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Zusammenfassung

Die erste Generation laserinterferometrischer Gravitationswellendetektoren mit Armlidngen im Kilometer-
bereich beginnt derzeit mit der Datenaufnahme, wodurch der direkte Nachweis von Gravitationswellen in
greifbare Nihe riickt. Der deutsch-britische Gravitationswellendetektor GEO 600 bei Hannover ist ein Teil
dieses internationalen Netzwerks mit dem Ziel, ein neues Fenster zum Universum zu 6ffnen.

Das Kernstiick von GEO 600 ist ein Michelson-Interferometer fiir die Messung von durch Gravitationswel-
len hervorgerufenen Langeninderungen entlang zweier rechtwinkliger Messstrecken. Mittels einer Tech-
nik zur resonanten Uberhéhung der im Interferometer gespeicherten Lichtenergie (Power Recycling) wird
die schrotrauschbegrenzte Empfindlichkeit des Interferometers erhoht. GEO 600 ist weltweit das erste der
grofen Interferometer, in welchem elektrostatische Aktuatoren zur Liangenregelung benutzt werden. Zudem
sind die vier Endspiegel und der Strahlteiler mit Quarzfaden als Endstufe dreifacher Pendel aufgehéngt.

Diese Arbeit beschreibt die Implementierung und den erfolgreichen stabilen Betrieb des Michelson-Inter-
ferometers mit Power Recycling (Kapitel 1). Es wurde ein computergestiitztes System entwickelt, welches
den vollautomatischen Betrieb von GEO 600 nahezu ohne menschlichen Eingriff gestattet.

Fiir den stabilen Langzeitbetrieb ,,aufgehingter” Interferometer ist ein automatisches System zur Winkel-
justierung (kurz Autoalignment) der Spiegel unentbehrlich. Basierend auf friiheren Experimenten der For-
schungsgruppe in Glasgow und am 30-m-Prototypen in Garching wurde ein Autoalignmentsystem basie-
rend auf differentieller Wellenfrontabtastung entwickelt und erfolgreich fiir alle aufgehédngten Spiegel von
GEO 600 implementiert. Insgesamt werden 34 Winkelfreiheitsgrade von 17 aufgehingten Spiegeln mit die-
sem System automatisch justiert (Kapitel 3). In einem 17 Tage dauernden Testlauf im Sommer 2002 war
das Michelson-Interferometer mit Power Recycling fiir fast 99 % der Zeit in Betrieb, wobei die lingste
ununterbrochene Messphase lidnger als 120 Stunden andauerte.

Im Gegensatz zu den Gravitationswellendetektoren LIGO, VIRGO und TAMA 300 ist bei GEO 600 die
Dual-Recycling-Technik vorgesehen, um die angestrebte Empfindlichkeit zu erreichen. Dual Recycling ist
die Kombination von Signal Recycling und Power Recycling. Durch die Benutzung eines Signal-Recycling-
Spiegels im Ausgang des Michelson-Interferometers kann das Gravitationswellensignal resonant verstirkt
werden. Mit der Spiegelposition ist das Frequenzverhalten des Detektors einstellbar, wodurch verschiede-
nen erwiinschten Messanforderungen geniigt werden kann. Dual Recycling ist eine fortgeschrittene Interfe-
rometertechnik, die zum Beispiel in der zweiten Generation der LIGO-Interferometer zum Einsatz kommen
wird.

Wihrend Dual Recycling fiir aufgehingte Interferometer am Garchinger 30-m-Prototypen demonstriert
wurde, ist die Implementierung von Dual Recycling fiir GEO 600 aus verschiedenen Griinden eine neue

Herausforderung. Ein Schema fiir den Betrieb von GEO 600 mit Dual Recycling in einem sogenannten
verstimmten Modus wurde entwickelt und erfolgreich getestet (Kapitel 2).

Stichworte: Gravitationswellendetektor, Dual Recycling, Autoalignment . ..
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Abstract

The first generation of kilometer-scale laser-interferometric gravitational wave detectors recently started
collecting data and the direct detection of gravitational waves may be excitingly close. The British-German
gravitational wave detector GEO 600 near Hannover in Germany is part of this international effort to open
a new window on the universe.

The core instrument of GEO 600 is a Michelson interferometer which is used for the detection of differential
length changes along two orthogonal arms that may arise from gravitational waves. The power recycling
technique is used in order to resonantly enhance the light power stored inside the interferometer and thus
increase the shot-noise limited sensitivity of the detector. The Michelson interferometer of GEO 600 is
the first of the large-scale detectors that uses electrostatic drives as displacement actuators for two of the
Michelson end mirrors. The four mirrors of the folded interferometer arms and the beamsplitter are mono-
lithically suspended by triple pendulum chains.

This work describes the implementation and subsequently successful stable operation of the power-recycled
Michelson configuration (chapter 1). A computer-controlled locking scheme has been developed and was
implemented in order to operate the power-recycled Michelson almost without human interaction.

For long-term stable operation of suspended interferometers an automatic alignment (short autoalignment)
system is indispensable. Based on earlier experiments carried out on the Garching 30 m prototype and by
the Glasgow group, an autoalignment system based on the differential wavefront sensing technique has
been developed and successfully implemented for all suspended mirrors of GEO 600. A total of 34 angular
degrees of freedom of 17 suspended mirrors are automatically aligned with this system (chapter 3). In a
17 day long test run in the summer of 2002, the power-recycled Michelson operated for nearly 99 % of the
time with the longest continuous-lock stretch lasting more than 120 hours.

In contrast to the gravitational wave detectors LIGO, VIRGO and TAMA 300, GEO 600 was designed
to use dual recycling from the beginning in order to reach the design sensitivity. Dual recycling is the
combination of signal recycling and power recycling. By using a signal-recycling mirror at the output of
the Michelson interferometer, the gravitational wave signal can be resonantly enhanced and the detector’s
frequency response can be shaped for specific observational requirements. Dual recycling is an advanced
interferometer technique that will also be implemented in the second generation of, for example, the LIGO
detectors.

While dual recycling on a suspended interferometer was demonstrated with the Garching 30 m prototype, its

implementation for GEO 600 is a new challenge for various reasons. A scheme capable of locking GEO 600
in a dual recycling mode (the so-called detuned state) was developed and tested successfully (chapter 2).

Keywords: Gravitational wave detector, Dual recycling, Autoalignment . . .
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Glossary

autoalignment: automatic beam alignment system, subject of chapter 3.

broadband: the state of a signal recycled interferometer when the SR cavity is resonant for the
carrier frequency (see section 2.1).

BS: abeamsplitter, usually the main beamsplitter of a Michelson interferometer.
camera: term used for a photodiode in an assembly together with preamplifiers etc.
CCD: charge-coupled device, used in a videocamera.

DC: average of a fluctuating signal; also used to indicate the limit of some function for low fre-
quencies.

detuned: the state of a signal recycled interferometer when the carrier frequency is not resonant
in the SR cavity (see Section 2.1).

DR: dual recycling (the combination of power and signal recycling).

EOM: an electro-optic modulator (used for modulating or shifting the phase of a light beam); see
also ‘Pockels cell’.

ESD: electrostatic drive (see section 1.3).
FSR: the Free Spectral Range of a cavity.

HPD: high power detector, a photodiode or array of photodiodes capable of detecting up to 2 W
light power (see page 34).

HV: high voltage, maximally 1000 V are used to drive the ESDs.

local control: feedback system installed for each suspended mirror that damps the pendulum res-
onances.

longitudinal: in the direction of the beam axis.
LISO: program for ‘Linear Simulation and Optimization’ of analog electronic circuits [Hei99b].
M: a mirror.

MPR: power recycling mirror.

XX1
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MSR: signal recycling mirror.

Michelson: the Michelson interferometer formed by the beamsplitter BS and the four mirrors
MFe, MCe, MFn, and MChn, often used to specifically indicate this part of a more complex
interferometer.

opamp: operational amplifier.

PD: a photodetector (usually a photodiode).

Piezo: a piezo-electric transducer, used to control the master laser frequency; see also ‘PZT’.
Pockels cell: used as synonym for EOM.

PR: Power recycling.

PSD: power spectral density or a position sensitive device (used for beam spot position measure-
ments).

PZT: used as a synonym for a piezo-electric transducer.
QD: a quadrant photodiode, used for the DWS technique and determining spot positions.

rotation: a movement of a suspended component that causes a horizontal movement of the af-
fected beam (cf. ‘tilt’).

RF: radio frequency (in GEO 600 usually between 9 and 38 MHz).
rms: root mean square.

ROC: radius of curvature of a mirror.

SNR: signal-to-noise ratio.

SR: Signal recycling.

tilt: a movement of a suspended component that causes a vertical movement of the affected beam
(cf. ‘rotation’).

tuning: the microscopic position of a mirror that determines the resonance condition of an inter-
ferometer (see Setion 2.1).

c: the speed of light in vacuum, 299792458 m/s.
C: a capacitor, also used for its capacitance (in Farad).
d: adistance.

d.: capture range (see section 1.4.3).
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E: the electric field. Also used to denote beams in chapter 3.

f: afrequency with the unit Hz.

fwmr: Schnupp modulation frequency for the Michelson interferometer.
fsr: Schnupp modulation frequency for the signal-recycling cavity.
I: acurrent, in particular a photocurrent.

ir 1.

L: a physical armlength or distance in the interferometer.

Q: the quality factor of a resonant system.

q: acomplex parameter describing a Gaussian beam.

R: aresistor or its resistance (in Ohms).

U: avoltage.

w: the radius (half-width) of a laser beam.

wo: the radius of a laser beam at its waist.

X, y, z: the three spatial dimensions, with z usually indicating the beam axis or the direction of
propagation.

Z: an impedance (usually complex).

7+ the Rayleigh range of a laser beam (Az; = ﬂ:w(z)).

a: the angle by which a component is misaligned.

B: the angle corresponding to o in the other dimension.

v: the angle between two wavefronts or beam axes.

d: the angle corresponding to v in the other dimension.

AL: alength difference.

€: dielectric constant.

g: relative dielectric constant for a specific material.

1: the Guoy phase shift.

0: an angle describing the ‘character’ of a misalignment.

6Y: an angle describing the ‘character’ of a misalignment at the beam waist (see Section 3.1.1).
09: an angle describing the ‘character’ of a misalignment at a detector (see Section 3.1.1).

A: the wavelength of the light, 1064 nm in GEO 600.
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0: a tuning (i.e. microscopic position of one or several mirrors) of one degree of freedom of the
interferometer.

Omr: the tuning of the Michelson interferometerpower recycling mirror.

Osgr: the tuning of the signal recycling mirror (which has no influence at a perfect Michelson dark
fringe, but influences the gain and frequency response in dual recycling).



Chapter 1

The Power-Recycled Michelson
Interferometer

1.1 Introduction

GEO 600 is the British-German laser-interferometric gravitational wave detector. GEQO’s core
instrument is a Michelson (for short MI) interferometer with an armlength of 600 m which is
sensitive to differential length changes induced, for example, by gravitational waves. The light
paths in the arms are folded once, yielding an effective arm length of 1200 m and a round trip
arm length of 2400 m. The sensitivity of this instrument to differential arm length changes can
be increased by enhancing the circulating light power with the power-recycling (PR) technique
[DC83, Sch81, SMH"97]. The installation of the GEO 600 power-recycled Michelson was fin-
ished in 2001.

The operation of complex interferometers requires many control loops to work simultaneously.
Often the process of activating these control loops (the lock acquisition), requires special care
and techniques. Experiments on the lock acquisition and control of the power-recycled Michelson
interferometer of GEO 600 are described in chapter 1.

The sensitivity of the power-recycled Michelson can be increased further with the signal recycling
(SR) technique. This involves the installation of an additional mirror at the detector output port.
The resulting configuration is called dual recycling and we will have a look at the dual recycling
experiments on GEO 600 in chapter 2. A major part of the work at hand deals with the automatic
alignment system (often called autoalignment), which is responsible for automatically adjusting
the two relevant angular degrees of freedom of each suspended mirror within GEO 600. This
system is described in chapter 3.

Although GEO 600 in its final configuration will use dual recycling to reach the design-sensitivity,
the power-recycled Michelson without signal recycling is still an important configuration used to
characterize and validate the involved subsystems.
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Figure 1.1 gives a simplified schematic overview of GEO 600 including the light source, two
mode-cleaners, and the power-recycled Michelson. Additional beam steering mirrors are omitted
for clarity. (The physical arrangement of GEO’s optical components is shown in Figures A.1 and

A.2 in appendix A.)
MFn
‘north’
MMC1b MMC2b ‘west’—‘— ‘east’
‘south’
MCn
slave laser PDPR
MMC1a MMC2a
> e
MMC1 MMC2
Clic C2c MPR
master laser PDMC1 PDMC2 MFe
ppBSs (—~ MCe
Al
PDMI

Figure 1.1: Schematic overview of GEO 600 optics in the power-recycled Michelson configuration. The
light source is an injection-locked master-slave system. Two sequential suspended modecleaners are used
before the light enters the power-recycled Michelson interferometer.

The light source of GEO 600 comprises an injection locked master-slave system with 14 W output
power ! [ZBk'02, Bro99, NagO1]. The laser output light passes two sequential modecleaners
which filter the light with respect to beam geometry fluctuations, frequency and amplitude noise.
The light leaving the second modecleaner is the input light to the power-recycling cavity consisting
of the power recycling mirror and the Michelson interferometer operating at the dark fringe. The
modecleaners and their longitudinal control are described in detail by A. Freise [Fre03b], together
with a complete overview of GEO 600. Hence the discussion in the current chapter starts with the
power-recycling cavity, while the modecleaners are referred to as required along the way.

1.2 Power-recycling cavity and lock

1.2.1 Frequency stabilisation

The frequency stabilisation of the laser system for an interferometric gravitational wave detector
has two main goals:

e Minimizing couplings of light frequency noise into the Michelson output signal in the mea-
surement band of a gravitational wave detector (e.g. 50 — 5000Hz).

ITo date, the light power injected to the first modecleaner is attenuated to 2 W. Later it will be increased to the full
available power in order to reach the design-sensitivity when required.
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e Minimizing the rms frequency noise over all frequencies, such that a sufficiently easy lock
acquisition of the power-recycling cavity is possible.

The Michelson length control system uses the Schnupp modulation technique (see chapter 1.4)
which requires an asymmetry in the length of the interferometer arms. Due to this asymmetry, the
interferometer becomes sensitive to frequency fluctuations of the incident laser light. To minimize
this technical noise source, the light frequency has to be stabilized to a reference, as the frequency
noise of the free running laser system exceeds the required limits.

The power-recycling cavity is a good frequency reference in the gravitational wave measurement
band (50 — 5000Hz) for this purpose. As the power-recycling mirror, MPR, is suspended as a dou-
ble pendulum (in contrast to all other mirrors that are a part of the PR cavity being suspended as
triple pendulums), its motion dominates the frequency stability of the power-recycling cavity. Due
to the simpler vertical isolation, the longitudinal mirror displacement is likely being dominated by
coupling of vertical mirror motion to longitudinal displacement. For a rough estimate of the fre-
quency stability of the power-recycling cavity at 50 Hz, we assume a ground displacement noise of
5x 10~'""'m/+/Hz and an isolation of this displacement noise by the suspension of MPR by a fac-
tor of 2 x 108 [P1i03] 2 . This yields a displacement noise of MPR of about Al ~ 1 x 10~"m//Hz
at S0Hz. Using Af/f = Al/l we get Af ~ 0.2uHz/+/Hz, with f = 282 THz as light frequency
and / = 1200m as cavity length. With this, the frequency stability of the power-recycling cavity
is about 500 times better than the GEO 600 requirement of about 100uHz/ v/Hz [Bro99] (how-
ever the readout system required to reach this sensitivity is not trivial). Recent calculations of the
required laser frequency noise give different numbers of 5 to 100uHz/ vHz, depending on the
interferometer configuration (e.g. broadband / narrowband signal recycling, or deviation from the
dark fringe) [Fre03a].

The power-recycling cavity is the frequency reference for the laser light and locking of this cavity
can be done by adjusting the input light frequency to resonate within the free (i.e. longitudi-
nally uncontrolled) power-recycling cavity. The resulting concept in GEO 600 forms a frequency
stabilisation chain. Figure 1.2 gives an overview of the power-recycling lock and the associated
frequency stabilisation chain of GEO 600.

The first modecleaner (MC1) is locked with the reflection locking (Pound-Drever-Hall [DHK *83])
technique. Light incident onto MC1 is modulated in phase with the electro-optic modulator EOM1
and the light being reflected at the input mirror of MC1 is demodulated at the modulation fre-
quency. The resulting signal (also called error signal when emphasizing its use in a feedback
loop) is a measure for the match between the frequency of an eigenmode of the cavity and the
incident laser frequency.

The resonance condition (‘lock’) is maintained by continuously feeding back the error signal to
the laser frequency through an appropriate electronic filter (‘servo’). A control bandwidth of about
100 kHz has been achieved. If only MCI1 is locked, it serves as the frequency reference for the
laser.

2This estimate assumes a coupling factor of vertical to horizontal displacement of 0.1% . The coupling factor
depends on how horizontal the beam is with respect to the center of gravity of the earth [Sau94].
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Figure 1.2: Schematic overview of the power-recycling lock and the associated frequency stabilisation
chain of GEO 600.

For the locking of modecleaner MC2, the reflection locking technique is also used, with phase
modulation sidebands being applied to the incident light by EOM2. MC2 is locked by feeding back
the error signal information to the length of MC1 in the frequency band from DC to 1 kHz. Above
1 kHz feedback is added to the error signal of MC1 (and thus to the laser servo input directly) with
a unity gain frequency of about 20 kHz. With this split feedback, the light frequency is adjusted to
match a resonance of MC2, and if MC2 is locked in this way, it serves as the frequency reference
for the laser. Finally the light leaving MC?2 is the light source for the power-recycling cavity. See
[Fre03b] for more details about the modecleaners and modecleaner locking.

Control sidebands for the reflection locking technique used for the power-recycling cavity are
applied by EOM3 in the light path before MC2. The modulation frequency fpr = 37.16 MHz is
chosen to match the free spectral range of MC2, such that the sidebands are transmitted through
MC2. When MC?2 is locked, the frequency of the light incident on MPR can be adjusted by
changing the length of MC2. Fast frequency fluctuations (which can also be considered as phase
fluctuations) can also be corrected by EOM4 in the light path behind MC2. Both corrections are
done for locking of the power-recycling cavity (see Figure 3.16 on page 95 for details of the beam
extraction on reflection from MPR).

The power-recycling cavity is not a simple Fabry-Perot cavity, but it can be approximated as a
Fabry-Perot cavity with variable reflectivity of the rear mirror (the virtual mirror opposing MPR
consisting of the Michelson interferometer). The transmittance of this virtual mirror depends on
the interference condition of the Michelson interferometer.
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The incident laser light can be locked to the power-recycling cavity even when the Michelson
interferometer is not in the dark fringe condition. If the Michelson is uncontrolled, all mirrors
move freely and the fraction of light being reflected from the Michelson towards MPR varies with
time. Hence the finesse of the power-recycling cavity is variable as well, depending on the tuning
(the microscopic pathlength difference) of the Michelson. With the changing finesse of the power-
recycling cavity the optical gain (the error signal slope) of the cavity is altered proportionally to
the light power available in the power-recycling cavity [Bon95]. The power-recycling error signal
is divided by the light power in order to make the PR control loop more stable.

In order to obtain proper signals for locking of the Michelson interferometer, the power-recycling
cavity has to be locked first. Otherwise the light level available for the Michelson in an anti-
resonant power-recycling cavity is 10000 times smaller than with a locked power-recycling cavity
(provided MPR has a transmittance of 1 %). It is not necessary to lock the power-recycling cavity
and Michelson simultaneously. This would be harder, since, a coincidence of a Michelson dark
fringe and the incident light being resonant within the power-recycling cavity is rather rare.

The feedback path labelled ‘acquisition DC lock’ is only required for a proper lock acquisition
of the power-recycling cavity. It reduces the rms frequency noise of the light leaving MC2 as
explained in section 1.2.3.

1.2.2 Feedback control loop design
1.2.2.1 Actuators

As we have seen, the power-recycling cavity is locked by adjusting the frequency of the light
incident on the power-recycling cavity such that it matches an integer multiple of the cavity’s free
spectral range. This is done by changing the length of the second modecleaner, which in turn
changes the laser frequency by the described frequency stabilisation chain. The additional phase
modulator, EOM4, in the path behind MC2, is used in order to increase the bandwidth of the power
recycling lock independently of feedback to the modecleaners.

1.2.2.2 Loop filters

The crossover frequency between the two actuators (the longitudinal feedback to MC2 and EOM4
after MC2) is at 1 kHz and the unity gain frequency of the whole loop is at about 20 kHz. Figure 1.3
shows the open loop gain and phase of the designed servo for the two actuators individually, as
well as for the combined loop. The loop is unconditionally stable, making it very robust during
the lock acquisition phase of the Michelson, where the optical gain (the slope of the error signal)
varies significantly 3. With two additional transient integrator stages, the gain can be increased
below 2 kHz and 30 Hz, once the Michelson is locked. As there is plenty of phase margin around

3If an automatic gain control (AGC) for the power-recycling cavity lock is used, the gain variations are compensated
over a fairly wide range. However it is still desirable to make the power-recycling cavity lock as stable as possible even
without AGC.
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Figure 1.3: Open loop gain and phase of the power recycling loop. The ‘sum’ plot shows the (complex) sum
of the slow and fast actuator paths. The crossover frequency is at 1 kHz, the overall unity-gain frequency is
at about 20 kHz.

the unity gain point, further integrators may be added, if required for further frequency noise

suppression.

1.2.3 Lock acquisition of the power-recycling cavity

One goal of the laser frequency stabilisation is to enable a fairly easy lock acquisition of the power-
recycling cavity. For this purpose, the rms frequency noise of the laser light with respect to the
power-recycling cavity is important. In the case of GEO 600, the laser is not locked to a rigid
referency cavity, but to the modecleaners, such that the rms frequency noise is dominated by the
main resonances of the modecleaner pendulums. The modecleaner mirror displacement noise can
be as large as 1 umyy, giving a frequency noise of Af = 70 MHz .

As the power-recycling cavity is 300 times longer than the modecleaners (1200 m versus 4 m), its
rms frequency noise is 300 times smaller (assuming the same mirror displacement noise around
1 Hz). However the larger modecleaner length noise (which determines the light frequency noise
of the light incident to the power recycling cavity when the PR cavity is not yet locked) leads to a
more difficult lock acquisition of the power-recycling cavity, as several 100 fringes per second are
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observed at the power-recycling cavity *.

Of course it is possible to lock such a system on a turning point of a modecleaner pendulum, where
relative frequency changes are small. But the crucial point is that the power-recycling servo has to
be in the locked condition for a large fraction of time. The power-recycling cavity must be locked
before the Michelson can attempt to lock, such that lock acquisition times for the full system can
be drastically decreased if the power-recycling cavity acquires lock as fast and as often as possible.
For this purpose we stabilize the frequency (and thus the length) of the second modecleaner to the
frequency of the (virtually) free running master laser in a frequency band from DC up to roughly
10Hz 3. This is done by feeding back the information contained in the feedback signal of the
master laser to the longitudinal position of modecleaner mirror MMC2b, as shown in Figure 1.2.
This control loop is called acquisition DC lock.

Above approximately 4 Hz the frequency noise of the modecleaners is smaller than the master
laser’s frequency noise, such that for frequencies above 4 Hz the modecleaners are the ‘quieter’
frequency reference. However, a bandwidth of about 10 Hz for the feedback to MC2 length is used
in order to provide sufficient loop gain around 1 Hz. Note that in this kind of feedback the master
laser is locked to the modecleaners with a feedback loop of high bandwidth (DC — 100kHz), while
in turn the modecleaners are locked to the master laser’s feedback signal with a low-bandwidth
loop (DC — 10Hz). The result is a laser frequency noise which has the smallest possible noise of
the two references used in combination. This stabilisation scheme is sufficient for reducing the
rms frequency noise of the laser for acquisition purposes. However, after lock acquisition of the
Michelson, the acquisition DC lock is switched off to give full control of the laser frequency to
the power-recycling lock and avoid any contamination with noise from the (virtually) free running
laser.

Figure 1.4 shows the amplitude spectral density of the feedback signal to the master laser, cali-
brated as laser frequency noise. It can be seen that the uncontrolled second modecleaner domi-
nates the laser frequency noise below 4 Hz. With the acquisition DC lock active, the rms frequency
noise is sufficiently reduced to enable the lock acquisition of the power-recycling cavity. Never-
theless the laser frequency noise is still dominated by the modecleaner from about 1 to 4 Hz. If
the power-recycling cavity is locked, the feedback signal to the laser is (except for the small peak
around 0.6 Hz) determined by the frequency noise of the (virtually) uncontrolled master laser. The
peak around 0.6 Hz is caused by the free longitudinal motion of the power-recycling cavity.

1.2.4 The loop in operation
1.2.4.1 Frequency noise

Figure 1.5 shows the measured spectral density of the power-recycling cavity errorpoint with the
PR loop in operation (this is an in-loop measurement). Also shown is the feedback applied to the

4A fringe denotes the transition of the incident light frequency across a resonance frequency of the power-recycling
cavity.

5The Nd: YAG crystal of the master laser can be seen as the reference ‘cavity’ in the band from DC to 10 Hz, as long
as the power-recycling cavity is not locked.
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Figure 1.4: Spectral density of the feedback signal to the master laser, calibrated as laser frequency noise.

length of MC2 in the frequency band up to 1 kHz, where it represents the noise of the free mode-
cleaner against the power-recycling cavity. The difference between the two curves is a measure
for the suppression of the free modecleaner noise that is achieved by the PR lock.

The power recycling errorpoint frequency noise does not yet reach the required level of at most
100uHz/ vHz. However this is expected to be reached in the final GEO 600 configuration, as the
optical gain of the PR lock will be increased by a factor of 10 then, by increasing the finesse of the
power-recycling cavity. Furthermore, it has to be noted that the photodetector currently in use for
the power-recycling cavity longitudinal lock (which is used for automatic alignment as well) can
detect the error signal of a full fringe without saturation. To enable this, the light power detected
has to be largely attenuated. In the final setup it might be required to use the current detector
only for acquisition and then switch to another detector running with larger light level. Another
possibility could be to increase the light level on the existing photodetector in lock.

It should be noted that the above measurement of the power recycling errorpoint is an in-loop
estimation of the frequency noise. It remains to be seen whether the frequency noise contribution to
the main detector output signal indicates a larger frequency noise than estimated by the errorpoint
measurement.

The calibration of the frequency noise was done by injecting a signal into the power recycling
loop and determining its size in the feedback to MC2 mirror MMC2b. MMC2b is then calibrated
by injecting a larger signal to MMC2b (with the power-recycling cavity unlocked) such that it can
be observed in the signal applied to the master laser frequency actuator, for example the piezo
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Figure 1.5: Spectral density of the power-recycling cavity errorpoint with the PR loop in operation. Also
shown is the feedback applied to the length of MC2. The MC2 feedback is only shown in the frequency
band up to 1 kHz, where it displays the noise of the free modecleaner against the power-recycling cavity.

mounted onto the master oscillator crystal. In a final step, the master laser piezo actuator is cali-
brated by driving it with a ramp and observing the sideband resonances (of the phase modulation
applied by EOM1) at the first modecleaner. (See [Fre03b], section 2.5.3 for further details about
the calibration of the master laser.)

1.2.4.2 Stability problems due to suspension resonances

At a point in time when locking of the power-recycled Michelson had become more and more
stable, it turned out that continuous lock stretches were not longer than about 2-3 hours. Observing
the error- and feedback signals of the involved loops, it became obvious that the feedback to the
phase modulator EOM4 (which acts on the frequency of the light incident to the power-recycling
cavity) was saturating at a frequency around 197.3 Hz. Observing the spectrum of this feedback in
lock revealed that the line at 197.3 Hz was growing exponentially with time and needed some time
to decay after excitation. The measurement of the transfer function from the MMC2b actuator to
the laser frequency shows a resonance around 197.3 Hz, which is a violin mode of the steel wire
slings that suspend MMC2b.

Figure 1.6 shows this resonances structure which has a particularly large phase lead of about 40°
at 197.335Hz. The measurement shows the transfer function from MMC2b longitudinal input
to the master laser frequency feedback (measured at the PZT actuator of the master laser). The
power-recycling cavity was not locked for this measurement.



10 1. THE POWER-RECYCLED MICHELSON INTERFEROMETER

Amplitude

197.33 197.335 197.34
Frequency [Hz]

100 ——m

Phase [Degree]
B D 0]
o o o
T T

N
o

0,

L L L L L L L L L | L L L L L L L L L
197.33 197.335 197.34
Frequency [Hz]

Figure 1.6: Modecleaner resonance of MMC2b suspension, visible in the transfer function from MMC2b
longitudinal input to the master laser frequency feedback.

As the crossover frequency between the coil-magnet actuator and the EOM is around 1 kHz, the
resonance at 197.335 Hz causes an additional crossing of the gain curves of the two actuators at
this frequency (see Figure 1.3 for reference). To make such a system stable, it is required that
the phase difference between the two actuators is below 180° at the frequencies of equal gain.
Due to the relatively large phase lead of the resonance shown, the system was just unstable at this
frequency. An additional phase lead in the electronic feedback filter of the EOM path of about 20°
around 200 Hz removed the oscillation at 197 Hz. The additional phase lead was introduced by
shifting one of the pole frequencies in the EOM path servo design to a lower frequency.

1.2.5 Low frequency length control

In general, the low-frequency stabilisation of the laser frequency is called DC lock in GEO 600.
We have two different types of DC lock:

e The acquisition DC lock described above in section 1.2.3, using the length of the master
laser’s YAG ring resonator as frequency reference.

e The DC lock stabilizing the laser frequency to a GPS-locked rubidium clock standard after
the power-recycling cavity is locked. This DC lock is described below.
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We have seen above that when the power-recycling cavity is locked, it serves as the frequency
reference for the master laser up to 1kHz (the bandwidth up to which feedback is applied to the
length of MC2). This implies that absolute length drifts of the power-recycling cavity in lock
will lead to absolute frequency changes of the laser. While this does not affect experiments in
principle (concerning the carrier light), an absolute length change of the power-recycling cavity
leads to an imperfectly resonant Schnupp frequency within the power-recycling cavity, which can
increase the frequency noise coupling as a consequence. Furthermore, it is undesirable to have
a change in MC2 length at low frequencies, as this slightly affects the phase of the transmitted
sidebands, although this effect is very small due to the length difference of the modecleaners and
the power-recycling cavity.

In the final GEO 600 setup, there will be a low-frequency length stabilisation of the power-
recycling cavity. A preliminary version of such a length control is set up at MC2, detecting the
light in reflection of the MC2 input mirror. A dedicated photodiode ® measures the beat signal of
the phase modulation at 13 MHz (used for obtaining the locking signal for MC2) and the phase
modulation at fpr. If the free spectral range (which is determined by the length) of MC2 deviates
from fpr, a small fraction of the power-recycling control sidebands is reflected and beats with
the 13 MHz sidebands, yielding a length control signal, which could be applied to the length of
the power-recycling cavity. Preliminary experiments showed that the length resolution obtainable
with this setup is of the order 1um, which corresponds to a relative accuracy of order 1 x 1079,

A similar possibility is to demodulate the reflected light at MPR with the difference frequency
of fpr and the Michelson Schnupp frequency fwmy. This signal will be zero when the Michelson
Schnupp sidebands are exactly resonant within the power-recycling cavity. As the integer multiple
of the FSR of the power-recycling cavity that matches fy is known, this kind of measurement is
also a measure of the absolute length of the power-recycling cavity.

Finally, another way of determining the absolute power-recycling cavity length, is from the cou-
pling of a laser frequency test peak into the Michelson output signal, which is at a local minimum
if fpr matches an integer multiple of the FSR of the power-recycling cavity. This effect is en-
hanced by imperfect optics and is described in [FreO3b]. However, this signal does not contain
suitable sign information, such that a control system would have to implement a modulation of the
power-recycling cavity length or the Michelson Schnupp frequency. The resolution achieved with
this measurement is currently of the order 10um. Compared to the length of the power-recycling
cavity this is a relative accuracy of the order 1 x 1078,

All oscillators used for the various phase modulators within GEO 600 are phase locked to a GPS-
locked clock which uses a rubidium oscillator to enhance the clock stability at intermediate fre-
quencies. This time reference provides a relative accuracy of approximately 1 x 1072 over a very
wide range of frequencies, such that the accuracy of the absolute length measurement is dominated
by the limited accuracy of the measurement techniques described above.

Slabelled ‘DC lock camera’ in Figure 3.9 on page 82.
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1.3 The electrostatic drive

Before going on with the Michelson interferometer, its main displacement actuator, the electro-
static drive, is explained in this chapter.

1.3.1 Overview

GEO 600 is the first of the large-scale interferometers that uses electrostatic drives as displacement
actuators. The electrostatic drive (ESD) is an actuator capable of applying force to testmasses
(which are the Michelson end mirrors in our case) by means of an electric field. By using this
actuator instead of a standard coil/magnet system, it can be avoided to attach magnets to the
testmass, which might degrade the thermal noise properties of the mirror.

The chosen ESD actuator design consists of thin gold electrodes 7 coated in a comb-like pattern
onto the surface of a fused silica [Bea02] mass, which acts as a reaction body to the force applied.
Figure 1.7 shows the electrode arrangement.

180

Figure 1.7: Electrode pattern of the electrostatic drive (ESD). The electrodes consist of gold stripes coated
onto a fused silica mass of equal size to the testmass. The distance b between two adjacent electrodes is
b =5.5mm. Four pairs of electrodes allow for a balancing of the applied force, as well as for the application
of mirror alignment forces.

The distance b between two adjacent electrodes is 5.5 mm, suitable for a distance between the
reaction mass and the mirror of d = 1...3mm. Four pairs of electrodes allow for a balancing of
the applied force (to minimize undesired force couplings into other degrees of freedom), as well
as for the application of mirror alignment forces.

7Gold as electrode material has a smaller damping influence onto the testmass than, for example, alu-
minium [MSTO02].
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The electrodes form a capacitor which partly ‘sees’ the mirror’s substrate as a dielectric. Applying
a voltage to the electrodes pulls the dielectric into the electric field, hence the ESD can only apply
pulling forces to a mirror.

Another important difference to coil-magnet displacement actuators is the fact that the force be-
tween the reaction mass and the mirror substrate is proportional to the square of the applied electric
field (and thus to the square of the voltage applied). This is true because the electric field induces
a polarization of the dielectric proportional to the field, while the force applied to the induced
dipoles is again proportional to the external electric field.

Equation 1.1 gives a general form of the force F obtained.

F =U?x¢g,d*a (1.1)

U is the voltage applied, € and €, are the dielectric constant and relative dielectric constant of the
testmass substrate (€, = 3.77 for fused silica), d (with exponent x) is the distance between the
testmass and reaction mass, and a is a constant geometry factor depending on the electrode pattern
design. Calculating F (which means calculating x and a) exactly from the known geometry is
complicated, as the electric field is very inhomogenous at the distance used. Experiments with a
drive of similar geometry (K. Strain: [Str02]) yielded x ~ 1.5 for d < b. The parameter a can be
determined experimentally by measuring the f as a function of U.

1.3.2 Driving the ESD

In order to use the ESD as a bipolar displacement actuator, a constant bias force has to be applied
by the ESD. Different configurations of distributing a bias voltage and the main signal (containing
the information about the variable force to be applied) to the electrodes are possible:

1. A constant high voltage can be applied to one electrode (of each quadrant) while the sym-
metric signal is applied to the respective other electrode. To obtain a close to linear depen-
dence of the force from the signal voltage, the bias voltage has to be significantly larger
than the maximal signal voltage. The advantage of this solution is that the high bias voltage
can be constant (und thus have particularly low noise for example) while the signal may be
provided by standard operational amplifiers. The drawback of this method is the limited
force range due to the fact that the signal voltage has to be smaller than the bias voltage to
maintain the linearity. A slight variation of this approach is to add the (low voltage) signal
to the (high voltage) bias, apply the sum of both to one electrode and the inverted sum to the
other elctrode. This can make the response more independent of any conductive material in
the vicinity of the electrodes.

2. If amaximum force range is to be obtained while maintaining the linearity, the signal voltage
can be pre-processed by computing its square root. The drawback of processing the square
root is the noise introduced by this process (see text below). Using a square root only makes
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sense if high voltage amplifiers are used to amplify the square-rooted signal. Otherwise
the above method (1) would be more appropriate, since it yields a linear response without
the necessity of a square-root circuit with its additional noise contribution. If a square-root
circuit is used, the signal has to be biased before processing the root, such that the use
of a separate constant bias voltage becomes obsolete in this case. The square-rooted and
amplified signal can be applied to one electrode, while the respective other electrode of a
quadrant is held to zero potential. Again it would also be possible to apply the inverted
square-rooted signal to the other electrode, which requires another high voltage amplifier.

Currently a combination of both above possibilities is used in GEO 600. Using the ‘sqrt-circuit’ is
mainly useful for the lock acquisition process, as here the full force range of the ESD is required.
The square-rooted and amplified signal is applied to one electrode of each ESD quadrant. All
adjacent electrodes are held to zero (or close to zero) electrical potential by the output of an
individual operational amplifier for each quadrant (see the details on this setup in Figure 3.29 on
page 112). If the signal is small with respect to the possible signal range (in the stable locked
interferometer), the ESD force will be closer to a linear dependence on the drive voltage without
processing the square root. As a future option, the signal without square-rooting can be applied to
the operational amplifiers driving the opposite electrodes after the lock acquisition succeded. The
high voltage could then be made constant and filtered in order to reach a lower noise level.

Figure 1.8 shows the steps of processing the ESD voltage in the current setup. Names for the
intermediate voltages are defined as required.

Ui U asym square u sqrt HV UEesp

| Up/2 + U pias > root 9sout > amplifier 9Hy >

Figure 1.8: Signal chain from Michelson feedback point to ESD. The voltage at the Michelson feedback
point Up, is divided by two and then biased by adding voltage Upias. The resulting asymmetric voltage Uasym
is passed to the sqrt-circuit, multiplied with gain gy and then amplified by a high voltage amplifier with
gain gpv to yield Ugsp driving the ESD.

The voltage at the Michelson feedback point Uy, is divided by a factor of two, in order to fit within
standard operational amplifier voltages after adding the voltage Upins. The resulting asymmetric
voltage Upsym is passed to the sqrt-circuit and its range is adjusted by multiplying gain ggouc to
match the high voltage amplifiers input range 8. The HV amplifier then multiplies by the gain
factor ggy to yield Ugsp driving one electrode of each ESD quadrant. Equation 1.2 shows how a
symmetric voltage Uy, is translated to the asymmetric, square-rooted and amplified output voltage

Ugsp.

UESD - \/(Ufb/2+Ubias) X 2Ubias X Zsout X 8HV » (12)

8Using the amplifier or attenuator stage gsout allows the use of the full dynamic range of the sqrt-circuit, which is
important for an optimal noise performance.
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using Upiass = 6V, gsour = 0.8 and ggy = 100, we obtain
Ugsp =679V, (1.3)

resulting as ESD bias voltage for a zero input Ug, = 0.

The disadvantage of the sqrt-circuit is a large voltage noise level of 3uV /+/Hz (in the band from
10Hz to 10kHz) at its output, which is about 1000 times larger than the input voltage noise
of a standard low noise opamp. Figure 1.9 shows the displacement noise caused by the sqrt-
circuit and the high voltage amplifier independently. The graph contains the measured electronic
noise levels which are multiplied with the respective ESD’s transfer function from drive voltage
to displacement.

1e-14 ¢
Mu\“ i sqrt circuit noise
1e-15 E h i: HV amplifier noise --------

1e-16

1e17 |

1e-18

Mirror Displacement [m/rt(Hz)]

1e-19

16-20

1e-21
10 100 1000

Frequency [Hz]

Figure 1.9: Main mirror displacement caused by HV amplifier noise and the square-root circuit preceding
the HV amplifier input. The amplifier’s DC output voltage was 500V for this measurement.

The displacement noise of the sqrt-circuit is a factor of 10 larger than the displacement noise
caused be the HV amplifier. In the final setup for GEO 600, no larger displacement noise than
2 x 1072m/+/Hz above 50 Hz can be tolerated. To achieve this goal, the sqrt-circuit has to be by-
passed after the detector has acquired lock. This will likely be possible, as the maximum dynamic
range of the ESD is only required during the lock acquisition process.

The HV amplifier’s noise can be reduced if they are used in a closed loop system. The amplifiers
feature a built-in monitor output, sampling the HV-output of the device. This output can be fed
back to the amplifiers input, thus reducing the HV amplifier’s output voltage noise. As the band-
width of the amplifier is about 30 kHz, the noise suppression feedback can easily have a bandwidth
of 5kHz. With a simple 1/f gain rolloff, a gain of 100 at 50 Hz can be obtained, reducing the HV
amplifier caused displacement noise to 3 x 10~'"m/y/Hz. A further reduction of the effective
noise level may be obtained by lowering the bias voltage applied after a stable lock is achieved.
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1.3.3 ESD induced damping

As the ESD force depends on the distance d between drive and testmass, damping of the testmass
has to be considered. A motion of the testmass around the nominal distance changes the capacity of
the electrode pattern. Damping will take place if the change of capacity leads to energy dissipation
in any real impedance of the high voltage amplifier output and the leads between the amplifier and
electrodes. The dissipation loss can be translated to a quality factor Q of the pendulum damping if
the dissipated energy per cycle is related to the total pendulum energy for a cycle with frequency
. According to [Str02] we obtain

B Amwd?

= 1.4
C2RU2 (1.4)

Q

with m being the equivalent mass of a mirror and the substrate carrying the ESD electrodes. C is
the ESD capacity around the operation distance, R is the real part of the voltage source impedance,
and U is the bias voltage permanently applied ° . For GEO 600 we obtain:

B [ m e[ d ’TCc 1 [R]'TU 7
Q=7.5x10 {14@} {SS—‘][lmm} LOpF} [109} [6OOV] ’ (1)

which should be sufficiently large compared to the pendulums inherent quality factor. Note that
the damping according to (1.5) gets smaller with increasing frequency .

When the high voltage amplifiers which drive the electrostatic drives were first installed, output
resistors of 40kQ were inserted to limit the possible output current. With R = 40k€2 and the other
parameters as above, we get

0~2x10°, (1.6)

which is probably unacceptable for the final design sensitivity, such that these resistors have to be
removed at some point in time. On the other hand it might be possible to leave the resistors in, but
use the noise suppression circuit described above, sampling the voltage to be controlled as close
as possible to the vacuum feedthrough. The maximal possible current would still be limited with
R =40kQ, but the effective resistance would be reduced by the loop gain of the voltage regulating
circuit.

9Equation 1.5 is valid under the assumption that the amplitude of the pendulum oscillation is smaller than the
distance d. Furthermore, the voltage U at the ESD is assumed to be constant during the damping process. This is the
case if 1/RC > .
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1.3.4 Calibration and drift

An important value to measure is the calibration factor of the ESD and its variation over time.
The calibration factor relates the frequency dependent test mass displacement or the force applied
to the testmass to the voltage applied to the input of the sqrt-circuit or to the ESD’s electrodes
directly. In the usual experimental situation of testing feedback loops, the calibration factor giv-
ing displacement as a function of voltage input to the sqrt-circuit is most appropriate. Possible
calibration methods are given in section 1.4.4.

The complex force applied by the ESD can be calculated by the displacement caused, which can
be measured in the given interferometer setup. The force F' computes to

F = 2xom((0} — 0%) +iyo), (1.7)

where x, is the displacement of the testmass at angular frequency m, m is the mass of the testmass,
oy is the resonance frequency of the mirror pendulum stage, and 'y is a damping factor. The factor
of two is caused by the fact that the force is applied to the mirror and reaction mass, which is
suspended similar to the mirror and has equal mass. Thus a force applied between the two masses
results in an equally sized absolute displacement of mirror and reaction mass.

For o > wy Equation (1.7) simplifies to

F = —2xume’, (1.8)

however it should be noted that internal mirror modes are not taken into account here. For ® < mg
(in particular for ® close to zero: at DC) we have

F = 2xome? . (1.9)

In the first implementation of the ESDs in GEO 600, the testmasses were suspended with steel
wires. A slightly higher calibration factor than expected sustained the assumption that a part of
the force resulted from actuation of the ESD onto the suspension wires. In the standard setup, one
electrode is biased with a positive voltage, while the other one is grounded, such that the biased
electrode might have applied a direct force onto the grounded suspension wire. This is confirmed
by the fact that symmetrically driving the electrodes (with a double voltage difference between the
electrodes compared to the asymmetric case) did not show a significant increase of the calibration
factor. In this case, forces on the wire from both electrodes cancel each other.

After the mirrors were suspended monolithically with fused silica wires, the calibration factor
became slightly smaller. However, the calibration factors on the two different suspension types
are hard to compare, as the gap between the ESD and the mirror has a large influence onto the
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calibration factor (see equation 1.1), and can not be adjusted exactly to the same distance after
changing the suspension.

With a mirror mass of m = 5.6kg the corresponding force according to equation 1.8 is '°

rt_in

F=47%x10"° {l} (1.10)

With the maximum possible voltage range —12V < Vi, < +12V we get an ESD force range of
F ~ 1 mNp,. The usable one sided peak force Fj, is half of this value, and is used in section 1.4.3
to calculate the lock acquisition performance with the ESD.

300

250 7

—p—
.
Feolo

-
—200+
5 i
>
e
x
[$]
S150f ]
°
[0}
2o ) )
~ linear fit
O
= 400} .

50+ B

y = (206 + 0.058 t/d) uVpp
O L L L L L L L
0 5 10 15 20 25 30 35

Time [d]

Figure 1.10: Calibration factor of the east electrostatic drive over one month. The errorbars on the 5 data
points reflect the fluctuation of the optical gain included in the calibration over a timescale of seconds. The
drift of the calibration factor judged by the linear fit yields a drift of less than 3 x 10~* per day.

Concerning the variation of the calibration with time, after pumping down of the system the ESD
calibration factor was about two times larger than two weeks later. A possible reason might be a
static charge on the testmass facing the ESD, which dissipated with time. Negative static charges
(electrons) increase the calibration factor of the asymmetric drive using a positive bias voltage.
However the calibration factor during the two week test run in 2002 showed a fairly constant cal-
ibration factor. After the settling of the calibration factor, the calibration of the east ESD was
measured over one month, shown in Figure 1.10. These calibrations were done with the sec-
ond method described in section 1.4.4, applying Up, = 6V, at f = 281 Hz to the east ESD and
measuring the feedback voltage to mirror MMC2b.

10The displacement Al of mirror MCe during calibration computes as follows: We have a modecleaner calibration
factor Cyvicp = 4.6kHz/V at f = 281Hz. This translates to the displacement Al according to Al = 2[Af /f. With the
measured Uyjco = 207uVpp, [ = 1200m and f = 282THz we get a Al = 8.1pmy,. Note that this calculation is only
valid if the calibration signal is applied to only one ESD.
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The errorbars on the 5 data points reflect the fluctuation of the optical gain included in the cali-
bration over a timescale of seconds. The drift of the calibration factor is judged by the linear fit,
which yields a drift of less than 3 x 10~ per day '!.

1.4 Michelson lock

The Michelson interferometer (for short Michelson) is the basic instrument for the detection of dif-
ferential length changes and thus gravitational waves. It is operated in the so called ‘dark fringe’
condition, in which ideally all carrier light incident to the Michelson from the input side is re-
flected back towards the power-recycling mirror, which enables the use of power recycling. The
performance of the control system keeping the Michelson at the dark fringe operating point is
crucial to achieving the overall design sensitivity. Deviations from the dark fringe increase noise
couplings, for example, the coupling of amplitude noise into the Michelson output signal. Suffi-
cient loop gain is necessary in order to compensate the free longitudinal motions of all suspended
mirrors due to seismic ground motion.

Figure 1.11 shows the control scheme of the Michelson lock. The beam incident on the power-
recycling cavity is phase modulated with EOMS at a frequency fu, which we also call the Michel-
son frequency. fyr is adjusted such that the phase modulation sidebands are resonant within the
power-recycling cavity. This modulation scheme and the generated sidebands are called Schnupp
modulation [Sch88] (also known as frontal modulation) and Schnupp sidebands, respectively.

For the power-recycled Michelson lock, a phase modulation frequency of fyy = 14.904920MHz +
20Hz is used, which is the 119th multiple of the FSR of the PR cavity, being 125251.44-0.2 Hz '2.
This choice of modulation frequency just below 15 MHz was made in order to be able to use a
HP30625A function generator which has the smallest phase noise of all the generators that were
investigated for this purpose.

The Michelson arms have an intentional arm length difference (the Schnupp asymmetry) which
was measured to be 69 mm. As a consequence, the Schnupp sidebands do not completely cancel
at the Michelson output and beat with carrier light leaving the dark port in case of deviations from
the dark fringe (heterodyne detection). The resulting signal is detected with photodiode PDO,
demodulated with a properly phase shifted local oscillator at fj and serves as the error signal for
the Michelson control loop. The actuation onto the differential Michelson arm length is split into
two paths, using different electronic filter stages and actuators for each path.

The feedback signal applied to the two electrostatic drives passes two sqrt-circuits and a separate
high voltage amplifier for each of the two ESDs is required. The amplifiers are TREK 601 ¢ devices
with an output range of -50 to +1000 V and a fixed gain of 40 dB. Low frequency feedback (below

"Note that the applied calibration method assumes a constant calibration factor of the coil-magnet actuator at mode-
cleaner mirror MMC2b. Thus the estimated drift rate is an upper limit for the drift of the modecleaner calibration as
well.

12The errors on these frequencies represent the fact that the PR cavity length drifts with time. Its absolute length will
be controlled with a slow servo (‘DC lock’) in the final setup of GEO 600, as stated earlier.
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:II -1 I

Figure 1.11: Michelson length control scheme. The power-recycling lock and the frequency control for
MC2 (which is omitted for clarity) are identical to Figure 1.2. The incident beam on the power-recycling
cavity is phase modulated by EOMS5 with fy = 14.904920MHz £+ 20Hz to give sidebands on the carrier
light which are resonant within the power-recycling cavity. A small fraction of these Schnupp sidebands
leave the beamsplitter towards detector PDO where they interfere with carrier light when the Michelson de-
viates from the dark fringe operating point (heterodyne detection). The resulting signal is demodulated with
JSwr and fed back to the longitudinal position of end mirrors MCe and MChn differentially. The feedback
path is split into two actuators: The intermediate mass (IM) and the electrostatic drive (ESD).

10 Hz) is applied to coil-magnet actuators mounted on the ‘intermediate mass’ pendulum stage
above the testmass.

1.4.1 Determining the Schnupp frequency

In order to find the exact FSR of the power-recycling cavity and thus the proper Schnupp mod-
ulation frequency, the absolute optical path lengths from the power recycling mirror (MPR) to
both end mirrors were measured by determining resonance frequencies of single arm cavities. For
measuring the path length from MPR via BS and MFe to MCe for example, mirror MCn was
misaligned. This configuration forms a Fabry-Perot cavity consisting of MPR and MCe with
losses introduced by BS. An approximate value for the FSR of the power-recycling cavity can be
calculated by the nominal mirror positions. The 119th multiple of this approximated FSR was
applied as Schnupp modulation frequency and the coherently demodulated signal was observed
at the Michelson (south) output. Sweeping the modulation frequency by several kHz, a minimum
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in the signal can be observed if the initial frequency is close to an integer multiple of the FSR.
By choosing the proper center frequency for the sweep, the pattern across the sweep can be made
symmetrically, thus determining the proper Schnupp frequency.

The frequencies obtained were 14.904550 MHz + 70 Hz for the east arm, and 14.905400 + 50 Hz
for the north arm. The average of these frequencies is 14.904975 MHz, and with

cn

"=

(1.11)

(with n as the integer number of the FSR used) we get a length of the power-recycling cavity of
[ =1196.758 m. The resulting individual arm lengths are 1196.793 m for the east and 1196.724 m
for the north arm. Thus the resulting arm length difference is 69 mm, as stated above. These
measurements were done with the steel wire suspensions for MCe, MCn and BS. After the instal-
lation of the monolithic suspensions, the resonance frequency of the PR cavity was measured to
be 14.904920 MHz, yielding a length of the PR cavity of [ = 1196.763 m. This shows a change of
5 mm, mainly caused by slightly different installation positions of the mirrors. Current indications
are that the length drifts over a few months due to small temperature changes seem to be less than
1 mm.

1.4.2 Feedback design
1.4.2.1 Actuators

As we have seen, the locking of the Michelson interferometer to the dark fringe is achieved by
acting differentially on the longitudinal positions of mirrors MCe and MCn. Figure 1.12 shows a
(double) triple pendulum suspension with the arrangement of local control coils around the upper
mass stages. Two individual suspension chains are used to suspend a mirror and a reaction-mass
separately, in order to be able to apply control forces without introducing excess seismic noise.
This kind of assembly is used for the endmirrors MCe and MCn located in the central building,
while a single suspension of this type (without the reaction-mass chain) is used for the beamsplitter
BS and the far mirrors MFe and MFn.

For the longitudinal actuation on MCe and MCn two actuators are used: A coil-magnet stage
(not shown in Figure 1.12) at the intermediate mass, from which the mirror is suspended, and the
electrostatic drive acting on the mirror level. A third stage of actuation (using coils and magnets)
modifies the longitudinal positions of mirrors MFe and MFn at the upper mass level to compensate
for differential arm length drifts with large amplitudes. This is important for long term locking
and is only done for frequencies below 0.1 Hz (see section 1.6.4).

The main advantage of using the ESD rather than a coil-magnet system at the mirror level is, that
no magnets have to be connected to the mirror. As magnets are subject to time dependent magnetic
field gradients (at e.g. power line frequencies), such fields can directly produce unwanted forces
onto the mirror. Moreover the attachment of small rigid bodies onto the mirrors might spoil the
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Figure 1.12: Triple pendulum suspension with local control coils around the upper mass shown. The
arrangement implemented for MCe and MChn is shown, including a complete reaction mass suspension
chain. The coil holder is carried by three ‘stacks’ (not shown) which are supporting structures, containing
sensors and actuators for active seismic isolation.
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very high quality factors of the mirror eigenmodes, thus possibly increasing the thermal noise

level.

Using an electrostatic drive comes at the price of a smaller maximal force of this actuator (see
section 1.4.3), which leads to the more complex design of split actuation, using a coil-magnet
stage with larger force at the intermediate mass stage in conjunction with the ESD at the mirror

level.

1.4.2.2 Loop filters

Figure 1.13 shows the gain and phase of the electronic filters, multiplied with the modelled transfer
functions of the actuators. The resulting functions represent the open loop transfer functions of
the Michelson lock.
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Figure 1.13: Open loop gain and phase of the Michelson lock. The transfer functions of the loop electronics
for the slow and fast path were measured and multiplied with the modelled transfer functions of their
corresponding actuators. The ‘sum’ plot shows the (complex) sum of both paths. The crossover frequency
between the two actuators is around 10 Hz.

The gain curves show that the crossover frequency between the slow path (which serves as the
intermediate mass coil-magnet actuator) and the fast path (ESD) is around 10 Hz. The overall unity
gain frequency is slightly below 100 Hz. The control loop is designed to be only conditionally
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stable, as a large gain is needed around 1 Hz which is achieved by steep integration of the signal
below 10 Hz. Although the phase margin is only about 20°, the loop is stable over long time
periods.

Initially the design of the feedback electronics was such that a unity gain frequency of 300 Hz
could be achieved. However, it turned out that this loop was unstable due to oscillations at the
violin mode frequencies (around 300 Hz) of the initial steel wire suspension of MCe and MChn.
With the monolithic suspension of these mirrors, the violin modes are around 650 Hz, giving rise
to the possibility of a higher control bandwidth.

The main problem with the steel wire suspension at MCe and MCn seems not to be the fact that
the violin modes are close to the unity gain point, as experiences from prototypes show that this
setup worked. The problem may have to do with the combination of electrostatic drive and steel
wire suspension. A possible explanation for the loop instability at the violin mode frequencies
could be that the ESDs apply forces not only to the mirror surface, but also directly to the steel
wires. One indication for this fact is, that the force calibration of the ESD in case of applying e.g.
500V against 0V is larger than in the symmetric case of applying 250 V against -250 V. In the
latter case the unipolar forces to the steel wire close by (which always has the electrical potential
of 0V) are zero.

To make the loop stable with a bandwidth of 100 Hz in conjunction with the steel wire suspension,
it was necessary to implement notch filters in the feedback electronics, in particular for the fast
path to the electrostatic drives. Figure 1.13 shows the effect of a notch filter at 300 Hz common to
both paths and another filter at the second harmonic at 600 Hz for the fast path. With the change to
the monolithic suspension, the notches were tuned to 650 Hz and 1300 Hz respectively, to match
the new violin mode frequencies.

1.4.2.3 Locking performance

Figure 1.14 shows the longitudinal feedback applied to the intermediate mass level that is required
to keep the Michelson interferometer locked. Above 10 Hz, the feedback is dominated by the ESD,
while below 0.1 Hz, feedback is applied to the far mirrors, which is described in section 1.6.4. The
rms value in the shown band from 0.5 Hz to 10 Hz is dominated by the micro-seismic peak around
0.15 Hz and amounts to about 1 um,s. However, the micro-seismic peak does not have a constant
amplitude. As it is partially caused by sea waves hitting the coastline of the north sea, it depends
on weather conditions and energy stored in sea waves.

Dividing the feedback signal by the (slow path) open loop gain of the servo shown in Figure 1.13
reveals, that the rms deviation of the Michelson from the dark fringe is a few pm, depending on
the actual gain and seismic noise 3. The same information can be obtained of course by a direct
measurement of the calibrated Michelson error signal spectrum.

3This seems satisfying for the final requirement, but likely some safety factor has to be added, which could be
obtained with the larger bandwidth possible with the monolithic suspension.
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Figure 1.14: Longitudinal feedback to the intermediate mass, multiplied with the pendulums transfer func-
tion. This graph shows the longitudinal length correction that has to be applied in lock, in order to keep
the Michelson interferometer at the operating point. In this particular measurement, the micro-seismic peak
around 0.15 Hz dominates the rms motion.

1.4.3 Lock acquisition

The crucial point in lock acquisition is the question of whether or not the Michelson actuators at

mirrors MCe and MCn can accelerate the mirrors fast enough to keep the differential arm length

within the capture range of the error signal. Figure 1.15 shows the simulated Michelson error

signal in case of a power-recycling mirror with Tpr = 1.35 %.
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Figure 1.15: Simulated Michelson error signal. A (double sided) capture range can be defined as indicated.
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A capture range d, can be defined as indicated, which we call the double sided capture range, as it
spreads symmetrically around the central zero crossing of the signal. We read a capture range of
d. = 3.6nm. The axis label ‘Differential Michelson displacement’ means that MCe and MCn are
displaced into opposite directions by the denoted amount.

How large is the maximum mirror speed allowed to enable lock acquisition given the maximum
force the ESDs can apply? The kinetic energy of a mirror computes to Wi, = mv? /2, with m as
mirror mass and v as the speed of the mirror. The ESD can apply an energy W = F's with F' being
the maximum ESD force and s the distance over which F is applied '4. With mv? /2 = Fs we get

2Fs
p=a/= (1.12)
m

If feedback is switched on at the central zero crossing of the error signal, the usable capture
range will be d./2. With a maximum force of F, = 500uN, m = 5.6kg and s = 1.8nm we get
Vmax =~ 500nm/s. Note that this result is valid for MCe and MCn individually. It assumes the
same usable force and the same speed of both mirrors. Given an average fringe rate of the free
Michelson of 2-3/s, it gets clear that lock acquisition is possible on most of the fringes with this
setup, which is confirmed by the experiment. However acquisition would be much harder with a
smaller capture range, like in the case for a higher power recycling factor.

Figure 1.16 shows time series of the Michelson error signal, the reflected light power from the
power-recycling cavity and the light power inside the Michelson (measured by the beam from
the beamsplitter’s AR coating side, detected with PDBSs - see Figure 1.11). The PR cavity is
locked while the Michelson mirrors are oscillating freely without control of their longitudinal
positions.  Five fringes (transitions through the dark fringe operating point) occur within two
seconds, representing a typical fringe rate of about 2-3/s. The error signal has the expected shape
(see [Hei99a] and [Fre03b] for simulations of the error signal) with the dark fringe operating point
at the central zero crossing of the fringe structure.

The slope of the PR reflected power signal is zero at the operating point, while there are two min-
ima symmetrically around the operating point. These minima indicate the impedance matched
state of the PR cavity, where the reflectivity of the MI interferometer equals the PR mirror’s re-
flectivity (losses included). Between these two minima the PR cavity is overcoupled. In the final
GEO 600 setup the PR mirror’s transmittivity will be around 0.1 %, keeping the PR cavity closer
to the impedance matched state than with the 1.4 % mirror currently used.

Looking at the error signal it can be seen that the sign of the feedback loop is only correct within
a finite deviation of the Michelson tuning from the dark fringe. This fact represents the main
difficulty in acquiring the locked state of the Michelson: The longitudinal force applied to MCe
and MCn during lock acquisition has to be large enough to hold the Michelson error signal within
the capture range.

14We are safe to assume s < d (d is the distance between ESD and mirror), such that F can be taken as constant.
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Figure 1.16: The free moving Michelson. From top to bottom: Michelson error signal, reflected light power
from PR cavity and light power at the beamsplitter. The time series show the Michelson interferometer in
free motion (not locked) while the PR cavity is locked. The right column shows a close-up of the first fringe
on the left side.

As the displacement response of the intermediate mass actuator is proportional to f~* (with f being
the Fourier frequency) above the pendulum’s main resonance, it is not a suitable device for the fast
actuation required to stop the mirrors within the capture range. While possible in principle, this
requires very large amplitudes, which in turn affect alignment and other suspension modes, making
the whole acquisition process unstable. Therefore, the initial acquisition has to be done with the
ESD, with the given limitation of its small force range. Switching on the ESD and IM feedback
at the same time fails in almost all cases, because the initial feedback to the intermediate mass is
too large. Therefore the intermediate mass feedback is added a few 100 ms after the ESD has been
switched on, when the error and feedback signals have already settled a bit. In order to be able
to do this, the ESD feedback has to be stable even without the intermediate mass feedback being
active. This has to be taken into account in the loop design.

Historically this was one of the difficulties in achieving the first GEO 600 power-recycled Michel-
son lock. In the first locking experiments, the ESD feedback was heavily saturated by various
noise sources. One of these sources was caused by the low light level inside the power-recycling
cavity, due to high losses introduced by the initial beamsplitter, such that the signal to noise ratio
was reduced. Another problem concerned pickup at the Schnupp modulation frequency, which
was caused by strong radiation of the EOM driver due to sub-optimal ground paths of the modu-
lator. This led to a strong radiation at the modulation frequency, being modulated by power line
harmonics. After pickup and demodulation, the line harmonics were amplified with the large gain
required for the ESD feedback, which lead to saturation at the line frequencies.

Figure 1.17 shows time series of relevant signals for a successful acquisition of the Michelson. The
ESD feedback is switched on by a microcontroller at the time of a zero crossing of the Michelson
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error signal, if the power level inside the power-recycling cavity has reached a minimum threshold
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Figure 1.17: A successful lock acquisition of the Michelson interferometer. From top to bottom: Michelson
errorpoint, power-recycling cavity reflected power, BS power (sampling the power in the east arm) and
feedback to electrostatic drive. The ESD feedback is switched on at the time of a zero crossing of the
Michelson error signal.

As GEO 600 evolves through different optical setups during the commissioning phase, the capture
range and slope of the Michelson error signal changes significantly. The decreasing capture range
in the series of optical changes makes the lock acquisition more difficult, while the increasing slope
reflects the growing sensitivity of the instrument which has to be accommodated by adjusting the
range of the output detector. Table 1.1 shows the calculated Michelson error signal’s capture range
and slope for different setups !°.

An additional increase of the slope (but not of the capture range) of factor 5 can be achieved by
increasing the laser power from 1 W to 5 W at the input to the power-recycling cavity. This step
will likely take place before the installation of the final MPR.

Lock acquisition with Typr = 0.1 % will require a smaller fringe rate than 2-3/s or a significantly
stronger ESD actuator (which would require high-voltage amplifiers with several kV output range).
If neither can be obtained, one would have to wait for too long (of the order of minutes) for a
sufficiently slow fringe. This is a problem as the alignment drift makes it hard to keep the required
alignment accuracy within this time frame (see also section 3.2). If a lower fringe rate (for example
by improving the local damping of the involved pendulums or the active seismic isolation system)
cannot be achieved, a more drastic possibility could be to lower the finesse of the power-recycling

I5The calculations are done with FINESSE.
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Optical configuration capture range | slope
with: [nm] | [Arb.]
BS with 7.5 % loss 9.5 | 0.0018
BS with 1 % loss 4.7 | 0.027
BS with 50 ppm loss 3.7 1 0.075
(used for all below)

DR 1 %, 20kHz detuned 35 0.01
DR detuned, final MPR (0.1 % ) 1.2 0.02
DR broadband, test MPR (1.4 %) 0.5 0.5
DR broadband, final MPR (0.1 % ) 0.15 2

Table 1.1: Capture range and slope of the Michelson error signal for different optical setups of GEO 600.
BS: beamsplitter, DR: dual recycling.

cavity for the purpose of lock acquisition. Whether this is possible by artificially introducing
losses inside the power-recycling cavity during acquisition remains to be seen.

1.4.4 Longitudinal calibration

Longitudinal calibration comprises the tasks of determining calibration factors for the Michelson
error signal (which we also call the optical gain) and the intermediate mass (IM) and ESD actu-
ators. The calibration process discussed here assumes a frequency independent sensitivity of the
detector. For the power-recycled Michelson this is a good approximation, while it is no longer true
for the signal recycled interferometer.

There are at least three independent methods, of which two have already been applied:

e Fringe counting by acting onto the intermediate mass actuator.

e Applying an asymmetric signal to one of the Michelson arms (using the IM or ESD actuator)
which will show up as a length change of the power-recycling cavity and can then be traced
back to the laser frequency calibration.

e Using a photon drive, whose action onto a testmass displacement is calculated from known
parameters as the photon drive power, angle of incidence onto the mirror, etc.

For calibrating the intermediate mass feedback, a very simple method is the application of a low-
frequency '® signal of known size. If the Michelson interferometer is not locked, the time sequence
of constructive and destructive interference can be counted, with N being the number of complete
interference cycles for an input signal of size S. The resulting calibration factor Cyyy is

Cm = (1.13)

28

16Significantly lower than the lowest IM suspension longitudinal resonance frequency, which is at about 0.6 Hz.



30 1. THE POWER-RECYCLED MICHELSON INTERFEROMETER

with A being the light wavelength. Multiplying this DC calibration factor with the pendulum’s
transfer function (which can be measured in lock) yields the actuator’s calibrated transfer function.
The calibration factor of the optical gain can then be obtained by applying a signal of known size
to the intermediate mass, and observing its response into the Michelson errorpoint. The same can
be done for the ESD: Applying a signal at an appropriate frequency to the ESD and measuring the
response to the IM or Michelson errorpoint, where the calibration was obtained before.

The second method uses the fact that changing the length of only one arm of the Michelson inter-
ferometer introduces a common mode length change of half that size, which is identical to a length
change of the power-recycling cavity. As the laser frequency is locked to the power-recycling ca-
vity, the applied signal can be traced back to the laser, where the frequency calibration is done with
another independent method. With this method the IM and ESD drive can be calibrated, whereas
the optical gain can then be determined by applying a signal of calibrated size to either drive.

The last method is about to be installed, applying a modulated longitudinal force to one of the
end mirrors (MCe) by photon pressure [CNSHO1]. This gives a direct calibration of the optical
gain, and in turn the IM and ESD drives can be calibrated by observing applied signal sizes in
the Michelson output. By using a comb of different frequencies the frequency dependence of the
optical gain can also be determined by this method in the case of dual recycling.

The first two methods for calibration have been used to date, and their results agree to within 15 %.
(See [HGH™03] for a more detailed discussion of the calibration of the power-recycled Michelson
in GEO 600.)

1.4.5 The evolution of lock
1.4.5.1 Mid fringe lock

The so-called ‘mid fringe lock’ was the configuration in which the GEO 600 Michelson interfero-
meter was locked for the first time. In this configuration the power-recycling mirror, MPR, was
misaligned such that it merely attenuates the light incident onto the Michelson interferometer, but
does not form an optical cavity with the Michelson. No modulation technique is used to obtain an
error signal, but the light power at the Michelson output is read out with an offset being subtracted,
yielding a symmetric error signal around the ‘mid fringe’.

The advantage of this method is a very large capture range of the order 100 nm, such that it was
possible to study acquisition and achieve the first lock with the intermediate mass feedback only.
This enabled calibration of the electrostatic drives which in turn enabled finalizing the crossover
design between ESDs and IM actuators.

1.4.5.2 Test PRMI

After these first tests, the Michelson interferometer was locked in the power recycling mode,
using ESD feedback for the lock acquisition of the Michelson and adding IM feedback shortly
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after the acquisition. Under the label Test PRMI we summarize three subsequently implemented
configurations:

e [nitial PRMI-A: A test beamsplitter with a power reflectivity of the AR-coated side of about
7 %, test optics for MCe, MCn, MFe and MFn with all mirrors being suspended in steel
wire slings. Due to the power losses at the beamsplitter, the capture range was relatively
large with a low power buildup inside the power-recycling cavity.

o [nitial PRMI-B: The test optics of MFe and MFn were replaced by the monolithically sus-
pended final mirrors. No major changes in the locking behaviour of the power recycled
Michelson were observed.

e [nitial PRMI-C: The beamsplitter was replaced with another test beamsplitter with an AR-
coating reflectivity of about 1000 ppm. The power buildup of the power-recycling cavity
increased accordingly and the capture range of the Michelson decreased slightly.

1.4.5.3 Final PRMI

In the final PRMI configuration, the test optics of MCe , MCn and BS were replaced with the
monolithically suspended final optics. With this new setup, some features of the power-recycled
Michelson lock changed significantly:

o The final optics have different radii of curvature. Thus they change the output mode pattern
and losses, which in turn affects the signal to noise ratio. It turned out that the far mirrors
MFe and MFn have a mismatch in radii of curvature that was partially compensated by a
mismatch of the old near mirrors MCe and MCn. With the new near mirrors the Michel-
son contrast got worse and as a consequence, the Michelson interferometer also became
more sensitive to misalignments. The frequency noise coupling gets larger with the reduced
contrast. As absolute lengths changed, the Schnupp frequency had to be adjusted.

e The main resonances of the suspension are at different frequencies, because of a changed
mass distribution (the final mirrors have a different mass than the test mirrors). This is
important for the Michelson longitudinal lock and fast alignment system. An instability
of the longitudinal Michelson lock appeared at 22 Hz and 31.75 Hz. Suppression of the
excitation of these modes in lock with notch filters was necessary for the longitudinal as
well as for the alignment feedback.

e The violin modes of the suspension changed in frequency and quality factor, which is im-
portant for the design of the Michelson longitudinal lock. Notch filters had to be adapted in
frequency accordingly.

The mismatch in radii of curvature of MFe and MFn had the largest impact on the experimental
progress. A stable lock of the power-recycled Michelson was not possible with the large power
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mirror | measured ROC | design ROC
MCe 622 £10m 600 m
MCn 636 £10m 600 m
MFe 687 £2m 640 m
MFn 666 +2m 640 m

Table 1.2: In situ measured and design radii of curvature of the four final Michelson mirrors.

losses at the Michelson output of the order of 1 %. Table 1.2 shows the (in situ) measured and the
nominal radii of curvature for the four final Michelson mirrors.

The installation of a heater, designed to change the radius of curvature of MFe, was required
to cure the problem. With the technique of radiation heating of the mirror’s rear face (the anti-
reflective coated face) along the outer rim, the substrate on the rear face expands and ‘bends’ the
mirror’s high reflecting surface towards a smaller radius of curvature. A sufficiently low thermal
conductivity coefficient of the fused silica substrate enables a constant heat gradient to be main-
tained within the mirror. Power losses at the Michelson output of less than 0.05 % of the light
power circulating in the power-recycling cavity could be obtained and permanently adjusted.

Figure 1.18 shows a schematic of the heater setup as installed for mirror MFe in vacuum chamber
TFe.
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Figure 1.18: Heater setup for mirror MFe in vacuum chamber TFe. All sizes are given in mm.
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1.5 Problems with scattered light

The optical arrangement on the output bench had to be optimized in order to avoid scattered light
contributing to the Michelson readout signal. The preliminary detection bench layout used to date
is shown in section 3.5.2.1. Two main sources of scattered light on the Michelson output detector
PDO were identified:

e Light being scattered at optical components on the output bench and travelling back into the
interferometer (back-scattering). This light contributes to the readout after another round
trip within the Michelson.

e Light being scattered at optical components on the output bench and hitting the photodetec-
tor on a more or less direct way outside the vacuum system.

Light being scattered back into the interferometer is the more important contribution, as it is
more difficult to minimize. As the output beam has a diameter of about 18 mm, it has to pass
at least one focusing element to be detectable on a reasonably sized photodiode area !7. While
for the initial output bench setup a lens with 1 m focal length had been used to focus the beam
onto the photodetectors, using a curved mirror to focus the beam yielded less back-scattering.
Putting a Faraday isolator into the optical path of the output bench with the aim of attenuating
back scattering from sources behind the Faraday was not successful. The Faraday itself (likely
the polarizing beamsplitters at the Faradays input side) proved to be the dominating source of
scattered light in this case.

The direct scattering from a scattering source on the detection bench onto the photodiode could be
minimized by properly dumping any stray beams from intermediate surfaces. To allow convenient
access to stray beams, components sometimes had to be slightly tilted with respect to the beam
axis. Also it proved useful to have anti-reflection coated windows for the photodiodes in use.

The back-scattering of light into the interferometer can be reduced by attenuating the detected
beam after it leaves the vacuum system. This attenuates the power of the light being scattered
back into the interferometer by the square of the filter’s power attenuation factor '8 | however this
is not acceptable as a final solution, as the shot noise limited sensitivity is degraded by the square
root of the filters attenuation factor with this method.

The effect of the scattered light shows up mainly as a non-stationarity of the output spectrum at
frequencies below roughly 1kHz. The non-stationarity appears to be modulated in time with a
periodicity of the order of 1s, such that it can be associated with pendulum motions inside the
interferometer. Some experiments with longitudinally exciting individual mirrors were carried

171n the current configuration the focusing element is located on the detection bench, outside the vacuum system. In
the final configuration (using an output modecleaner), a curved mirror within the vacuum system will be used to match
the beam to the output modecleaner.

8The beam leaving the interferometer passes the attenuator twice on its way to the photodiode and back into the
interferometer. This does not take into account the fact that the attenuator might be a source of direct backscattering
itself.
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Figure 1.19: Sensitivity development due to scattered light investigations. QD = Quadrant detector, HPD
= High power detector (see text below).

out, in order to identify a single culprit, which did not succeed at the time. There may be a source
of scattered light within the power-recycling cavity at the backside of the reaction mass of MPR,
which remains to be investigated.

Another modulation of noise was found around 8 Hz, which could be traced back to an oscillation
at the north mirror MCn suspension.

For the ‘S1’ test run in August 2002 a compromise between stationarity of the Michelson output
noise (the signal containing GW information) and the shot noise level of this signal was chosen.
Figure 1.20 shows a typical sensitivity of the power-recycled Michelson to gravitational waves
during this run. The maximum strain sensitivity of 8 x 1072°/y/Hz is achieved above 2kHz,
where the noise is dominated by the photon shot noise of the total light power detected.

During the S1 run a high-power photodetector was used in addition to the standard quadrant pho-
todetector, to increase the shot noise limited sensitivity of the Michelson error-signal readout.

The high power detector used consists of a single cooled diode, capable of detecting 200 mW of
light (see [Sei02] for details on this type of high power detector). Another type of high power
detector uses 16 diodes in combination which can detect a total light power of 2 W at the shot
noise limit (see [JNSHO2] for this detector). In order to distribute the light onto the 16 diodes, 15
beamsplitters have to be used, which (due to the many glass surfaces exposed to the light) easily
can contribute to the scattered-light noise budget.
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Figure 1.20: Typical sensitivity to gravitational waves during the S1 run. The maximum sensitivity of
8 x 1072%/4/Hz is achieved above 2 kHz, where the noise is dominated by the photon shot noise of the total
light power detected.

1.6 Lock automation

1.6.1 LabView

All major feedback loops are implemented with analog electronics within GEO 600 '°. However,
parameters of the electronic circuits can be supervised and set with a computer controlled system
based on LabView. The various electronic racks are equipped with their own digital bus system,
which connects to a total of four PCs running a LabView program (LabView user programs are
called Virtual Instruments - ‘VI’) communicating to a central process called ‘data socket server’.

The data socket server provides the interface between user computers and the computers connected
to the digital bus system. The user computers are standard PCs, used for the control and automa-
tion of the modecleaners and main interferometer. See [CWROO] for further reference about the
fundamentals of this computer control system.

Various virtual instruments that were developed and implemented as part of this work are used
for monitoring and automation of the experiment. Concerning the power-recycling lock, a VI in-
creases the loop gain and switches on the two integrator stages after a stable lock of the Michelson
interferometer is recognized. Another VI implements the digital drift control of the Michelson
differential arm length (see section 1.6.4) and three further VIs are used for the alignment and spot
position control of the power-recycled Michelson as described in chapter 3.

19Exceptions are the digital longitudinal drift control for the Michelson differential arm length, the spot position
controls, and the active seismic isolation system.
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1.6.2 Microcontroller

The LabView control system has varying response times up to a few 100 ms for writing commands
to the digital boards, as well as not strictly fixed sample rates. Therefore it was decided to imple-
ment a microcontroller stage, capable of response times of about 1 ms while several analog inputs
can be sampled with 1 kHz. This system is fast and flexible enough for all aspects associated with
locking the main interferometer.

T