise from the longitudinal
interferometric signal is outlined by Figure 111.

Figure 112 presents the results obtained from this noise subtraction.

The solid red curve is the sensitivity reached by the longitudinal phase readout
¥ when introducing T™M angular noise, which exceeds the required noise budget
of 6.3pm/ v/Hz. The dashed green curve for Wney is the sensitivity achieved
after subtracting the fitted angular noise to the data of the solid curve. The blue
dashed curve with crosses is the sensitivity obtained from an independent mea-
surement where no angular noise was injected to the test masses (PZT actuated
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Subtraction

w-(¢n)k <

Figure 111: Flow diagram of the procedure to subtract the TM angular noise from the
longitudinal phase data stream.

mirrors).

In general, noise subtraction procedures have to be performed very carefully,
since there is a non-vanishing probability to corrupt the data.

In this case, the longitudinal and angular degrees of freedom are sufficiently
orthogonal, such that the cross-coupling between them can be very well quanti-
tatively characterized. The linear transformation between these two reference
systems has been experimentally measured and can be expressed, for example
for TM 1, as

OB ™
Y [m] Y [m]
¢ [rad] =A-| ¢ [rad] , (9-19)
7 [rad] n [rad]
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Figure 112: Red: sensitivity of the longitudinal phase readout when injecting TM angular
noise. Green: sensitivity of the corrected longitudinal phase after the angular
noise subtraction. Blue: independent reference measurement with no injected
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9.3 ELECTRODE-HOUSING APERTURE

An example of a problematic situation where noise subtraction would be ex-
pected to corrupt the signal is if ¥ couples into ¢, and ¢ back again into ¥, with
factors such that,

o¥ Q¢
%0 Sy &1 (9.22)

In our case, however, this product is of the order of 10~° such that no real signal
Y is subtracted.

Typical values for the TM motion are of the order of

™

Y 6.3 x 10712 myms
%) =| 1x10 7radms |- (9-23)
n 3 x 1077 radems

As it can be seen in Figure 112, the corrected data reaches the same level of the
reference measurement where no angular noise was applied, which indicates
that the complete cross-coupling effect from the TM angular noise into the longi-
tudinal measurement was fitted and extracted without corrupting the data.

Hence, the residual T™ jitter due to the limited DFACS gain is not a limiting factor
to the sensitivity of the interferometric longitudinal TM position measurement
in LTP, if suitable angular data are available and used in post-processing.

These results are of relevance for LISA as well, since a similar cross-coupling
effect can also be expected. Further characterization of noise sources and noise
subtraction techniques are presented in Section 9.4.

9.3 ELECTRODE-HOUSING APERTURE

The position and attitude of the LTP test masses is measured in all six degrees of
freedom by capacitive sensors, located at the inner walls of an electrode housing
(EH), where the test mass resides (see Figure 113).

In order to obtain a higher sensitivity in the main T™ longitudinal and angular

degrees of freedom, the LTP OB interferometer is employed to measure the posi-
tion and attitude of the test masses, which requires an appropriate aperture in
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Figure 113: Photograph of the LTP electrode housing prototype.

the EH for the laser beam to reach the test mass. Depending on the dimensions of
this aperture, the laser beam parameters and the fact that the LTP interferometer
is operated with Gaussian beams, beam clipping effects at the EH aperture are
expected, and need to be assessed. This point is illustrated by Figure 114, which
is obtained by inserting into the LTP optical model, a corresponding aperture
with dimensions, according to the current design.

It can be seen from the optical model that beam clipping at the level of three
beam radii (3 w,) can be expected at the edges of this aperture, which can pro-
duce deformations of the beam profile (intensity and phase spatial distribution)
and generate stray light, which is a common and well-known noise source in
interferometers, often responsible for performance limitations.

In LTP, stray light that originates and remains within the optical bench itself,
will mostly contribute to the phase measurement as a constant offset, due to
the high mechanical and thermal stability of bench itself and its optical compo-
nents. However, this is not the case for stray light originating at the EH aperture,
especially under the influence of residual T™M angular noise, as presented in
Section 9.2.
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Test Mass
6mm

10mm

Electrode Housing

Figure 114: Illustration of beam clipping in the LTP optical model. The red shades indicate
one, two, and three times the Gaussian beam radius.

Therefore, experimental investigations on this topic were conducted at the
EM optical bench. The PzT-actuated mirrors presented above were used to sim-
ulate in hardware the residual T™M angular noise, and a reflective golden plate
with several apertures of different dimension was manufactured to simulate
beam clipping effects of the EH.

9.3.1 Experimental Setup

In order to simulate the EH aperture in the laboratory interferometer setup, a
brass plate with four different apertures was manufactured in-house. This plate
was polished and coated with a reflecting gold layer to obtain similar optical
properties as the expected from the EH. The laser beam width was measured
at the positions of TM 1 and TM 2 with a beam analyzer, in order to design the
aperture dimensions for the corresponding beam clipping levels in terms of the
beam radius. In the LTP OB EM, the radius of the beam at the positions of TM 1
and TM 2 was measured to be

w1 = 646um
wy = 8d6um.

151




9 PERFORMANCE INVESTIGATIONS

The dimensions of the four apertures were designed such that the smallest one
would produce beam clipping at 2w, at TM 1 and 1.6 w, at TM 2, and the
largest one at 5.2 w, and 4 w,, respectively. Figure 115 shows a photograph
of the golden plate, pointing out the size of the apertures in term of the beam
radius at the top and bottom of the picture, for TM 1 and TM 2, respectively.

Figure 115: Golden plate with four different apertures. The numbers in top and bottom
correspond to the aperture size in beam radii for TM 1 and TM 2, respectively.

In order to mount the golden plate in front of the PzZT-actuated mirrors at the
optical bench, an aluminum balcony (see Figure 116) was designed to be fixed at
the Zerodur® walls, where the PZT-mirrors are mechanically attached.

9.3.2 Interferometer sensitivity measurements
In order to avoid excess coupling from test mass jitter, the pivot point on the

test mass was calibrated with the interferometer signals by the linear electronic
matrix in the PZT driver circuitry. This corresponds to a rotation of the test

152



9.3 ELECTRODE-HOUSING APERTURE

Figure 116: (a) Balcony in front of TM 2 with inserted PZT-mirror. (b) Photograph of the
golden plate mounted on the balcony.

masses around the laser beam reflection point, but not around their center of
mass.

The measurements presented here were focused on the smallest aperture in
front of both test masses. Due to the long lever arm of the beam being reflected
on TM 1, beam clipping effects were expected to be more severe at the area
of TM 2 and readout of TM 1-TM 2 interferometer. Angular noise was injected
into both PzT-mirrors (TM 1 and TM 2), and similarly to the measurements of
Section 9.2, the DWS measurements readout in each case were used to apply the
angular noise subtraction technique presented above.

Figure 117 presents the sensitivity of the interferometers, by placing the smallest
aperture in front of TM 1, which corresponds to a beam clipping level of the
order of 2w, at this point.

Figure 118 presents the sensitivity if the interferometers, by placing the smallest
aperture in front of TM 2, corresponding to a beam clipping of 1.6 w,.
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LSD of the longitudinal measurement at the TM 1 interferometer
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Figure 117: Smallest aperture inserted in front of TM 1. Angular noise subtraction suc-
cessfully applied to both interferometers.

The results obtained from these measurements show an increase in the noise
level of the interferometric TM displacement readout, mainly due to the injected
angular noise. An additional significant contribution due to beam clipping ef-
fects could not finally be observed. However, by applying the angular noise
subtraction technique, it was possible in all cases to eliminate the excess noise
contribution that would prevent the interferometric test mass readout from
achieving its required sensitivity.
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LSD of the longitudinal measurement at the TM 1 interferometer
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Figure 118: Smallest aperture inserted in front of TM 2. Angular noise subtraction suc-
cessfully applied to both interferometers.

9.4 NOISE SUBTRACTION TECHNIQUES

A series of investigations has been conducted to identify and model the limiting
noise sources in the optical test mass readout sensitivity of the LTP interferome-
ter [43, 44], which are laser frequency fluctuations and residual non-linear noise
of the optical pathlength difference (OPD).

The baseline strategy to suppress these noise sources is to actively stabilize

the laser frequency and the OPD, in order to minimize their effect in the main
phase readout of the TM 1 and TM 1-TM 2 interferometers, as described in Chap-
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ter 8.

This section presents a noise subtraction technique based on the linear fit-
ting of the coupling coefficients of the measured information on these noise
sources obtained from the interferometer — ¥y and Wr — onto the main phase
measurements — ¥; and ¥;, —. This technique enables the purification of these
latter phase data starting from time-series measured under free-running noise
conditions (no operative stabilizations).

Furthermore, in case of malfunction or non-optimal noise suppression of the
respective control loop, this technique can be also applied to remove the remain-
ing excess noise from the main signals.

Considering that all necessary data will be available during mission opera-
tions at the LTP DMU output and transfered to the LPF onboard computer (OBC),
the noise subtraction procedure could also be included in the onboard data
processing, as a fall-back strategy to purify the interferometric signals used for
DFACS TM control, in the presence of excess noise or failure of the interferometer
stabilizations.

The analyses presented here were computed with LTPDA [54, 55], which is the
dedicated software toolbox developed for the data analysis of the LISA Pathfinder
mission.

The noise subtraction algorithm is based on a time-domain linear fit that sequen-
tially estimates the coupling coefficients of each noise contribution, within the
frequency bandwidth where they become a limiting factor to the interferometer
sensitivity. The time evolution of the data directly measured from the interfer-
ometer is dominated by slow drifts at very low frequencies (< 1 mHz), mainly
driven by temperature variations, and fast electronic and mechanic fluctuations
at higher frequencies (2 1Hz).

In order to distinguish the behavior of the data in the frequency range of
interest (3 — 30 mHz for LPF), the time series are band-pass filtered in software
for a better estimation of the noise coupling coefficients. The band-pass filter
used for the data analysis has been designed as a second order IIR filter in the
frequency range of 0.4 — 500 mHz.

For this investigation, the following noise sources have been taken into account:
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¢ laser frequency fluctuations, and

¢ 0OrD fluctuations that can be separated in two contributions:

- a Doppler shift induced by fast OPD changes, and

- dominant at lower frequencies appears non-linear excess OPD noise
caused by the beat of spurious sidebands in the optical signals, origi-
nated at the AOM drivers [43, 44, 60].

In order to describe this noise subtraction technique, the correction of the free-
running measurement (stabilizations off) of the interferometer TM 1-TM 2 (X1,)
obtained with the engineering models of the LA and OB (Figure 92), is presented
step by step as an example.

9.4.1  Correction of Doppler shift

As explained in Section 7.2.1, the phase measurement is based on a single-
bin discrete Fourier Transform (SBFT) which relies on the heterodyne signal to
remain centered in the bin chosen. High frequency phase shifts such as the
effects introduce by fast OPD fluctuations produce apparent fluctuations of the
heterodyne frequency fy,e; within the bin that resembles a Doppler shift®.

The contribution of this effect on the measured raw phase ¢ can be computed
as:

1 1
Doppler _ . . 2 . . 2 . .
AP =y () sin(201) + oy YA (M) sin(201) + g YA () sinfdey),
(9-24)
where
_ Pnt1 = Pn—1
Y =———— (9-25)

is a scaled numerical estimate of the frequency shift at the n-th point of the
time series @, and @; °?P'" is the Doppler contribution to the raw phase @;
measured at the interferometer i = {1,12,F, R}, and bin is the frequency com-

ponent of the Fourier Transform corresponding to the heterodyne frequency [61].

Although not necessarily a real velocity is involved, the term “Doppler shift” has become customary
in the AEI LPF group to describe this error coming from a frequency deviation.
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After computation of the Doppler contribution, this can be subtracted from
the original raw phase as

(p{loDoppler = @ _A(pil'joppler (9.26)

Similarly, the Doppler shift can be subtracted from the difference phases ¥; =
@i — @R as

noDoppler _  mnoDoppler noDoppler
\yi = (pi — (pR (9‘27)

As an example, Figure 119 shows the LSDs of the original difference phase

W1, the Doppler-corrected phase W1'YP°PPLeT and the corresponding Doppler

contribution WP,’PP'e", It can be seen that the Doppler shift has a significant
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Figure 119: Red: linear spectral densities of the originally measured free-running ¥1,.

Blue: obtained Doppled-corrected phase W'y °PP'¢". Green: corresponding

Doppler contribution ‘{’?zwpler.

effect on the measurement, and limits the sensitivity of the interferometer at
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frequencies above 300 mHz.

For subsequent noise coupling estimations and subtraction, Doppler-corrected

oDoppler

phases ¥} are used as starting point of the algorithm.

9.4.2  Correction of non-linear OPD noise

During investigations on the noise sources of the LTP interferometer [43, 44], it
was found that electromagnetic cross-talk between the AOM drivers produce
spurious sidebands on the optical signals that interfere at the photodetector,
generating beats of unstable phase at the heterodyne frequency fyt. This effect
results in a non-linearity in the phase readout that, according to the mentioned
investigations, can be analytically described as

yOPD _ <km sin <<P+2<PR > g cos <<PZ<0R>> sin <<92<PR>

+ (Kic sin (@i + @Rr) +kiq cos (@i + @r))sin (@i — @r) (9.28)

where @; — @R represents the slowly varying test mass motion, and %
describes the much larger common-mode phase fluctuations caused by OPD
variations. This expression can be rephrased as

AYOPD — K, - OPD( o3, or), (9-29)
where
ki = ( kia kiv kic kia ) 9:30)

is the vector of coupling coefficients, and the vector

sin(‘PL‘i’(Pk) sm( LE@R)
(P1+‘~PR i~ PR
OPD(¢i, pr) = cos ( ) sin (£57%) (9:31)
sin (@i + (PR) sin (¢i — @Rr)
)

(

(@i —@r)

contains the non-linear OPD terms. Upon computation of the non-linear terms
OPD(@4, r) from the analytic model, a linear fit algorithm can be applied
to estimate the coupling coefficients k; onto the measurand ¥;. It is impor-

tant to remark that the measured data ¢; and ¢ should be Doppler-corrected
prior to the computation of the terms OPD( ¢4, ¢Rr), as explained in Section 9.4.1.

5

cos (@i + @Rr) si
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As mentioned above, the measured time series are dominated at higher frequen-
cies by fast electronic and mechanic noise and slow drifts at lower frequencies,
mainly driven by temperature fluctuations. Therefore, a band-pass filter between
0.4 —500mHz is applied to the measured time series and to the computed
terms OPD( @y, @r), in order to eliminate these additional noise contributions.
The band-pass filtered data ‘P?p and OPDPP (s, ¢r) is used to estimate the
coupling coefficients k; by a linear least squares algorithm. However, the noise
subtraction applies the estimated coefficients to the original unfiltered data

v =Y; —¥OPD —y; —k; - OPD(o4, or) (9:32)

iopdns
Figure 120 illustrates with a diagram the noise subtraction algorithm.
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Figure 120: Flow diagram of the OPD noise subtraction algorithm.

This technique was used to correct non-linear OPD noise in real interferometric
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data, and as the example applied for ¥1,, Figure 121 shows the obtained LSDs for
the Doppler-corrected phase W'y °PP" the phase Wi, ane ODtained from the
OPD noise subtraction, and the corresponding non-linear OPD noise contribution
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Figure 121: Red: linear spectral densities of the Doppled-corrected phase W}y P°PPter,
Blue: the phase ¥; = obtained from the OPD noise subtraction. Green:

corresponding non-linear OPD noise contribution ¥ P.

dns

The blue trace, which is the OPD-corrected LSD, evidences the characteristic
1/f shape of laser frequency noise that will be corrected in the next step. As-
suming that laser frequency noise was not the dominant factor in this plot, the
non-linear OPD contribution (green trace) would limit the interferometer sensitiv-
ity at the level of 7 pm/+v/Hz below 100 mHz, in terms of test mass displacement.
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The coefficients obtained from the linear fit are

kiz[rad] = ( 759 %x 107> —193x107° —1.88x10"° —1.63x10"° )

with their corresponding errors

okjz[rad] = ( 3.88x 1077 3.87x1077 2.61x1077 261 x10~7 ) .

The maximum error obtained is of the order of 2% and is a good indicator of
the convergence and precision of the coefficient estimations.

For the subsequent laser frequency noise subtraction, the corrected phases
v are used as input for the algorithm.

iopclns

9.4.3 Correction of laser frequency noise

As described in sections 6.3.2 and 8.2.3, laser frequency fluctuations év propor-
tionally translate to phase noise 6 in interferometers by its armlength mismatch
AL as

AL
d¢p = ZTET&V. (9.33)

In the case of the frequency interferometer on the LTP optical bench, the arm-
length mismatch is by design approximately 38 cm. Hence, the difference phase
Wr obtained from this interferometer gives an indirect measurement of laser
frequency fluctuations, where they are the dominant effect.

The measured time series W can be used to estimate the coupling factors
of laser frequency fluctuations on the main measurements ¥; and ¥1,.

The linear fit algorithm uses as input the band-pass filtered OPD-corrected
time series ‘Pibozdns (i={1,12}) and ‘Pgidns that were previously obtained from
the OPD noise subtraction (Section 9.4.2), in order to obtain the coupling coeffi-
cients ¢;. Similarly to the case of the OPD noise, although the coefficients have
been obtained with band-pass filtered data, the laser frequency noise subtraction
is applied to unfiltered data that has been previously OPD corrected

Wifreqns = ‘yiopdns - CilyFopdns (934)
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Figure 122 shows the flow diagram of the laser frequency noise subtraction

algorithm.
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Figure 122: Flow diagram of the laser frequency noise subtraction algorithm.

The LSD of the results obtained by applying this technique are shown in Fig-

ure 123.

The blue trace is the LSD of data obtained after the noise complete noise sub-
traction algorithm, which can be corrected from the level of 400 pm/vHz to
20pm/vHz at 1 mHz and thus meet the required sensitivity even without fre-

quency stabilization.
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9.4 NOISE SUBTRACTION TECHNIQUES

In this case, the coupling coefficient ¢, obtained from the fit is
€12 =526 %1072 +£9.96 x 10°° [rad/rad]

This corresponds to an armlength difference of approximately 19 mm in accor-
dance with the corresponding value of 14.5 mm measured in [44]. The complete
noise subtraction technique and the obtained results are briefly summarized in
the following section.

9.4.4 Outline of entire algorithm

The noise subtraction algorithm presented here is divided in three subsequent
steps: Doppler correction = correction of non-linear OPD noise = correction of
laser frequency noise. The results obtained from each step are used as input for
the subsequent noise correction. Each noise source affects the interferometer sen-
sitivity in a different frequency bandwidth that needs to be properly taken into
account in order to apply a linear fit algorithm to determine the corresponding
coupling coefficients.

Moreover, original interferometer data contains noise contributions from sources
that dominate its time evolution and have not yet been accounted for in this
algorithm, such as temperature fluctuations. Therefore, the data is band-pass
filtered in the frequency range of 0.4 —500mHz in order to decouple these
effects from the time series, thus obtaining a data stream governed by the noise
contributions described above. The band-pass filtered data are used to obtain
the coupling factors of each noise source by a linear fit algorithm, however, the
noise subtraction is applied on the original unfiltered data using these same
coefficients.

A flow diagram describes the entire algorithm is presented in Figure 124. The
sequence of the algorithm has been defined such that non-linear OPD noise is
corrected first in the measured phases W1, ¥1,, and also W before entering the
laser frequency noise subtraction step. However, this is numerically not optimal
as the contribution of laser frequency noise is much higher than the OPD noise,
which means that the fit has to estimate a relatively small coupling factor out
of noisy data overcasting the non-linear OPD contribution. Even under these
circumstances, the algorithm seems to perform sufficiently well, but this effect
can be further investigated in order to optimize the technique.
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Figure 124: Flow diagram of the entire noise subtraction algorithm.
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9.4 NOISE SUBTRACTION TECHNIQUES

The results obtained for the example presented here are summarized in the
plot of Figure 125, which shows the LSDs of the original data ¥;, the corrected
data obtained at the output of the complete noise subtraction ¥1,,, and each
noise contribution: Doppler shift, non-linear OPD noise, and laser frequency
fluctuations.
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Figure 125: Red: linear spectral density of the original measured phase ¥1,. Blue: LSD
of the corrected phase W1, obtained from the noise subtraction algorithm.

Green: noise contribution of the Doppler shift W°PP'¢", Cyan: contribution

of non-linear OPD noise ‘P%PD. Magenta: noise contribution of laser frequency

fluctuations ‘{’fZRE Q

Besides the case of noise subtraction on free-running measured data as pre-
sented above, the method has been applied on partially and fully stabilized
measurements, where excess noise remaining unsuppressed by control loop was
fitted and subtracted from the data.
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Stabilized laser frequency and free-running OPD

Figure 126 shows LSDs obtained from the noise subtraction algorithm applied to
the measured difference phase W7 under conditions of operative laser frequency
stabilization and free-running OPD.
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Figure 126: Measurement with stabilized laser frequency and free-running OPD. Red:
linear spectral density of the original measured phase V¥;. Blue: LSD of the
corrected phase W1, s obtained from the noise subtraction algorithm. Green:
noise contribution of the Doppler shift ‘P?Oppler. Cyan: contribution of
non-linear OPD noise ¥{ PP . Magenta: noise contribution of laser frequency

fluctuations ‘{’fRE Q

It can be seen that the contribution of non-linear OPD noise (cyan trace) in
the original data clearly limits the interferometer sensitivity at approximately
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5pm/vHz. The following coupling coefficients with their corresponding errors
were determined for this noise source by the method presented above

ki [rad] ok [rad]
500x 107> 153 x 1077
—4.09x107° 153x 1077
—7.38x 107> 950x 108
—2.88x 107> 953x10°8

Furthermore, the magenta trace is the contribution of remaining laser frequency
noise that was not suppressed by the control loop, and limits the interferometer
sensitivity at a level of 3 pm/v/Hz between 10 mHz and 30 mHz. The coupling
coefficient estimated for this case is

¢ =3.03x1072+£1.73 x 10~* [rad /rad].

A significant improvement from the Doppler correction (green trace) can also be
observed at frequencies above 200 mHz.

Stabilized system: excess laser frequency noise

Figure 127 shows LsDs obtained for the case where the measurement was
conducted in fully stabilized condition, with active OPD and laser frequency
control loops. The plot shows that the Doppler shift is the dominant noise above
1Hz, and below this point up to 40 mHz excess noise introduced by the laser
frequency control loop is the limiting factor. The coefficient obtained from the
fit for this case is

C12 =4.69 x 1072 £4.44 x 10~* [rad/rad].

From the traces (green and magenta, respectively) of the noise contributions
computed for the Doppler shift and the noise introduced by the laser frequency
control loop, it can be seen that the effect of non-linear OPD noise was negligible
in this measurement, which is consistent with the corresponding contribution
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Figure 127: Red: linear spectral density of the original measured phase W1, expressed
as TM displacement noise Xj,. Blue: LSD of the corrected phase Wion5
obtained from the noise subtraction algorithm. Green: noise contribution
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Black: linear spectral density of the original measured phase W
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computed by the noise subtraction algorithm (cyan trace). The coefficients
obtained from the fit in this case are

k12 [rad] dkq2[rad]
—491x107° 471 x10~7
333x107°  442x1077
—6.19 X 1077 2.05 X 10"/
3.98x107° 4.05x 1077

The error of the coefficient for the third OPD term (sin (@12 + @r) sin (@12 — @Rr))
is approximately 33% and very large compared to the other terms, which is also
an indicator that the non-linear OPD noise present in this measurement was so
small that it vanished in the noise floor of the measurement, where other effects
become significant, such as, for instance, thermal expansion of the Zerodur®
baseplate.

According to the results obtained from applying this noise subtraction algorithm
to different cases, where the measurement conditions vary from free-running
to fully stabilized, and especially by taking into account the errors of the coef-
ficients computed by the fit routine, this method has proven to be a powerful
technique to characterize the coupling of diverse noise sources in the instrument
and correct for their contribution, even in the presence of active stabilizations
and remaining unsuppressed excess noise.

Nevertheless, it is always necessary to be prudent in the use of noise sub-
traction techniques and critically evaluate the obtained result, as it could also
corrupt the data. This has been evidenced in the latter case, even though the
contribution of this third OPD coefficient was negligible to the total noise floor of
the measurement after the noise subtraction. It is always preferable to remove a
noise source at its origin instead of applying analysis techniques to subtract it
in post-processing. The LTP interferometry has been designed accordingly.

This noise subtraction technique and the angular noise subtraction algorithm of
Section 9.2 have been presented separately for explanatory purposes. However,
they can be regarded as a single method that accounts: test mass angular noise,
Doppler shift, non-linear OPD noise, and laser frequency fluctuations. A sample
MATLAB® script that makes use of the LTPDA toolbox for this kind of integrated
analysis is given in Appendix A. A similar analysis has been also implemented
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with the LTPDA GUI” that produces the same results. Screenshots of the block
representations for the analysis are shown in Appendix B.

The implementation of both the script-based and the GUI-based noise subtrac-
tion algorithms evidenced the necessity of implementing dedicated processing
methods in the LTPDA toolbox in order to ease this kind of data analysis to the
user.

7 This work was done together with Miquel Nofrarias.
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SUMMARY AND OUTLOOK

This Part presented a detailed description of the measurement principle of the
LTP interferometry and its specific implementation at the level of engineering
and flight model hardware.

The required test mass displacement and angular sensitivity of 6.3 pm/vHz
and 20 nrad/+v/Hz, respectively, has been demonstrated by operating the optical
bench engineering model with laboratory breadboard equipment for the optical
modulation and control loops, as well as with dedicated engineering models
manufactured by industrial partners.

As the LISA Pathfinder missions approaches its integration phase, deliverables of
the subunits need to be precisely characterized and tested in functionality and
noise level.

The case of the testbed setup for the Laser Assembly engineering model pre-
sented in Section 8.4, is a representative example of the effort jointly invested by
scientists and industrial partners, in order to obtain the required performance of
the system. The results from interferometric test mass displacement sensitivity
measurements with fully operating stabilization systems were obtained as team
work within the AEI LTP group in collaboration with Kayser-Threde Munich, as
industrial partner in charge of the Laser Assembly.

Furthermore, the application of a real-time wavefront detector to help in the
design and characterization of quasi-monolithic fiber injectors for the LTP optical
bench has been achieved in close collaboration with the University of Glasgow,
which is the institution in charge of delivering the flight model optical bench.

This device has been also very useful in the characterization of optical compo-
nents for LTP, such as the optical window, leading to noise predictions of the
potential effects of this component on the noise level of the phase measurement.
Due to its wide range of application in optical metrology, it will also be used in
forthcoming LISA investigations, such as the design and characterization of the
telescope, and development of the initial acquisition sensor.

173



SUMMARY AND OUTLOOK

In addition, the cross-coupling between angular and displacement degrees
of freedom in the LTP interferometer has been investigated under representative
conditions of the expected on-orbit residual test mass angular noise. Hardware
simulations of this effect were performed by using PzT-actuated mirrors as mov-
able test masses, which led to the quantification of the excess noise introduced
into the length measurement that prevents the interferometer of reaching its
required sensitivity in the overall observation band. In order to correct this
excess noise, a noise subtraction technique capable of eliminating this noise
contribution in the length measurement has been developed.

Moreover, this study required the assessment on the mechanical stability and
steerability of piezo-electric transducers at the picometer level and millihertz fre-
quencies, which is also an important finding for LISA, since the current baseline
design foresees such components in the main optical path, like the point-ahead
angle mechanism that was presented in Chapter 4.

A more general noise subtraction technique was also developed to charac-
terize the coupling of noise sources in the LTP interferometer, and is capable of
properly correct most of the sensitivity limiting factors, such as Doppler shift,
laser frequency fluctuations, and non-linear optical pathlength difference noise.
As it was presented in detail in Chapter 8, dedicated stabilization systems have
been developed to counteract these specific noise sources.

This technique has not only proven the capability of subtracting the total noise
contribution of these effects in a free-running measurement (no operative stabi-
lizations), but it is also able to subtract excess noise that remained unsuppressed
by the control loops. The fact that all required measurement information is
available at the output of the LTP data management unit (DMU), allows to con-
duct measurement runs to fit the coupling of these noise source for in-orbit
conditions, which is encouraged to be included as part of the LISA Pathfinder
experimental master plan.

The noise subtraction algorithm itself is a time-domain routine which rep-
resents a suitable fall-back strategy in case of malfunction of the stabilizations or
presence of excess noise remaining unsuppressed. Nevertheless, it is encouraged
to conduct further studies on the algorithm, in order to improve the parame-
ter estimations and even expanding the model to account for additional noise
sources, such as temperature fluctuations.
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For explanatory purposes, this noise subtraction technique and the angular
noise subtraction algorithm were presented separately, but they can be regarded
as a single method that accounts for the coupling of Doppler shift, non-linear
OPD noise, laser frequency fluctuations, and the cross-talk between angular and
displacement degrees of freedom, which has been shown to be significant.

Although the performance investigations presented in this Part were specifically
conducted for the LTP interferometry, similar topics and techniques are expected
to be investigated and further developed for LisA, such as the application of the
real-time wavefront detector for characterization of the fiber injectors and the
optical window, which are both currently included in the baseline design. The
same applies to the results obtained from investigating the cross-talk between
angular and displacement degrees of freedom, and the associated assessment
of the stability of piezo-electric transducers. Noise subtraction techniques are
common to have a wide application range, however, as mentioned in Chapter 9,
their application must be performed carefully, as the input parameters and
configuration of the algorithm strongly depend on the physical system to be
analyzed.
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CONCLUSIONS

This thesis presents the development and implementation of three different
optical metrology techniques for the measurement of test mass attitude and
displacement.

An optical cavity has been designed for displacement measurements at the
level of 1pm/v/Hz in the millihertz frequency band. This test facility was de-
veloped for stability verification of prototypes of the LISA point-ahead angle
mechanism. Initial testing demonstrated the required sensitivity at almost all fre-
quencies, with the exception of an excess noise shoulder in the frequency range
of 1 —10mHz. This limiting factor was traced to originate in the modulation sys-
tem under the influence of temperature fluctuations, affecting the fiber-coupled
electro-optic modulator. As part of subsequent investigations outside the scope
of this thesis, the procurement of a vacuum compatible device that could be
placed inside a thermally stable environment of 10~> K/v/Hz, eventually led to a
measurement noise floor completely below the requirements. However, test mass
displacements of more than one laser wavelength are expected in space-based
gravitational wave observations which would prevent to maintain the cavity in
resonance, thus making resonant cavities not suitable for this application.

Furthermore, a homodyne interferometry technique based on the deep phase
modulation (several radians) of one interferometer arm was developed. The
phase modulation enables to operate the interferometer with constant high
sensitivity over a wide dynamic range, thus overcoming the limitation of the
previous method. Test mass attitude and displacement measurements conducted
at the engineering model of the LTP optical bench resulted in readout sensi-
tivities of better than 10nrad/vHz and 10 pm/v/Hz at millihertz frequencies,
respectively. Two main noise sources were identified and corrected in this ex-
periment. One is the effect of the analog electronics that corrupts the relative
amplitude of the frequency components used to extract the interferometer phase
by a fit algorithm in the frequency domain. This error was removed by cor-
recting the complex amplitudes with the corresponding complex value of the
inverse transfer function of the analog electronics at the 10 frequencies of inter-
est (280, 560, ...,2800Hz). The second noise source is fluctuations of the laser
frequency that proportionally translate to interferometer phase noise. This noise
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source was treated in two different ways that yielded comparable results: (a) a
commercial pre-stabilized laser system that is sufficiently stable in its frequency
was used in a measurement; (b) an independent measurement of the laser fre-
quency fluctuations is obtained from an additional interferometer on the LTP OB
EM with intentionally large armlength mismatch. A noise subtraction algorithm
uses this information to estimate the corresponding coupling factor into the
phase measurement, and subtracts its contribution accordingly. The achieved
readout sensitivity is comparable to the performance of the LTP interferometry
within one order of magnitude, while applying a simpler modulation scheme
at the expense of a more complex data processing required for the interferometer.

In addition, investigations on the baseline heterodyne interferometry designed
for LISA Pathfinder were conducted. Its status, as of May 2009, is presented
together with the development of a test facility for engineering models of the
optical metrology subunits. The required test mass interferometric readout
sensitivity of 20nrad/vHz and 6.3 pm/+/Hz has been demonstrated with engi-
neering models of the optical bench and laser assembly. A previously developed
real-time wavefront detector was applied in the design and manufacture of
quasi-monolithic fiber injectors for the LTP optical bench and the characteri-
zation of coated optical windows, leading to acceptable noise predictions of
their potential effects on the noise level of the phase measurement. Hardware
simulations of in-orbit test mass dynamics were conducted to characterize the
cross-coupling between angular and displacement degrees of freedom in the LTP
interferometer. Moreover, a time-domain noise subtraction technique capable
to correct for sensitivity limiting effects like the coupling of test mass angular
noise into displacement readout, and fluctuations of the laser frequency and
non-linear optical pathlength difference was developed.

The fact that all required information is available in the spacecraft and that
this technique works in the time-domain, makes it a feasible fall-back strategy
in the case of malfunction of the active stabilizations or under the presence
of excess noise remaining unsuppressed in order to continue producing high
quality interferometric data for test mass and spacecraft control.

Picometer-accurate interferometry can be obtained by more than one technique,
but there are always unexpected noise sources that can only be found in realistic
experiments. Their removal requires various techniques such as auxiliary stabi-
lizations or post-processing of the data. Auxiliary signals are indispensable for
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diagnosis, characterization, and eventual removal — if possible — of these excess
noise sources.
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LTPDA SCRIPT FOR NOISE SUBTRACTION ANALYSIS

This appendix gives a compact LTPDA script for the entire noise subtraction
technique that considers: Doppler shift, non-linear OPD noise, laser frequency
noise, and test mass angular jitter.

The output at the last stage of the analysis, which is in this case the output
of the angular noise subtraction, psil_noisesub and psil2_noisesub has been
corrected from the noise contributions mentioned above. The script starts here:

oe

LTPDA script for noise subtraction in the LTP interferometer
Doppler,OPD, laser frequency, and TM angular noise

F Guzman 20—05—09, Albert Einstein Institute Hannover

Start

o0 o o° o
o

3
Q

%% Loading longitudinal phases raw data
rawphil_doppler =ao('rawphil.mat');%Loading rawphil
rawphil2_ doppler=ao ('rawphil2.mat'); %Loading rawphil2
rawphiF_doppler =ao('rawphiF.mat');%Loading rawphiF
rawphiR_doppler =ao('rawphiR.mat');%$Loading rawphiR
%% Loading angular raw data

phil = ao( 'phil.mat' );%Loading phil

etal = ao( 'etal.mat' );%Loading etal

phil2 = ao( 'phil2.mat' );%Loading phil2

etal2 = ao( 'etal2.mat' );%Loading etal?2

%% defines sample frequency for filter design
fs=rawphil_doppler.fs;

%% DOPPLER CORRECTION ON RAW—PHASES

dpl=plist ('bin',50);

rawphil = dopplercorr (rawphil doppler , dpl);
rawphil2 = dopplercorr (rawphil2_doppler, dpl);
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rawphiF dopplercorr (rawphiF_doppler , dpl);
rawphiR = dopplercorr (rawphiR_doppler , dpl);

%% Computing doppler—corrected difference phases
psil=rawphil—rawphiR;

psil2=rawphil2—rawphiR;

psiF=rawphiF—rawphiR;

% OPD PRE—PROCESSING: TERMS COMPUTATION
Computing OPD TERMS PSI_1

opdtermla=sin ((rawphiR+rawphil) /2) .*sin((rawphiR—rawphil)/2); % sin((phiR
+phiM) /2) *+sin ( (phiR—phiM) /2)

opdtermlb=cos ( (rawphiR+rawphil) /2) .*sin ((rawphiR—rawphil) /2); % cos((phiR
+phiM) /2) *sin ( (phiR—phiM) /2)

opdtermlc=sin (rawphiR+rawphil) .*sin (rawphiR—rawphil); % sin (phiR+phiM) %
sin (phiR—phiM)

opdtermld=cos (rawphiR+rawphil) . xsin (rawphiR—rawphil); % cos (phiR+phiM)
sin (phiR—phiM)

% Computing OPD TERMS PSI_12

opdterml2a=sin ( (rawphiR+rawphil2) /2) .*sin((rawphiR—rawphil?2) /2); % sin ((

phiR+phiM) /2) *sin ( (phiR—phiM) /2)

)

)

3
5
o
s

opdterml2b=cos ( (rawphiR+rawphil2) /2) .xsin ( (rawphiR—rawphil?2) /2); % cos ((
phiR+phiM) /2) *sin ( (phiR—phiM) /2)

opdterml2c=sin (rawphiR+rawphil2) .*sin (rawphiR—rawphil2); % sin (phiR+phiM)
*sin (phiR—phiM)

opdterml2d=cos (rawphiR+rawphil2) .*sin (rawphiR—rawphil2); % cos (phiR+phiM)
*sin (phiR—phiM)

% Computing OPD TERMS PSI_F

opdtermFa=sin ( (rawphiR+rawphiF) /2) .+sin ( (rawphiR—rawphiF)/2); % sin((phiR
+phiM) /2) *sin ( (phiR—phiM) /2)

opdtermFb=cos ( (rawphiR+rawphiF) /2) .*sin ( (rawphiR—rawphiF) /2); % cos((phiR
+phiM) /2) *sin ( (phiR—phiM) /2)

opdtermFc=sin (rawphiR+rawphiF) .xsin (rawphiR—rawphiF); % sin (phiR+phiM)
sin (phiR—phiM)

opdtermFd=cos (rawphiR+rawphiF) .*sin (rawphiR—rawphiF); % cos (phiR+phiM) %
sin (phiR—phiM)

% Band—pass filtering data
Load bandpass second order [0.4 500] mHz
bppl = plist('type', 'bandpass','fs', fs,'fc',[0.0004 0.5],'order',2);
bp = miir( bppl ); fpl = plist(param('filter', bp));
% filtering difference phases

o
S
o
g

psilbp = filtfilt( psil , fpl);
psil2bp = filtfilt( psil2, fpl);
psiFbp = filtfilt( psiF , fpl);
% filtering angular data

philbp = filtfilt( phil , fpl);
etalbp = filtfilt( etal , fpl);

phil2bp = filtfilt( phil2, fpl);
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etal2bp = filtfilt( etal2, fpl);
% filter OPD terms PSI_1

Appendix A

opdtermlbpa = filtfilt( opdtermla , fpl);
opdtermlbpb = filtfilt( opdtermlb , fpl);
opdtermlbpc = filtfilt( opdtermlc , fpl);
opdtermlbpd = filtfilt( opdtermld , fpl);

% filter OPD terms PSI_12

opdterml2bpa = filtfilt( opdterml2a , fpl);
opdterml2bpb = filtfilt( opdterml2b , fpl);
opdterml2bpc = filtfilt( opdterml2c , fpl);
opdterml2bpd = filtfilt( opdterml2d , fpl);
% filter OPD terms PSI_F

opdtermFbpa = filtfilt( opdtermFa , fpl);
opdtermFbpb = filtfilt ( opdtermFb , fpl);
opdtermFbpc = filtfilt ( opdtermFc , fpl);
opdtermFbpd = filtfilt( opdtermFd , fpl);

%% OPD noise subtraction PSI_1

% LSCOV, coeffiecients estimation

coeffsOPD1 = lscov (opdtermlbpa, opdtermlbpb, opdtermlbpc, opdtermlbpd,
psilbp);

% Linear combination

psil_opdnoisebp = lincom(opdtermlbpa, opdtermlbpb, opdtermlbpc,
opdtermlbpd, coeffsOPD1);

psil_opdnoisebp.setYunits ('rad');

psil_opdnoise = lincom(opdtermla, opdtermlb, opdtermlc, opdtermld,
coeffsOPD1) ;

psil_opdnoise.setYunits ('rad');

% Noise subtraction

psil_opdnsbp = psilbp — psil_opdnoisebp;

psil_opdns = psil — psil_opdnoise;

%% OPD noise subtraction PSI_12

% LSCOV, coeffiecients estimation

coeffsOPD12 = lscov (opdterml2bpa, opdterml2bpb, opdterml2bpc,
opdterml2bpd, psil2bp) ;

% Linear combination

psil2_opdnoisebp = lincom(opdterml2bpa, opdterml2bpb, opdterml2bpc,
opdterml2bpd, coeffsOPD12);

psil2_opdnoisebp.setYunits ('rad');

psil2_opdnoise = lincom(opdterml2a, opdterml2b, opdterml2c, opdterml2d,
coeffsOPD12) ;

psil2_opdnoise.setYunits ('rad');

% Noise subtraction

psil2_opdnsbp = psil2bp — psil2_opdnoisebp;

psil2_opdns = psil2 — psil2_opdnoise;

%% OPD noise subtraction PSI_F
% LSCOV, coeffiecients estimation
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coeffsOPDF = lscov (opdtermFbpa, opdtermFbpb, opdtermFbpc, opdtermFbpd,
psiFbp) ;

% Linear combination

psiF_opdnoisebp = lincom(opdtermFbpa, opdtermFbpb, opdtermFbpc,
opdtermFbpd, coeffsOPDF) ;

psiF_opdnoisebp.setYunits ('rad');

psiF_opdnoise = lincom(opdtermFa, opdtermFb, opdtermFc, opdtermFd,
coeffsOPDF) ;

psiF_opdnoise.setYunits ('rad'");

% Noise subtraction

psiF_opdnsbp = psiFbp — psiF_opdnoisebp;

psiF_opdns = psiF — psiF_opdnoise;

% Laser frequency noise subtraction
LSCOV, coeffiecients estimation

oo oo

coeffslF = lscov(psiF_opdnsbp, psil_opdnsbp); % coeffiecients for Psi_1
coeffsl2F = lscov(psiF_opdnsbp, psil2_opdnsbp); % coeffiecients for
Psi_12

o

% Linear combination

psil_fregnoisebp = lincom(psiF_opdnsbp, coeffslF);
psil_fregnoise = lincom(psiF_opdns, coeffslF);
psil_fregnoisebp.setYunits('rad');
psil_fregnoise.setYunits ('rad');

el

psil2_fregnoisebp = lincom(psiF_opdnsbp, coeffsl2F);
psil2_fregnoise = lincom(psiF_opdns, coeffsl2F);
psil2_fregnoisebp.setYunits('rad');
psil2_fregnoise.setYunits ('rad');

% Noise subtraction

psil_fregnsbp = psil_opdnsbp — psil_fregnoisebp;
psil_fregns = psil_opdns — psil_freqgnoise;

<

psil2_fregnsbp = psil2_opdnsbp — psil2_fregnoisebp;
psil2_freqgns = psil2_opdns — psil2_freqgnoise;

%% Angular noise subtraction

coeffs_angl = lscov(philbp, etalbp, psil_freqgnsbp);

coeffs_angl2 = lscov(philbp, etalbp, phil2bp, etal2bp, psil2_freqgnsbp);
% Linear combination

psil_angnoise = lincom(phil, etal, coeffs_angl);
psil_angnoise.setYunits ('rad');

<

psil2_angnoise= lincom(phil, etal, phil2, etal2, coeffs_angl2);
psil2_angnoise.setYunits('rad');

o

% Noise subtraction
psil_noisesub = psil_fregns — psil_angnoise;

3
S

psil2_noisesub = psil2_fregns — psil2_angnoise;
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LTPDA GUI DIAGRAMS FOR NOISE SUBTRACTION
ANALYSIS

This appendix presents a similar analysis as given in Appendix A (but does not
include the test mass angular noise subtraction) and has been implemented*
with the LTPDA GUL

* Pre-processing: loads data, Doppler correction, and applies the band-pass
filtering.

Figure 128: Block diagram of the noise subtraction algorithm performed with the LTPDA
GUL

1 This work was done together with Miquel Nofrarias.

187



B LTPDA GUI DIAGRAMS FOR NOISE SUBTRACTION ANALYSIS

¢ Subsystem (little yellow blows in the pre-processing stage): computation
of non-linear OPD terms

compute

Term

i compute

n Whﬂ
UT&Ju
compute
nknown

Figure 129: Subsystem: yellow blocks of pre-processing stage that compute the non-linear
OPD terms.

e OPD noise subtraction:

Figure 130: Block diagram of the OPD noise subtraction.
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Figure 131: Block diagram of the laser frequency noise subtraction.
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