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Abstract
Lasers for high-precision optical measurements, in particular for ground-based interferometric gravitational wave detectors, were characterized and stabilized. A
compact, automated laser beam diagnostic instrument, based on an optical ring
resonator, was developed and used to characterize the output beam of different
continuos-wave, single-frequency lasers at wavelengths of 1064 nm and 1550 nm.
The laser beam fluctuations in power, frequency and pointing as well as the spatial
beam quality were investigated. The results were used, amongst others, for laser
stabilization design.
Different laser stabilization methods are reviewed and the laser stabilization concept for the second-generation gravitational wave detector Advanced LIGO is described. Important components of this stabilization were developed, such as the
so-called pre-mode-cleaner resonator for filtering various laser beam parameters.
Furthermore, several laser power stabilization experiments were performed. A
high-sensitivity, quantum-noise-limited detector for power fluctuations consisting
of an array of photodiodes was developed and was used to stabilize the output
power of a laser in the audio frequency band, achieving an independently measured
relative power noise of 2.4 × 10−9 Hz−1/2 at 10 Hz. In addition, a novel powerfluctuation detection technique, called optical ac coupling, which is based on photodetection in reflection of an optical resonator, was investigated theoretically and
experimentally. This technique allows new power stabilization schemes, especially
important for next generation gravitational wave detectors, and it can beat the
theoretical quantum limit of traditional schemes by up to 6 dB, among other benefits.
A sensitivity of 7 × 10−10 Hz−1/2 for relative power fluctuations was experimentally
demonstrated at radio frequencies using an optical ac coupled photodetector.
Keywords: laser characterization, laser power stabilization, gravitational wave detector.
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Kurzfassung
Laser für optische Präzisionsmessungen, insbesondere für interferometrische Gravitationswellendetektoren, wurden charakterisiert und stabilisiert. Ein kompaktes,
automatisiertes Diagnoseinstrument für Laserstrahlen, basierend auf einem optischen Ringresonator, wurde entwickelt und verwendet, um die Strahlen verschiedener einfrequenter Dauerstrichlaser bei Wellenlängen von 1064 nm und 1550 nm zu
charakterisieren. Dabei wurde das Rauschen der Ausgangsleistung, der Frequenz
und der Strahllage als auch die Strahlqualität untersucht. Die Ergebnisse wurden
unter anderem für das Design von Laserstabilisierungen verwendet.
Verschiedene Laserstabilisierungsverfahren und das Stabilisierungskonzept für
den Gravitationswellendetektor zweiter Generation Advanced LIGO sind beschrieben. Bedeutende Komponenten dieser Stabilisierung wurden entwickelt, wie z.B. der
so genannte pre-mode-cleaner Resonator, der mehrere Laserstrahlparameter filtert.
Darüber hinaus wurden mehrere Experimente zur Leistungsstabilisierung von Lasern durchgeführt. Ein hochempfindlicher, quantenrauschbegrenzter Detektor für
Leistungsfluktuationen, der aus mehreren Photodioden bestand, wurde entwickelt
und benutzt, um die Ausgangsleistung eines Lasers im Audiofrequenzbereich zu stabilisieren. Dabei wurde ein unabhängig gemessenes relatives Leistungsrauschen von
2.4 × 10−9 Hz−1/2 bei 10 Hz erreicht. Weiterhin wurde eine neuartige Detektionstechnik für Leistungsfluktuationen, das so genannte optical ac coupling, basierend
auf der Leistungsdetektion in Reflexion eines optischen Resonators, theoretisch und
experimentell untersucht. Diese Technik ermöglicht neue Leistungsstabilisierungsschemata, die insbesondere für die nächste Generation von Gravitationswellendetektoren bedeutend sein werden und die neben anderen Vorteilen die theoretische
Quantengrenze traditioneller Schemata um bis zu 6 dB unterbieten können. Eine
Empfindlichkeit von 7 × 10−10 Hz−1/2 für relatives Leistungsrauschen bei Radiofrequenzen konnte mithilfe eines optical ac coupled Photodetektors experimentell
demonstriert werden.
Schlagworte: Lasercharakterisierung, Laserleistungsstabilisierung, Gravitationswellendetektor.
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Introduction
The invention of the laser in the 1960’s revolutionized metrology. Light produced
by a laser allowed measurements of unprecedented precision due to its collimated,
monochromatic, temporally and spatially coherent beam. Furthermore, due to the
rapid development in the field of lasers and other technologies over the last few
decades, the first direct detection of a gravitational wave is close at hand.
These waves of spacetime-curvature, predicted by Albert Einstein in 1916 using
his general theory of relativity, are radiated by accelerated massive objects and in
general cause a distance change between free test objects (see e.g. [Mis73]). However,
these length changes are so tiny that even astrophysical events – such as supernova
explosions, inspiraling neutron stars or black holes, where gigantic massive objects
are extremely accelerated – cause unimaginably small relative length changes in the
order of 10−24 to 10−22 on Earth (see e.g. [Cut02]). Nevertheless in the last few years
several laser Michelson interferometers [Abr92, Wil02, Ace02, And01] achieved such
a sensitivity that they can measure differential length changes of less than 10−19 m
(1/10 000 of the proton diameter) of their interferometer arms, which have a length
of up to a few kilometers. At the moment this first generation of ground-based,
interferometric gravitational wave detectors (GWDs) observe the sky and wait for
a strong astrophysical event in order to directly detect a gravitational wave for the
first time.
Meanwhile second generation detectors [Fri03, Fla05] are almost ready and will be
installed in the next few years. These detectors have an anticipated, tenfold better
sensitivity than the first generation and will presumably detect gravitational waves
on a day-to-day basis. They will open the door for gravitational wave astronomy
(see e.g. [Sch99]) and allow a new view of the universe, maybe helping to solve the
cosmological mysteries of our time.
However, to achieve the ambitious sensitivity of these gravitational wave observatories, much technology had to be and still has to be developed. One key technology
is the laser system, as already mentioned. On the one hand these lasers need a high
output power to reach a high signal-to-noise ratio in the gravitational wave channel.
On the other hand they have to be very stable concerning almost all beam parame1
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ters at the same time, since otherwise laser noise coupling to the gravitational wave
channel could mask the faint signals. This thesis is about laser characterization,
which is essential for the development of such lasers and their stabilizations, and
about laser stabilization, which reduces technical laser noise and is indispensable
for GWDs to make such high-precision measurements possible.
Outline of the Thesis
Many aspects of this thesis were motivated by the second generation GWD Advanced LIGO (Laser Interferometer Gravitational-Wave Observatory) and the laser
system specifically developed for it.
Chapter 2 describes a laser beam characterization instrument, the so-called diagnostic breadboard, which was developed as part of this thesis. This instrument
allows one to quickly and accurately characterize a laser, which is essential for the
development of new laser systems and their stabilizations. This versatile instrument was used to characterize several lasers, and it will be an important part of
the Advanced LIGO laser diagnostics.
Chapter 3 presents the Advanced LIGO laser stabilization concept, where the
characterization results of the previous chapter played a decisive role. In this context many different laser stabilization methods are reviewed and the Advanced
LIGO detector and the coupling mechanisms of laser noise are described in more
detail. An important element of the stabilization, the pre-mode-cleaner, was developed in this thesis. The most demanding and critical aspect of the Advanced LIGO
laser stabilization is the laser power stabilization. Several experiments performed
are described in the subsequent chapters.
Laser power stabilization is crucial not only for Advanced LIGO, but also leads
the way in the development of high-sensitivity photodetectors, which are essential
for nearly all optics experiments. In order to improve their quantum-noise-limited
sensitivity, the detected laser power has to be increased. However, the maximum
power handling capability of photodetectors commonly used is already reached.
Two different, complementing approaches were taken in this thesis to increase the
effective detected laser power and with it the sensitivity of the power detector:
Chapter 4 describes an array of multiple photodiodes, which increases the total
power detected by scaling the number of photodiodes. In a power stabilization
experiment the so far best sensitivity for power fluctuations in the audio frequency
bands has been demonstrated.
Chapter 5 presents a novel detection technique, the so-called optical ac coupling,
which increases the sensitivity of a photodetector without increasing the average
power detected. This technique opens a new range of achievable power stabilities
and photodetector sensitivities. A sensitivity for relative power noise in the upper
10−10 Hz−1/2 range in the radio frequency band has been demonstrated for the first
time.
Finally in Chapter 6, the main conclusions and implications of the thesis are
summarized.

2
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2

Laser Characterization
Laser characterization is essential for development, selection, stabilization, and monitoring of lasers. Depending on the application field or experiment the characterization criteria differ. In this thesis lasers developed for ground-based interferometric
GWDs are characterized. In general these continuous-wave, single-frequency, and
linearly polarized lasers stand out due to high intrinsic stability and high output
power. In this field a highly sensitive characterization of the power, frequency, and
pointing noise in the acoustic frequency band (≈ 10 Hz to 10 kHz) as well as the
spatial beam quality, and output power is especially important since the sensitivity
of the GWDs (see Chapter 3) depends on these parameters.
In the field of laser development characterizations are necessary, e.g., to analyze the laser performance or to verify design requirements. For the stabilization
of lasers, which is indispensable for GWDs, the characterization results are used
to select between active and passive stabilization methods and to determine the required noise suppression. Finally lasers are essential but often complex components
in experiments. Thus a continuous monitoring and characterization of important
laser beam parameters is worthwhile in order to quickly detect malfunctions and
determine long-term trends for projections.
Several laser characterizations in combination with laser stabilization can be
found in the literature [Day91, Bon96, Ueh97, Wil98, Sei06]. However, these characterizations mainly considered only one or a few laser beam parameters important
for GWDs. Furthermore the measurement equipment was often tightly integrated
in the experiment so that no other laser system could be characterized with the
same instruments. To my knowledge no compact transportable instrument was
available so far which was able to characterize all important beam parameters for
GWDs. Only subsets of these beam parameters could be characterized with similar
instruments [Her02, Kwe05].
Therefore a laser beam diagnostic tool, called diagnostic breadboard (DBB), was
developed to allow fast, complete and automated laser characterizations. The DBB
was used to perform comparable characterizations of different laser systems with
important results for the development and stabilization of lasers.

3
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In the following sections the characterization methods are described, starting
with a brief definition of the most important laser beam parameters (Sec. 2.1) and
followed by a description of the DBB (Sec. 2.2) including the measurement methods.
In the subsequent Section 2.3 a selection of characterization results of several laser
systems is presented and discussed. These results were important aspects in the
design of the laser stabilization described in Chapter 3.
The main results of this chapter have already been published in [Hil06, Kwe07,
Fre07b, Kwe08a].

2.1 Laser Beam Parameters
In the following a model for laser beams is introduced, which is used to define the
laser beam parameters characterized in this thesis.
With this model continuous-wave, single-frequency, linear-polarized laser beams
can be described. The complex field amplitude U (~r, t) of the laser beam is expressed
in the paraxial approximation as
X
U (~r, t) = U0 (t) × exp (2πi ν(t) t) ×
clm (t)Φlm (~r) ,
(2.1)
l,m≥0

where U0 is the time dependent amplitude, ν is the laser frequency, Φlm are the
complex amplitudes of the Hermite-Gaussian modes TEMlm [Sie86, Chap. 16.4],
and clm the complex expansion coefficients or modal weights. The functions Φlm
form an orthogonal, complete set of functions that depends on the beam axis, waist
size, and waist position. The coefficients clm and the functions Φlm are normalized
according to
Z
X
dx dy |Φlm (~r)|2 = 1 and
|clm (t)|2 = 1 .
(2.2)
l,m≥0

The properties of a laser beam can be divided into categories according to the
three terms in Eq. (2.1): The power of the laser beam is determined by U0 (t), the
frequency by ν(t) and the beam geometry, including the spatial beam quality1 , beam
pointing, mode matching, astigmatism, and ellipticity, by the modal weights clm (t).

Power
The absolute power P (t) of the laser beam is deduced from the amplitude U0 (t)
P (t) ∝ |U0 (t)|2 ,
1

4

[P (t)] = W .

An exact definition of spatial beam quality is given in this section later on.

(2.3)

2.1 Laser Beam Parameters
Power fluctuations are often normalized with the average absolute power. Thus the
relative power P (t)/P0 is given by
Z
1
2
2
2
dt · |U0 (t)|2 ,
(2.4)
P (t)/P0 = |U0 (t)| / |U0 (t)| with |U0 (t)| =
T T
where T is the measurement duration. The fluctuations of P (t)/P0 are called relative power fluctuations or relative power noise (RPN, often also called RIN for
relative intensity noise) and are often characterized by their single-sided linear
spectral density, the root-mean-square (rms) or peak-to-peak value.
Frequency
The average frequency ν of the laser beam is often given by the vacuum wavelength λ=c/ν. Fluctuations of ν, called frequency fluctuations or frequency noise,
are as well characterized by their single-sided linear spectral density, the rms or
peak-to-peak value.
Beam Quality
Most laser beam parameters, such as the power, frequency, or pointing, are used
unambiguously in the literature; however, the spatial beam quality is an exception.
Often the deviation of the laser beam from an ideal Gaussian fundamental mode
(TEM00 ) is used to characterize the beam quality. Different definitions have been
established for the various fields of application in order to quantify the beam quality.
If for example the beam propagation is important for the application, then the M 2
factor [Sie90] is often used. This factor primarily compares the divergence of the
test beam with the divergence of an ideal TEM00 beam.
In fields of applications where optical resonators are involved, the power in the
fundamental mode TEM00 compared with the overall power is a better criterion
for the beam quality since the resonators are often stabilized to a resonance of the
TEM00 mode. In this thesis this ratio, Pfund /Ptot , is called fundamental power
and directly specifies the power fraction that can be coupled into an ideal optical
resonator that is resonant to the TEM00 mode. A high beam quality corresponds
to a fundamental power near 100%.
X
Pfund /Ptot = |c00 |2 /
|clm |2 = |c00 |2 ,
[Pfund /Ptot ] = 1 .
(2.5)
l,m

Many optical resonators are used in GWDs and therefore the fundamental power
is the appropriate value to quantify the beam quality. Since the fundamental power
cannot be determined from the M 2 factor as shown in [Kwe07] this factor is not
suitable for beam quality characterizations in this field.
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Figure 2.1: Two Gaussian beams and their relative beam pointing.
Beam Pointing
Beam pointing and its fluctuation relative to a given reference axis can be described
by the complex quantity (t),
(t) =

δx
δα
,
+i
w0
θD

[] = 1 ,

(2.6)

where δx is the transversal shift at the position of the waist and δα the tilt of the
beam (Fig. 2.1). These parameters are normalized with the beam waist radius w0
and the half divergence angle θD of the Gaussian beam. The complex amplitude
of such a shifted and tilted beam can be expanded in Hermite-Gauss modes of the
reference beam in the   1 limit [And84, Avi06]:
U (x , y ) ≈ Φ00 + x Φ10 + y Φ01 .

(2.7)

Therefore x (t) and y (t) can be determined by measuring the relative field amplitudes of the TEM10 and TEM01 modes:
x (t) ≈ c10 /c00 ,

y (t) ≈ c01 /c00 .

(2.8)

In a similar way the quality of the mode matching2 , the ellipticity, and the
astigmatism of the beam can be determined in first order from the TEM20 and
TEM02 modes, i.e. from c20 and c02 [And84, Avi06, Kwe07].
An instrument for measuring these laser beam parameters is described in the next
section. Low fluctuations of these parameters are crucial for GWDs, especially in
the gravitational wave detection band from about 10 Hz to 10 kHz, since they can
limit the sensitivity of the GWD. The actual coupling of laser beam fluctuations to
the gravitational wave channel is described within the scope of the laser stabilization
(see Chapter 3).
2
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In this context mode matching accounts only for the matching of beam waist size and position.
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2.2 Diagnostic Breadboard
The diagnostic breadboard (DBB) is a general purpose instrument for laser beam
diagnostics, which was developed in this thesis and was used for many laser characterizations. It allows one to measure the laser beam parameters defined in the
previous section: power noise, frequency noise and beam pointing fluctuations in
a Fourier frequency band from 1 Hz to 100 kHz as well as power noise at radio frequencies (RF) up to 100 MHz and the spatial beam quality. The functioning and
the sensitivity of the DBB are described in this section.
The DBB was developed since to my knowledge no instrument existed so far that
was able to characterize all important beam parameters in one compact automated
device. In several previous experiments lasers and laser beams were characterized,
especially in combination with a stabilization of the output power [Sei06, Wil98],
the frequency [Day91, Bon96], or the beam quality [Ueh97, Wil98]. However, these
characterizations were optimized for the individual experiments and only a few of
the beam parameters accessible with the DBB were analyzed. The DBB is an
extended and improved version of the instruments described in [Kwe07, Kwe05,
Her02].
The DBB can be used in several important application fields: In the field of laser
development the laser performance can be quickly measured and dependencies on
laser design parameters can be analyzed. Furthermore, the long-term performance
of laser systems can be monitored due to the automation, and the DBB can be
helpful in localizing laser faults. Thus the DBB will be integrated into the Advanced
LIGO laser system [Kin08] and the fabrication of six DBBs has already started.
Finally a complete and accurate characterization is necessary for the stabilization of
laser systems (see Chapter 3) in order to choose appropriate stabilization methods,
sensors, and actuators.
The following subsections describe the experimental setup, the measurement
methods used, the sensitivity, the main experimental challenges, and the control
and automation with computer systems. Examples of laser characterizations performed with the DBB are presented in the next Section 2.3.

2.2.1 Experiment and Methods
The DBB is optimized for lasers developed for GWDs, concerning the accessible
laser beam parameters (Sec. 2.1), the measurement methods, and the sensitivity.
In general these lasers have a very low free-running noise in power and frequency,
and a very high beam quality (see e.g. Sec. 2.3.1).
The optical design of the DBB is independent of the laser wavelength; however,
appropriate coatings of the optical components and photodiode materials have to
be used. Several DBBs were built for the wavelength 1064 nm, at which most lasers
for current GWDs and other high precision experiments operate, and one was built
for 1550 nm. Lasers at 1550 nm are interesting for future GWDs, since silicon, which
is one candidate as test mass material, has very low absorption at this wavelength.
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Figure 2.2: Photograph with illustrated beam path and schematic of the diagnostic
breadboard optical setup. The tank surrounding the optical resonator
is sealed pressure-tight in normal operation and was opened only for the
photograph.
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Figure 2.3: Sensitivity for relative power fluctuations. The sum of electronic noise
and shot noise is the lower limit for the sensitivity. An upper limit was
measured with a power-stabilized test beam. The actual sensitivity is
somewhere in the shaded area.
All optical components of the DBB are mounted on a transportable, compact
breadboard (61 cm × 50 cm) (Fig. 2.2). The key component is an optical ring resonator that is used for frequency, pointing and beam quality measurements. Four
photodetectors are used to measure the various properties of the input beam. The
DBB is optimized and calibrated for an operating point with an input power of
135±15 mW at 1064 nm or 90±10 mW at 1550 nm of p-polarized (horizontal) light.
A crate (19 in, six height units) contains all necessary electronics except for power
supplies.
The measurement methods, the calibration procedures and the sensitivity are
briefly described in the following. Some of the more challenging experimental problems encountered during the development are described in the next Subsection 2.2.2.

Power Noise Measurement
The power of the input beam and the power fluctuations are measured with the
photodetector RPD (Fig. 2.2).
This photodetector consists of a 2 mm InGaAs photodiode (Perkin Elmer, C30642G), a low-noise high-current transimpedance amplifier and signal-conditioning
electronics. In the operating point a photocurrent of 50 mA is detected with a −3 dB
bandwidth of ≈ 45 MHz. The integrated signal-conditioning electronics optimizes
the signal for measurements in the two frequency bands 1 Hz to 100 kHz and 1 MHz
to 100 MHz.
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Figure 2.4: Sketch of the optical resonator with illustrated beam path.
A lower limit for the relative power noise sensitivity of the photodetector is given
by the electronic noise (measured with no light on the photodetector) and the
shot noise level3 calculated from the average photocurrent (Fig. 2.3). An upper
limit for the sensitivity can be derived from a measurement of a power-stabilized
test beam: For the radio frequency band from 1 MHz to 100 MHz this test beam
was prepared by sending a laser beam (NPRO, see Sec. 2.3.1) through an optical
resonator with a bandwidth of 1 MHz, which attenuates the technical power noise
to a level below the shot noise of about 70 mW for frequencies ≥ 5 MHz. A shot
noise limited sensitivity (RPN of 2.5 × 10−9 Hz−1/2 at 50 mA) of the photodetector
for frequencies of 5 MHz to 60 MHz was verified with this test beam (Fig. 2.3). In a
different experiment the power of the test beam was stabilized for frequencies below
100 kHz using an acousto-optic modulator and a photodetector in front of the DBB.
The residual power noise was then measured independently with the DBB. These
values can serve as an upper limit for the relative power noise sensitivity of the
DBB (Fig. 2.3).
The signal of the RPD photodetector is also used to trigger an interlock in case
of excessive input power. In such an event a mechanical shutter on the DBB is
closed in order to protect the photodetectors.
Frequency Noise Measurement
Frequency fluctuations of the input beam are measured with the optical ring resonator as frequency reference (Fig. 2.2, 2.4).
The resonator is similar to the design described in [Wil98, Ueh97]. It consists
of two plane 45◦ mirrors – 1 inch diameter, with a power transmission of 0.88% for
the 1064 nm DBB and of 1.1% for the 1550 nm DBB (all quantities are given for ppolarized light) – and one curved high-reflectivity mirror with a curvature of −1 m.
3

In principle, shot noise is not a limit, e.g., for amplitude-squeezed beams. However, since the
DBB was developed for classical laser beams, non-classical light sources are not considered and
thus shot noise is a lower limit for the power noise measurements.
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Figure 2.5: Upper limit for the sensitivity for frequency noise in different tank configurations. The typical free-running frequency noise of an NPRO laser
is given as reference.
The round-trip length of 420 mm is electronically adjustable by about 5 µm with a
piezoelectric element (PZT) at the curved mirror. A finesse of F ≈ 356 at 1064 nm
and F ≈ 208 at 1550 nm was measured and a free spectral range (FSR) of 715 MHz
was calculated. The waist radius and the half divergence angle of the fundamental
mode are w0 = 372 µm and θD = 910 µrad at 1064 nm and w0 = 459 µm and
θD = 1075 µrad at 1550 nm, and the beam waist is located between the two flat
mirrors. The resonator is placed inside an aluminum tank for acoustic shielding
and in order to avoid contamination of the resonator mirrors.
The resonator is stabilized to the frequency of the input beam using a dither-lock:
The round-trip length of the resonator is modulated at 1 MHz with the PZT in order to create phase modulation sidebands inside the resonator (for more details see
Sec. 2.2.2). The input beam and the phase modulated beam leaking out of the resonator are superposed at the input coupling mirror and are detected with photodetector QPD1 . The demodulated sum signal of this quadrant photodetector is used
as error signal for the control of the resonator round-trip length. The dither-lock,
which has already been described as transmission lock in [Whi65], can be understood
as a variant of the well known Pound-Drever-Hall locking method [Bla01, Dre83]
but with the phase modulation sidebands being generated in the resonator by length
modulation. The resonator is stabilized to a resonance of the fundamental mode
with a bandwidth of a few kilohertz using a feedback control loop and the PZT as
actuator.
Frequency fluctuations of the input beam are calculated from the control and
error signal in a Fourier frequency band from 1 Hz to 100 kHz. The dither-lock
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frequency of 1 MHz limits the bandwidth of the frequency noise measurement to
about 100 kHz.
In this frequency measurement setup the resonance frequency of one fundamental
mode of the resonator is used as frequency reference. The stability of this reference
depends on the round-trip length stability of the resonator. The spacer of the
resonator was manufactured of aluminum, and its stability as frequency reference is
limited for Fourier frequencies below 1 Hz by environment temperature fluctuations.
The frequency noise measurements are calibrated with the macroscopic roundtrip length of the resonator: The FSR of the resonator is calculated from the roundtrip length and thus the control signal at the PZT is calibrated by determining
the signal needed to scan exactly one FSR. At frequencies above the control loop
bandwidth a transfer function from the control signal to the error signal is measured
to calibrate the error signal as well.
With a frequency-stabilized test beam an upper limit of the sensitivity for frequency fluctuations was measured (Fig. 2.5). The test beam was stabilized to a
high-finesse in-vacuum reference resonator made of ultra low expansion glass (ULE).
Additional investigations showed that the tank on the DBB significantly improves
the stability of the resonator as frequency reference. Compared with a closed tank,
the measured frequency fluctuations increase with an open one in some frequency
bands by two to three orders of magnitude. In a further experiment the tank was
evacuated, but the sensitivity of the measurement system was unaffected. Thus a
closed tank at atmospheric pressure is used for all further experiments.
Beam Pointing Measurement
The pointing fluctuations of the input beam are measured by using the differential
wave front sensing technique (DWS) and the ring resonator as pointing reference.
This measurement method uses a laser beam as reference and measures the shift
and tilt between the input beam and the reference beam by analyzing the interference of the input and the reference beam. The reference beam is the fundamental
mode of the ring resonator, which is excited by the test beam itself. To measure
the relative shift and tilt, the DWS method [Mor94a] is used, which as an interferometric measurement method allows a very accurate measurement of relative
shift and tilt of the beams. Although the input beam itself excites the fundamental
eigenmode of the resonator, the fraction of this mode leaking out of the resonator
is a good beam pointing reference due to the mode-cleaning effect of the resonator,
as described in more detail in [Kwe07]. Two quadrant photodetectors, QPD1 and
QPD2 , and subsequent demodulation electronics are used to detect the DWS signals. The four degrees of freedom, translation and tilt in horizontal and vertical
direction (called 1X, 1Y, 2X, 2Y), are measured in order to calculate the quantities
x and y . Dependent on the considered position along the beam axis, the 1X/1Y
degree of freedom can correspond to a translation, tilt or a mixture of both. Due
to the optical design of the DBB the 1X/1Y degree of freedom corresponds to a
pure tilt of the beam wavefronts at the position of mirror PZT1 and photodiode
QPD1 (for more details see Sec. 2.2.2). Accordingly the 2X/2Y degree of freedom
12
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Figure 2.6: Upper limit for the sensitivity for pointing fluctuations. At higher frequencies the sensitivity is limited by electronic noise.
corresponds to a pure tilt at mirror PZT2 and photodiode QPD2 . All four degrees
of freedom are orthogonal.
The detectors QPD1 and QPD2 each consist of a silicon quadrant photodiode
for the 1064 nm DBB (and of a germanium quadrant photodiode for 1550 nm) and
four transimpedance amplifiers. The modulation signal at 1 MHz is amplified in the
detectors and demodulated in the electronic crate. The demodulated DWS signals
have a bandwidth of about 100 kHz.
In order to stay in the linear range of the DWS sensors, the pointing of the
input beam is adjusted in servo loops using two mirrors (PZT1 , PZT2 ) that can
be tilted with PZTs. The four servo loops have a bandwidth of a few 100 Hz and
the tilt range of PZT1 and PZT2 is about 4 mrad, which corresponds to ||≈6 and
||≈5 at 1064 nm and 1550 nm, respectively (see Sec. 2.1). Since the four degrees of
freedom are already orthogonal, the design of these servo loops is simplified as no
orthogonalization step is required (see Sec. 2.2.2). A welcome side effect is that the
servo loops automatically compensate misalignments introduced by moving lenses
during the process of manually mode-matching the input beam to the resonator
fundamental mode.
The pointing measurement and control signals at the PZTs are calibrated using
the resonator: The power of the first order TEM modes that are excited in the
resonator by a misaligned TEM00 input beam depends on the input beam pointing
 with
|c10 |2
|c01 |2
2
=
|
|
,
= |y |2 .
(2.9)
x
|c00 |2
|c00 |2
For calibration, this power ratio is measured using the modescan technique (explained in the following) while varying the alignment control signals.
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An upper limit of the sensitivity for beam pointing fluctuations was measured
with a pointing-stabilized test beam. The pointing of the test beam was stabilized
by using a single-mode fiber-coupled beam that was further filtered by a resonator
with a finesse of about 350 in front of the DBB. The residual beam pointing fluctuations of the test beam were then measured with the DBB (Fig. 2.6). Unfortunately
this measurement was possibly spoiled by a high air particle count, which was realized after the experimental setup was disassembled. Therefore this measurement
really serves as an upper limit only.
Beam Quality Measurement
The beam quality of the input beam is measured by performing a high-resolution
modal analysis of the input beam.
The measurement method, called modescan, decomposes the input beam with the
aid of the optical ring resonator into an expansion of Hermite-Gaussian modes (with
the exception of certain degeneracies) in order to determine the power in higher
order TEM modes. The eigenmodes of the resonator are in very good approximation
the Hermite-Gaussian TEM modes, since the smallest aperture inside the resonator
is about ten times larger than the beam width at this point. Nevertheless the
eigenmodes are slightly elliptical and have a small astigmatism outside the resonator
as explained in [Kwe07].
For the measurement of the beam quality, the input beam is aligned and mode
matched to the resonator using the mirrors PZT1 and PZT2 and the lenses ML1 and
ML2 . A good alignment and mode matching is crucial for this measurement method,
since higher TEMlm modes are excited by a misalignment or mis-modematching and
will therefore reduce the fundamental power determined. The quality of the alignment and mode matching can, however, be determined from the measurement data.
In the next step the resonator round-trip length is changed by several micrometers
within a second using a ramp signal at the PZT that caused a shift of the resonance
frequencies by several FSR. The transmitted power is simultaneously measured with
photodetector TPD. This detector is optimized for linearity, dynamic range and is
shielded from stray light in the optical setup (for more details see Sec. 2.2.2). Since
the resonance frequencies of the TEM resonator eigenmodes are generally different,
the power in the individual modes can be measured.
The measurements are automatically analyzed by a computer program that identifies the modes using their resonance frequencies. Since the expansion of the PZT
at the resonator depends nonlinearly on the applied voltage and shows a hysteresis,
a calibration of the PZT is necessary before the identification. A detailed description of the data analysis and the program is given in [Kwe05].
Besides the fundamental power the quality of the input beam alignment can be
derived from the power in the TEM10 and TEM01 modes as well as a combined
value for the mode matching, ellipticity, and astigmatism can be derived from the
power of the TEM20 and TEM02 mode (see Sec. 2.1).
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Figure 2.7: Sensitivity of the beam quality measurement. A lower limit is given by
the background of TEM00 mode and an upper limit by the measurement
of the test beam (left). The TEM00 background power at the resonance
frequencies of the higher-order modes was calculated as function of their
mode order (right).

On the one hand the sensitivity of the measurement method is limited by the
background of modes with high power, mainly the TEM00 mode, and on the other
hand by the beam distortion of deflection mirrors, lenses, and resonator mirrors
of the DBB. The sensitivity limit due to the background B of the TEM00 mode
depends on the resonance frequency of the higher-order mode TEMlm (Fig. 2.7)
and is given by
1
B(φ) =
,
(2.10)
1 + (2F/π)2 sin2 (φ/2)
where φ is the resonance phase which depends on the mode order l, m and the
round-trip Gouy phase. An upper limit for the sensitivity was determined with a
test beam of very high beam quality. This test beam was prepared by sending a
35 W beam from an amplifier laser system [Fre07b] through an optical resonator
(finesse about 380) that was used as mode-cleaner. The power determined in higherorder modes was 0.18±0.01% in this experiment (Fig. 2.7), and modes with relative
powers of down to 10−5 were detected. A calculation of the TEM00 background
power showed that this background is below 10−1 of the TEM00 power for modes
of orders up to 50, and generally below 10−3 for most modes (Fig. 2.7).
The beam quality cannot be measured simultaneously with the frequency or
pointing noise since the resonator cannot be stabilized to a fundamental mode and
at the same time being scanned by several FSRs. Still the fundamental power of
the input beam can be measured directly with a stabilized resonator by measuring
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simultaneously the beam power on detector TPD and detector RPD. However, by
using this measurement method no information about the mode composition and
deduced parameters, such as the ellipticity or astigmatism, is gathered4 .

2.2.2 Experimental Challenges
During the development of the DBB many experimental and technical problems
had to be solved. In the following a selection of the problems that occurred and
their solutions are described.
Dither-lock at 1 MHz
The dither-lock technique is used to stabilize a TEM00 mode resonance of the
DBB resonator to the input beam (see Sec. 2.2.1). This technique involves the
modulation of the resonator round-trip length with a PZT at a frequency of 1 MHz.
The technical challenge was to modulate the PZT despite of its low impedance at
these frequencies, which was finally achieved with an electrical resonance circuit. In
the following the dither-lock technique is briefly motivated, the modulation problem
is explained, and the implemented solution is described.
From many different resonator stabilization methods [Bar73, Han80, Sha99] the
dither-lock technique, that is a variant of the Pound-Drever-Hall (PDH) method
[Bla01, Dre83], was chosen since a phase modulation of the laser beam is necessary for the DWS technique used for pointing measurements. Usually the phase of
the input beam is modulated with an electro-optic modulator (EOM) for the PDH
technique. In contrast, for the dither-lock technique, the phase modulation is generated inside the resonator by modulating the round-trip length with a PZT. This
has the advantage that possible beam distortions by an EOM are avoided, which
in turn improves the sensitivity of beam quality measurements, and furthermore,
since the PZT is needed anyway for resonator length stabilization and modescans,
the number of components is reduced.
The modulation frequency of 1 MHz is a tradeoff between error signal bandwidth
and modulation depth: The dither-lock error signal and the DWS signals are obtained by demodulation of various photodetector signals at 1 MHz. The bandwidth
of these signals is limited to about a factor of 5 to 10 below the modulation frequency
due to lowpass filters in the demodulation electronics. Frequency and pointing fluctuations should be measured up to 100 kHz with the DBB, which yields a lower
bound for the modulation frequency of ≈ 1 MHz. On the other hand the modulation frequency cannot be significantly increased since the bandwidth of the optical
resonator is about 1 MHz and hence phase modulations above this frequency would
be reduced by the filter effect of the resonator.
4

So far no detailed, experimental comparison of this direct measurement method and the modescan method was performed. Thus the accuracy of this direct method is unknown.
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Figure 2.8: Schematic and transfer function of the electronic resonance circuit. The
transfer function was measured from A to B.
The problem for the modulation of the PZT was the low electrical impedance: A
5 mm thick ring PZT (PAHH-005, Physik Instrumente) is used which has an electrical capacitance of about 60 nF up to several MHz. At the modulation frequency
of 1 MHz this corresponds to an impedance of 2.6 Ω.
In order to obtain a good signal-to-noise ratio for the demodulated signals the
light power at the photodetectors should be dominated by the phase modulation
sidebands and not by, e.g., non-resonant higher-order TEM modes. A sideband
power of about 2% was chosen which corresponds to a modulation amplitude of
about 50 mV at the PZT. The driver electronics is located in the electronics crate
of the DBB and is connected to the PZT with cables of varying length dependent
on the actual setup (up to about 10 m). Since the impedance of the cable was significantly larger than the PZT impedance at 1 MHz due to inductance and since the
cable length varied from setup to setup, the PZT could not be directly modulated
in this way.
The modulation problem was solved by integrating the PZT in a parallel electrical resonance circuit (Fig. 2.8) with components placed near the PZT on the
breadboard. The impedance of this resonance circuit is 400 Ω at 1 MHz, which is
easy to drive even with long cables. An adjustable coil is used to tune the resonance
frequency exactly to 1 MHz. In order to avoid the transfer of a small modulation
signal of only 50 mV along long cables, an additional capacitor is connected in series with the PZT acting like a 1:10 voltage divider. The transfer function of the
circuit was simulated with the program LISO [Hei00] and was later on measured
for comparison (Fig. 2.8). The measurement and the simulation agree well near the
resonance frequency. The resonance circuit has the additional advantage that noise
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Figure 2.9: Optical design of the diagnostic breadboard. The size and Gouy phase
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shown. The beam size is calculated for the DBB at 1064 nm, the Gouy
phase and the component positions are wavelength independent.
of the driver electronics is suppressed in the actual measurement band from 1 Hz
to 100 kHz and therefore cannot influence the length stability of the resonator.
Optical Orthogonalization of Alignment Control Loops
Feedback control loops are used to optimize the alignment of the input beam to
the resonator of the DBB (see Sec. 2.2.1). In general these four control loops
can be strongly coupled, which causes stability problems of the control loops and
complicates the data analysis for pointing fluctuation measurements. Due to the
optical design of the DBB, i.e. by placing the sensors and actuators at specific Gouy
phases of the laser beam, the control loops are orthogonal.
The pointing of a laser beam has four degrees of freedom: translation and tilt
of the beam axis in horizontal and vertical direction, described by two complex
parameters x , y (see Sec. 2.1). Accordingly four sensors and four actuators are
necessary to measure and control all degrees of freedom. Mirrors that can be
tilted with PZTs are used as actuators. These actuators tilt the beam axis at
the position of the actuator. Quadrant photodetectors are used as sensors that
measure the tilt of the wavefronts at the sensor with the DWS technique. The
control loop decoupling in horizontal and vertical direction is easily realized since
the actuators tilt the beam only in horizontal or vertical direction and the quadrant
photodetectors are read out so that the wavefront tilt is measured only in horizontal
and vertical direction. In contrast the coupling between translation and tilt depends
on the Gouy phase of the Gaussian beam and therefore on the actual position of
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Figure 2.10: Measured optical orthogonalization in horizontal and vertical direction.
the sensors and actuators along the beam axis. On the one hand a coupling of these
degrees of freedom causes problems with the control loop stability, the four control
loops influence each other and the whole system has to fulfill a stability criterion,
and on the other hand the data analysis is complicated since the error and control
signals cannot be associated with single orthogonal alignment signals.
Often the decoupling of the control loops is achieved by using an orthogonalization electronics (see e.g. [Gro04]). This electronics combines the four sensor or
actuator signals to generate four orthogonal signals.
A different, purely optical approach was used for the DBB: Depending on the
exact position of the actuator the tilt causes a mixture of tilt and translation at
the resonator waist which is the reference position for . The actuator causes a
pointing  [Kwe05]
 ∝ i exp(iηp ) ,
(2.11)
where ηp is the Gouy phase difference between the actuator position and the resonator waist. The DWS sensor measures only the wavefront tilt at the sensor
position which corresponds to a projection SDWS of 
SDWS ∝ =( exp(−iηd )) ,

(2.12)

where ηd is the Gouy phase difference between the sensor position and the resonator
waist.
The control loops are decoupled if the Gouy phase difference between each actuator and the sensor of the other control loop is just π/2 + n · π (n = 0, 1, 2, . . .)
which is equivalent to =[exp(iηp − iηd )] = 0. In that case the actuator causes a pure
translation of the wavefronts at the sensor of the other control loop, which this
sensor cannot measure. The other way round the Gouy phase difference between
sensor and actuator of the same control loop should be n · π in order to maximize
the signal transmission from actuator to sensor.
The optical design of the DBB (Fig. 2.9) fulfills the mentioned criteria. The
actuators and sensors are placed symmetrically around two waists. The distance
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Figure 2.11: Schematic of the electronic circuit of the high dynamic range photodetector.
to the waist is the Rayleigh length of the beam in each case. Thus the Gouy phase
difference between both actuators and both sensors is 90◦ . Furthermore, with two
lenses a Gouy phase difference between the two waists of 180◦ is obtained.
This optical design is independent of the laser wavelength since the propagation
of the Gouy phase and the lens transformations depend only on the Rayleigh length.
The Rayleigh length in turn is given only by the geometry of the resonator. However,
the beam size changes with the wavelength.
The residual coupling of the control loops was measured in an experiment and
was between -29 dB and -18 dB (Fig. 2.10). This is small enough, such that the
control loops can be treated individually and an easy data analysis within the
general calibration accuracy is possible.

High Dynamic Range Photodetector
For the modescan technique a photodetector in transmission of the DBB resonator
is needed (see Sec. 2.2.1, TPD in Fig. 2.2). A regular photodetector in combination with a single data acquisition (DAQ) channel does not have the required
dynamic range to measure weak higher-order modes with relative powers down to
2 × 10−5 . This problem was solved by using a photodetector with integrated signal
conditioning and several DAQ channels.
The standard DAQ channels that are available for the DBB (see Sec. 2.2.3) have
an effective resolution of about 14 bit. Thus under ideal circumstances a dynamic
range of 104 can be achieved. However, the weakest higher-order modes that can be
detected with the modescan technique due to the background of the TEM00 mode
have relative powers of 1/(1 + (2F/π)2 ) ≈ 2 × 10−5 . Besides the dynamic range
problem, regular photodetectors often have an electronic offset which is easily as
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Figure 2.12: Modescan measurement with the high dynamic range photodetector
showing all three output signals of the detector.
large as a weak higher-order mode and therefore complicates the modescan data
analysis.
A special photodetector was developed for the DBB to solve the problems mentioned. This detector consists of an InGaAs photodiode, a transimpedance amplifier,
and two saturable dc-coupled 40 dB amplifiers (Fig. 2.11). A low-noise, low-offset
(≈ 10 µV) operational amplifier (AD8675) with sufficient bandwidth is used for the
amplifiers. The offset of the circuit can be further reduced at the first amplifier
stage with a potentiometer. Precision resistors with a small temperature coefficient
are used where appropriate in order to reduce nonlinearities caused by self heating.
A controlled saturation of the amplifiers is achieved with a Zener diode in the feedback path of the operational amplifiers. An additional diode in series with the Zener
diode is used to reduce the leakage current of the Zener diode. The detector has a
bandwidth of about 100 kHz. Three DAQ channels are used to measure the photodiode signal in three different amplifications (0 dB, 40 dB, and 80 dB). Afterwards
the digitalized signals are combined to one signal with higher dynamic range.
The example measurement (Fig. 2.12) clearly shows the high dynamic range by
using three signals. This detector in combination with three DAQ channels has a
dynamic range four orders of magnitude higher compared to a regular photodetector.

2.2.3 Control and Automation
The DBB is designed to be completely controllable by a computer system in order
to perform beam characterizations remotely. Thus laser beam measurements can
be automated by computer programs and the instrument can be used, e.g., to
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measure the long-term performance of a laser by periodical characterizations or to
continuously monitor a laser system. Furthermore, due to the automation careless
mistakes are minimized and the results can be compared more easily since each
measurement is performed in the same way.
In general more complex electronics is necessary to allow a remote control. The
electronic modules of the DBB are designed in such a way that all settings that
could be made with the front panel controls can be overridden by analog and digital
signals on the crate bus. Further all measurement signals are available on this bus.
The opto-mechanical components are computer controllable as well: The lenses
used for mode-matching (ML1 , ML2 in Fig. 2.2) can be moved along the beam axis
by about 2 cm and the alignment of the input beam can be controlled with two
mirrors attached to PZT elements (PZT1 , PZT2 in Fig. 2.2).
Two different computer interfaces were developed: The first interface connects to
a laboratory computer with a Windows operating system. This computer system
was used for most characterizations presented in the next Section 2.3, among others
for the long-term characterization of the NPRO.
The second interface connects to the control and data system (CDS) of Advanced
LIGO. This system is based on a network of several computers with realtime Linux
operating systems controlled by EPICS (Experimental Physics and Industrial Control System) process variables. An interface to this system was developed in order
to monitor the Advanced LIGO laser system with the DBB. In the following both
interfaces are briefly described and compared.

Laboratory Computer
A laboratory computer, consisting of a usual PC with an A/D and a D/A converter
card for data acquisition and signal generation, respectively, is used to automate the
DBB. Windows is used as operating system, and analog signals are measured and
generated with the help of the A/D and D/A card driver programming interfaces.
The hardware interface between the crate bus and the laboratory computer is
realized with a dedicated interface module in the electronic crate (Fig. 2.13). Several
digital input/output channels and D/A converters in this electronic module are
connected via an I2 C bus and an RS-232 link with the computer in order to read
and write digital signals and to set the slow analog signals on the bus. Compared
to the Advanced LIGO CDS the laboratory computer controls only the parameters
of the analog feedback control loops. Feedback control loops can be turned on and
off, offsets can be adjusted, and gains can be changed among other things with bus
signals.
The actual analog measurement signals on the crate bus are distributed with a
multiplexer to four channels. Each channel consists of a signal conditioning unit
and an anti-aliasing filter. These conditioned signals are simultaneously digitalized
with an A/D converter card in the computer (PCI-6122, National Instruments) at
a sampling rate of 250 kHz and a resolution of 16 bit (effective ≈ 14 bit). A fast
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Figure 2.13: Block diagram of the laboratory computer interface. D/A: digital to
analog converter, A/D: analog to digital converter, DIO: digital input
output, VGA: variable gain amplifier, AA: anti-aliasing filter.
analog signal injection for measuring transfer functions is realized with a D/A card
(PCI-6251, National Instruments).
Almost all measurements with the DBB are automized with programs and scripts
(except for RPN measurements at radio frequencies since the bandwidth of the antialiasing filters and the A/D converter card is limited to about 100 kHz). Thus the
system is able to automatically measure and calibrate the beam quality as well as
the power noise, the frequency noise, and the pointing noise up to 100 kHz. Even
the lock acquisition for stabilizing the resonator to a fundamental mode resonance
is automated. Since the computer system has only four DAQ channels the different
measurements can only be performed one after the other. Programs are also used
to automatically analyze the signals acquired: Thus among other things the linear
spectral density of the time signals is calculated and calibrated with corresponding
transfer functions and modescans are analyzed.
With this computer system it is possible to perform fully automated laser beam
characterizations including the data analysis.
Advanced LIGO Control and Data Systems
The Advanced LIGO CDS is a complex computer system specifically developed for
the control and data acquisition in Advanced LIGO. In the following the CDS and
the DBB interface is briefly described.
The CDS consists of a network of several computers (Fig. 2.14). The control and
data acquisition is performed by a computer, called frontend , running a realtime
Linux operating system. This computer is connected to A/D and D/A converter
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Figure 2.14: Block diagram of the CDS interface. D/A: digital to analog converter, A/D: analog to digital converter, AA: anti-aliasing filter, AI:
anti-imaging filter.
cards in an expansion chassis. Analog signals are digitalized with the A/D card,
processed with a realtime program, and are put out with a D/A card. Selected signals are forwarded by the realtime program to a different computer (frame builder )
responsible for data archiving. The realtime program is controlled by EPICS [EPI]
messages generated by any computer on the network, e.g. by a user on a workstation. In general for every application of the CDS the realtime program needs to be
adjusted since only a few parameters, such as the transfer function of filter blocks,
can be changed during runtime. More information about the CDS can be found
in [Bor08a, Bor08b].
A dedicated electronic module is used as interface between the DBB crate bus
and the CDS (Fig. 2.14). This module contains a fixed signal conditioning filter for
each signal. In total 24 A/D and 16 D/A channels are used for the data acquisition
and for the control of the DBB. The analog signals are simultaneously sampled with
a frequency of 65 kHz and the digital signals are converted with 131 kHz to analog
ones, in each case with 16 bit. The timing signal for the A/D and D/A cards is
synchronized with a GPS (Global Positioning System) clock.
The digitalized signals are processed with a realtime program, which also replaces
the analog feedback control loops of the DBB with digital ones. All five control
loops (1× resonator length control, 4× input beam alignment control) are digitally
implemented. The bandwidth of the digital control loops is limited to a few kilohertz
due to a time delay of about 65 µs in the CDS. Nevertheless similar bandwidths are
achieved compared to the analog control loops. The digital signal processing allows
the implementation of a faster and more robust lock acquisition for stabilizing the
resonator, an automatic calibration of error signals, and a software interlock that
protects the PZTs from oscillations.
The data analysis is not completely automized with this computer system. As
far as possible the realtime program calibrates the time signals that are archived
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afterwards. With different programs and tools the linear spectral density, minimum
and maximum values, or trends can be calculated using the archived time signals.
With this computer system it is possible to perform most of the DBB measurements and to analyze the archived calibrated time signals in many different ways
later on.
Comparison
With both computer interfaces the DBB can be controlled and characterization
measurements can be performed. Despite the same main functionality there are
significant differences between the two systems that are discussed in the following.
The laboratory computer interface has the advantage that all measurements and
especially the data analysis are automized. At the moment the CDS system delivers
only calibrated time signals, which of course can later be processed in a more flexible
way.
All important measurement data can be acquired simultaneously with the CDS
system. Thus a laser beam can be characterized faster and continuously, whereas
the different measurements with the laboratory computer need to be performed one
after the other since only four DAQ are available.
On the other hand the sampling rate of the laboratory system is with 250 kHz
much higher than the 65 kHz sampling rate of the CDS system. Therefore fluctuations can be measured up to 100 kHz using the laboratory system and only up to
≈ 30 kHz with the CDS.
Since the feedback control loops are digitally implemented in the CDS, less analog electronics is necessary and the transfer functions of the control loops can be
adjusted fast and easily. Furthermore filters, e.g. for compensating mechanical resonances, can be realized digitally much more precisely. Such filters are complicated
to build with analog electronics due to tolerances of the electrical components.
Finally the laboratory computer system is simple whereas the CDS interface is
much more complex but provides a seamless integration with Advanced LIGO.
The conclusion is that the CDS interface is suited for continuously monitoring
a laser system whereas the laboratory computer interface is more suited for single
beam characterizations, e.g. in the field of laser development.

2.3 Characterizations
Several different laser systems were characterized with the diagnostic breadboard.
The most important laser beam parameters (Sec. 2.1) and laser internal actuators
were characterized. The results presented in this section were used to check the
suitability of laser systems for specific applications and were as well used as basis
for stabilization concepts.
The characterized systems are continuous-wave, single-frequency, linear polarized
lasers at wavelengths of 1064 nm and 1550 nm. Since these lasers were developed
among other things for GWDs, they are optimized for low levels of frequency and
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power noise, a high beam quality, a reliable operation, and a high output power.
The following lasers were characterized:
• The nonplanar ring oscillator (NPRO) is a very proven, commercially available
monolithic Nd:YAG solid-state laser at 1064 nm wavelength, which is used in
many precision experiments. This laser type is available with output power
levels up to 2 W, which is too low for GWD applications, but the laser has a
very good free-running frequency stability. See Sec. 2.3.1.
• The Enhanced LIGO laser is a Nd:YAG master-oscillator Nd:YVO4 poweramplifier system operating at a wavelength of 1064 nm that was developed
specifically for Enhanced LIGO. This laser is an integral part of the Advanced
LIGO laser and has an output power of about 35 W. The characterization
results are not presented in this section but are partly published in [Fre07b].
• The Advanced LIGO laser is a three stage solid-state laser system (Nd:YAG
master laser, Nd:YVO4 amplifier, Nd:YAG oscillator) at 1064 nm that is at
the moment developed specifically for Advanced LIGO. The laser stages are
coupled via injection locking and deliver an output power of about 200 W in
total. See Sec. 2.3.2.
• The photonic crystal fiber laser is a master-oscillator fiber-amplifier system
at 1064 nm that uses an ytterbium-doped photonic-crystal fiber as amplifier.
This laser achieved with quite low effort a high output power of about 150 W.
See Sec. 2.3.3.
• The fiber laser at 1550 nm is a commercially available, two stage laser system
consisting of an erbium fiber laser and an amplifier with a total output power
of about 2 W. See Sec. 2.3.4.
In the following the characterized laser systems are described in more detail and
a selection of measurements is presented and discussed.

2.3.1 Nonplanar Ring Oscillator
The NPRO [Kan85] is a commercially available single-frequency solid-state laser.
In this thesis NPROs (Mephisto 2000 NE LIGO, Innolight) with an output power
of 2 W at a wavelength of 1064 nm are characterized. The resonator and the active
medium of the laser is a monolithic neodymium-doped yttrium aluminum garnet
(Nd:YAG) crystal. The active medium is pumped by two laser diodes at a wavelength of 808 nm. The lasers come with a built-in power stabilization called Noise
Eater for suppressing the relaxation oscillation at about 1 MHz. This laser is described in more detail in [Fre95].
This kind of laser is frequently used in precision experiments since it has a high
intrinsic frequency stability due to the monolithic laser resonator/crystal and has
proven to be very reliable. Thus a detailed characterization is important not only
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Power
Output power slope
Output power
Relative output power trend
Output power fluctuations, rms 0.6 mHz . . . 1 Hz
RPN, 1 Hz . . . 100 kHz, with Noise Eater
RPN, 1 Hz . . . 100 kHz, w/o Noise Eater
RPN trend at selected frequencies
RF RPN, 1 MHz . . . 100 MHz, with and w/o Noise Eater
Relaxation oscillation frequency

Initial
•
•
•
•
•

Long-term

•
•
•
•

•
•

Frequency
Frequency noise, 1 Hz . . . 100 kHz
Frequency noise trend at selected frequencies
PZT frequency actuator
Temperature frequency actuator

Initial
•

Long-term
•
•

•
•

Spatial Mode
Pointing fluctuations, rms 0.6 mHz . . . 1 Hz
Pointing, 1X, 1Y, 2X, 2Y, 1 Hz . . . 100 kHz
Pointing trend at selected frequencies
Beam quality
Beam quality trend
Relative ellipticity/astigmatism
Mode matching trend

Initial
•
•

Long-term
•
•
•

•
•
•
•

Table 2.1: Measurements performed for the initial characterization of all eight lasers
and for the long-term characterization of one laser. The shaded measurements are presented in this section.
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Figure 2.15: Relative power noise during the initial characterization of all eight
NPRO lasers (A to H) with activated Noise Eater. The average power
noise level without Noise Eater is shown for comparison.
for GWDs but also for many other optic experiments. The NPROs characterized in
this thesis are used as master lasers in the Advanced LIGO laser systems (Sec. 2.3.2).
Eight lasers of the same model were extensively characterized with the DBB directly after delivery, and further on one laser was operated continuously and periodically characterized in a long-term measurement. For the long-term characterization
the laser was automatically characterized every 24 h for more than 2600 h (≈ 3.5
months) using the DBB laboratory computer interface (Sec. 2.2.3). This showed
that the diagnostic breadboard is reliable and can be operated fully automized for
several months. Thus a permanent integration into a laser system is possible in
order to automatically monitor the performance and to quickly identify problems.
An overview of all performed measurements, which are divided into measurements
during the initial characterization of all eight lasers and the long-term measurement
of one laser, is given in Table 2.1. In the following only the power and pointing
noise of the lasers are presented in more detail.
Power Noise Investigations
The power noise of the lasers was measured in the frequency band from 1 Hz to
100 kHz and from 1 MHz to 100 MHz (Fig. 2.15). The linear spectral density of the
RPN was almost flat at a level of 7 × 10−7 Hz−1/2 from 10 Hz to 100 kHz with Noise
Eater disabled. The differences between the eight lasers were small. Below 10 Hz
the RPN was increasing very fast towards lower frequencies with more than one
order of magnitude per decade. A comparison with measurements with activated
Noise Eater showed that this power stabilization reduced the noise level starting
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Figure 2.16: Relative power noise during the long-term characterization. The median power noise of the 110 measurements is shown for reference.
from about 100 Hz. Above around 300 Hz the RPN with Noise Eater was almost
flat at a level of ≈ 2 × 10−7 Hz−1/2 . There was no significant difference of the RPN
below 10 Hz with or without Noise Eater. Variations between the samples were
rather small for measurements with Noise Eater.
As can be seen from the long-term measurements, there were a couple of outliers
that were almost an order of magnitude above the median RPN level at some
frequencies (Fig. 2.16). Especially for frequencies around and above 100 Hz some
measurements strongly differed from the median. Over some period the air particle
count was monitored during the long-term measurements. The average particle
count of 0.7 ft−3 with a size of larger than 0.3 µm was very low and no significant
correlation between the particle count and the RPN could be observed. According
to this, air particles did not seem to cause the outliers.
In general the RPN with activated Noise Eater at frequencies above 10 Hz was
between 1 × 10−7 Hz−1/2 and 1 × 10−6 Hz−1/2 except for some outliers.
The relaxation oscillation of the lasers was at an average frequency of 1.1 MHz
with values ranging from 900 kHz to 1.23 MHz. With activated Noise Eater this
oscillation was suppressed by a factor of about 50 and the RPN level was at about
2 × 10−7 Hz−1/2 (Fig. 2.15). Between 2 MHz and 10 MHz the Noise Eater slightly
increased the RPN which was, however, still decreasing very rapidly with increasing
frequency. For frequencies above 20 MHz the RPN was at or below the shot noise
of about 50 mA photocurrent.
All in all the power noise of the NPROs is rather low. Experiments that use
an NPRO directly as light source profit from this low power noise. However, if an
NPRO is used as master oscillator in a multistage laser system the power noise
at low frequencies (< 100 kHz) is often irrelevant since in many cases the power
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Figure 2.17: Relative pointing fluctuations in 2Y direction (see Sec. 2.2.1) during
the initial characterizations. The lasers were characterized at three
different locations in the following groups: lasers A, B, D, H; laser C;
and lasers E, F, G.
noise of a multistage system is dominated by the last stage. The power noise at
radio frequencies of the complete laser system is, however, usually determined by
the NPRO. At these frequencies the power noise decreases with about 1/f 2 for
frequencies above the relaxation oscillation at ≈ 1 MHz. This oscillation in turn is
very well suppressed by the internal Noise Eater.
Pointing Noise Investigations
The pointing fluctuations of the lasers were measured between 1 Hz and 3 kHz
(Fig. 2.17) (for frequencies above ≈ 3 kHz the measurements were limited by electronic noise). Furthermore, the noise below 20 Hz seemed to be dominated by the
environment: During the course of characterizing all eight lasers, the experimental
setup had to move twice to different laboratories situated in the same building.
Especially in the 2Y direction there were three groups of noise levels corresponding
to the three different locations. No differences between these locations causing the
different noise levels were obvious. Above 20 Hz the variation between the lasers
was relatively large, up to about one order of magnitude. The relative pointing
noise level was about 1 × 10−6 Hz−1/2 .
The interpretation of the pointing measurement results is rather difficult since
the environment parameters, such as air currents, that influenced the measurements
are not known. To further investigate the influence of environment parameters the
pointing was measured at different flowbox speeds. In general this flowbox was
used to provide an environment with clean air in order to reduce the influence of
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Figure 2.18: Relative pointing fluctuations at different flow speeds of the flowbox.
This measurement was performed with laser C. A setting of 100% corresponds to a flow speed of 0.32 m/s.
dust particles. The noise increased at low frequencies with the flow speed of the
flowbox (Fig. 2.18). At low flow speeds (see 1% and 3% curve in Fig 2.18) the
influence of the air speed on the pointing noise seemed to be gone; however, as soon
as the flowbox was turned off completely the pointing noise was again significantly
reduced. All measurements in Fig. 2.17 were performed with a slow running flowbox.
Furthermore broadband acoustic coupling could be ruled out as the dominant noise
source in further experiments with a loudspeaker.
The characterization measurements listed in Table 2.1 but not presented here are
partly published in [Kwe08a]. Together with these measurement results the characterization verified that NPROs are highly stable laser sources and that the variation
between different samples is rather small. They are ideal for operation in GWDs
and are especially suited as master oscillators for amplifiers or injection lock configurations.

2.3.2 Advanced LIGO Laser
The Advanced LIGO laser is a three-staged solid-state laser with an output power of
about 200 W at 1064 nm. The first two stages together are called frontend , which
are also the laser system for Enhanced LIGO. The first stage is an NPRO used
as master oscillator (see Sec. 2.3.1). Since the subsequent stages are coupled to
the master oscillator the complete laser system has the high frequency stability
of the NPRO. The second stage amplifies the NPRO beam with four Nd:YVO4
crystals to about 35 W. These crystals are pumped with fiber coupled laser diodes

31

Chapter 2 Laser Characterization
89
measurement
① fit
② TEM00 mode

10−1

fundamental power (%)

relative transmitted power

100

10−2
10−3
10−4
10−5

①

average, 86.7± 0.6

88

87

86

85

②
84
0

0.2
0.4
0.6
0.8
frequency (free spectral range)

1

0

20

40 60 80
scan number

100

Figure 2.19: Beam quality measurement of the Advanced LIGO functional prototype laser. One hundred modescans were measured and analyzed to
determine the statistical distribution.
at 808 nm. The last stage, the high power oscillator, is a ring laser with four laser
heads. Each laser head consists of a water cooled Nd:YAG crystal as active medium,
which is pumped by seven fiber-coupled laser diodes at 808 nm combined to a fiber
bundle. The output of this bundle is passed through a fused silica rod to achieve a
homogenous spatial profile of the combined pump power. The high power oscillator
is coupled by injection locking [Sie86, Chap. 29][Zaw03, Chap. 3] using the PDH
method to the second stage. The laser system is described in more detail, e.g.,
in [Fre07a, Fre04, Fre05].
This laser system was developed by the Laser Zentrum Hannover (LZH) and a
prototype, the so-called functional prototype, was characterized. A characterization
of this system was important for the development of the next prototypes and for
the stabilization design described in Chapter 3.
A full characterization of the functional prototype was performed with the DBB:
The measured frequency noise verified that the complete laser system has the frequency stability of the master oscillator. Furthermore pointing fluctuations were
measured, though the measurements were limited by vibrations and air turbulences
caused by several fan-cooled power meters on the optical table. In the following
the beam quality and the power noise measurements are described in more detail.
Beam Quality Investigations
The beam quality was measured with the modescan technique and yielded a fundamental power of 0.867±0.006 (Fig. 2.19). Thus with an total output power of about
181 W the system had ≈ 157 W in the TEM00 mode. For Advanced LIGO the laser
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system has to deliver at least 165 W in the TEM00 mode in order to achieve the
desired power inside the interferometer and with it the design sensitivity [Wil09].
Thus the combination of output power and beam quality of this functional prototype does not yet fulfill the Advanced LIGO requirements. The two strongest
higher-order modes had an order of two (combination of TEM02 and TEM20 at
0.3 FSR) and four (combination of TEM04 , TEM22 , and TEM40 at 0.6 FSR). The
second order mode could have been caused by an ellipticity and astigmatism of the
laser beam and a not completely optimized mode matching between laser output
and DBB (see Sec. 2.1).
The quite low fundamental power compared to other lasers developed for GWDs
is caused by aberrations in the four laser heads of the high power oscillator. On
the one hand these thermally caused aberrations decrease the beam quality, but
on the other hand these aberrations are also needed for a single transverse mode
operation of the laser [Win09].
During the characterization of other prototypes of this laser system a corona in
the beam profile was observed using a CCD (charge-coupled device) camera. Since
the corona is significantly larger than the beam size a beam quality measurement
using the modescan technique and the DBB yields only a rough estimate of the
fundamental power. The precision of the modescan is limited in such a case since
on the one hand the corona is prone to be clipped at apertures inside the DBB and
on the other hand the power of the corona is distributed to many high order modes
in the modescan.
Power Noise Investigations
The power noise of the laser was measured at two locations: once on a beam sample
directly at the laser output and once downstream of an optical resonator (Fig. 2.20).
The relative power noise was between 10−7 Hz−1/2 and 10−2 Hz−1/2 for frequencies
from 1 Hz to 100 kHz. The largest power noise, up to 5 × 10−3 Hz−1/2 , was observed
at low frequencies. The power stability of this prototype is significantly worse
compared to an NPRO.
For frequencies below 1 kHz the power noise is larger downstream of the optical
resonator. This can be explained by spatial mode fluctuations, e.g. caused by beam
pointing fluctuations, since the optical resonator acts as a mode-cleaner and turns
mode fluctuations into power fluctuations (see Sec. 3.1.4). The power noise downstream of the optical resonator is important for the stabilization of this laser system
since the power stabilization sensor in Advanced LIGO will be placed downstream
of a suspended optical resonator to eventually achieve a very low power noise in
front of the interferometer, according to the level shown in Fig. 2.20. For this prototype a power stabilization would have to suppress power noise by up to six orders
of magnitude.
In a further measurement the peak-to-peak power fluctuation was measured in a
5 min interval at 250 kHz sampling rate. A peak-to-peak fluctuation of 28% (−22%
to 6%) upstream and of 33% (−21% to 12%) downstream of the resonator were
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Figure 2.20: Relative power noise of the Advanced LIGO functional prototype laser
upstream and downstream of an optical resonator.
measured. This high level of power fluctuations causes problems for the power
stabilization since so far no power actuator with sufficient dynamic range is available
or has been tested.
To summarize, the laser system has a quite high power noise which in principle
can be suppressed by a power stabilization. However, so far no power actuator for
the stabilization is available that has enough dynamic range to compensate the peakto-peak power fluctuation. Promising results were achieved with an acousto-optical
modulator (AOM) placed into the high power beam, but so far the Advanced LIGO
power stability requirements have not been achieved with the current prototype.
The peak-to-peak power fluctuations need to be reduced in future prototypes and
new high dynamic range power actuators are required.

2.3.3 Photonic Crystal Fiber Laser
The photonic crystal fiber laser is a master-oscillator fiber-amplifier system with an
output power of about 150 W at 1064 nm. The first stage is an NPRO master laser
(see Sec. 2.3.1) which is amplified in the second stage by a 4 m long ytterbium doped
double-clad photonic crystal fiber. The amplified beam has the same frequency
stability as the NPRO. Due to the special photonic structure and the coiling of
the fiber, increasing propagation losses for higher-order modes, the fiber is still
single-mode although the fiber core is several times larger compared to traditional
single-mode fibers. Non-linear effects such as stimulated Brillouin scattering, which
often limits the output power of fiber amplifiers, are reduced due to this larger fiber
core. The ytterbium doped core is pumped via the pump cladding at 976 nm with
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Figure 2.21: Beam quality measurement of the photonic crystal fiber laser at two
different output powers.
a fiber-coupled laser diode module. This fiber laser is described in more detail
in [Hil06, Hil09c].
This laser system was an early prototype and was characterized to determine if
such a system can be used in GWDs. Especially the beam quality was of interest
due to the photonic structure of the fiber amplifier.
Beam Quality Investigations
The beam quality was measured with the modescan technique at low (28 W) and
high (148 W) output power (Fig. 2.21). Despite of the photonic structure a fundamental power of 98% was measured at low output power. This is a high beam
quality which is comparable to the beam quality of an NPRO.
At high amplification leading to an output power of 148 W the beam quality degraded to a fundamental power of 93% (138 W in TEM00 mode). Thermal effects
inside the fiber seem to degrade the beam quality; however, the fiber coiling diameter and thus the propagation losses of higher-order modes were not optimized
at these power levels. Anyhow the achieved beam quality and output power is
comparable with the Advanced LIGO functional prototype laser. At high output
power particularly a few higher-order modes (second order at 0.3 FSR and 0.8 FSR,
third order at 0.45 FSR) degrade the fundamental power compared to the low power
operation mode.
A fiber laser based on a stable NPRO master laser and a high power photonic
crystal fiber amplifier is very promising as light source for GWDs. With quite low
effort compared to, e.g., the Advanced LIGO laser a high output power with a good
beam quality is achieved. However, the reliability and long-term performance of
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Figure 2.22: Frequency noise of the fiber laser at 1550 nm. The typical free-running
frequency noise of an NPRO laser at 1064 nm is shown for comparison.
such a laser concept has to be investigated since due to the high power densities in
the fiber and at the fiber ends the fiber can easily fail. Such a long-term monitoring
could, e.g., be performed with periodic, automated DBB measurement sequences.

2.3.4 Fiber Laser at 1550 nm
This laser is a commercial single-frequency fiber laser (Koheras BoostiK, NKT
Photonics) operating at 1550 nm with an output power of about 2 W. An erbium
DFB (distributed feedback) fiber laser is used as low power master oscillator in
order to achieve a high free-running frequency stability. The higher output power
of the system is achieved with a subsequent two-staged amplifier. More information
about this laser can be obtained from the manufacturer [NKT09].
All current GWDs operate at a wavelength of 1064 nm and lots of development work was spent in the field of lasers and optical coatings specifically for this
wavelength. Despite these technological advancements at 1064 nm the wavelength
1550 nm is important for future GWDs since silicon has a very low absorption coefficient at this wavelength and is a good candidate as test mass material for cryogenic
GWDs.
A characterization of this laser is especially important for future GWDs since
this laser is one of the few commercially available lasers at this wavelengths that
fulfill the rough requirements of GWDs.
Frequency Noise Investigations
The frequency noise of the laser was characterized with the 1550 nm DBB. The
other beam parameters accessible to the DBB were not characterized since for a
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power fluctuations measurement the laboratory environment was not clean enough,
a very good beam quality due to the fiber coupled output can be assumed, and beam
pointing fluctuations mainly depend on the stability of the fiber output coupler and
not the laser itself.
The frequency noise of the laser was between 10 Hz Hz−1/2 and 100 kHz Hz−1/2
in a frequency band from 1 Hz to 100 kHz (Fig. 2.22). The noise decreased towards
higher frequency with about 1/f similar to an NPRO. Compared to an NPRO
the frequency fluctuations were about one, at some frequencies up to two orders
of magnitude larger, although a direct comparison is problematic since the NPRO
emits at a different wavelength.
For future GWDs operating at 1550 nm the frequency noise of this laser is probably acceptable assuming that these GWDs require similar frequency stabilities as
current detectors. NPROs are used in current GWDs as master lasers and the
free-running frequency noise of these lasers has to be reduced by about ten orders
of magnitude (see Sec. 3.2). Accordingly a frequency stabilization at 1550 nm will
be definitely necessary, and similar stabilized frequency stability levels should be
achievable assuming appropriate frequency actuators are available. The output
power of about 2 W is yet much too low to be directly used in GWDs, but in
principle the output power could be increased with subsequent amplifier stages.

2.4 Summary
A fast and reliable characterization of laser beams is crucial for the development of
new lasers, for designing laser stabilizations, and for monitoring the performance
of laser systems in operation.
So far no sensitive instrument for characterizing all important beam parameters
(Sec. 2.1) such as power, frequency, and pointing noise or the beam quality was
available. Thus the diagnostic breadboard (Sec. 2.2) was developed which is a compact, transportable, automized laser beam diagnostic tool specifically optimized for
GWD lasers. Several experimental problems (Sec. 2.2.2) were solved, the sensitivity
of the measurement methods used (Sec. 2.2.1) was determined, and two different
computer interfaces (Sec. 2.2.3) were implemented.
Afterwards different laser systems at 1064 nm and 1550 nm were characterized
with the aid of the DBB. Among these lasers were a well established, proven system
(NPRO, Sec. 2.3.1), a current high power system for the next generation of GWDs
(Advanced LIGO laser, Sec. 2.3.2) and new fiber lasers (Sec. 2.3.3, Sec. 2.3.4) that
might be used in future precision experiments.
The DBB proved its usability for fast characterizations in the field of laser development as well as for automized long-term monitoring of laser systems in operation.
Therefore the DBB is suited for the diagnostics and monitoring of the Advanced
LIGO laser system. The automation of the DBB simplifies the execution and analysis of beam characterizations and can minimize careless mistakes. Though it cannot
replace an accurate knowledge of the measurement and analysis methods used since
just due to the automation a careful evaluation of the characterization results is
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necessary. Only with such knowledge, limitations and measurement errors, such as
the corona in the Advanced LIGO laser (Sec. 2.3.2) or the strong environmental
dependence of pointing measurements (Sec. 2.3.1), can be revealed. In principle
the DBB could easily be adapted to other laser wavelengths due to the wavelength
independent optical design.
The characterization results of the NPROs verified that they are highly stable
laser sources that are ideal for precision experiments and as master oscillators in
amplifier or injection-lock configurations. For the functional prototype of the Advanced LIGO laser the characterization revealed that this prototype does not fulfill
the requirements for the combination of output power and beam quality and that
the necessary power stabilization of this system cannot be realized yet due to high
peak-to-peak power fluctuations. The results of the two fiber lasers showed that
these lasers are in general compatible with the requirements of precision experiments such as GWDs.
All in all sensitive and extensive laser beam characterizations were performed
with the DBB yielding important results for the development of new laser prototypes and used for stabilization concepts described in the next Chapter 3.
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Laser Stabilization
Laser stabilization is an important and often inevitable part of high precision measurements, quantum optic experiments and gravitational wave detectors. In many
cases laser fluctuations couple to the actual measurement signal, masking signals
or limiting the sensitivity. Therefore it is essential to stabilize the laser beam in
order to achieve the performance desired. In such a stabilization effort one has to
take the design goal as well as the free-running laser noise and coupling mechanism
between several observables into account.
Usually a laser beam parameter should be stabilized only after the origin of the
free-running noise is investigated. It is always preferable to avoid fluctuations in
the first place instead of reducing them afterwards with complicated stabilizations.
Dust particles, e.g., can cause power fluctuations when passing the laser beam,
which can be simply avoided using filtered air. Another example are vibrations of
mirror mounts producing beam pointing fluctuations, which can be reduced with
better damping of the mounts or seismically isolated optical tables. For the investigation of these fluctuations and their causes the diagnostic breadboard described
in Chapter 2 can be of good use.
In a second step, prior to the implementation of a stabilization, the coupling
mechanism between the laser beam parameter noise and the actual measurement
signal of the main experiment should be investigated. By reducing the coupling
the requirements for the tolerable laser fluctuations can be relaxed. As an example,
in some experiments it is possible to reduce the coupling by carefully choosing
an appropriate operating point or to minimize the coupling at low frequencies by
shifting the measurement signal to higher Fourier frequencies using modulation
techniques.
As final step passive and active stabilizations of laser beam parameters should be
considered as well, which is described in detail in this chapter. In many experiments
a subtle combination of avoiding free-running fluctuations, reducing the coupling
factor, and suppressing fluctuations with stabilizations has to be chosen.
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In the following sections an overview of stabilization methods frequently used is
given (Sec. 3.1) and the interaction of different methods is explained in the scope
of the Advanced LIGO stabilization concept (Sec. 3.2). Furthermore two concrete
laser stabilization experiments are described in the subsequent Chapters 4 and 5.

3.1 Review of Stabilization Methods
Many different methods can be used to stabilize lasers. In this section various active
and passive stabilization methods, which are especially, but not exclusively, used
in the field of GWDs, are briefly described and reviewed.

3.1.1 Passive Filtering vs. Active Feedback
For selecting the appropriate stabilization methods the free-running noise is crucial.
In Chapter 2 methods for characterizing all important laser beam parameters are
described. The required suppression dependent on the Fourier frequency can be deduced from the characterized free-running fluctuations and the level of fluctuations
tolerable in the experiment. The stabilization methods can be divided into passive
and active methods.
Passive Filtering
In a passive stabilization the filter property of an optical component is exploited to
reduce the fluctuations of a laser beam parameter. For example, the transmission
of a laser beam through an optical resonator can reduce power fluctuations for frequencies above the resonator bandwidth, or the transmission through a birefringent
crystal (polarizer) can suppress polarization fluctuations.
Most components reduce the laser beam noise by a constant, possibly frequency
dependent, factor that depends only on the properties of the optical component.
Additional noise can of course couple into the beam at this component, which
might reduce the effective filtering. As an example scattered light in the mentioned
optical resonator or mechanical instabilities of the mentioned birefringent crystal
can limit the filter efficiency.
Dependent on the characterized free-running noise, one can determine if the passive filtering factor is sufficient to reduce the noise to a level below the requirements.
Active Feedback
In active stabilization schemes sensors and actuators together with a feedback control loop are used to reduce laser fluctuations. An optical resonator, e.g., can be
used to measure frequency fluctuations of the laser beam. Then the measured fluctuations can be suppressed with an electronic feedback controller and an AOM
actuator shifting the laser frequency. Further examples of sensors and actuators of
different beam parameters have been already described in Sec. 2.2.
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The achievable noise reduction depends on the one hand on the loop gain of the
feedback control loop and on the other hand on the sensor sensitivity: In general
the free-running noise is suppressed by the control loop gain. The loop gain often
depends on the bandwidth of the control loop, which in turn is frequently limited
by the bandwidth of the sensor or the actuator. Usually the higher the bandwidth
of the control loop, the higher the loop gain is at a specific frequency. The lower
limit for the residual noise with operating stabilization is the intrinsic sensor noise.
Thus at Fourier frequencies with high loop gain the performance of the stabilization
is limited by the sensor noise and therefore it is important for active stabilizations
to use low-noise sensors.
Another important property besides the bandwidth is the dynamic range of the
actuator since only fluctuations that can be compensated with the actuator can be
suppressed. Thus the selection of the actuator strongly depends on the free-running
peak-to-peak fluctuations. Frequently an actuator either has a large dynamic range
or a high bandwidth but not both of them. In such a case several actuators can be
combined: On the one hand an actuator with high bandwidth and small dynamic
range can be used to increase the bandwidth of the control loop. On the other
hand a slow high dynamic range actuator is the right choice to compensate large
fluctuations that are often present mainly at low frequencies.
The intrinsic sensor noise limits the achievable stability and, depending on the
characterized free-running noise, the required dynamic range of the actuator and
the bandwidth of control loop can be determined.
Comparison
Passive stabilization methods have the advantage that a constant noise reduction
is achieved independent of the original laser beam noise (assuming no new noise
sources are limiting the reduction). Thus passive methods are suitable to be cascaded. However, due to the constant filter factor the residual noise depends directly
on the free-running noise.
With an active stabilization a significantly higher noise suppression can be reached
in general, depending only on the loop gain and the sensor noise. Furthermore the
loop gain and with it the noise suppression can be influenced more easily than the
filter factor in passive schemes. However, the intrinsic sensor noise is an absolute
stabilization limit.
A passive filtering is superior to an active stabilization as soon as the filtered
free-running noise is smaller than the sensor noise in an equivalent active scheme.
Otherwise a higher noise suppression can be achieved with an active stabilization.
The selection of the stabilization scheme also depends strongly on the Fourier
frequencies and the availability of appropriate passive filters, sensors, and actuators
at these frequencies. In the field of power stabilization, e.g., passive and active
methods can be combined very well: For radio frequencies above about 10 MHz
only few power actuators are available whereas the passive filtering with a rather
small optical resonator can already achieve a high noise suppression. However at low
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frequencies of a few hertz an extremely large optical resonator would be necessary
to provide a passive filtering whereas many power actuators are available at these
frequencies. Thus in such a case the combination of an active stabilization at low
frequencies and a passive filtering at radio frequencies provides high power-stability
in both frequency bands.
Active and passive schemes can not only be combined for different Fourier frequencies but can also be cascaded. Thus the free-running noise can first be reduced
with an active stabilization to the sensor noise, and afterwards the residual noise
can be further filtered with a passive scheme. This can be illustrated, e.g., in the
case of a pointing stabilization: The pointing noise of a laser beam compared to a
rigid optical resonator can be suppressed with mirrors attached to PZTs upstream
of the resonator and the DWS technique in an active stabilization. Due to the
mode-cleaning effect of the resonator, pointing fluctuations are further reduced in
the transmitted beam.
The optical ac coupling technique described in Chapter 5 uses yet another combination of passive and actives schemes and provides even more advantages. There
the passive filter effect of an optical resonator is used to reduce the sensor noise of
an active stabilization scheme. Thus the filter effect of a passive method that is
not influenced by any sensor noise is combined with the high noise suppression of
an active stabilization.

3.1.2 Power Stabilization
The power noise of a laser beam can be divided into two types: On the one hand
the so-called technical power noise caused, e.g., by laser pump power fluctuations or
particles passing the beam, and on the other hand the quantum noise caused by the
quantization of the beam energy into photons. For large numbers of photons the
quantum noise level depends only on the power P and the photon energy hc/λ and
is in particular frequency independent. The single-sided linear spectral density sq
of the relative quantum power noise is (see Sec. 4.1)
r
r
r
2 · hc
1 mW
1064 nm
−8
−1/2
sq =
= 2 × 10 Hz
·
·
(3.1)
Pλ
P
λ
where h is the Planck constant, c is the speed of light in vacuum, and λ is the
vacuum wavelength. The quantum power noise is often called shot noise – both
terms are used in this thesis.
Passive and active stabilization methods1 can only reduce the technical part of
the power noise. Thus the lowest possible power noise consists solely of quantum
noise.
1

Stabilization methods that use non-classical states of light, such as squeezed light, are not
considered here.
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Figure 3.1: Transfer function of an optical resonator (F = 100, bandwidth f0 =
5 × 10−3 FSR) for power fluctuations and lowpass approximation.
Passive Filtering
Power fluctuations have been successfully reduced with different passive methods.
The filter effect of an optical resonator was used to reduce power noise in a broad
frequency band at radio frequencies [Wil98, Gra07]. Technical power fluctuations
above the bandwidth of the resonator are suppressed in the transmitted beam.
The exact transfer function of the resonator for power noise [Sie86, Chap. 11] can
be approximated by a first-order lowpass filter for frequencies in the range of the
resonator bandwidth (Fig. 3.1). The highest noise suppression occurs at half the
FSR and depends on the resonator finesse. The suppression decreases for higher
frequencies again.
In another experiment an asymmetric Mach-Zehnder interferometer was used to
reduce power noise by up to 30 dB in a narrow frequency band at the relaxation
oscillation frequency [Csö05]. One arm of the interferometer was about 100 m longer
causing a phase shift of 180◦ at the relaxation oscillation frequency due to the
additional time delay in this arm. The contrast of the interferometer limited the
noise suppression achieved.
In principle saturated amplifiers can be used to reduce power noise for frequencies
below a characteristic frequency that depends on the amplifier gain dynamics. The
relative power noise of the amplified beam is smaller than the noise of the seed
beam [Fre93, Nov02, Sar05, Fre07b]. Often, however, other noise sources such as
pump power noise couple to the amplified beam, easily masking the described noise
reduction effect.
Active Feedback
Power noise has been reduced with active power stabilizations using various actuators and control loop designs in different frequency bands: A strong source of power
noise in many lasers is the relaxation oscillation. This oscillation is caused by a
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resonant coupling between the laser medium inversion and the resonator field. The
frequency of the oscillation depends on many laser parameters and is usually between a few tens kilohertz and a few megahertz. Many active power stabilizations
using a photodetector as sensor and the pump power of the laser as actuator are
described in the literature [Kan90, Har94, Row94, Tac96, Buc98, Csö03, Zha03].
In the gravitational wave frequency band (about 10 Hz to 10 kHz) various power
stabilization experiments can be found in the literature as well. All stabilizations
use photodetectors, feedback control loops, and different actuators to reduce technical noise in this frequency band.
Many experiments use the laser pump power to control the output power of
the system [Tsu92, Har94, Row94, Ott00, Abb01, Mus01, Zaw02, Noc04, Rol04,
Bar05, Mio07]. Since pump power fluctuations often cause the laser output power
fluctuations in this frequency band it is in such a case reasonable to use the pump
power as actuator. Furthermore in many cases the output power of the laser can
be decreased and, even more important, increased with the pump power. This
is a clear advantage over external power actuators since these can only decrease
the output power in general. On the other hand laser internal actuators can more
easily cause cross couplings to other beam parameters [Que03] such as the laser
frequency [Wil00] since they are influencing the laser dynamics and its spatial and
thermal environment. This kind of couplings occur less often with external power
actuators.
Acousto-optical modulators (AOMs) can be used as external power actuator by
varying the electrical RF drive power. The diffraction efficiency of an AOM depends linearly on the drive power. Thus the beam power remaining in the zeroth
diffraction order can be controlled electronically. This actuator was used, e.g.,
in [Lay79, Sei06, Kim07, Tak08]. Electro-optical modulators (EOMs), which are
also called electro-optical amplitude modulators (EOAMs) in this context, and
the Faraday effect can be used to rotate the polarization of a laser beam with
an electrical signal. With a subsequent polarizing beam splitter the polarization
rotation can be turned into a power modulation. Several experiments used an
EOAM [Rob86, Nag98, Iva07, Kwe09b] and the Faraday effect [Yos82].
However in most experiments the performance achieved was not limited by the
actuators but by noise sources coupling into the power sensor of the control loop.
Thus in many experiments significant, unexplained differences were in the noise
level measured by the photodetector used for the stabilization (in-loop) and the
photodetector used for an independent measurement (out-of-loop). In the ideal
case the in-loop and out-of-loop detector are solely limited by quantum noise (see
Sec. 4.1, [Tau95]). However the power noise measured out-of-loop is often higher
than the expected quantum noise level, especially at low frequencies of a few tens of
hertz. Many different noise sources were identified that in principle can cause this
discrepancy, such as photodiode internal low-frequency noise, resistor current noise,
beam pointing in combination with spatial inhomogeneous photodiodes, dust particles passing the beam, temperature fluctuations, photodiode bias voltage fluctua-
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Figure 3.2: Out-of-loop measured residual power noise at 10 Hz and 100 Hz of several power stabilization experiments from 1992 to 2009.
tions, scattered light, electronic grounding noise, or polarization fluctuations [Rol04,
Bar05, Sei06, Kwe09b, Sei09]. In order to suppress some of these noise sources modecleaning resonators or optical fibers and vacuum or pressure-tight tanks were used
in a few experiments [Noc04, Rol04, Bar05, Sei06, Mio07, Tak08, Kwe09b].
The out-of-loop residual power noise achieved in different selected experiments
is shown in Fig. 3.2. The highest power stability so far in the gravitational wave
frequency band was achieved with a high-sensitivity photodiode array [Kwe09b].
This experiment is described in more detail in Chapter 4.

3.1.3 Frequency Stabilization
The frequency noise of a laser beam can be divided into technical and quantum noise
contributions. Technical frequency noise can be caused, e.g., by laser resonator
length fluctuations or the Doppler effect at shaking mirrors. Again, the quantum
noise is the fundamental limit for every frequency stabilization. Stabilizations can
reduce only the technical noise contribution. The shot noise of the photons causes
a Fourier frequency independent, white phase noise, which corresponds to a Fourier
frequency dependent frequency noise. The single-sided linear spectral density sq,ν
of the frequency noise is [Hun07]
r
r

 r
2 · hc
f
1 mW
1064 nm
−1/2
sq,ν (f ) = πf ·
= 61 nHz Hz
·
·
·
(3.2)
Pλ
1 Hz
P
λ
where hc/λ is the photon energy, P is the beam power, and λ is the vacuum
wavelength.
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Only a few experiments were performed in order to suppress frequency noise with
passive methods. These experiments used optical resonators to reduce frequency
fluctuations at Fourier frequencies above the resonator bandwidth in the transmitted beam [Dub04, Hal05, Lab07]. This filter effect, working in the same way for
power fluctuations, was already explained in Sec. 3.1.2 (see Fig. 3.1).
Many different active frequency stabilizations are described in the literature. Necessary for a stabilization are a sensor measuring frequency fluctuations, an actuator
controlling the frequency of the laser beam, and a feedback control loop. The sensor consists of a frequency discriminator that converts frequency fluctuations to
amplitude fluctuations, which in turn can be measured with photodetectors. The
frequency discriminator serves as frequency reference in these active stabilizations.
Different frequency discriminators have been already used, such as hyperfine
transitions in iodine [Ari92, Ari93], asymmetric Mach-Zehnder [Gre98, Cra02] and
Michelson [Kéf09] interferometers, wavelength meters based on Fizeau interferometers [Kob07], or other laser beams [Che90]. However most experiments use optical resonators as frequency discriminators. Among them are many using highfinesse rigid-spacer resonators [Fri89, Sho89, Day92, Sam93, Ueh93, Nak94, Bon96,
Ruo97, Con03, Web04] and a few using optical resonators with individually suspended mirrors [Ara97, Mus97, Clu00, Nag03, Kaw97]. Resonators with rigid
spacers are especially suited to stabilize the frequency at low Fourier frequencies. In these experiments spacer materials with a low thermal expansion coefficient such as ULE or Zerodur are selected, and furthermore special mounting techniques [Naz06, Lud07, Liu09] or cryogenic cooling [Sch95, See97, Sto98] are used to
improve the resonator resonance-frequency stability. On the other hand resonators
with suspended mirrors are only good frequency references for Fourier frequencies
above the mechanical resonance of the suspension. Since these resonators frequently
have a much larger round-trip length than rigid-spacer resonators they have a superior frequency stability at high Fourier frequencies, but are also much more complex
since the mirror alignment has to be actively stabilized.
For optical resonators different methods were developed to convert frequency
fluctuations to an amplitude signal. Among them are well-known methods, such
as the fringe locking [Bar73], which stabilizes the frequency slightly next to the
exact resonance frequency using a photodetector in transmission, or the dither
lock [Whi65], which modulates the laser frequency or the resonator resonance frequency and demodulates the photodetector signal in transmission or reflection at
the same frequency. A method frequently used is the so-called Pound-Drever-Hall
method, which is a radio-frequency phase-modulation scheme with a photodetector
in reflection of the resonator [Dre83, Bla01]. Furthermore the Hänsch-Couillaud
method [Han80] uses a polarization dependence of the resonator, and the tilt locking [Sha99, Sla02] uses non-resonant higher-order TEM modes.
In order to verify the achieved frequency stability many experiments used several
laser beams each stabilized to an independent resonator and measured the beat
frequency between the beams [Sam93, Nak94, Bon96, See97, Web04, Liu09]. Using
such a setup an upper bound for the achieved residual frequency noise can be de-
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termined since frequency discriminator noise and readout method noise is included.
These experiments showed that several technical noise sources such as seismic and
acoustic noise, thermal fluctuations, scattered light, mechanical spacer resonances
or beam pointing fluctuations [Sal88, Fri93, Cal97] can limit the achieved frequency
stability. Thus the best frequency stabilities were achieved with resonators carefully
isolated from many noise sources using, e.g., seismic isolations, thermal stabilizations, and vacuum tanks.
One fundamental noise source is the thermal noise of the spacer, the mirrors and
the coatings [Num04]. The thermal noise can be slightly influenced by the geometry
and the material of the spacer and mirrors, as well as by the coating type. Besides
thermal noise, shot noise is another fundamental noise source. However this can be
reduced more easily by increasing the detected laser power [Ueh94].
In a few experiments [Kaw97, Nag03] complicated multi-stage feedback control
loops were used. This has the advantage that different frequency references can be
used for different Fourier frequency bands, such as rigid spacer resonators at low
frequencies and suspended mirror resonators at higher ones, and that the total loop
gain can be distributed to several stages. Especially in the field of GWDs such
multi-stage stabilization concepts are necessary.
In general different actuators are used to control the frequency of the laser beam.
In most cases laser internal actuators are used controlling the laser resonator length,
e.g., with PZTs or temperature changes. In addition external high-bandwidth actuators are used. AOMs shifting the laser frequency of the first diffraction order
by the RF control frequency [Sho89, Nak94, Clu00, Web04, Kéf09] or EOMs controlling the laser phase and with it the laser frequency at high Fourier frequencies [Bon96, Kaw97, Clu00] were used.
Many different experiments are described in the literature and various methods
were developed to stabilize the laser beam frequency. These experiments were motivated by countless application fields for frequency stabilized lasers, such as optical
frequency standards, high-resolution spectroscopy, coherent optical communications
systems and of course GWDs.

3.1.4 Pointing Stabilization
The quantum noise caused by the shot noise of the photons limits every measurement of the relative pointing  (see Sec. 2.1), i.e. the measurement of the position
and tilt of the laser beam. With passive and active stabilizations only the technical
noise caused, e.g., by shaking mirrors or air refractive index fluctuations can be
suppressed. The single-sided linear spectral density sq, of an arbitrary projection
of  (see Sec. 2.2.2, Eq. 2.12) of a quantum noise limited beam is [Hsu04, Del06]
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where hc/λ is the photon energy, P is the beam power, and λ is the vacuum
wavelength. This yields for a pure translation sq,δx or a pure tilt sq,δα
r
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·
·
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λ
where w0 is the beam radius and θD is the half divergence angle of the Gaussian
beam.
In several experiments beam pointing fluctuations were passively reduced by
transmission through an optical resonator [Rüd81, Ara97]. In these experiments
beam pointing was stabilized in a broad frequency band with respect to the fundamental mode of the resonator. As already mentioned, beam pointing fluctuations
can be described by power fluctuations of higher-order TEM modes (see Sec. 2.1).
Since the resonance frequency of these higher-order modes is in general different
from the fundamental mode, higher-order modes are reflected by the resonator
whereas the fundamental mode is transmitted. Thus pointing fluctuations are converted to power fluctuations of the transmitted beam, which usually are rather
small and can be suppressed with an additional power stabilization or might be
tolerable.
In a similar way pointing fluctuations can be passively suppressed with singlemode fibers since they only guide the fundamental mode and no higher-order
modes [Sho88, Hei99, Mei06]. In such a case the beam pointing is stabilized with
respect to the fiber output coupler.
Several different active stabilizations are described in the literature. These experiments differ in the pointing references used, the sensing schemes, and the actuators. In some experiments photodetectors, optical components with angle dependent transmission, or Shack-Hartmann sensors, all mounted to the optical table,
were used as pointing reference [Gra88, Lev96, Mae96, Gra01]. Other experiments
used another laser beam as reference, which in turn can be represented by the
fundamental mode of an optical resonator or an interferometer [Sam90, Mor94a,
Mor94b, Fri98, Rom05].
Different methods were developed to measure the relative pointing of a beam with
respect to the fundamental mode of an optical resonator: The pointing degrees of
freedom can be modulated directly, as described e.g. in [Daw08], or radio-frequency
phase modulations at the resonance frequencies of the higher-order modes corresponding to the beam misalignments were used [And84, Sam90]. Another method
frequently used is the differential wavefront sensing (DWS), where radio frequency
modulations are measured in reflection of the resonator [Mor94a, Mor94b]. This
method can also be used to measure the beam pointing in interferometers [Fri98]
or with respect to other laser beams [Mül05].
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Different actuators were used to control the beam pointing. In many cases
two mirrors were used as actuator that can be electronically tilted with PZT elements [Gra88, Sam90, Mül05], by the suspension [Mor94b, Ara97, Hei99, Gro02],
or as part of galvanometer scanners [Gro02, Sla05, Rom05]. With deformable mirrors it is not only possible to tilt the beam but also to correct geometrical beam
distortions [Avi06]. Finally prisms out of electro-optical material can be used to
tilt the beam with very high bandwidth as proposed in [Ami02].
The conclusion is that beam pointing fluctuations can be reduced very well with
passive and active methods.

3.1.5 Beam Quality
In general the beam quality is improved by suppressing higher-order spatial modes
and hence maximizing the fundamental power2 . As starting point for improving
the beam quality, beam distortions should be avoided in the first place, via, e.g.,
reducing aberrations in the laser resonator or using high quality optical components
with small wavefront distortions. Nonetheless it is necessary for some experiments
to further reduce higher-order spatial modes and their fluctuations with different
passive and active methods.
The transmission through an optical resonator [Rüd81] is a frequently used passive method. In this context the resonator is often called mode-cleaner. Since
the resonance frequencies of higher-order spatial modes differ in general from the
resonance frequency of the fundamental mode the higher-order modes are mainly
reflected at the resonator whereas the fundamental mode is transmitted. Thus the
transmitted beam has significantly reduced higher-order modes and has a higher
beam quality. This requires of course that the optical resonator is frequency stabilized to the fundamental mode with one of the many methods described in Sec. 3.1.3.
The suppressed spatial mode fluctuations are converted to power fluctuations of
the transmitted beam by the resonator. Rigid-spacer resonators [Wil98] as well
as resonators with suspended mirrors [Ara97, Nag02, Goß03] have been used as
mode-cleaner.
The reduction of higher-order spatial modes is limited by two effects: The suppression factor of the mode-cleaner for individual higher-order modes, depending
on the finesse and the round-trip Gouy phase of the resonator, is limited. Furthermore, it is not possible to achieve a high suppression for all higher-order modes
simultaneously. Modes of very high order can have resonance frequencies close to
the fundamental mode and are therefore well transmitted through the mode-cleaner.
This problem was, e.g., solved in [Goß03] by cascading two mode-cleaners of slightly
different designs. The second effect limiting the performance of a mode-cleaner is
2

Beam pointing fluctuations can be described by spatial mode fluctuations of the TEM10 and
TEM01 modes. Pointing stabilization methods have already been reviewed in Sec. 3.1.4 (see
Eq. 2.5). Thus in the following only methods are described that reduce higher-order modes
besides the TEM10 and TEM01 modes.

49

Chapter 3 Laser Stabilization
the quality of the resonator fundamental mode itself. Especially at high circulating laser power in the mode-cleaner, the beam quality of the resonator eigenmode
can easily degrade due to thermal effects [Ueh97, Bul08]. Furthermore, the eigenmode can have an astigmatism outside of the resonator when leaving the resonator
through a mirror not at normal incidence [Bar06].
Besides optical resonators, single-mode fibers were used as well to suppress higherorder spatial modes [Sho88, Mei06]. Compared to resonators no locking scheme is
necessary. However, fibers cannot be used for a simultaneous temporal filtering,
such as filtering of power or frequency noise (see Sec. 3.1.2, Sec. 3.1.3).
A few experiments were performed to improve the beam quality with active methods. In these experiments Shack-Hartmann sensors [Bak02, Cal03], interferometric
phase-front detections [Avi04, Avi06], or heterodyne detections [Mue00] were used
to measure spatial mode fluctuations. These fluctuations were compensated with
deformable mirrors, however due to the low resolution of the sensors and actuators
only low order spatial distortions could be reduced. For compensating low order
spatial mode fluctuations on minute time scales, e.g., thermal lenses controlled by
an auxiliary laser were used [Que06, Ara07b].
All in all higher-order spatial modes and their fluctuations can be suppressed
very well with optical resonators and fibers improving the beam quality of the
transmitted beam, whereas the performance of the few active stabilization methods
is quite limited up to now.

3.2 Stabilization Concept of Advanced LIGO
Comprehensive laser stabilization is necessary for the GWD Advanced LIGO in
order to achieve the design sensitivity. In this section the coupling of laser noise,
the tolerable residual laser noise, and the stabilization concept are described.
GWDs require extremely stable lasers as light source for the interferometer in
order to reach a sensitivity capable of detecting gravitational waves [Som06, Wil08].
Cosmic events, such as supernova explosions, inspiraling neutron stars or black
holes, cause relative length changes at the order of 10−23 [Sch99]. Such tiny
length changes can be measured with laser Michelson interferometers with arm
lengths of several kilometers and suspended test masses. Several long baseline
GWDs are operated in a worldwide network, LIGO [Abr92], GEO600 [Wil02],
VIRGO [Ace02] and TAMA300 [And01], and the next generation of detectors, Advanced LIGO [Fri03, Adv07], Advanced VIRGO [Fla05, VIR07] and LCGT (Large
Scale Cryogenic Gravitational Wave Telescope) [Kur03, Oha08], is developed at the
moment. In order to avoid that laser noise is masking gravitational wave signals,
very stable laser systems with small free-running noise are used, fluctuations of all
important beam parameters are reduced with passive and active methods, and the
coupling of laser noise to the gravitational wave channel is kept small by optical
design and by choosing an appropriate operating point of the interferometer.
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In Section 3.1 the stabilization methods for the different beam parameters were
separately reviewed. In this section the stabilization concept of Advanced LIGO is
described, where all the important beam parameters need to be stabilized simultaneously. First of all Advanced LIGO and in particular the laser system is described
in more detail.

3.2.1 Advanced LIGO
The LIGO detectors operating at the moment will be replaced by the second generation Advanced LIGO detectors. The components and subsystems are currently
fabricated and are expected to be installed in 2011 at two sites in the USA.
The Advanced LIGO detector consists of a Michelson interferometer with 4 km
arms (Fig. 3.3). With optical resonators the circulating laser power in the arms is
increased in order to reduce the shot-noise contribution in the gravitational wave
channel. An additional mirror (power recycling mirror, PRM) at the input of
the interferometer is used to further increase the power inside the interferometer.
This technique is called power recycling [Bil81] [Sau94, Chap. 12.7]. Gravitational
waves cause differential arm length changes in the interferometer. In order to better extract these signals, a mirror (signal recycling mirror, SRM) at the output of
interferometer is used (resonant sideband extraction [Mee88] [Sau94, Chap. 12.7]).
The actual gravitational wave signal is measured at the output of the interferometer with the dc-readout technique [Hil09b], which requires an additional resonator
(output mode-cleaner, OMC). The laser light source of the interferometer is first
of all pre-stabilized and then filtered by an optical resonator (input mode-cleaner,
IMC) before it is injected into the interferometer.
The GWD is divided into several subsystems [Fri08], among others the prestabilized laser (PSL) and input optics (IO) subsystems, which are described in
more detail in the following.
The PSL consists of the Advanced LIGO laser, a diagnostic breadboard for monitoring, and a pre-stabilization to reduce power, frequency, and pointing fluctuations
as well as higher-order spatial modes [Kin08, Wil09]. The primary task of the PSL
is to deliver a 165 W pre-stabilized laser beam.
The Advanced LIGO laser itself consists of an NPRO master oscillator, a 35 W
medium power stage, and a 200 W high power stage (see Sec. 2.3.2). The frequency
of the high power stage is coupled to the master laser using the injection lock
and the PDH technique. The required phase modulation sidebands are generated
with an EOM between NPRO and medium power stage. The output beam of the
medium and high power stage can be characterized and monitored with the diagnostic breadboard (see Sec. 2.2). An optical resonator in bow-tie configuration, called
pre-mode-cleaner (PMC), is used to passively stabilize several beam parameters
and acts as optical interface to the IO subsystem. This resonator is stabilized to
a TEM00 mode with the PDH technique reusing the phase modulation sidebands
of the injection locking. The primary tasks and the current design of the PMC are
described in more detail in Sec. 3.2.6. An additional high-finesse rigid-spacer linear
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Figure 3.3: Schematic of the Advanced LIGO optical layout and detailed layout
of the pre-stabilized laser subsystem (PSL) including stabilization feedback control loops [Fri08, Kin08]. (PMC, pre-mode-cleaner; IMC, input modecleaner; PRM, power recycling mirror; ITM, input test mass; ETM, end test mass;
SRM, signal recycling mirror; OMC, output mode-cleaner; UHV, ultra-high vacuum.)
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Figure 3.4: Anticipated sensitivity of Advanced LIGO due to fundamental noise
sources for an interferometer input power of 125 W and zero-detuning
of the signal recycling mirror [LIG09b, LIG09a].
resonator, called reference cavity, is used for the frequency pre-stabilization. The
other components of the PSL are described as part of the stabilization concept later
on.
The IO subsystem consists of the suspended input mode-cleaner, telescopes to
inject the laser beam into the interferometer, and phase modulators generating
control sidebands [Ami02, Ara07a]. The main task of the IO is to further reduce
laser beam noise and to inject the beam into the interferometer.
At the moment the PSL and IO subsystem are in the final design phase. This
means that parts of the subsystems can still change – including the stabilization
concept described in this section.
Sensitivity
The design sensitivity of Advanced LIGO is limited by fundamental noise sources,
such as quantum noise or thermal noise of the mirror coatings or the suspensions [Abb08a] (Fig. 3.4). Compared to the first generation of GWDs a tenfold
better sensitivity is anticipated. In order to reach this sensitivity goal all technical
noise sources in the gravitational wave channel have to be much smaller than the
fundamental ones. Thus each technical noise source should be a factor ten below
the design sensitivity such that only the uncorrelated sum of at least 100 technical
noise sources would generate a noise level equivalent to the design sensitivity.
Several of these technical noise sources are caused by laser noise. By estimating
the coupling between laser noise and the gravitational wave channel, requirements
can be deduced for the maximal tolerable laser noise. With this the required noise
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suppression of the laser stabilization can be determined using the free-running fluctuations.
In the following the coupling to the gravitational wave channel, the deduced
requirements, and the stabilization concept for the different beam parameters are
described.

3.2.2 Power Stabilization Concept
The coupling mechanism and the stabilization concept for power fluctuations can
be divided into two frequency bands, the gravitational wave band from 10 Hz to
10 kHz and the radio frequency band from 9 MHz to 200 MHz.
In the gravitational wave band, power noise causes radiation pressure fluctuations
at the test masses and in addition directly couples to the output of the interferometer and the signal readout [Fri01, Wil09]. It is assumed that the circulating power
of about ≈ 815 kW in the two arm resonators will differ by about 1% due to small
finesse variations3 . Thus power fluctuations cause slightly different radiation pressure fluctuations in the arms that cannot be distinguished from gravitational wave
signals. Furthermore, power fluctuations directly couple to the actual signal since
the dc-readout method is used to measure the gravitational wave signal.
The current baseline for the power stabilization in the gravitational wave band
is a cascaded active and passive stabilization. At first an active stabilization with
sensors directly in front of the interferometer is used and subsequently power noise
is passively filtered by the power recycling cavity (PRC).
The PRC is an optical resonator consisting of the PRM and the interferometer.
It has a bandwidth of about 1 Hz and a FSR of 37.5 kHz.
The tolerable power fluctuations in the arm resonators can be calculated using the
assumed circulating power imbalance and the tolerable technical noise contribution
in the gravitational wave channel. Taking the passive filter effect of the PRC into
account the tolerable power noise in front of the PRM can be deduced (Fig. 3.5).
Hence this power stability has to be achieved with the active stabilization.
The active stabilization in turn is a two-level hierarchical stabilization with an
inner loop and an outer loop (Fig. 3.3) [Kin08]. The inner loop is responsible for a
pre-stabilization of the laser to a level of about 10−8 Hz−1/2 and the outer loop has
to achieve the requirements (Fig. 3.5) directly at the interferometer input [Wil09].
The outer loop is necessary since residual pointing and frequency fluctuations in
front of the suspended mode-cleaner cause power fluctuations between 10−7 Hz−1/2
and 10−8 Hz−1/2 in the transmitted beam [Mül08].
For the inner loop a photodetector in transmission of the PMC is used as sensor
and the output power of the laser system is controlled with an AOM between the
3

As already mentioned in order to reduce the technical noise in the gravitational wave channel,
a reduction of the coupling factor should be considered besides a laser power stabilization. A
method to balance the finesse and with it the power in the arms using etalons was proposed,
which would relax the power and frequency noise requirements [Hil09a].
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Figure 3.5: Upper bound of typical free-running power noise at the laser output,
Advanced LIGO requirements in front of the power recycling mirror,
and expected power noise downstream of the pre-mode-cleaner [Wil09].
NPRO and the medium power stage [Sei09, Chap. 5]. This actuator has a bandwidth of about 450 kHz and can compensate power fluctuations of up to ≈ 2%. The
functional prototype of the laser has very high peak-to-peak fluctuations of about
30%, which of course cannot be compensated by this AOM alone (see Sec. 2.3.2).
Even with another external, high dynamic range actuator this would mean that
the average power of the laser system has to be reduced by about 15% in order to
compensate all power fluctuations. Thus the free-running power fluctuations have
to be reduced in the final laser system and new high-power actuators with high
dynamic range have to be investigated.
For the outer loop a high-sensitivity photodetector will be placed in the vacuum system detecting a sample of the beam between suspended mode-cleaner and
PRM [Sei09, Chap. 5]. The signal of this photodetector is conditioned by a control loop filter and injected into the error point of the inner power stabilization
loop in order to adjust the output power of the laser. The main challenge of the
outer loop is a vacuum compatible, high-power photodetector with a sensitivity
of 2 × 10−9 Hz−1/2 at 10 Hz. A precursor of such a photodetector is described in
Chapter 4.
Furthermore, amplitude fluctuations of the phase modulation sidebands can spoil
the power stabilization: As already mentioned, power fluctuations couple to the
gravitational wave channel by radiation pressure in the arm resonators. Thus the
power inside the arm resonator has to be stabilized. Since the sensor for the outer
loop is placed in front of the interferometer, the total power at this point will be
stabilized, but this beam consists of several phase modulation sidebands besides
the arm resonator mode. As these sidebands do not enter the arm cavities the
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amplitude of the sidebands has to be very stable in order not to spoil the power
stabilization for the arm resonator mode4 .
At radio frequencies between 9 MHz and 200 MHz a high power-stability is required
since at these frequencies control sidebands for the interferometer are generated
and detected. Thus radio frequency power fluctuations can couple indirectly to the
gravitational wave channel via an interferometer control loop.
The requirements on the relative power noise at these frequencies are deduced
from the power handling ability of the photodetectors used to measure the control sidebands. Photodetectors able to detect a photocurrent of up to 100 mA are
available, which in principle could detect signals down to 1.8 × 10−9 Hz−1/2 , the
quantum noise of 100 mA photocurrent. The uncorrelated sum of technical power
noise and quantum noise of 100 mA should not exceed the quantum noise by more
than 1 dB [Abb08b]. Hence a technical noise level of up to 9 × 10−10 Hz−1/2 is
tolerable.
Almost no power actuator is available for radio frequencies and therefore only
passive stabilization methods can be used. The PMC is used in the stabilization
concept to filter RF power fluctuations. The passive filtering of the suspended
mode-cleaner cannot be used since the FSR of 9 MHz is too small to suppress
the fluctuations in the whole frequency band from 9 MHz to 200 MHz and furthermore, the EOMs generating the control sidebands are placed upstream of the
mode-cleaner. Therefore the mode-cleaner is not allowed to filter RF power fluctuations near the sideband frequencies, since otherwise they would not be transmitted
to the interferometer.
The RF power noise of the laser system is dominated by the NPRO, which has
been characterized in Sec. 2.3.1 (see Fig. 2.15). The required suppression for power
noise was deduced from the free-running noise and the requirements, and a PMC
with about 600 kHz bandwidth was designed. The typical free-running noise and
the expected noise downstream of the PMC is shown in Fig. 3.5.
To summarize, the power stabilization concept in the gravitational wave band consists of a subtle combinations of active and passive methods. The sensor for the
active stabilization is placed as far downstream as possible, so that power fluctuations caused by upstream components are suppressed by the control loop, but in
front of the PRM, so that the passive filter effect of the PRC can be exploited.
The stabilization at radio frequencies is performed with passive methods since no
actuator with sufficient bandwidth is available at these frequencies. Here it makes
sense to filter the power noise as soon as possible, actually directly downstream
of the NPRO, since subsequent components cause almost no fluctuations at these
frequencies.
4

In principle the outer loop sensor could be placed inside the arm resonator to avoid this problem.
However in this scenario the passive filter effect of the PRC cannot be used and therefore a
much higher power stability has to be achieved with the active stabilization, which in turn is
not possible since no power sensor with sufficient sensitivity exists.
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requirements for the PSL and IO subsystem, and ultimate frequency
noise requirements with arm cavity stabilization [Wil09, Mül02].

3.2.3 Frequency Stabilization Concept
In the gravitational wave band laser frequency fluctuations couple to the gravitational wave channel by slightly different storage times of the interferometer arm
resonators [Fri01]. This storage time difference is caused by differences in the mirror
transmissions and the arm resonator losses.
For estimating the coupling and deducing the requirements, a fractional transmission difference of 1% and a loss difference of 20 ppm is assumed. The required
frequency stability in the interferometer is shown in Fig. 3.6.
The current stabilization baseline is a three-stage hierarchical active frequency
stabilization. In the first stage the laser frequency is stabilized to the reference cavity on the optical table of the laser system (Fig. 3.3) [Kin08]. The reference cavity
is a seismically isolated linear resonator with a fused silica spacer in a temperature
stabilized vacuum tank. In this way the resonator is isolated from external noise
sources in order to achieve a high length stability and with it a high frequency stability. The PDH technique is used to generate error signals for the feedback control
loop. Three different frequency actuators are used to achieve a high unity-gain
frequency of about 500 kHz on the one hand and a high dynamic range of several
gigahertz on long time scales on the other hand. The temperature of the NPRO
crystal is used as slow, high dynamic range actuator. The frequency can be adjusted by several gigahertz with a bandwidth of about 160 mHz [Kwe08a]. A PZT
attached to the NPRO crystal is used for intermediate frequencies controlling the
laser frequency by about 200 MHz to 400 MHz with a bandwidth of a few 100 kHz.
Finally a broadband EOM between NPRO and the medium power stage is used to
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control the phase and with it the frequency at high Fourier frequencies up to about
100 MHz. This first frequency stabilization stage is part of the PSL subsystem and
has to achieve the stability shown in Fig. 3.6.
The second stabilization stage uses the suspended input mode-cleaner as frequency reference. For frequencies above the mechanical resonance of the suspension,
this resonator is a more stable frequency reference than the reference cavity. An
AOM is used in a double-pass configuration in front of the reference cavity to shift
the frequency by twice the RF driver frequency of the beam that is stabilized to the
reference cavity. By controlling the RF driver frequency, the laser frequency can
be controlled in order to stabilize it to the suspended mode-cleaner. This second
frequency stabilization stage is part of the IO subsystem and has to achieve the
requirements shown in Fig. 3.6.
The third and final stabilization stage uses the common-mode length of the 4 km
arm resonators of the interferometer to stabilize the laser frequency. This stage has
to achieve the final frequency stability for the interferometer (Fig. 3.6).
On time scales of several hours the laser frequency can be controlled by adjusting
the temperature of the reference cavity with heaters attached to the vacuum tank.
The small temperature expansion coefficient of the fused silica spacer is exploited.
This frequency actuator is used to compensate slow resonance frequency drifts of
the arm resonators due to tidal forces on the test masses.
In the end, the arm resonators of the interferometers are the best frequency reference in the gravitational wave band due to the extremely long arm length and
the elaborate suspensions. Thus it makes sense to use this frequency reference in
the final stabilization stage. The previous stages are necessary for lock acquisition
of the suspended resonators and for distributing the total loop gain of about ten
orders of magnitude to several control loops.

3.2.4 Pointing Stabilization Concept
Beam pointing fluctuations couple to the gravitational wave channel by small differential misalignments of the suspended interferometer optics since the length of
the arm resonators depends in such a case on the actual beam position on the
optics [Fri01].
Assuming an estimated, residual, differential misalignment of the interferometer mirrors of about 10−9 rad, the requirements for the tolerable pointing can be
calculated for the input of the interferometer [Mue09] (Fig. 3.7).
The stabilization concept is a cascaded passive and active stabilization. In the
first stage pointing fluctuations of the laser system are filtered by the PMC in the
PSL subsystem. The free-running pointing fluctuations of the functional prototype
(see Sec. 2.3.2) were measured and an upper bound was deduced, which was used
to determine the required suppression factor of the PMC. The PSL requirements
(Fig. 3.7) have to be fulfilled at its IO interface so that the subsequent stabilization stages are able to achieve the final pointing stability for the interferometer.

58

3.2 Stabilization Concept of Advanced LIGO
10-2
-3

PMC
filtering

10
relative pointing (Hz-1/2)

① typical free running noise
② expected downstream of PMC
③ PSL requirements
④ IO requirements

10-4

①

10-5

③

-6

10

IO stabilization

10-7

②

④
10-8
10-9

3

10

100

1k

10k

30k

frequency (Hz)

Figure 3.7: Upper bound of typical free-running pointing noise and Advanced LIGO
requirements at the PSL IO optical interface and at the interferometer
input [Wil09, Ara07a, Mue09].
The PMC has to reduce pointing fluctuations at least by a factor of 120. The actual suppression factor depends on the finesse and the round-trip Gouy phase of
the resonator. Since the pointing requirements were tighten after the PMC design
has been finished, a pointing suppression by only a factor of 62 is achieved with
the current PMC. Nevertheless preliminary pointing measurements at the next Advanced LIGO laser prototype indicate that this prototype has lower beam pointing
fluctuations, and therefore the suppression factor of the current PMC might be
sufficient [Pöl09, Chap. 5].
The two subsequent stabilization stages are a cascaded active and passive stabilization. First of all the beam is actively stabilized to the fundamental mode of
the suspended input mode-cleaner using DWS sensors and a feedback control loop
with a bandwidth of a few kilohertz5 [Ami02]. Afterwards the pointing fluctuations
are filtered by the suspended input mode-cleaner itself [Ara07a]. In the current
design a passive suppression of at least 250 is anticipated. These two stabilization
stages have to fulfill the pointing requirements directly in front of the interferometer
(Fig. 3.7).
In general the stabilization stages reduce pointing fluctuations with respect to
different reference systems, whose pointing relative to each other can also fluctuate.
In the first stage the pointing of the laser is stabilized with respect to the PMC,
which is mounted to the optical table, whereas in the second and third stabilization
stage the suspended input mode-cleaner is used as reference system. Hence care
5

As already mentioned the design of the IO subsystem is not finalized yet. At the moment it
seems that this active stabilization stage can be skipped, and still the IO pointing requirements
at the interferometer input can be met.
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has to be taken that the fluctuations of these reference systems with respect the
each other is smaller than the acceptable pointing noise at their interface, which
seems to be the case [Mue09].

3.2.5 Beam Quality
The beam quality or spatial mode fluctuations do not directly couple to the gravitational wave channel. Nonetheless since all resonators of the GWD, such as the
PMC, the IMC (input mode-cleaner), or the arm resonators of the interferometer,
are stabilized to the TEM00 mode, laser power in higher-order TEM modes does
not contribute to the circulating power inside the interferometer. Furthermore, the
higher-order modes are reflected at the resonators and cause additional shot noise
at the RF photodetectors used to detect control sidebands. In principle this shot
noise can couple to the gravitational wave channel via the affected control loop.
A maximum power of 5 W in higher-order modes in conjunction with a power
of at least 165 W in the TEM00 mode was specified as requirement for the PSL
subsystem. This corresponds to a fundamental power of at least 97%.
The current concept consists of a multi-stage filtering to achieve the required
beam quality at the interferometer input. In the PSL subsystem the laser beam
is filtered by the PMC. The measured beam quality of the functional prototype
(see Sec. 2.3.2) was used to determine the required filter effect of the PMC. With
the current PMC the fundamental power of 87% is increased to 99% assuming the
measured mode distribution6 .
In a second stage the beam is filtered by the suspended input mode-cleaner before
it is injected into the interferometer [Ara07a].

3.2.6 Pre-mode-cleaner
The PMC is an important component of the PSL subsystem and is used for the
stabilization of several laser beam parameters, as already mentioned. Therefore
the main tasks of the PMC are once again summarized and the current design is
described in more detail. The PMC was developed in collaboration with J.H. Pöld,
and experiments performed with a first prototype are described in [Pöl09].
The primary task of the PMC is to filter RF power, beam pointing, and spatial mode fluctuations. The filter effect of the PMC depends on several resonator
parameters, mainly the round-trip length, the mirror reflectivity, and the mirror
curvature.
A computer program was developed and used to calculate the filter effect as function of the resonator parameters. The required filter effect of the PMC design was
verified and the influence of manufacturing tolerances was estimated with a Monte
Carlo simulation. Technical limitations, such as the optical damage threshold of
6

Potential distortions of the fundamental mode of the PMC, e.g. due to thermal effects, are not
taken into account.
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Figure 3.8: Sketch of the pre-mode-cleaner with illustrated beam path.

the mirror coatings, or the maximum size of the resonator spacer, were taken into
account during the design process. This led to the following PMC design.
The PMC is a resonator in bow-tie configuration with an optical round-trip length
of 2 m and a finesse of F=129 (Fig. 3.8). Thus it has a FSR of 149 MHz and a
bandwidth of 576 kHz. At an input power of 200 W a circulating power of 8 kW is
expected. The flat input and output coupling mirrors have a transmission of 2.4%
and the curved high reflectivity mirrors have a curvature of −3 m. The input/output
beam has a waist radius of about 547 µm and the round-trip Gouy phase is 1.75 rad.
The power of TEM10 and TEM01 modes is suppressed by a factor of 3960 in the
transmitted beam whereby pointing fluctuations are suppressed by a factor of 63.
In general higher-order spatial modes are suppressed in the transmitted beam of
the PMC, and assuming a mode distribution measured at the functional prototype
(see Sec. 2.3.2, Fig. 2.19), the total higher-order mode power is reduced by a factor
of 63. Thus the beam quality and the relative power in the TEM00 mode, the
fundamental power, is increased. Due to the bow-tie configuration the incidence
angle at the mirrors is quite small and an even number of reflections occur for one
round-trip. Therefore the resonance frequency for p- (horizontal) and s-polarized
(vertical) beam is almost identical and no polarization filter effect can be expected
from the PMC.
A PZT at one of the curved high reflectivity mirrors is used to stabilize the
round-trip length to the laser frequency using the PDH technique. This actuator
has a dynamic range of about 2.5 FSR with a bandwidth of several 10 kHz. To
compensate larger drifts of the resonator length or the laser frequency, the spacer
made of aluminum is temperature controlled with attached heaters. This slow
actuator with a time constant of about 3 h has a dynamic range of about 44 FSR/K
with a maximum temperature increase of ≈ 5 K limited by the heater electronics.
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The PMC is placed inside a pressure-tight tank at atmospheric pressure for acoustic shielding and to avoid contamination of the resonator mirrors.
A first prototype of the PMC was fabricated and is tested at the moment. Preliminary measurements verify the expected filter effect at a circulating power of
about 6.6 kW.

3.3 Summary
Laser stabilization is – besides of improving the free-running laser noise and reducing the coupling factor – one of the most important tools to increase the sensitivity
of precision experiments.
Passive and active stabilization methods used to suppress fluctuations in power,
frequency, pointing, and spatial mode were reviewed and compared. Furthermore
the fundamental limit of every stabilization, the quantum limit, was described
(Sec. 3.1). The subtle combination and the concrete application of these methods together with the coupling mechanisms and the deduced stability requirements
were described in the scope of the stabilization concept for the GWD Advanced
LIGO, which requires one of the most demanding laser stabilizations as of today
(Sec. 3.2). Only due to the complex stabilization concept will it be possible to
achieve the anticipated sensitivity of Advanced LIGO and other second generation
GWDs.
A key component in the pre-stabilization of the Advanced LIGO laser is the
PMC, which was designed using the characterization results from Chapter 2. A
first prototype of the optical resonator verified the most important filter properties
and was tested at almost full laser power. Thus the PSL requirements for the RF
power noise, the pointing fluctuations, and the beam quality will most likely be
fulfilled by the passive filtering of this PMC.
The complete stabilization concept of the PSL subsystem will be tested with
the next prototype of the Advanced LIGO laser anytime soon. Especially cross
couplings between different stabilizations have to be investigated and the integration
of all components, such as the computer control, has to be studied.
Among the different stabilizations of the Advanced LIGO laser system the power
stabilization in the gravitational wave band turned out to be the most demanding
one. In the subsequent chapters two different power noise sensors accompanied by
stabilization experiments are described, which on the one hand demonstrated for
the first time the Advanced LIGO power stability requirement (Chapter 4) and on
the other hand used new advanced techniques able to increase the sensitivity of
power sensors by about one order of magnitude (Chapter 5).
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4

Traditional Power Stabilization
Active power stabilization of laser systems is necessary for many high precision
experiments since power fluctuations often couple to the actual measurement signal
(see Chapter 3). Today, probably the most demanding power stability requirements
are defined by GWDs, for the laser beam injected into the interferometer. The
coupling of power fluctuations via radiation pressure at the test masses and via the
readout scheme, and also the stringent requirements derived for Advanced LIGO
have been already described in Sec. 3.2.2.
Several power stabilization experiments were performed especially in the field of
GWDs (see Sec. 3.1.2 and Fig. 3.2). Active feedback control loops, photodiodes
as sensors, and various power actuators were used. In order to distinguish this
commonly used active power stabilization scheme from new schemes (see Chapter 5)
it is called traditional power stabilization in this thesis.
Two experiments [Rol04, Sei06] were performed specifically for Advanced LIGO,
and although the published results were the best ones worldwide at the time of
publication, the stability required by Advanced LIGO has not been demonstrated
so far. Both experiments showed especially at low frequencies (≈ 10 Hz) that many
technical noise sources at the detector for power fluctuations were preventing a
quantum noise limited performance. A high-sensitivity photodetector turned out
to be the crucial component in power stabilization experiments.
Thus a new low-noise detector consisting of an array of photodiodes was developed in this thesis. The output power of a Nd:YAG laser was stabilized with this
detector, and for the first time a power stability fulfilling the Advanced LIGO requirements was achieved. The high sensitivity of this new detector was in this way
demonstrated and all limiting noise sources were identified.
In the following sections the quantum limit of traditional power stabilizations
(Sec. 4.1) and the new high-sensitivity power detector (Sec. 4.2) are described first.
Subsequently the traditional power stabilization experiment is described and the
results are presented and discussed (Sec. 4.3).
The main results of this chapter have already been published in [Kwe09b].

63

Chapter 4 Traditional Power Stabilization

4.1 Quantum Limit
Power stabilizations can be limited by technical and quantum noise. Technical
noise sources can be significantly reduced in many cases whereas quantum noise is
a fundamental limit. In the following the quantum noise limit of traditional power
stabilizations is described.
A fundamental limit of the relative power noise of a laser beam is given by
the quantum noise sq , which depends only on the beam power P and the photon
energy hc/λ (see Sec. 3.1.2, Eq. 3.1):
r
2 · hc
sq =
.
(4.1)
Pλ
This quantum noise, the power noise of a so-called coherent beam, can be reduced
only with non-classical states of light, such as squeezed states, which are not considered here since the generation of these states is complicated and, to my knowledge,
they were not used in any power stabilization experiment so far. Most laser output
beams are not quantum noise limited in the frequency band of interest. However
by filtering a beam, e.g., with an optical resonator, a quantum noise limited power
stability can be achieved (see Sec. 3.1.2).
It is not possible to reach this limit with traditional power stabilization, though.
This is due to two reasons: On the one hand beam power needs to be detected with
a photodetector (in-loop detector) for compensating power fluctuations with the
control loop. This reduces the beam power for the actual experiment (out-of-loop
beam) and increases the relative quantum noise since that depends on the beam
power P . On the other hand the quantum noise measured by the in-loop detector is
imprinted on the beam by the control loop, which in turn increases the power noise
of the out-of-loop beam. Thus the out-of-loop relative power noise in a traditional
power stabilization is above the quantum noise of the original beam even neglecting
any technical noise sources. In the following the quantum limit1 is deduced after
briefly introducing the quantum mechanical formalism used, which is described in
more detail, e.g., in [Bac04]. This formalism will be used as well to calculate the
quantum limit of advanced power stabilization schemes in Sec. 5.2.
Quantum Mechanics
The power of a laser beam, being in state |φi, is measured with the photon number
operator N . This operator measures the number of photons in the light field. The
expectation value of this operator for state |φi is the average photon number and
1

The quantum limits of a laser beam and of a power stabilization have to be distinguished. The
quantum noise of a laser beam is given by the beam power and the photon energy. The
quantum noise of a power stabilization is the out-of-loop power noise neglecting any technical
noise sources. The power noise of the out-of-loop beam is in general above the quantum noise
of the beam itself.
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the variance of this operator is used to calculate the power noise. The eigenstates
of the number operator are called Fock states |ni. The light field described by such
a state contains an exactly defined number of photons:
N |ni = n |ni .

(4.2)

Especially the vacuum state |0i is a Fock state. Different light fields, such as
coherent states, can be expanded in the Fock state basis. The number operator can
be expressed by using the so-called raising operator A† and the lowering operator A
N = A† · A,

(4.3)

which obey the commutation rule
h
i
A, A† = AA† − A† A = 1

(4.4)

and transform Fock states in the following way:
√
√
A |ni = n |n − 1i and A† |ni = n + 1 |n + 1i .

(4.5)

When measuring light fields with large amplitude and small fluctuations the operators A† and A can be linearized. This approximation is valid for many bright
laser beams, among others for beams considered in power stabilizations. The operators A† and A are linearized in the following way:
A† (t) = α + δA† (t)

and

A(t) = α + δA(t),

(4.6)

where α describes the time independent carrier amplitude, and δA† and δA describe
the small fluctuations, so that the expectation values of δA† and δA are zero. The
classical amplitude of a light field corresponds to α. The number operator N can
be approximated with the linearized operators
N = A† A ≈ α2 + α δX1,

(4.7)

where δX1 := δA† + δA is called amplitude quadrature operator .
Using this linearized model, the expectation value n and the variance Var(N ) of
N can be calculated
n := hφ| N |φi = hNi ≈ α2 + α hφ| δX1 |φi = α2 ,
Var(N ) := hφ| N 2 |φi − hφ| N |φi2 ≈ α2 Var(δX1).

(4.8)
(4.9)

Thus the expectation value and the variance of N depend only on the classical
amplitude α and the variance of δX1. The double-sided power spectrum S of
the power noise can be calculated with the spectral variance Var(N (ω)) where all
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operators are transferred to Fourier space. To calculate the relative noise, the
spectrum is normalized with n2 :
S=

Var(N (ω))
Var(δX1(ω))
.
=
2
α2
n

(4.10)

The single-sided linear spectral density s, used more frequently in experiments, is
given by
√
s = 2S.
(4.11)
Thus with these equations the relative power noise of a laser beam can be calculated
using the operator N and the state |φi of the beam.
For example the above-mentioned power noise of a quantum limited beam can
be deduced: A coherent beam has an amplitude α and the fluctuations of the
amplitude quadrature δX1 are identical to the fluctuations of the vacuum state |0i.
Therefore the relative power noise of such a beam is
Var(δX1)
1
= 2
2
α
α

(4.12)

Var(δX1) = h0| δX12 |0i − h0| δX1 |0i2 = 1.

(4.13)

Sq =
with

For a coherent beam with power P and photon energy hc/λ the average photon flow
is n = α2 = P λ/hc and thereby, the spectrum mentioned in Eq. 4.1 is obtained:
r
hc
2 · hc
−1
,
[Sq ] = Hz
and sq =
,
[sq ] = Hz−1/2 .
(4.14)
Sq =
Pλ
Pλ
To calculate the power noise of a beam in a more complex system, as in a traditional power stabilization, the number operator N of the out-of-loop beam has to
be determined. This operator can be determined by using the classical equations
for the field amplitudes and the canonical quantization, where the field amplitudes
in the classical equations are substituted by the operator A. Using the equations
for A, the number operator N or the amplitude quadrature δX1 can be deduced
in order to determine the power noise. If the system has multiple input fields, the
state of the system is represented by a product state and operators of different fields
commutate.
Limit of Traditional Power Stabilizations
The model shown in Fig. 4.1 is used to calculate the quantum limit of traditional
power stabilizations. In this model the laser beam is split by a beam splitter with
power reflectivity r. The power fluctuations of the reflected beam Ail are measured
with the in-loop photodetector. The measured fluctuations are suppressed using an
actuator and a feedback control loop. The complex, frequency dependent loop gain
of the control loop is given by H(f ). The transmitted beam Aool is used for the
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Figure 4.1: Model of an active laser power stabilization used to calculate power
noise of the out-of-loop beam Aool due to quantum noise.
actual downstream experiment. The quantum limit of the stabilization is the power
noise of the out-of-loop beam Aool caused by quantum noise at different positions
in the model. Vacuum fluctuations Avac couple into the system via the open port
of the beam splitter. For clarity and in order to deduce the theoretical limit of the
stabilization, loss-less beam splitters and photodetectors (quantum efficiency of 1)
are assumed. Furthermore the loop gain of the control loop should be very high for
all frequencies of interest (H(f )→∞), which is the case in most power stabilizations
anyway.
For calculating the out-of-loop power noise, the operator δAool is needed. This
operator is obtained by the canonical quantization of the classical field equations.
The following equations are derived for the model:
δAmod = δAlas + H(f )δAil ,
√
√
δAil =
r δAmod + 1 − r δAvac ,
√
√
1 − r δAmod − r δAvac .
δAool =

(4.15)
(4.16)
(4.17)

With the control loop closed, Eq. 4.15 and 4.16 can be combined to the steady state
solution
√
δAlas + 1 − r H(f ) δAvac
√
δAmod =
,
(4.18)
1 − r H(f )
which yields for δAool in the limit H(f )→∞:
√
√
1 − r δAlas + (H(f ) − r)δAvac
√
δAool =
1 − r H(f )

H→∞

=

δAvac
√ .
r

(4.19)

At high loop gain the out-of-loop field depends only on the vacuum fluctuations Avac ,
and the laser noise Alas is completely suppressed. The spectrum of the out-of-loop
power noise is given by Eq. 4.10,
Sool =

Var(δX1vac )
1
Var(δX1ool )
=
=
.
hNool i
r hNool i
r hNool i

(4.20)
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Figure 4.2: Quantum limit of a traditional power stabilization as function of the
beam splitter ratio. The in-loop and out-of-loop quantum noise contribution and the total power noise relative to the quantum noise of the
original beam (= 0 dB) is shown.
2 is the
The average photon flow hNool i can be calculated classically, where αlas
average photon flow of the laser beam Alas :

Sool =

1
1
·
2 .
r (1 − r)αlas

(4.21)

2
Compared with the relative quantum noise of the original beam2 , Sq,las =1/αlas
(see Eq. 4.12), the relative power noise of the out-of-loop beam, depending on the
beam splitting ratio r, is at least 6 dB larger3 (Fig. 4.2):

Sool /Sq,las =

1
.
r(1 − r)

(4.22)

The lowest power noise is achieved with a 50:50 beam splitter r=0.5. In this case
the quantum noise measured with the in-loop detector and imprinted on the laser
beam by the control loop, and the quantum noise of the out-of-loop beam (the
vacuum fluctuations reflected at the beam splitter) contribute equally to the total
noise. With lower reflectivity of the beam splitter (r<0.5) the in-loop quantum
2

The relative power noise of the out-of-loop beam is compared to the quantum noise of the
original beam. In contrast it is often compared to its own quantum noise in the literature. Due
to this different power noise reference, the quantum limit of traditional power stabilizations is
sometimes cited as 6 dB and sometimes as 3 dB.
3
A ratio of power spectral densities expressed in decibels is defined as 10 log10 (Sool /Sq,las ), which
is consistent with the definition 20 log10 (sool /sq,las ) in case of linear spectral densities. Thus
6 dB corresponds to a ratio of about 4 in the power spectral density and to a ratio of about 2
in the linear spectral density.
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noise and with higher reflectivity (r>0.5) the out-of-loop beam quantum noise is
dominating the total out-of-loop power noise. For high reflectivity (r→1), a quantum noise limited beam can be produced. However, this beam has a significantly
lower power than the original beam and therefore a much higher relative power
noise compared to the case r=0.5.
Finally the single-sided linear spectral density of the quantum limit sq of a traditional power stabilization is given by
s
r
1
2 · hc
sq =
r(1 − r)
Pλ
s
r
r
0.52
1 mW
1064 nm
−8
−1/2
·
·
,
(4.23)
= 4 × 10 Hz
·
r(1 − r)
P
λ
where P is the total power of the original beam. The achieved power stability
depends on the beam splitting ratio r and the photon flow P λ/hc. To achieve a
good power stability, a large photon flow and therefore a high power P has to be
detected and a splitting ratio of r=0.5 has to be chosen.
In actual experiments losses of optical components and the quantum efficiency
of the photodiode have to be taken into account. Thus it is often easier to use the
electrical photocurrents Iil and Iool of the in-loop and out-of-loop detector, respec2 in Eq. 4.21 is
tively, to calculate the quantum limit. The average photon flow αlas
replaced by the average electron flow (Iil + Iool )/e,
r
sq =

2e
2e
+
Iil
Iool

=

1.8 × 10

−8

Hz

−1/2

r
·

1 mA 1 mA
+
,
Iil
Iool

(4.24)

where e is the elementary charge.
Although the best relative power stability is achieved for r=0.5, many experiments operate at r0.5 . In many cases the laser power can be more useful in the
actual experiment instead of being scarified for the power stabilization. Furthermore, photodetectors available are far from being able to handle 50% of the output
power of lasers typically used.
The quantum limit described in this section is the fundamental limit of every
traditional power stabilization. However, in many experiments this limit is not
achieved due to technical noise sources. Thus it does not make sense to increase
the power detected in order to lower the quantum limit in such experiments. This
is another reason for experiments to operate at r0.5.
To summarize, the theoretically best power stability in a traditional stabilization
is achieved with 50% of the available power detected by the control loop sensor.
The relative power noise of the beam for the actual downstream experiment is at
least 6 dB above the relative quantum noise of the original laser beam. However,
with passive stabilization methods and advanced techniques such as the optical ac
coupling, better power stabilities can be achieved (see Chapter 5).
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4.2 High Power Photodiode Array
A new high-sensitivity detector for power fluctuations was developed since so far no
detector existed (see Sec. 3.1.2), to my knowledge, that had a sensitivity required for
the Advanced LIGO power stabilization (see Sec. 3.2.2). In this section the optical,
mechanical, and electrical design of this low-noise high-power vacuum-compatible
photodiode array is described. The sensitivity was examined in a power stabilization
experiment as will be described in Section 4.3.
The photodiode array was developed for an Advanced LIGO power stabilization
precursor experiment. Hence several requirements for the power detector had to be
fulfilled, such as high sensitivity for power fluctuations, vacuum compatibility, and
low optical back reflections.
Every traditional power stabilization in the 10−9 stability range needs to detect a
rather large photocurrent in order to lower the quantum noise to an acceptable level
and in that way to achieve the desired sensitivity. A photocurrent of at least 80 mA
has to be detected to reach the sensitivity 2 × 10−9 Hz−1/2 required by Advanced
LIGO4 . In order to allow for some small, remaining noise contributions from technical noise sources, the power detector was designed for a total photocurrent of about
200 mA. Such a high photocurrent would cause thermal effects, would require a
complicated cooling scheme and an extremely low-noise readout electronics if only
one photodiode is used for detection. These problems were avoided by distributing
the power to four photodiodes each read out by its own electronics. Thus a simple
passive cooling scheme for the photodiodes was sufficient and the requirements for
the readout electronics were relaxed.
To fulfill the vacuum compatibility more easily, the complete readout electronics
was moved out of the vacuum tank and the photodiodes were connected with long
cables to this electronics. This avoided a complicated sealing, simplified the cooling,
and allowed an easy modification of the electronics.
Back reflections of the detector were minimized by hitting the photodiodes at an
incidence angle of 45◦ and by absorbing residual reflections with glass filters. All
optical components were hit at large incidence angles. Therefore back scattering
that is usually lower at large angles, is reduced as well.

4.2.1 Optical and Mechanical Design
The laser beam was split with a single 50:50 beam splitter into four partial beams
using multiple reflections. The optical layout was designed with the optics simulation program OptoCAD [Sch05] in order to achieve nearly equal and small distances
between the partial beams at the photodiodes (Fig. 4.3). Thus it was possible to
compactly mount the photodiodes in a row on a base plate.
4

The photocurrent was calculated using Eq. 4.24. In Advanced LIGO a 125 W laser beam has to
be stabilized to 2 × 10−9 Hz−1/2 . Thus a traditional power stabilization with r→0 can be used,
which is equivalent to Iool →∞ in Eq. 4.24.
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Figure 4.3: Optical layout and beam paths of the photodiode array calculated with
the program OptoCAD [Sch05].
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Figure 4.4: Photograph of the photodiode array.
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The photodiode array consisted of Perkin Elmer C30642 InGaAs photodiodes
with an active diameter of 2 mm. The beam radius on the photodiodes was about
545 ± 14 µm and 386 ± 10 µm in horizontal and vertical direction, respectively. The
uncoated glass windows of the photodiode packages were removed in order to avoid
spurious reflections. Since the beams, horizontally polarized, hit the photodiodes
at an incidence angle of 45◦ , it was easy to absorb residual reflections at the photodiode surface with glass filters (Schott BG39) at the Brewster angle. Therefore
significantly less back reflection5 and scattering were expected of this detector than
to detectors with photodiodes usually hit at normal incidence.
The optical components were not aligned using a laser beam, but rather a mechanical template was used to glue the components to a ground plate (150 × 122 mm2 ),
to which the photodiode base plate was mounted as well (Fig. 4.4). In order to
compensate tolerances of the optical components and the template, a laser beam
was used after glueing of the components to measure the exact laser beam position
on the photodiode base plate with thermo-sensitive paper. Afterwards the final mechanical machining of the base plate was performed, so that the photodiodes could
be mounted at the laser beam positions measured. Furthermore each photodiode
could be moved transversely by ±1 mm to its incident beam in order to precisely
align the photodiode. They were aligned to the position of the smallest coupling of
lateral beam jitter to the photodiode signal, which was determined by modulating
the input beam pointing.
Each photodiode was glued into a small aluminum case mounted electrically
insulated with Kapton foils to the aluminum base plate to avoid electrical ground
loops.
The base plate was in addition used as heat sink to passively cool the photodiodes. At the maximum photocurrent of 50 mA an electrical power of about 250 mW
(5 V bias voltage) was dissipated in each photodiode. This caused a ≈6 K temperature increase of the small photodiode aluminum cases. The complete detector
was insulated electrically and isolated thermally with Macor components from the
environment.
All materials used for the detector, such as aluminum, Macor, coated fused silica
and glass components, glues, Kapton foils, and Teflon isolated cables, were vacuum
compatible and were selected for a low outgassing rate.
Two detectors (in-loop and out-of-loop) are necessary for the power stabilization
experiment described in Sec. 4.3. Rather than duplicating the detector described
so far, an additional 50:50 beam splitter and a beam elevator at the input of the
detector was used to produce four additional partial beams in a vertically shifted
plane using the same optics. So only four additional photodiodes in this plane were
required for the second detector.
5

In principle the photodiodes could be hit at the Brewster angle (≈ 74◦ for InGaAs) to avoid
back reflections in the first place. However an incidence angle of 45◦ was chosen to allow a
compact mechanical design.
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Figure 4.5: Schematic of the bias voltage generation, the readout electronics, and
the cabling for one photodiode.

4.2.2 Electronics
The electronics for the photodiodes were placed outside of the vacuum tank. Each
photodiode was connected with a pair of shielded cables (≈70 cm) to the electronics.
The tank feedthroughs were pluggable and individually insulated from the tank. It
turned out that the cable shield was crucial to avoid couplings at the power line
frequency of 50 Hz and its harmonics. No performance difference was observed
when using longer cables of up to 5 m length.
Each pair of cables connected one photodiode with a filtered 5 V bias voltage
and a low-noise transimpedance amplifier with a low current-noise6 200 Ω resistor
(Fig. 4.5). At the operating point each photodiode detected a photocurrent of about
50 mA.
In the subsequent stage the signal of the transimpedance amplifier was amplified
between 3 Hz and 2.5 kHz with a low-noise amplifier. At the same time, the much
stronger signal at very low frequencies was attenuated by a factor of 10, so that
the signals of the different photodiodes could be added more easily. The transfer
functions of the transimpedance amplifier and the subsequent signal conditioning
filter were measured and used for calibration.
The electronic noise of the circuit was simulated with the program LISO [Hei00]
and was measured with no light on the photodiodes (Fig. 4.6). This electronic
noise severely limits the sensitivity of the detector. Furthermore the noise at the
actual operating point was measured with a low-noise battery (NiMH, nickel-metal
hydride) current source. For this the photodiode was replaced with the current
6

See [Sei09, Chap. 4.2] for a selection of characterized low current-noise resistors.
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Figure 4.6: Electronic noise of the transimpedance amplifier and the signal conditioning filter at different operating points and schematic of the current
source.
source (800 Ω output impedance, schematic in Fig. 4.6) and the noise was measured
at this operating point (Fig. 4.6). The noise with full current is larger than in the
situation with no light on the photodiodes. The electronic noise is equal to the
expected quantum noise of 50 mA photocurrent at about 7 Hz. Thus in principle
a quantum noise limited power detection should be possible for frequencies greater
than 7 Hz.
The signals of the four photodiodes were summed after passing the signal conditioning filters. On the one hand this sum signal can be subtracted from an onboard
voltage reference in order to be used as in-loop signal for the power stabilization or
on the other hand this signal can be passed through an onboard anti-aliasing filter
and transmitted to an A/D converter card in a computer to be used as out-of-loop
signal. More details concerning the power stabilization are described in Sec. 4.3.
The average responsivity of the photodiodes were measured with a power meter
and yielded 0.79±0.08 A/W, which corresponds to a quantum efficiency of 0.92 .
All in all the high-power photodiode array described is a compact detector for power
fluctuations that was developed for a power stabilization in the field to GWDs
at frequencies between 10 Hz and 10 kHz. The detector is designed for a total
photocurrent of 200 mA and 400 mA for four and eight photodiodes, respectively.
All optical and mechanical components are vacuum compatible, the electronics can
be operated outside of the vacuum tank, and the optical design minimizes back
reflection and scatter.
The electronic noise was measured in the operating point with full current and
is an lower limit for the sensitivity. Since no quantum-noise-limited light source of

74

4.3 Power Stabilization Experiment
several 100 mW power at the frequencies of interest was available, the sensitivity of
the detector with light on the photodiodes could not be measured directly. Among
other things this is the reason for performing the power stabilization described in
Sec. 4.3.

4.3 Power Stabilization Experiment
The high-power photodiode array was used to stabilize the output power of a
Nd:YAG laser at 1064 nm for frequencies between 1 Hz and 1 kHz. This experiment demonstrated simultaneously the high sensitivity of this detector and for the
first time the power stability required by Advanced LIGO. The experiment, the
results and their implications are described in this section.
Several experiments (see Sec. 3.1.2, specifically [Rol04, Sei06]) already tried to
achieve the power stability for Advanced LIGO. In these experiments the power
noise measured out-of-loop was significantly above the in-loop and quantum noise,
and could not be explained completely. This is an indication that the photodetector
sensitivity is not sufficient and that other noise sources couple to the sensor. Thus
the key challenge in a power stabilization is to realize a high-sensitivity detector
for power fluctuations (see Sec. 4.2) and to minimize the coupling from external
noise sources. This means as well that it is in principle not important to stabilize a
200 W beam from the Advanced LIGO laser to demonstrate the power stabilization
for this laser system. As no Advanced LIGO laser was available for the experiment
a 2 W NPRO was used instead.

4.3.1 Experimental Setup
In the experimental setup (Fig. 4.7) an NPRO (see Sec. 2.3.1) with an output
power of 2 W at 1064 nm was used as laser. An EOAM along with a subsequent
polarizing beam splitter was used to control the beam power. With λ/4 and λ/2
wave plates upstream of the EOAM, the average power and the dynamic range of
the EOAM were adjusted. The EOAM has a high bandwidth of about 100 MHz,
which, however, was not needed for this experiment.
An optical ring resonator and the photodiode array were placed in a pressuretight tank for acoustic shielding. The tank was pumped down and vented with
HEPA (High Efficiency Particulate Air) filtered air to reduce the number of particles
potentially passing the laser beam. All components inside the tank were mounted on
a breadboard which was placed on Viton pads for isolating and damping mechanical
vibrations.
The ring resonator with a design similar to the one used in the DBB (see
Sec. 2.2.1) served as mode-cleaner, reducing beam pointing fluctuations. The finesse was about 370 with a bandwidth of about 980 kHz. The Pound-Drever-Hall
method (see Sec. 3.1.3, [Dre83, Bla01]) with phase modulation sidebands at 29 MHz
was used to stabilize the laser frequency to one fundamental mode resonance of the
resonator. An additional resonant EOM generated the phase modulation. The
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Figure 4.7: Experimental setup of the power stabilization. EOM, electro-optic
phase modulator; FI, Faraday isolator; EOAM, electro-optic amplitude
modulator; PBS, polarizing beam splitter; MC, mode-cleaner; IL, inloop detector; OOL, out-of-loop detector; PZT, mirror attached to
piezoelectric elements; TIA, transimpedance amplifier; REF, voltage
reference; λ/2, λ/4, wave plates.

laser frequency was controlled by the temperature of the laser resonator and a PZT
element attached to the laser crystal.
The laser power in front of the photodiode array was about 500 mW. The beam
size on the eight photodiodes was adjusted with a lens, and a mirror glued to a
three-axis PZT was used to create pointing modulations downstream of the modecleaner. The laser beam was distributed to the eight photodiodes of the array and
each photodiode was connected to its own readout electronics outside the tank.
The signals of four photodiodes were added and used to stabilize the laser power
(in-loop) and the remaining four signals were added and used to verify the power
stability (out-of-loop). For the stabilization, the in-loop signal was subtracted from
a lowpass filtered voltage reference, amplified in analog servo electronics, and fed
back to the EOAM. This dc-coupled feedback control loop had a bandwidth of
about 80 kHz with a loop gain of more than 68 dB for frequencies below 1 kHz.
The noise of the different photodiode signals was measured with a computer.
For this the signals were passed through anti-aliasing filters and were differentially
transmitted to an A/D converter card (PCI-6122, National Instruments) in the
computer. The time series of the signals was recorded at a sampling rate of 10 kHz
and used to calculate the linear spectral density of the relative power noise between
1 Hz and 1 kHz.
Since grounding noise turned out to be a critical noise source in previous power
stabilization experiments, the whole experiment was carefully wired (Fig. 4.8). The
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Figure 4.8: Cabling of the different power stabilization electronic modules. Each
block has a separate floating power supply.
servo and the two readout electronics were each connected to an independent power
supply. No performance difference with battery packs as power supplies was observed.
In general the experimental setup is based on the envisaged power stabilization
setup of Advanced LIGO (see Sec. 3.2.2). In Advanced LIGO two detectors will
measure the power fluctuations downstream of the suspended input mode-cleaner,
which is simulated in this experiment by the ring resonator. The suspended input
mode-cleaner and the power detectors will be in UHV (ultra high vacuum), which is
imitated by the vacuum tank. However in this precursor experiment the significantly
lower lowpass corner frequency (about 8.8 kHz [Ara07a]) of the suspended modecleaner, potential low frequency pointing fluctuations between mode-cleaner and
power detectors, and the much more complex power actuator of the laser system
are not simulated.

4.3.2 Results
The free-running relative power noise downstream of the mode-cleaner was 1 ×
10−7 Hz−1/2 to 1 × 10−6 Hz−1/2 in the frequency band from 1 Hz to 1 kHz. With
closed feedback loop the out-of-loop measured power noise (Fig. 4.9) was at the
expected level, defined by the uncorrelated sum of the quantum noise and electronic
noise of both, the in- and out-of-loop detectors in the whole frequency band. For
frequencies up to 7 Hz, the measured noise was dominated by the electronic noise
of the in-loop and out-of-loop detector and for higher frequencies by quantum noise
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Figure 4.9: Out-of-loop measured power noise and limiting noise sources. The Advanced LIGO power noise requirement is shifted by 3 dB in the plot to
account for the noise of the out-of-loop detector.
at a level of 1.8 × 10−9 Hz−1/2 . The relative quantum noise level of this experiment
was calculated using the total in-loop (Iil =200 mA) and out-of-loop photocurrent
(Iool =189 mA) (see Sec. 4.1). The measured power noise was closer than 1 dB (the
estimated calibration accuracy was 1 dB) to the quantum noise level for frequencies
from 15 Hz on upwards. At 10 Hz a relative power noise of 2.4 × 10−9 Hz−1/2 on the
out-of-loop detector was measured.
Since the in-loop and out-of-loop detectors were built identically, the noise of inloop and out-of-loop detectors should contribute equally to the measurement noise.
With this assumption and by subtracting the noise contribution of the out-of-loop
detector, a 3 dB lower relative power noise of the laser beam of 1.7 × 10−9 Hz−1/2
at 10 Hz and 1.3 × 10−9 Hz−1/2 at higher frequencies is deduced and in this way the
Advanced LIGO power noise requirements (Fig. 4.9) are demonstrated.
The experiment showed the described performance for a period of six hours, only
interrupted by relocks of the mode-cleaner due to thermal drifts (Fig. 4.10). By
careful cabling, using independent power supplies, and differential signal transmission all peaks at the power line frequency of 50 Hz and harmonics were eliminated
in the measurement.
In first experiments each photodiode was aligned to the responsivity maximum
and the coupling of lateral beam jitter to the out-of-loop relative power noise, Cj ,
was measured.
1
dP (x)
Cj =
·
,
[Cj ] = m−1 ,
(4.25)
P (0)
dx x=0
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Figure 4.10: Long-term residual power noise of the stabilization experiment.

where P (x) is the out-of-loop beam power as function of the beam position x. A
coupling of Cj ≈ 50 m−1 was measured and many peaks at mechanical resonance
frequencies were visible in the power noise (Fig. 4.11). In the final experiment
the photodiodes were aligned by minimizing the jitter coupling. Then the coupling factors of 2.8±0.3 m−1 and 1.0±0.1 m−1 in horizontal and vertical direction,
respectively, were measured using the mirror attached to the PZT.
The stabilization was performed in a closed tank at atmospheric pressure as
well as in an evacuated tank. No performance difference of the power stabilization
between the situation when the tank was filled with HEPA filtered air or when it
was evacuated (≈100 Pa) was observed. With unfiltered laboratory air (particle
count of about 8500 m−3 ≈ 250 ft−3 , particle size ≥0.3 µm) it was impossible to
take a stationary measurement due to signal glitches caused by particles.
Since the photodiodes were connected with pluggable tank feedthroughs to the
electronics, the assignment of the photodiodes to in- and out-of-loop detector was
easily changeable. No performance difference depending on which photodiodes were
used for the in-loop and out-of-loop signals was found. In particular no difference
was observed when using mainly transmitted beams for the in-loop and mainly
reflected beams for the out-of-loop detector. This indicated that potential splitting
ratio fluctuations of the beam splitters were not limiting the measurement.
Finally in a separate experiment the power stability dependence on the beam
size at the photodiodes was measured. The same readout electronics but only
two photodiodes to speed up the alignment process were used. No performance
difference for beam radii from 60 µm to 720 µm was observed.
To summarize, the required but hitherto unattained power stability for Advanced
LIGO of 2 × 10−9 Hz−1/2 at 10 Hz has been achieved by scaling the number of photodiodes, reducing the beam jitter coupling and by the use of low-noise electronics.
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Figure 4.11: Out-of-loop measured power noise limited by pointing fluctuations
(photodiodes aligned to the responsivity maximum) and power noise
with photodiodes aligned to minimum jitter coupling.
An out-of-loop relative power noise of 2.4 × 10−9 Hz−1/2 (1.7 × 10−9 Hz−1/2 with
subtracted out-of-loop detector noise) at 10 Hz was demonstrated, with no line
harmonics present in the measurement. The power stability was prone to be limited
by beam jitter especially at mechanical resonance frequencies but the coupling
coefficient has been kept small by appropriate alignment.
The high sensitivity of the photodiode array detector was demonstrated and it
is ideal to be used in the upcoming generation of GWDs due to the demonstrated
performance, the low back reflection/scatter design, and the vacuum compatibility.
Since the limiting noise sources were identified, the power stability can probably
be further improved in the future. At low frequencies the electronic noise needs
to be lowered and at high frequencies the total detected photocurrent has to be
increased to reduce the relative quantum noise.

4.4 Summary
Laser power stabilization is essential for many high precision experiments in order
to achieve the desired sensitivity, especially for GWDs.
The fundamental limit of traditional power stabilizations caused by quantum
noise was deduced in Section 4.1. This limit is at least 6 dB above the quantum
noise of the original laser beam. Almost no experiment reached this limit at low
frequencies (≈10 Hz) and in particular the power stability of 2 × 10−9 Hz−1/2 at
10 Hz required by Advanced LIGO could not be achieved in previous experiments.
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Therefore a new high-sensitivity power detector was developed, and its optical,
mechanical, and electrical design was described in Section 4.2. The detector consisted of eight InGaAs photodiodes each detecting a photocurrent of about 50 mA.
Technical problems that often occurred in similar experiments were avoided: complicated cooling and electronics was avoided by distributing the beam power to
several photodiodes, back reflections and scatter were avoided by large incidence
angle optical design, in-vacuum electronics was avoided by using remote electronics,
and out-gassing was avoided by using only vacuum-compatible materials.
The output power of an NPRO was stabilized between 1 Hz and 1 kHz in order
to demonstrate the sensitivity of the detector (Sec. 4.3). As precursor experiment
for the Advanced LIGO power stabilization, the experimental setup was based on
the stabilization concept for Advanced LIGO.
The best power stability so far (2.4 × 10−9 Hz−1/2 at 10 Hz and 1.8 × 10−9 Hz−1/2
from 15 Hz upwards) was achieved with this experiment. To my knowledge this
is the first experiment in this power stability range for which the limiting noise
sources were identified, which was closer than 1 dB to the quantum noise limit
for frequencies above 15 Hz, and which fulfilled the Advanced LIGO requirements.
Since the limiting noise sources were identified, the detector can be systematically
improved in the future: At low frequencies the electronic noise needs to be lowered and at high frequencies the total detected photocurrent has to be increased
to reduce the relative quantum noise. Since the manufacturer’s maximum power
handling capability of the photodetectors has been already reached and no lowfrequency experiment has demonstrated so far a comparable power stability using
photodiodes operating at higher photocurrents, the only feasible way to increase
the total detected photocurrent seems to further scale the number of photodiodes.
Furthermore, beam pointing noise turned out to be a serious noise source, which,
however, can be suppressed by carefully aligning the photodiodes to their incident
beams. No performance difference of the power stabilization was observed between
the situation when the tank was filled with HEPA filtered air or when it was evacuated, between different beam sizes at the photodiodes, and between using batteries
as power supplies or ordinary laboratory power supplies.
All in all this experiment demonstrated that traditional power stabilizations in
the range of a few 10−9 Hz−1/2 can be realized with this photodiode array detector,
which is even compatible with technical constraints set by future GWDs. Furthermore this detector can be combined with advanced power stabilization techniques
to be described in Chapter 5. These advanced techniques can pave the way to
significantly better power stabilities in the future.
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5

Optical AC Coupling
High-sensitivity detectors for power fluctuations are required in many precision
experiments. In particular they are the key components in power stabilization
experiments. As described in Chapter 3, a very high power stability, which in the
case of Advanced LIGO has been demonstrated using a multi-photodiode detector
(Chapter 4), is necessary for future GWDs.
However, the power stabilization experiment using the multi-photodiode detector showed that the sensitivity of this traditional detection technique seems to be
improvable only by further scaling the number of photodiodes in the future. The
technical effort is roughly proportional to the number of photodiodes or the beam
power detected, whereas the sensitivity increases only with the square root of the
power detected (see Sec. 4.1). Thus today a sensitivity for relative power noise at,
e.g., the 10−10 Hz−1/2 level seems to be out of reach or only achievable with extreme
effort when using traditional detection techniques.
The high beam power that needs to be detected causes the most technical problems. In the traditional detection technique the light field carrier that contains
almost the complete beam power has to be detected, although only the sidebands
contain the actual information about the power fluctuations to be measured. In
contrast, the advanced technique, called optical ac coupling, which is described in
this chapter, uses an optical resonator to suppress the carrier in reflection of the
resonator, whereas the fluctuation sidebands are almost completely preserved for
frequencies above the resonator bandwidth. Therefore the average power on the
photodetector in reflection of the resonator can be reduced while keeping the same
sensitivity for power fluctuations. If one, however, decides to maintain the average
power on the photodetector, the sensitivity can be increased by about one order of
magnitude.
In the following sections the optical ac coupling technique is studied theoretically
and experimentally. At first the technique is described (Sec. 5.1) and the quantum
noise limit of a power stabilization with optical ac coupling is derived and compared
with other stabilization schemes (Sec. 5.2). Afterwards, experiments (Sec. 5.3), the
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Figure 5.1: Illustration of the optical fields in the sideband picture at a resonant
optical resonator. The field in reflection Urefl , given by the interference
of the beam directly reflected and the beam leaking from the resonator,
is detected in the optical ac coupling technique.
associated investigations for noise couplings and sources (Sec. 5.4), and the results
and their implications (Sec. 5.5) are described.
The main results of this chapter have already been published in [Kwe08b, Kwe09a].

5.1 Optical AC Coupling Technique
The optical ac coupling technique is a high-sensitivity detection method for power
fluctuations based on photo-detection in reflection of an optical resonator with
a specific impedance matching. In this section this novel technique is described,
including the prerequisites, the transfer function for power fluctuations, and the
detection quantum noise limit.
Conventionally, electrical ac coupling is used to measure small fluctuations on
top of large dc signals or of slowly varying ones in order to increase the detection
sensitivity for these fluctuations. The reflection at an optical resonator is used to
create a similar effect, where the signal is attenuated at low Fourier frequencies, for
measuring laser power fluctuations. The optical ac coupling can be interpreted as
signal conditioning in the optical domain.
The transmission of an optical resonator for power fluctuations decreases for frequencies above the resonator bandwidth (in Sec. 3.1.2, see Fig. 3.1). Accordingly
power fluctuation sidebands are mainly reflected at the resonator for high frequen-
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cies, whereas the carrier is almost completely transmitted for a nearly impedance
matched resonator (Fig. 5.1). Thus the average power in reflection is reduced
while the fluctuation sidebands are fully preserved. However, a special impedancematching of the resonator and a very good mode-matching is required to fully
exploit this effect. The same method was already used to, e.g., detect squeezed
light [Mil87].
The compound detector, consisting of the resonator and the photodetector in
reflection, is also called optical ac coupled detector in this thesis. This compound
detector is significantly more sensitive to power fluctuations than the photodetector
without resonator, assuming the same photocurrent is detected. This effect can be
described very well by the transfer function for relative power fluctuations from the
beam upstream of the resonator to the beam in reflection:
Consider the field amplitude Uin of a laser beam with the average amplitude U0
that is amplitude modulated at a frequency f = ω/2π with a modulation index m 
1 in the plane-wave model:

Uin = U0 1 + meiωt .
(5.1)
This input beam is coupled into a resonant optical resonator (Fig. 5.1). Then
the field amplitude Urefl of the reflected beam is given by the sum of the directly
reflected field and the field leaking out of the resonator:



Urefl = U0 1 + meiωt − (1 − a)U0 1 + meiωt h(f )
|
{z
} |
{z
}
directly reflected

leaking


= U0 a + meiωt [1 − (1 − a)h(f )]
with

h(f ) =

1
,
1 + if /f0

(5.2)
(5.3)

where h(f ) describes the approximated power fluctuation filter effect of the resonator with bandwidth f0 (see Sec. 3.1.2). The amplitude reflectivity of the input
coupling mirror is approximated by unity assuming a high-finesse resonator. The
parameter a describes the impedance matching of the resonator. The resonator
is under-coupled for a ∈ (0, 1], impedance matched for a = 0 and over-coupled
for a ∈ [−1, 0) [Sie86, Chap. 11.3]. In the under-coupled case the carrier directly
reflected is larger than the carrier leaking out of the resonator. For the over-coupled
resonator the situation is reversed.
The average power in reflection of the resonator is reduced by |Urefl |2 / |Uin |2 =
2
a , the so-called carrier reduction. The transfer function G(f ) of relative power
fluctuation from |Uin |2 to |Urefl |2 at the frequency f is given by
s
1 + g 2 · f 2 /f02
G(f ) = g − (g − 1) · h(f ), |G(f )| =
,
(5.4)
1 + f 2 /f02
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Figure 5.2: Transfer function G(f ) of the optical ac coupling from relative power
fluctuations upstream to relative power fluctuations in reflection of the
resonator. The phase of the transfer function is shown once for undercoupled and once for over-coupled resonator. The factor |g| is the maximal magnitude reached for high frequencies.
with g(a) = 1/a (see Fig. 5.2). At low frequencies the transfer function or gain is
G(f →0) = 1. Already starting at frequencies (f0 /g) below the resonator bandwidth,
the magnitude |G| increases and thus a higher sensitivity is achievable with an
optical ac coupled detector. For frequencies higher than the resonator bandwidth,
the gain is G(f →∞) √
= g and at the corner frequency of the resonator only 3 dB
less |G(f =f0 )| = |g|/ 2. At high frequencies the phase of the transfer function
depends on the sign of g and thus on the impedance matching. In order to achieve
a high gain in sensitivity with the optical ac coupling technique a nearly impedance
matched resonator is required (|a|1, but a6=0).
Until now it was assumed that the laser beam U0 completely consists of resonant
modes and power was reflected at the resonator only due to the impedance mismatching (a6=0). In real experiments, non-resonant higher-order spatial modes or
radio frequency modulation sidebands above the resonator bandwidth are reflected
as well at the resonator, both called parasitic modes in the following. The influence
of these modes can be calculated with the following modified ansatz:

Uin = (U0 + U1 ) 1 + meiωt ,
(5.5)
where U0 describes the resonant modes and U1 the non-resonant parasitic ones. In
the same way as before the same transfer function G(f ) can be derived, where
now g depends not only on the impedance matching a but also on the power in
parasitic modes:
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g(a, p) =

p + a(1 − p)
p + a2 (1 − p)

with

p=

|U1 |2
,
|U0 |2 + |U1 |2

(5.6)

where p is the relative power in parasitic modes. For p=0 the same result as before
is obtained (g(a, p=0) = 1/a). The maximum value G(f →∞) = g(a, p) depends
on the impedance matching and is reduced by non-resonant, parasitic modes in the
input beam and is thus in principle limited only by the controllability of a and p.
The fundamental limit1 of the sensitivity of a photodetector for power noise
is given by the quantum noise. The detection limit for relative power noise is
sq = (2e/I)1/2 , where I is the photocurrent and e the elementary charge (see
Sec. 4.1). An optical ac coupled detector has a better quantum-limited sensitivity
for power fluctuations upstream of the resonator:
r
1
2e
sq (f ) =
·
.
(5.7)
G(f )
I
In the optimal case (p=0) for high frequencies (f f0 ) this corresponds to the
sensitivity of a photodetector placed in front of the resonator detecting the full beam
power. However, the advantage of the optical ac coupling technique compared to
this direct detection is that in many cases the high power upstream of the resonator
cannot be handled by the photodetector. Furthermore, with the optical ac coupling
technique almost the complete power is preserved in the beam transmitted by the
resonator for potential downstream experiments.
To summarize, the sensitivity of a photodetector for power fluctuations can be increased for frequencies above the resonator bandwidth with the optical ac coupling
technique. The effect can be described very well with the transfer function G(f ).
More power is available for potential downstream experiments and technical limitations, such as the maximal power handling capability of photodetectors, can be
circumvented. The higher sensitivity of an optical ac coupled detector in a power
stabilization yields a better quantum limited power stability than traditional stabilization schemes, as will be described in Section 5.2.

5.2 Quantum Limit of Power Stabilization Schemes
In contrast to technical noise, quantum noise is a very fundamental limit in power
stabilizations. This quantum limit was already derived for a traditional power
stabilization in Sec. 4.1. In this section the quantum limit of different, extended
power stabilization schemes, including schemes utilizing the optical ac coupling
technique, are described, compared and evaluated theoretically as well as in realistic
examples.
1

Non-classical states of light are not considered in this thesis.
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Figure 5.3: Models used to calculate the quantum noise limit of five different
power stabilization schemes. Model 1 (top) showing the schemes A, B
and C with out-of-loop fields Aool,a to Aool,c , model 2 (bottom) showing
schemes D and E with out-of-loop fields Aool,d and Aool,e .
The fundamental limit2 of any passive and active power stabilization is the quantum noise of the original beam (see Sec. 4.1, Eq. 4.1), which cannot be reached
with a traditional power stabilization, as already mentioned. In the optimal case
the out-of-loop relative power noise is 6 dB above the quantum noise of the original beam in the traditional scheme. In contrast, stabilization schemes extended
in different ways with optical resonators can get closer than 6 dB to the absolute
limit. In the following the methods introduced in Sec. 4.1 are used to calculate the
quantum limit of these extended power stabilization schemes.

5.2.1 Limit of Different Stabilizations
Two models are used to calculate the quantum limit of five power stabilization
schemes (Fig. 5.3). The fields Aool,a to Aool,e are the out-of-loop3 fields of the five
2
3

Only classical beams are considered.
In the following the term out-of-loop beam refers to the power stabilized beam that is in principle
available for downstream experiments, even though in scheme A no control loop is involved at
all.
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schemes A to E and are relevant for potential downstream experiments. In all
active schemes (B to E) the field Ail , called in-loop field, is used for the control
loop sensor in order to compensate power fluctuations of the laser field Alas with an
actuator. The required feedback loop is characterized by the frequency dependent
loop gain H(f ). Vacuum fluctuations Avac1 to Avac3 couple into the system at open
ports of the beam splitters and the resonator.
Model 1 is an extended version of the model used in Sec. 4.1 (see Fig. 4.1), where
an additional optical resonator is placed in the out-of-loop beam Aool,b . Depending
on the parameters r and H(f ) and the out-of-loop beam considered, three resulting
schemes can be analyzed: a purely passive stabilization (scheme A, for r=0, H=0),
a traditional active power stabilization (scheme B, for r>0, H→∞), and a traditional one, but with subsequent resonator in the out-of-loop beam (scheme C, for
r>0, H→∞).
In model 2 a beam splitter with power reflectivity r is used to allow for a potential out-of-loop measurement (Aool,d ) in front of the resonator. The transmitted
beam is coupled into a resonant optical resonator, which has a small impedance
mismatching, such that a field fraction a is reflected at the resonator and detected
by the in-loop detector. An additional beam splitter with power transmission η
directly in front of the in-loop detector can be used to attenuate the beam power.
With this model the quantum limit of power stabilizations with optical ac coupled
in-loop detector and out-of-loop beam upstream (scheme D, for r>0, H→∞) or
downstream (scheme E, for r=0, H→∞) of the resonator can be calculated.
The spectral variance of the number operator N of the individual out-of-loop
fields Aool,a to Aool,e has to be calculated to determine the power noise of the
different schemes (see Sec. 4.1). For linearized operators this variance depends
on the operators δAool,a to δAool,e , which can be deduced using the classical field
equations and the canonical quantization.
In both models the optical resonator is a crucial element. Thus the classical field
equations at a resonator are considered first. The output fields Aout1 and Aout2 are
given as function of the input fields Ain1 and Ain2 assuming a high-finesse resonator
by [Bac04, Chap. 5.3]

Aout1 =
Aout2 =

√
(a + if )Ain1 + 1 − a2 Ain2
,
1 − if
√
(−a + if )Ain2 + 1 − a2 Ain1
,
1 − if

(5.8)

(5.9)

Ain1
a
Aout1

Aout2

Ain2

where f is the Fourier frequency in units of the resonator bandwidth and a is the
impedance matching factor. A resonator can be seen as frequency dependent beam
splitter with high transmission for power fluctuation sidebands at frequencies below
the resonator bandwidth and low transmission for higher frequencies.
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Model 1
The following operator equations are obtained for model 1 using the classical equations and the above-mentioned resonator equations (see Fig. 5.3):
δAmod = δAlas + H(f )δAil
√
√
r δAmod + 1 − r δAvac1
δAil =
√
√
δAool,b =
1 − r δAmod − r δAvac1
δAool,c = δAool,a =

if δAvac2 + δAool,b
1 − if

(5.10)
(5.11)
(5.12)
(5.13)

where an impedance matched resonator (a=0) was assumed. These equations can
be solved for Aool,b and Aool,c yielding4
√
√
1 − rδAlas + (H(f ) − r)δAvac1
√
δAool,b =
(5.14)
1 − rH(f )
√
√
√
1 − rδAlas + if [1 − rH(f )]δAvac2 + (H(f ) − r)δAvac1
√
(5.15)
δAool,c =
1 − if − r(1 − if )H(f )
Using the operators δAool,b and δAool,c the variance of the number operators can
be calculated in order to determine the power spectrum of the relative power noise:
Sool,b =
=

Sool,c =
=

Var(δX1ool,b )
hNool,b i
(1 − r)Var(δX1las ) + |H(f ) −
√
|1 − rH(f )|2

√

r|2

·

1
2
(1 − r)αlas

(5.16)

Var(δX1ool,c )
hNool,c i
√
√
(1 − r)Var(δX1las ) + |H(f ) − r|2 + f 2 |1 − rH(f )|2
√
2
|1 − if − r(1 − if )H(f )|2 · (1 − r)αlas

(5.17)

Both equations will be simplified when considering the additional assumptions for r
and H in schemes A to C.
Scheme A This scheme is a passive stabilization of the laser power noise in the
beam transmitted by the optical resonator, which yields for r=0, H=0:
Sool,a =
4
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Var(δX1las ) + f 2 1
2 .
1 + f2
αlas

Since δAool,a = δAool,c only the equations for δAool,c are considered in the following.

(5.18)

5.2 Quantum Limit of Power Stabilization Schemes
The power spectrum depends on the laser noise, to which it is equal at low frequen2 since the resonator has a high transmission
cies Sool,a (f 1) ≈ Var(δX1las )/αlas
for noise sidebands at low frequencies. For higher frequencies f >1 the resonator
transmission decreases such that the contribution of the laser noise Var(δX1las ) in
the out-of-loop noise is reduced. At the same time the reflection of the vacuum
fluctuations Avac2 increases, dominating the out-of-loop power noise at high frequencies. This corresponds to a lowpass filter effect for technical power noise of
transmitted fields. The laser noise is reduced with 1/f 2 (corresponds to 1/f in the
2 for f →∞.
linear spectral density), limited by the level of the quantum noise 1/αlas
The power noise of this scheme is shown in Fig. 5.4, ¬ assuming a frequency
independent, arbitrarily chosen laser noise of 30 dB above the quantum noise of the
laser beam.
Scheme B This scheme is a traditional active power stabilization, usually operated at a high control loop gain (H→∞). This scheme was already described
in detail in Sec. 4.1 and the resulting quantum limit is repeated for the sake of
completeness:
1
Sool,b =
(5.19)
2 .
r(1 − r)αlas
The relative power noise (Fig. 5.4, ) does not depend on the laser noise δAlas due
to the high-gain feedback loop and is frequency independent. The noise is minimal
2 for r=0.5 (Fig. 5.5, ¬) and thus is 6 dB above the quantum noise
Smin,b = 4/αlas
2 ) or 3 dB above its own quantum noise (2/α2 ).
of the original beam (1/αlas
las
Scheme C This scheme is a combination of a traditional active power stabilization
(scheme B) and a passive resonator filtering (scheme A):
Sool,c =

rf 2 + 1
2 .
r(1 − r)(1 + f 2 )αlas

(5.20)

The resonator has a high transmission at low frequencies and thus its filtering effect
is insignificant. The power noise is equal to the noise of a traditional stabilization
Sool,c (f 1) → Sool,b . At high frequencies the reflectivity of the resonator and hence
its filtering effect for noise at point Aool,b increases. However, the reflectivity for
the field Avac2 increases as well such that the power noise is at these frequencies
2 ], which in general
equal to the quantum noise of the out-of-loop beam 1/[(1 − r)αlas
is above the quantum noise of the original beam. The quantum limit is shown in
Fig. 5.4, ® for r=0.5 .
The optimal reflectivity of the beam splitter ropt and the minimal power noise
Smin,c now depends on the frequency and are given by (see Fig. 5.5, )
p
f2 + 1 − 1
f4
ropt (f ) =
,
S
(f
)
=
. (5.21)
p
2
min,c
f2
2
2
2
(f + 1)
f + 1 − 1 αlas
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Figure 5.4: Quantum noise limits for the different power stabilization schemes. The
limits are given in relation to the relative quantum noise of the original
beam. The following representative parameters were chosen: 30 dB freerunning noise (relevant only in scheme A); scheme B and C, r=0.5;
scheme D, r=0.5, a=0.1; scheme E, a=0.1 .
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Figure 5.5: Minimal quantum limit for the four active stabilization schemes B to E,
where the beam splitter reflectivity and the impedance matching were
optimized for each Fourier frequency.
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It should be noted that this minimal power noise cannot be achieved in the whole
frequency band simultaneously since a very special frequency dependent beam splitter would be necessary. At low frequencies ropt (f 1) → 0.5 and at high frequencies
ropt (f 1) → 0 yield the best stability.
Model 2
The power noise of the out-of-loop beams in model 2 is calculated in the same way
as in model 1. The initial equations are given by (see Fig. 5.3):
δAmod = δAlas + H(f )δAil
√
√
δAool,d =
rδAmod + 1 − rδAvac1
√
√
δAf =
1 − rδAmod − rδAvac1
√
p
(a + if )δAf + 1 − a2 δAvac2 √
δAil =
· η + 1 − ηδAvac3
1 − if
√
(−a + if )δAvac2 + 1 − a2 δAf
δAool,e =
1 − if

(5.22)
(5.23)
(5.24)
(5.25)

(5.26)

These equations yield the spectrum of the relative power noise in scheme D and E
after a short calculation.
Scheme D In this scheme an optical ac coupled in-loop detector is used and a
beam splitter in front of the resonator extracts the out-of-loop beam. The scheme is
equivalent to a traditional power stabilization, but with optical ac coupled in-loop
detector (the compound detector consisting of the resonator and the photodetector).
Sool,d =

a2 + f 2 + r(1 − a2 ) + r(1 − η)(1 + f 2 )/η 1
2 .
(a2 + f 2 )(1 − r)
rαlas

(5.27)

The attenuation controlled by η in front of the in-loop detector is integrated in the
model only to be able to take technical limitations into account later on. Thus for
the rest of this subsection η=1 is assumed.
For high frequencies the resonator has a high reflectivity and acts like a normal
mirror. The same power noise as in a traditional stabilization is achieved at these
frequencies Sool,d (f 1) → Sool,b . At low frequencies the resonator reflectivity
is reduced to a2 causing a higher relative quantum noise at the in-loop detector,
which is imprinted to the out-of-loop beam by the control loop. The quantum limit
is shown in Fig. 5.4, ¯ for r=0.5 and a=0.1 .
2
In principle the power noise is minimal for r=0.5, a=1 and yields Smin,d = 4/αlas
(Fig. 5.5, ¬). By choosing a=1, the resonator acts like a normal mirror and
scheme D is transformed into scheme B. Thus scheme D, involving the optical
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ac coupling, has no advantage over the traditional scheme B when considering only
the theoretical quantum limit.
Scheme E Finally in this scheme the laser beam is first actively stabilized using an
optical ac coupled in-loop detector and is then passively filtered by the resonator.
Sool,e =

1 + f 2 + (1 − a2 )(1 − η)/η
1
2 .
2
2
a +f
(1 − a2 )αlas

(5.28)

As in scheme D, η=1 is assumed for the rest of this subsection. For low frequencies
the resonator has a high transmission and the imprinted noise of Ail is dominant
at the out-of-loop field Aool,e . For these frequencies the stabilization is comparable to a traditional power stabilization with a beam splitter reflection of r=a2
(Sool,e (f →0, a2 =r) = Sool,b ). For small impedance mismatches, the out-of-loop
2 ) is about a factor of 1/a2 above the quantum noise
noise Sool,e (a1) ≈ 1/(a2 αlas
of the original beam Alas .
The reflection of the resonator increases for higher frequencies causing two effects:
On the one hand the noise imprinted by the control loop onto Amod is reduced
(similar to a traditional power stabilization with large beam splitter reflection, Sool,b
for r→1). On the other hand the vacuum fluctuations Avac2 are mainly reflected
by the resonator and dominate the power noise of Aool,e (similar to the traditional
power stabilization with a resonator in the out-of-loop beam, Sool,c for r=a2 and
f →∞). In the end, the relative power noise of Aool,e is only a factor 1/(1 − a2 )
2 . The
above the quantum noise of the original beam Sool,e (f →∞) = 1/(1 − a2 )αlas
power noise Ss,ool,e is shown in Fig. 5.4, ° for a=0.1.
The quantum limit could in principle be optimized for a specific frequency by
altering the impedance matching a. The minimal noise Smin,e (Fig. 5.5, ®) is
reached for

 r
1
4

for f <1
2


2 2
1−f


1
+
f
α


las
for
f
<1
2
aopt (f ) =
, Smin,e (f ) =
. (5.29)


2


1
+
f
1



for f ≥1
→0
for f ≥1
2
f 2 αlas
At low frequencies an impedance matching of a2 =0.5 is ideal. In this case and at
these frequencies the resonator acts like a 50:50 beam splitter, which is as well optimal in the traditional stabilization scheme. In contrast a nearly perfectly impedance
matched resonator yields the best stability at high frequencies and the minimal noise
2 .
approaches the quantum noise of the original beam Smin,e (f →∞) = 1/αlas
Comparison
The quantum limit of the different stabilization schemes is shown in Fig. 5.4 for
a small, representative selection of the model parameters r, a, and η . Scheme E
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involving the optical ac coupling is superior compared to the other schemes at
frequencies f >1. Scheme A only achieves at much higher frequencies, depending on
the laser noise, a similar performance. However, at low frequencies the traditional
power stabilization scheme B and its modification, scheme C, achieve the lowest
power noise.
A comparison of the minimal power noise of the active schemes (Fig. 5.5) shows
that for a fixed Fourier frequency, the quantum limit of scheme E is at or below
the quantum limit of the other schemes. As already mentioned, this minimal power
noise cannot be reached simultaneously in the whole frequency band for scheme C
and E, since a beam splitter and resonator with a special frequency dependent
reflectivity and impedance matching, respectively, would be necessary.

5.2.2 Case Study
So far the performance of the different power stabilization schemes were compared
and evaluated using only the theoretical quantum limit. However, in real experiments several technical limitations have to be considered as well. The maximum
photocurrent that can be detected with quantum-noise-limited noise performance
at frequencies of interest for GWDs is about 100 mA. This corresponds to a beam
power of 117 mW at 1064 nm wavelength (hc/λ = 1.87 × 10−19 J) and a photodiode quantum efficiency of 1. For frequencies above 10 Hz this is a typical limit
in experiments (see Sec. 3.1.2, [Rol04, Sei06, Kwe09b]). Furthermore, in current
experiments the impedance matching has to be a≥0.1 so that additional technical
noise sources, e.g. caused by non-resonant modes, do not limit the achievable stability with optical ac coupling (see Sec. 5.1 and 5.4). This corresponds to a maximal
carrier reduction down to a2 =1%.
In the following two realistic cases are described, where laser beams with powers
2 = 5.4×1016 Hz) and 100 W (α2 = 5.4×1020 Hz) are stabilized. The
of 10 mW (αlas
las
free-running power noise of typical lasers with these power levels is several orders of
magnitude above the quantum noise for frequencies below the relaxation oscillation
(see e.g. Sec. 2.3). Hence the case study is limited to the active schemes B to E,
since in general they have a higher noise suppression at low frequencies than the
passive scheme A.
10 mW Laser
The relative quantum noise of the laser beam with 10 mW power is 6.1×10−9 Hz−1/2 .
The quantum limits of the four schemes are shown in Fig. 5.6, left. For scheme B
r=0.5 is chosen and scheme C is optimized once for f =1 and once for f =10.
Scheme D achieves the same performance as scheme B with r=0.5, a=1. The lowest
quantum limit in scheme E is achieved for a→0 for frequencies f ≥1. However, due
to the technical limit (a≥0.1) an impedance matching of a=0.1 has to be chosen,
but the power noise still gets as close as 0.04 dB to the fundamental quantum limit.
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Figure 5.6: Out-of-loop achievable power noise for the different power stabilization
schemes for laser beams of 10 mW (left) and 100 W (right). The model
parameters chosen and the OOL available power are given in the legend.
At low frequencies f <1 the traditional power stabilization scheme B and the
more complicated schemes C (optimized for f =1) and D achieve the best stability,
whereas at high frequencies f >1 the optical ac coupling scheme E achieves a better
one. Scheme C (optimized for f =10) gives comparable results to scheme E at very
high frequencies f >10.
The out-of-loop power noise of the schemes differs only by at most 6 dB at high
frequencies and thus the achieved stabilities are close to each other. However the
5 mW beam power, available for experiments downstream of the power stabilization,
is in scheme B and D significantly lower compared to 9.9 mW in scheme E. If a
power noise difference of 6 dB and a beam power difference of a factor of up to 2 is
acceptable for the downstream experiment, a traditional power stabilization should
be used since it is less complex and no optical resonator is needed.
100 W Laser
The relative quantum noise of a 100 W beam is 6.1 × 10−11 Hz−1/2 (Fig. 5.6, right).
Due to the technical limit of the in-loop photodetector in scheme B and C a reflectivity of r=1.17 × 10−3 has to be chosen. Scheme D and E are limited by the
photodetector as well as by the impedance matching. Since even with a=0.1 the
power on the in-loop detector is too high, the power needs to be attenuated with η
(see Fig. 5.3, model 2). For Scheme D the lowest power noise is reached for r=0.5,
η=0.234 and for scheme E the attenuation η=0.12 is required. The quantum limits
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of the four schemes are shown in Fig. 5.6, right, and in all cases most of the laser
power is available in the out-of-loop beam (99 W to 99.9 W), except for scheme D,
where 50% of the power is used for the stabilization5 .
The differences between the schemes are more significant at the high laser power
of 100 W. The best stability is achieved with scheme E. Up to frequencies of the
resonator bandwidth scheme D achieves a comparable performance. Scheme C
is at most frequencies a factor of 10 worse, but reaches the same power noise as
scheme E at very low and very high frequencies. In the whole frequency band
the traditional power stabilization achieves the worst performance. For reaching
a power stability close to the quantum limit of the original beam, only scheme C
or E can be used. At this laser power level the higher experimental complexity of a
power stabilization with optical ac coupling compared to a traditional stabilization
might well be justified by the requirement of the downstream experiment.
The conclusion is that the power stabilization scheme with optical ac coupling can
achieve a better quantum limited performance than the other schemes – especially
the traditional scheme – at frequencies above the resonator bandwidth. This is
the case when considering the theoretical quantum limit and as well when taking
additional technical limitations into account. Among other things, the better power
stability was demonstrated experimentally, as described in the following sections.

5.3 Experiments
Several experiments with an optical ac coupled photodetector were performed to
demonstrate the feasibility of this detection scheme and the high sensitivity for
power fluctuations. In this section the experimental setup (Sec. 5.3.1) and a selection of experimental challenges (Sec. 5.3.2) are described.
Two main experiments with slightly different setups were performed. In both
cases the power noise of an NPRO at 1064 nm was measured (see Sec. 2.3.1).
In one experiment, the power sensing experiment, the high sensitivity of an optical ac coupled photodetector was demonstrated at high frequencies of several
megahertz. The NPRO power noise rolls off steeply at these frequencies towards
higher frequencies and thus the detector noise could be measured directly and was
compared with the expected quantum limit.
At lower frequencies between 1 kHz and 1 MHz, the technical power noise of the
laser was much higher than the expected noise of the optical ac coupled detector.
Therefore the sensitivity of the detector could not be measured directly at these
frequencies. Instead the optical ac coupled detector was used in a slightly modified
setup as part of an active power stabilization (scheme D in Sec. 5.2), the power
stabilization experiment. Thus the feasibility of a power stabilization with optical
ac coupled detector and the high sensitivity of the detector at low frequencies were
5

In principle most of this power would be available in the transmitted beam of the resonator for
a potential second downstream experiment.
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demonstrated simultaneously. Compared to the experiment described in Chapter 4,
the laser power was stabilized at rather high frequencies since the full sensitivity gain
of the optical ac coupling is only present for frequencies at or above the resonator
bandwidth, which is in this case about 35 kHz. The resonator bandwidth in turn
was limited to this high frequency by the size of the resonator (all experiments
performed were table-top experiments) and by the achievable finesse.
Furthermore the coupling of technical noise sources was investigated using these
experiments, as described in more detail in Sec. 5.4.

5.3.1 Setup
The experimental setups of the two main experiments are similar and are described
together in the following (Fig. 5.7). The differences between the power sensing and
the power stabilization experiment are summarized at the end.
An NPRO with an output power of 2 W at a wavelength of 1064 nm was used.
The laser had an integrated power stabilization (called Noise Eater ) to suppress the
relaxation oscillation at about 1 MHz. This power stabilization was activated in the
power stabilization experiment and deactivated in the power sensing experiment. A
resonant EOM was used to create phase modulation sidebands at 29 MHz for a PDH
stabilization (see Sec. 3.1.3, [Dre83, Bla01]) of the mode-cleaner described later on.
The subsequent broadband EOM was one of three different actuators used to
control the laser frequency: At low Fourier frequencies (<1 Hz), the temperature
of the laser crystal was used as an actuator; for Fourier frequencies up to about
20 kHz, the PZT of the laser crystal was the actuator; and, for Fourier frequencies
up to about 1 MHz, the broadband EOM was used as the actuator. The laser beam
power was controlled with an EOAM for the downstream experiment. The EOAM
was used to electronically control the polarization, and in this way the laser power
after a subsequent polarizing beam splitter could be changed. With a λ/4 and a λ/2
wave plate in front of the EOAM, the modulation coefficient and the total power
downstream of the polarizing beam splitter were adjusted. A λ/2 wave plate and
a polarizing beam splitter were used to additionally control the beam power.
An optical three-mirror ring resonator similar to the one used in the DBB (see
Sec. 2.2.1) served as a mode-cleaner in order to suppress higher-order transverse
modes of the beam and to stabilize the beam pointing (see Sec. 3.1.4 and 3.1.5). A
mode matching of better than 99% to the subsequent ac coupling cavity (ACC) was
only possible thanks to this mode-cleaner. Mode-cleaners with different bandwidths
were used in the two main experiments. One mode-cleaner had a low bandwidth of
about 980 kHz and a measured finesse of about 366 and was used in the power sensing experiment. The other high-bandwidth mode-cleaner had a finesse of only 46
and a bandwidth of 7.8 MHz and was used in the power stabilization experiment.
The round trip length, and thus the resonance frequencies of the resonators, was
electronically controlled with a PZT adjusting the position of the curved mirror.
The PDH method was used to stabilize a fundamental mode of the resonator to
the laser frequency using the 29 MHz sidebands. The polarization of the transmit-
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Figure 5.7: Experimental setup of the power sensing and stabilization experiment.
EOM, electro-optic phase modulator; FI, Faraday isolator; EOAM,
electro-optic amplitude modulator; PBS, polarizing beam splitter; MC,
mode-cleaner; ACC, ac-coupling cavity; LPD, HPD, TPD, photodetectors; λ/2, λ/4, wave plates; SA, spectrum analyzer.

ted beam was rotated with a λ/2 wave plate such that 98.6% of the beam was
s-polarized (vertically).
About 10% of the beam was sampled and detected with photodetector HPD. This
detector consisted of a 2 mm InGaAs photodiode and a low-noise transimpedance
amplifier. A bandwidth of about 20 MHz and a quantum noise limited performance up to about 60 MHz was achieved at photocurrents of 50 mA to 60 mA. This
high-power, high-sensitivity detector was used to measure the laser power noise
independently.
The remaining beam power of up to 900 mW was directed to the ACC that was
used for the optical ac coupling. This resonator, which was placed in a pressuretight aluminum vessel at atmospheric pressure in order to reduce acoustic effects,
had the same geometry as the mode-cleaner but mirrors with different reflectivities.
Two very similar resonators were used for the experiments. The main difference
was that the curved high-reflective mirror of one resonator was mounted in a mirror
mount that was glued to the spacer to be able to tilt the curved mirror. However,
this mirror mount had a strong mechanical resonance at a few kilohertz limiting the
power noise measurement in this frequency range. Hence another, quasi-monolithic
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resonator was used as well, where all mirrors were glued to the spacer. The technical
details of these two resonators are given in the following.
The quasi-monolithic resonator used in the power stabilization experiment had
a measured finesse of about 10 000, a bandwidth of 35.7 kHz, and a beam waist
of w0 =372 µm. The resonator was slightly under-coupled, such that 0.8% of the
incident beam power was reflected due to the impedance mismatch. All three
resonator mirrors and a resonator-internal baffle with an aperture of only 3 mm
diameter (≈ 4×2w0 ) were glued to an aluminum spacer in order to avoid mechanical
resonances of ordinary mirror mounts. The additional fractional losses for the
fundamental mode of 10−14 due to the aperture were negligible compared with the
total transmission of the mirrors of about 600 ppm. The larger losses for higherorder spatial modes introduced by this aperture were, however, crucial for the
power stabilization experiment (see Sec. 5.5). Without this additional aperture,
the smallest aperture with a diameter of 14 mm (≈ 19×2w0 ) was given by the
spacer itself.
The other, adjustable resonator had a slightly higher finesse of 10 400, a bandwidth of 34 kHz and was used in the power sensing experiment. By tilting the
curved mirror of the resonator, the reflection angles of the resonator modes were
changed in order to accurately adjust the impedance matching (see Sec. 5.3.2). For
the main measurement the ACC was adjusted to be slightly under-coupled and,
along with parasitic modes, about 0.4% of the impinging power was reflected. This
resonator contained no additional aperture.
The laser frequency was stabilized with the Hänsch-Couillaud method to a fundamental mode resonance of the ACC (see Sec. 3.1.3, [Han80]). The p- (horizontal)
and s-polarized eigenmodes of the resonator have different resonance frequencies
due to non-normal incidence of their reflections in the resonator. Therefore no additional polarizing element inside the resonator was necessary in order to use the
Hänsch-Couillaud method (see Sec. 5.3.2). The frequency feedback control loop
had a bandwidth of about 1 MHz and used the three frequency actuators already
mentioned.
To summarize, the mode-cleaner was stabilized to the laser frequency, which was
stabilized to the resonance frequency of the ACC.
The power of the remaining beam reflected off the ACC was adjusted with a
λ/2 wave plate and a polarizing beam splitter and was then detected with the
photodetector LPD, which was protected by a shutter from excessively high laser
power, arising in case the ACC got non-resonant.
Two different LPD detectors were used for the two experiments: For the power
stabilization experiment this detector consisted of a 0.5 mm InGaAs photodiode
with a transimpedance amplifier. A laser power of about 0.4 mW (0.3 mA photocurrent) was detected with a bandwidth of 80 MHz. The electronic noise was
a factor of 3 below the shot noise of the detected photocurrent. This detector
was used as in-loop detector in the power stabilization experiments. The reference
current of 0.3 mA was directly subtracted from the photocurrent.
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The other detector used in the power sensing experiment consisted of a 1 mm
InGaAs photodiode and a transimpedance amplifier with a bandwidth of ≈55 MHz.
A photocurrent of 3 mA was detected.
Furthermore several auxiliary photodetectors TPD1 , TPD2 , and TPD3 were used
to measure different signals in the setup, explained in more detail later on.
Power Sensing Experiment
In the power sensing experiment the internal power stabilization of the NPRO, the
Noise Eater, was deactivated. In this way the laser power noise could be predicted
at frequencies of several megahertz by using a laser model fitted to the measured
power noise at the relaxation oscillation [Sie86, Chap. 25.1]. This prediction was
compared with the power noise measured with the optical ac coupled detector. The
mode-cleaner with high finesse (F=366) was used to further reduce technical laser
noise in the measurement frequency band. The ACC with adjustable curved-mirror
tilt was used since the mechanical resonance of its mirror mount was far below the
measurement band and it was thus possible to easily optimize the impedance matching of the ACC during the experiment. The photodetector with 3 mA photocurrent
was used as optical ac coupled detector LPD.
The following main measurements were performed: The transfer function G(f ),
from relative power fluctuations in front of the ACC to the fluctuations in the
reflected beam, was measured with a network analyzer and the detectors HPD
and LPD. For this the laser power was modulated with the EOAM. The carrier
reduction between the resonant and non-resonant ACC was measured with the
detector TPD1 .
Then the optical ac coupled power noise was measured with detector LPD. The
RPN in front of the ACC was calculated using the measured transfer function
G(f ). To verify the measurement, the RPN was measured in a traditional setup
with detector HPD. A power modulation was applied with the EOAM at 20 MHz
during all measurements to additionally verify the calibration. The results of these
measurements are presented in Sec. 5.5.
Power Stabilization Experiment
At lower frequencies many technical noise sources are significantly larger than at
frequencies of several megahertz. Hence in the power stabilization experiment it
was much more complicated to isolate the experiment from these noise sources.
The Noise Eater of the NPRO was activated to pre-stabilize the power in the frequency band of interest. The mode-cleaner transfer function was part of the power
stabilization control loop, which had an extremely high unity-gain frequency of
about 10 MHz. Therefore the finesse of the mode-cleaner was reduced compared to
the power sensing experiment, and the low-finesse (F≈46), high-bandwidth modecleaner was used. The ACC with adjustable impedance matching could not be used
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due to the mechanical resonance of the mirror mount. Thus the quasi-monolithic
ACC was used in this experiment. Furthermore, this ACC had a resonator-internal
aperture used to suppress resonant scattering to higher-order spatial modes (see
Sec. 5.4.3). For the LPD detector, the low-power high-bandwidth photodetector
with 0.3 mA photocurrent was used.
For the power stabilization, a bandwidth-optimized low-noise feedback controller
and the EOAM were used. The bandwidth of the feedback control loop was
about 10 MHz with a loop gain of >20 dB for Fourier frequencies below 1 MHz
(see Sec. 5.3.2). For the design of the controller, the optical ac coupling transfer
function G(f ) and the mode-cleaner lowpass were taken into account.
The laser power was stabilized with the optical ac-coupled detector LPD (inloop detector) and was independently measured with the detector HPD (out-ofloop detector). This corresponds to the power stabilization scheme D in Sec. 5.2.
Although this scheme was inferior to scheme E in all aspects considered in Sec. 5.2,
it was chosen for this power stabilization experiment. The reason for this selection is
that the residual power noise introduced by the control loop (beam Amod in Fig. 5.3)
should be independently measured in this experiment in order to demonstrate the
sensitivity of the optical ac coupled in-loop detector. In contrast the out-of-loop
detector in scheme E measures mainly the vacuum fluctuations Avac2 reflected at
the ACC for frequencies above the resonator bandwidth. The technical residual
power noise of Amod , which should be measured, is filtered by the transmission
through the ACC in scheme E.

5.3.2 Experimental Challenges
Many experimental and technical problems had to be solved for realizing the power
sensing and stabilization experiment. In the following a selection of the problems
that occurred and their solutions are described.
Impedance Matching
The impedance matching of the ACC resonator is one of the most important parameters of the optical ac coupling technique (see Sec. 5.1). However, usually this
resonator parameter cannot be controlled easily since it depends very sensitively on
transmission differences of the resonator mirrors. This problem was solved using a
ring resonator, where the reflection angle of the resonator mode on the resonator
mirrors was adjusted by tilting one resonator mirror. Since the transmissivity of
the resonator mirrors depended on the incidence angle, the impedance matching
could be precisely controlled.
The impedance matching a depends on the transmissivity of the input coupling
mirror and on additional losses inside the resonator, such as the transmission losses
of the output coupling mirror or absorption and scattering losses at the mirrors in
general:
rin − rout rloss
a(rin , rout , rloss ) =
,
(5.30)
1 − rin rout rloss
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2 and r 2
where rin
out are the power reflectivities of the input and output coupling
2
mirrors, respectively, and 1−rloss
is the power loss due to absorption and scattering
at the mirrors and due to transmission of potential further resonator mirrors. For
high-finesse resonators, rin rout rloss →1, the impedance matching depends very sensitively on the difference rin −rout rloss . Impedance matched resonators (a=0) can be
realized by reducing resonator internal losses (rloss →1) and using input and output
coupling mirrors with identical coatings (rin =rout ).
However, for the optical ac coupling technique it is important to have a resonator with a slight impedance mismatch. In the experiments an ACC of high
finesse F≈10 000 and with an impedance matching of |a|≈0.1 was used. For this
an input coupling mirror with reflectivity of 99.965% and an output coupling mirror with 99.972% would be necessary neglecting any losses (rloss =1). The typical
manufacturer tolerances (±10% for the power transmission) are too big to produce
mirrors with such defined reflectivity difference.
This problem was solved by exploiting the incidence angle dependence of the
mirror transmission. According to the manufacturer information, the transmission
of the input and output coupler mirror had a first-order angle dependence of about
−15 ppm/◦ with about 300 ppm at 45 ◦ incidence angle. The resonator geometry
was similar to the resonator of the DBB (in Sec. 2.2.1, see Fig. 2.4). Using an
ordinary mirror mount glued to the resonator spacer, the curved high-reflectivity
resonator mirror was tilted. Thus the beam path of the fundamental mode in the
resonator and with it the incidence angles for the input and output coupler mirrors
were changed. In this way the impedance matching was accurately adjusted.
A ray tracing simulation was performed to calculate the incidence angle as function of the mirror tilt. The curved mirror can be tilted up to ±1.9 ◦ with less
than 10−8 power loss per round-trip before the beam is obstructed by the baffles
at the mirrors6 . With this boundary condition the impedance matching can be
theoretically changed in the range a ∈ [−0.2, 0.2].
The power reflected off the ACC was measured in the experiment as function of
the mirror tilt (Fig. 5.8). Due to higher-order spatial modes in the input beam, the
reflected power did not vanish completely at perfect impedance matching.
For the power stabilization experiment, a quasi-monolithic resonator was used.
This resonator was built by first adjusting the impedance matching as described
and then glueing the curved mirror to the spacer without changing the alignment.

Hänsch-Couillaud Locking
The laser beam has to be stabilized to a fundamental mode resonance of the ACC
for the optical ac coupling technique. Most stabilization methods (see Sec. 3.1.3)
use non-resonant modes as phase reference. However, these are parasitic modes for
the optical ac coupling reducing the maximum gain of the transfer function G(f )
6

An effective mirror diameter of 20 mm was assumed and the drills along the beam path in the
spacer had a larger diameter than in the resonator spacer for the DBB.
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Figure 5.8: Measurement of the reflected power at the ACC as function of the resonator mirror tilt angle. The power varies, quadratically in first order,
due to a change of the impedance matching of the resonator.
(see Sec. 5.1). An adapted Hänsch-Couillaud locking scheme was used to solve this
problem.
Different non-resonant modes were used as phase references, such as non-resonant
phase modulation sidebands in the Pound-Drever-Hall method [Dre83, Bla01], nonresonant higher-order spatial modes in the tilt-locking method [Sha99], or a nonresonant orthogonal polarized mode in the Hänsch-Couillaud method [Han80]. Furthermore the PDH method is not really suited for stabilizing the ACC since an
EOM in front of the ACC would be necessary to generate phase modulation sidebands. This EOM would cause small beam distortions, which would complicate the
demanding mode matching required.
In principle, tilt-locking could be used in the double-pass configuration since
then no additional non-resonant higher-order spatial modes would be reflected to
the optical ac coupled detector. However, the bandwidth of the error signals would
be significantly smaller in this configuration, which in turn would complicate the
high unity-gain frequency control loop necessary (see Sec. 5.4.1).
An additional mode-cleaner directly in front of the optical ac coupled photodetector could be used in principle to suppress non-resonant parasitic modes, but this
resonator would cause additional experimental effort.
However, the Hänsch-Couillaud method can be used very well to solve the problem described. Since another polarization is used as phase reference, a polarizing
beam splitter directly in front of the optical ac coupled detector can be used to
reduce the parasitic power caused by the locking method.
Due to the geometry of the resonator, the resonance frequencies of the fundamental mode depends on the polarization. Therefore no additional polarizing ele-
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Figure 5.9: Schematic of the experimental setup (left) for generating the HänschCouillaud error signals and simulation of the error signals (right). The
different power levels of the two orthogonal polarizations are given for
resonant s-polarized fundamental mode. Due to the impedance mismatch, s-polarized light is partly reflected at resonance.
ment inside the resonator is necessary7 . At each of the three non-normal-incident
reflections inside the resonator, the phase of p-polarized light is shifted by 180 ◦
compared to the phase of s-polarized light. Thus the resonance frequencies of pand s-polarized modes are shifted to each other by half an FSR.
A polarizing beam splitter was used in the beam reflected off the ACC to separate
the Hänsch-Couillaud error signals from the power fluctuation signals for the optical ac coupling (Fig. 5.9). The extinction ratio of this beam splitter was different
for the reflected (Rp =99.9%, Rs =2%) and transmitted beam (Tp =0.1%, Ts =98%).
The very pure polarization state in transmission was used for the optical ac coupled detector. Due to the high residual reflection of Rs =2%, the beam reflected
consisted of a mixture of p- and s-polarized light, which was used for the error signal
generation. Two InGaAs photodiodes and a second polarizing beam splitter were
used to generate Hänsch-Couillaud error signals. With two wave plates in front of
this polarizing beam splitter, the symmetry and the offset of the error signal was
adjusted. A simulated error signal is shown in Fig. 5.9.
10 MHz Bandwidth Power Stabilization
The sensitivity enhancement of the optical ac coupling technique is maximal only
for frequencies above the ACC bandwidth (see Sec. 5.1). Since the experiments performed were table-top experiments, only optical resonators with quite high band7

Originally the Hänsch-Couillaud method was applied to linear resonators which need an additional polarizing element inside the resonator.
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Figure 5.10: Schematic of the power stabilization control loop and phase budget at
10 MHz.
width of about 35 kHz, limited by the resonator size and the finesse, could be used.
To reach a high power noise suppression for frequencies above 35 kHz, a control
loop with significantly higher bandwidth is necessary.
A unity-gain frequency of about 10 MHz was targeted for the power stabilization
experiment. At 10 MHz several effects cause significant phase losses: The signal
transmission through a coaxial cable, e.g., cause a phase loss of about 18 ◦ /m or
an optical signal transmission of 12 ◦ /m. Furthermore each operational amplifier
causes a phase loss. Even though high-bandwidth operational amplifiers were used,
a phase loss of about 7 ◦ at 10 MHz per operational amplifier was measured.
The total phase loss at 10 MHz was kept below 180 ◦ by minimizing the signal
transmission lengths and the number of operational amplifiers. The components
of the control loop and their contributions to the total phase shift (phase loss) are
shown in Fig. 5.10. Besides the phase loss due to time delays, the phase loss caused
by poles of the transfer functions of the electronics and the mode-cleaner have to
be considered as well. Taking theses effects into account, the measured total phase
loss was explained except for about 10 ◦ . During the experiment the loop gain was
optimized by adjusting the actuator coefficient of the EOAM with the wave plates
in front. A stable control loop and a unity-gain frequency of about 10 MHz was
achieved with a loop gain of more than 20 dB for frequencies below 1 MHz.

5.4 Noise Couplings
Because of the resonator required for the optical ac coupling, additional couplings
for technical noise sources arise, not present in traditional power noise detections.
The increased quantum-limited sensitivity of an optical ac coupled detector is prone
to be degraded by these noise sources. In this section several different coupling
mechanisms and noise sources, among others a new resonator-internal scattering
noise source, are described.
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Mainly the performance of the power stabilization experiment was initially limited since the noise sources were especially large at low frequencies. In contrast, the
power sensing experiment at higher frequencies of several megahertz was nearly unaffected by these noise sources. Models for the couplings were developed and were
verified in the experiment. In the end, the performance of the power stabilization
experiment was significantly improved by systematically minimizing the coupling
factors and the noise sources, and the models can be used to better estimate the
noise of future experiments.

5.4.1 Residual Frequency Noise
In most experiments, where a laser is coupled into an optical resonator, the laser
frequency and the resonance frequency of the resonator are not stable enough, and
therefore an active stabilization of at least one frequency is necessary. Fluctuations
of the remaining difference between laser frequency and resonance frequency of the
ACC couple into power fluctuations. For example, due to offset fluctuations of the
electronic parts used for the frequency stabilization, it is almost inevitable that a
small frequency offset ∆f remains between the two frequencies. The coupling of
residual frequency noise to power noise in reflection of the ACC depends on this
offset and can be described with the following model.
Consider the complex field amplitude Uin of a laser beam that is coupled to
the ACC. Residual frequency noise can be represented as a phase modulation at a
Fourier frequency f = ω/2π with a modulation index m1 :
Uin = U0 · exp(iΩt + im cos(ωt)) ≈ U0 · (1 + i

m iωt
m
e + i e−iωt ) · eiΩt ,
2
2

(5.31)

where Ω is the optical angular frequency. This beam has a frequency modulation
of imf eiωt in first order. The field inside the resonator Ucirc is given by


m
m
Ucirc ∝ U0 h(∆f ) + i eiωt h(f + ∆f ) + i e−iωt h(−f + ∆f ) .
(5.32)
2
2
Assuming a small offset ∆f  f0 and using the approximations
1
i∆f
≈1−
1 + i∆f /f0
f0
i∆f
h(f + ∆f ) ≈ h(f ) − h2 (f ) ·
,
f0
h(∆f ) =

and

(5.33)
(5.34)

the field in reflection of the high-finesse resonator is given by:






i∆f
i∆f
Urefl = U0 1 − (1−a) 1−
+ imeiωt 1 − (1−a) h(f )−h2 (f )
f0
f0



i∆f
−iωt
2
.
(5.35)
+ ime
1 − (1−a) h(−f ) − h (−f )
f0
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The transfer function NF (f ) from frequency modulation to relative power modulation in reflection of the resonator can be calculated:
NF (f ) =

2∆f
h(f ) ,
a2 · f02

[NF (f )] =

1
.
Hz

(5.36)

The coupling between residual frequency noise and power noise depends on the
frequency offset ∆f and the impedance matching a. For example, an ACC with
a bandwidth of f0 = 10 kHz, an impedance matching of a=0.1, and a frequency
offset of ∆f = 10 Hz with a residual frequency noise level of 10 mHz Hz−1/2 would
cause a technical relative power noise in reflection of the ACC of 2 × 10−8 Hz−1/2
for frequencies f <f0 .
In the experiment the noise contribution can be reduced on the one hand by
lowering the coupling factor NF via the frequency offset ∆f , and on the other hand
by reducing the residual frequency noise with a high-bandwidth stabilization.
If the optical ac coupled detector is part of a power stabilization following scheme
D or E (see Sec. 5.2), the effect of the control loop has to be taken into account
as well, to estimate the power noise measured by the independent out-of-loop detector. A similar calculation as used for NF yields the transfer functions NF,ool,d
and NF,ool,e from frequency fluctuations to relative power fluctuations of the outof-loop beams Aool,d and Aool,e :


NF (f )
1
2∆f
NF,ool,d (f ) =
,
NF,ool,e (f ) =
− 1 · 2 h2 (f ) .
(5.37)
2
G(f )
a · G(f )
f0
At first, the power stabilization experiment performed was limited by residual frequency noise (for an impression, see Fig. 5.23, in Sec. 5.5). Therefore the bandwidth
of the frequency stabilization loop was increased to about 1 MHz and the frequency
offset ∆f was electronically compensated prior to each measurement. As a result, an
in-loop measurement indicates that the residual frequency noise between the laser
frequency and the resonance frequency of the ACC was between ≈ 0.3 mHz Hz−1/2
and ≈ 10 mHz Hz−1/2 for Fourier frequencies between 300 Hz and 100 kHz. A frequency offset of below 20 Hz can be deduced from the final power stability achieved.

5.4.2 Mode Fluctuations
Another coupling is caused by mode fluctuations. In this regard, modes can be
defined by the polarization state, the different laser frequencies (carrier, sideband
frequency) or the spatial intensity distribution of the beam. Even with a constant
total power of the incoming beam, a power exchange between resonant and nonresonant modes causes power fluctuations in reflection of the resonator. Such mode
fluctuations are produced by, e.g., beam pointing fluctuations, polarization fluctuations, or amplitude fluctuations of modulation sidebands. The following model is
used to describe the noise coupling of mode fluctuations.
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Consider the following complex field amplitude Uin that is coupled to the ACC.
The amplitude of resonant modes can be described by U0 and of non-resonant modes
by U1 such that:
Uin = U0 · (1 −

|U1 |2 iωt
me ) + U1 · (1 + meiωt ) .
|U0 |2

(5.38)

Power is exchanged between the two modes with a modulation index m at an
angular frequency ω, whereas for small m the total power of the beam ∝ |Uin |2
stays almost constant assuming U0 and U1 are orthogonal. The relative power
modulation of the non-resonant modes is 2meiωt in first order. The input field Uin
excites the following resonator-internal field:


|U1 |2 iωt
me
.
(5.39)
Ucirc ∝ U0 1 − h(f ) ·
|U0 |2
For a resonator with high finesse the field in reflection is


|U1 |2
Urefl = aU0 + U1 + meiωt U1 − [1 − (1 − a)h(f )]
U
0 .
|U0 |2

(5.40)

Thus the transfer function from relative power fluctuations of the non-resonant
modes to relative power fluctuations in reflection of the resonator is, for a  1, in
first order given by
NM (f ) ≈

|U1 |2
,
a2 |U0 |2 + |U1 |2

[NM (f )] = 1 .

(5.41)

This transfer function is independent of the modulation frequency f and depends on
the impedance matching a and the power ratio between resonant and non-resonant
modes.
This transfer function was verified in an experiment: The EOAM was used to
generate strong amplitude modulation sidebands at 5 MHz, far above the ACC
bandwidth, and the transfer function from a further amplitude modulation of these
sidebands to the power in reflection on detector LPD was measured.
In case the optical ac coupling is used in a power stabilization following scheme D
or E (see Sec. 5.2), the transfer function from relative power fluctuations of the nonresonant modes to relative power fluctuations of the out-of-loop beams Aool,d and
Aool,e can be derived in a similar way:
NM (f )
NM,ool,d (f ) =
,
G(f )


NM (f ) |U1 |2
NM,ool,e (f ) =
−
· h(f ) .
G(f )
|U0 |2


(5.42)

In general this kind of noise coupling was reduced in the experiment by transmitting
the beam upstream of the ACC through a mode-cleaner. The mode-cleaner reduced
the non-resonant modes U1 in the input beam for the ACC. Because of a very
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good mode matching between mode-cleaner and ACC, the power in non-resonant
modes was very small. Hence the experiments performed were not limited by power
exchange fluctuations between injected resonant and non-resonant modes.

5.4.3 Resonator-internal Scattering
Resonator-internal scattering can excite higher-order transverse modes [Kla05] or
the countercirculating fundamental mode in a ring resonator. This is an additional
loss mechanism for the fundamental mode and thereby the impedance matching and
the power in reflection of the resonator are changed. A fluctuation of the scattering
strength then causes power fluctuations in the optical ac coupling scheme.
Several different experiments were performed in this thesis and showed that the
scattering strength is time dependent and introduces noise in addition to the static
finesse reduction studied in [Kla05]. A model was developed and verified to explain the effects observed. Afterwards the noise couplings in the experiment could
be reduced step by step, leading to the final stability in the power stabilization
experiment.

Model
In order to explain the effects caused by resonator-internal scattering, a model
with multiple modes is necessary and a numerical time-domain model was chosen.
Consider an ACC resonator with d eigenmodes. The field amplitude coupled into
the resonator at time t is described by the vector ~u0 (t), where the d complex
components of the vector represent the complex field amplitudes of the modes.
The vector ~un (t) is the remaining part of the injected amplitude ~u0 (t − n · ∆t) after
n round-trips in the resonator, where ∆t is the round-trip time (∆t = L/c with L
the round-trip length of the resonator). The total circulating amplitude inside the
resonator is thus given by:
∞
X
~ circ (t) =
U
~un (t) .
(5.43)
n=0

During one round-trip in the resonator the phase of the fields ~u0 (t) is shifted due
to the optical path length and the round-trip Gouy phase of the resonator, and
furthermore the amplitude is reduced due to transmission and absorption losses
at the mirrors and potential resonator-internal apertures. One round-trip in the
resonator is described by the propagation matrix P(t) :


r1 (t) · eiφ1 (t)


..
(5.44)
P(t) = 
,
.
rd (t) · eiφd (t)
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Figure 5.11: Resonator model (d=2) used to simulate the complex field amplitudes
inside and outside the resonator. To simplify matters, only two possible
modes and a coupling between them are considered.
where the rk (t) describe the reduction of the amplitudes and φk (t) are the phase
shifts per round-trip. Scattering causes a coupling between the modes, described
by the matrix S(t) :


τ11 (t) · · · ρd1 (t)


..
..
S(t) = 
(5.45)
,
.
.
ρ1d (t)

τdd (t)

where ρlm describes the coupling between mode l and m, and τkk is the amplitude
fraction not scattered and remaining in mode k. Because of energy conservation,
the matrix is unitary (S † S=I), and |S T |=|S| due to reciprocal scattering [Sie86,
Chap. 11.1].
Using these two matrices, one round-trip in the resonator can be described and
the amplitudes ~un (t) can be computed recursively:
~un (t) = S(t − ∆t)P(t − ∆t)~un−1 (t − ∆t)
n
Y
=
[S(t − k∆t)P(t − k∆t)] · ~u0 (t − n∆t) .

(5.46)

k=1

~ circ can be numerically calculated in the timeNow the resonator-internal field U
~ refl and transmission U
~ trans of the resdomain and with it the field in reflection U
onator.
The effects observed in the experiments were adequately explained with a simple two-mode model d=2 (Fig. 5.11). One mode is the fundamental mode of the
resonator and the second mode is either a higher-order transverse mode or the countercirculating fundamental mode in the ring resonator used as ACC. The matrices
are simplified [Pas06]


r0 (t)eiφ0 (t)
0
P(t) =
,
(5.47)
0
r1 (t)eiφ1 (t)
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 p
1 − C(t)2 p iC(t)
,
S(t) =
iC(t)
1 − C(t)2

(5.48)

where r0 and φ0 describe the propagation of the fundamental mode and r1 and φ1
the propagation of the second mode. Due to the boundary conditions for S, this
matrix depends in the case d=2 on only one parameter C. A power fraction C 2 is
exchanged per round-trip between the two modes.
The effects of resonant scattering to higher-order spatial modes and to the countercirculating fundamental mode can be simulated. The model parameters for the
two cases were determined as follows: In case of higher-order spatial modes, r0 and
r1 can be determined from the round-trip losses inside the resonator, i.e. from the
mirror transmissions and absorptions. A resonator-internal aperture causing mainly
higher losses for the higher-order spatial mode can be simulated by reducing r1 . At
the normal operating point of the optical ac coupling, the fundamental mode is
resonant, i.e. φ0 (t)=0. The phase φ1 of the higher-order mode then depends only
on the round-trip Gouy phase ζ and the TEM mode order l, m. The Gouy phase
in turn depends on the radius of curvature R and the round-trip length L of the
resonator, assuming the resonator geometry of the ACC already described:
 p

φ1 (ζ) = ζ(R, L) · (l + m) + π · l ,
ζ(R, L) = 2 · arctan 1/ 2R/L − 1 . (5.49)
Small absorptions of the high-power fundamental mode at the mirror coatings cause
a thermal mirror deformation. These deformations can be interpreted in first order
as change in radius of curvature [Ueh97]. Thus R depends on the average power Pavg
in the fundamental mode, due to the thermal lowpass. This dependence was linearized in the model:
R(Pavg ) = R0 + RP · Pavg .
(5.50)
The remaining undefined parameters R0 , RP , and C were determined by fitting
the model to the measurements described later on in this section. Afterwards this
model was used to calculate the reflected power as function of the input power for
different, varied resonator parameters (impedance matching, finesse, aperture size,
scattering strength) and the influence of fluctuating parameters φ1 and C on the
reflected power noise, as described in more detail later on.
In the second case, with countercirculating fundamental mode, r0 =r1 and both
parameters are determined from the transmission and absorption of the mirrors.
At the normal operating point the fundamental mode is resonant, i.e. φ0 =0, and
since the countercirculating mode has the same resonance frequency, φ1 =0 as well.
The coupling factor C was determined from measurements in the experiment, as
described later on in this section. Using this model, the countercirculating power
as function of C and the transfer function from fluctuations of C to fluctuations of
various transmitted and reflected beams were calculated, as described later on in
this subsection.
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Figure 5.12: Excitation of higher-order transverse modes by resonator-internal scattering for an under-coupled (left) and an over-coupled (right) ACC.
The power in reflection was measured with and without aperture as
function of the input power. The power expected in reflection without
scattering is shown for reference.
Higher-order Spatial Modes
In the power stabilization experiment the excitation of higher-order transverse
modes was first observed with an ACC without internal aperture. The power on
detector LPD was measured as a function of the input power of the ACC while the
resonator was locked (Fig. 5.12). The power on LPD should increase linearly with
the input power. However, dependent on the circulating power, the curvature of
the resonator mirrors was slightly changed due to absorption of the Gaussian beam,
as already mentioned. Thus the round-trip Gouy phase was changed and the resonance frequencies of the higher-order transverse modes were shifted in relation to
the fundamental mode. Therefore many different higher-order transverse modes
became resonant, indicated by a sudden power increase on detector LPD when the
input power was raised. The field of the higher-order mode leaking out of the resonator into the reflection port cannot destructively interfere with the fundamental
mode and hence the power on LPD is increased.
In addition to this, the impedance matching changed due to a resonant higherorder mode. The coupling between the resonant higher-order mode and the fundamental mode is an additional power loss for the fundamental mode. The measurement was once performed with an under-coupled (Fig. 5.12, left) and once with
an over-coupled ACC (Fig. 5.12, right). In order to measure approximately the
fundamental power in reflection in conjunction with the total reflected power on
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Figure 5.13: Bistability at the resonance of a strong higher-order transverse mode
excited by resonator-internal scattered light, measured at increasing
and decreasing input power (left) and simulated (right).
detector LPD, the photodetector TPD1 placed behind a small aperture (≈0.75w0 )
was used. The measurement clearly shows that the additional losses for the fundamental mode due to the higher-order spatial modes worsen the impedance matching
in the under-coupled case and the power of the fundamental mode in reflection is
increased (Fig. 5.12, ). In the over-coupled case, the additional losses improve the
impedance matching and the power of the fundamental mode decreases in reflection
(Fig. 5.12, ¯).
With a CCD (charge-coupled device) camera, the spatial power distribution of
the beam in reflection of the ACC was analyzed. Some of the higher-order modes
were identified at specific input power levels by this measurement (e.g. TEM1,9 ,
TEM7,3 , TEM9,1 , or TEM20,0 ), which had, as calculated, resonance frequencies
close to the fundamental mode.
The coupling between higher-order transverse modes and the fundamental mode
as well as the power increase on detector LPD was calculated using the two-mode
model. The different effects for under- and over-coupled resonators on the reflected
power of the fundamental mode was verified with the model. The power in higherorder transverse modes depended quadratically on the finesse of the ACC under
constant power scattering in the model. This means that this effect becomes increasingly significant for high finesse resonators.
A detailed analysis of the reflected power measurement (Fig. 5.12) revealed that
the peaks were asymmetric and even bistable for some strong higher-order modes
(Fig. 5.13, left). This asymmetry is caused by two effects influencing the resonatorinternal fundamental power. The resonance of the higher-order mode depends on
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Figure 5.14: Excitation of higher-order transverse modes by resonator-internal scattering at different tilt angles of the curved mirror of the ACC.
the Gouy phase, which in turn depends on the average fundamental mode power. By
increasing the input power, the fundamental mode power is in general increased as
well, but as soon as a higher-order mode gets resonant, power from the fundamental
mode is transferred to the higher-order mode reducing the fundamental power. This
effect was qualitatively verified with the model (Fig. 5.13, right).
A transfer function from a modulation of the input power to the power in reflection of the ACC was measured with partly resonant higher-order mode (in Fig. 5.13
at an input power of about 0.95). The expected thermal lowpass was verified and
a corner-frequency of about 100 Hz was measured.
The scattering and the mode structure in Fig. 5.12 changed significantly as soon
as the curved mirror of the resonator was tilted in steps of only 0.005 ◦ – the smallest
controlled steps that could be performed in the experiment (Fig. 5.14). Such a tilt
would cause the fundamental mode to move only ≈ 20 µm on the curved mirror
surface. Thus the scattering strength C 2 seems to depend very sensitively on the
beam position on the resonator mirrors.
The round trip Gouy phase of the ACC was designed in such way that only the resonance frequencies of transverse modes with high mode order were close to the resonance frequencies of the fundamental mode. After the installation of a resonatorinternal aperture, the losses for these higher-order modes have been increased without introducing significant losses for the fundamental mode. Thereby the excitation
of higher-order transverse modes by scattered light was reduced (Fig. 5.15). Simulations, in which the factor r1 (Eq. 5.47) was reduced to account for the aperture,
verified these results.
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Figure 5.15: Suppression of higher-order transverse modes by a resonator-internal
aperture. The power in reflection was measured with and without
aperture as function of the input power.
The higher-order modes excited by resonator-internal scattering disturb the optical ac coupling technique, since they influence important parameters, such as the
impedance matching, and they cause a higher parasitic power in reflection of the
resonator reducing the maximal gain g (see Sec. 5.1). However, the biggest problem, revealed in further experiments, is that the coupling C seems to fluctuate, as
described in the following.
Scattering Strength Fluctuations
Non-stationary scattering between the fundamental mode and higher-order transverse modes caused power fluctuations at the in-loop detector LPD in the power
stabilization experiment. A typical power stability measured out-of-loop that was
limited by scattering is shown in Fig. 5.16, ¬. For frequencies below about 4 kHz
the scattering caused a relative power noise of about 10−6 Hz−1/2 that rolls off
towards higher frequencies due to the optical ac coupling transfer function.
In one experiment the free-running power noise on LPD was measured as function
of the input power: The input power was slowly varied with the EOAM, while the
time signal of the LPD detector was recorded with an A/D converter card in a
computer. Afterwards the signal recorded was split into small segments. For each
segment, the average power and the relative power noise at 3.5 kHz of detector LPD
was determined. The power noise increased significantly as soon as a higher-order
transverse mode became resonant (Fig. 5.17, left) and the power noise was higher
when more power was circulating in the higher-order mode. This pointed to the
fact that the scattering strength between fundamental mode and higher-order mode
was fluctuating. A hypothesis, namely, that the Gouy phase was fluctuating, was
ruled out with this measurement since in such a case the power noise had to be
maximal at input powers corresponding to the steep slopes (Fig. 5.17, ¬, at input
power of about 0.95) which was not the case.
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Figure 5.16: Typical out-of-loop power noise measurements performed with the
HPD detector. Scattering to higher-order modes ¬ or into the countercirculating fundamental mode  limited the power stability. The
expected limits without any scattering are shown as smooth solid lines
(¬*, *). For the case of scattering to the countercirculating fundamental mode, a projection of the power noise due to scattering is
shown ®.
The model was used to verify the power noise dependence on the input power.
Two simulations were performed, once assuming that the scattering strength C was
fluctuating and once that the Gouy phase or φ1 was fluctuating (Fig. 5.17, right).
The simulations showed a significant difference between the power noise in reflection
of the ACC, depending on which parameter is actually fluctuating (Fig. 5.17, ¯ and
°). The measurement agrees qualitatively very well with the simulation assuming
a fluctuating C (Fig. 5.17,  and ¯). However, the origin of theses fluctuations is
unknown.
Independent of any optical ac coupling or power stabilization experiments, scattering to resonant higher-order modes can degrade the passive filtering effect of an
optical resonator (see Sec. 3.1.2). In the experiment a free-running relative power
noise of the laser of about 2 × 10−7 Hz−1/2 was measured, which increased to about
1 × 10−6 Hz−1/2 up to frequencies of several kilohertz in the transmitted beam of
the ACC due to scattering to a higher-order transverse mode (Fig. 5.18). No power
stabilization or optical ac coupling was used in this measurement. Thus fluctuating resonator-internal scattering could be of relevance to many experiments using
optical resonators.
As already mentioned, a resonator-internal aperture effectively prevented a resonant coupling between fundamental mode and higher-order spatial mode. Thus no
resonant higher-order mode is available to which power could be transferred in a
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Figure 5.18: Free-running power noise in transmission of the ACC with and without
resonant higher-order transverse mode excited by resonator-internal
scattering.
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Figure 5.19: Relative scattering strength noise projected from a power noise measurement at detector TPD3 . The average scattering strength was between C 2 = 10−11 to 10−10 .
fluctuating way. This noise coupling was completely suppressed in the experiments
by using the aperture. However, the scattering still excited the countercirculating
fundamental mode in the ring resonator, as described in the following.
Countercirculating Fundamental Mode
The aperture could not avoid an excitation of the countercirculating fundamental mode by scattered light. This was observed with a similar ACC that had a
resonator-internal aperture but showed a strong scattering into the countercirculating fundamental mode (100 to 400 µW hitting photodetector TPD3 at 680 mW
input power). The cause for the increased scattering of this specific ACC is unknown but might be connected to an outgassing of the epoxy resin used or the
o-rings for the vessel. The scattering occurred presumably at the curved mirror of
the resonator since the incidence angle was 3 ◦ , much smaller than for the other two
mirrors with 44 ◦ and the bidirectional reflectance distribution function (BRDF)
normally decreases with increasing scattering angle [Kla07]. To fit the power levels
of the countercirculating mode and the input power to the model, a coupling factor
of C 2 = 10−11 to 10−10 has to be assumed.
The scattering fluctuations caused power fluctuations on the detector LPD in the
same way as described before in the case of higher-order spatial modes (Fig. 5.16,
). The power fluctuations of the countercirculating mode have been measured
with photodetector TPD3 . The relative power noise was about 1 × 10−5 Hz−1/2
for frequencies below the ACC bandwidth. The two-mode model was used to numerically calculate the transfer function from power fluctuations on detector TPD3
to power fluctuations on detector HPD with a fluctuating coupling factor C. The
power noise on the out-of-loop detector caused by scattering was estimated by a projection of the measured noise on TPD3 , using this transfer function (Fig. 5.16, ®).
The absolute level of the transfer function was adjusted to match the measurement
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since the detectors TPD3 and LPD were not calibrated for absolute power fluctuations. Furthermore, the transfer function from power noise on detector TPD3 to
the detector HPD was measured and agreed with the simulation results. In addition, the power noise at TPD3 was projected to the relative noise of C 2 using the
simulated transfer functions (Fig. 5.19).
These results represent further evidence for the fluctuating scattering effect. Still
the cause of the coupling factor fluctuations could not be determined. The linear
spectral density of C 2 slowly decreases towards higher frequencies and levels off
at a relative noise of about 2 × 10−6 Hz−1/2 (Fig. 5.19). No obvious mechanical
resonances are present in the spectrum and thus a mechanical excitation of the
fluctuations seems unlikely. Here more detailed investigations are necessary.
Only by building a new ACC using glues and vessel o-rings having low outgassing,
was the scattering to the countercirculating mode reduced and the noise coupling
was suppressed. This ACC showed almost no excitation of the countercirculating
fundamental mode (<15 µW hitting photodetector TPD3 at 680 mW input power,
C 2 < 2 × 10−12 ).
Summary and Discussion
In first experiments, resonator-internal scattering to higher-order spatial modes and
the countercirculating fundamental mode limited the sensitivity of the optical ac
coupled in-loop detector in the power stabilization experiment. Only scattering
to resonant modes caused an effective coupling to the fundamental mode used for
the optical ac coupling. Fluctuations of the coupling factor then caused power
fluctuations of the resonator-internal fundamental mode field.
The influence of scattering to higher-order modes can be effectively suppressed
by resonator-internal apertures, which also suppresses noise caused by a fluctuating
coupling factor. However, by this means the resonant coupling to the countercirculating mode could not be prevented and only a resonator with less scattering
improved the out-of-loop power stability in the experiment. In the future, scattering to the countercirculating fundamental mode can probably be reduced with a
resonator geometry with larger incidence angles of the mirrors or can be avoided
completely by using a linear resonator. According to the model, the effects of the
resonator-internal scattering can be reduced by lowering the finesse of the resonator.
The noise source was traced back to a fluctuating scattering strength C, using several experiments and the model developed, whereas the fluctuating nature of the
scattering remains unexplained.
Furthermore, experiments showed that scattering can degrade the passive filtering
effect of an optical resonator for power noise. Resonant scattering caused power
fluctuations of the fundamental mode, such that a relative power noise of about
1 × 10−6 Hz−1/2 was observed in the transmitted beam. This effect could be of
relevance to many precision experiments using optical resonators.
The effects connected to the resonator-internal scattering were very well described
by a numerical time-domain model, which yielded important results about the
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coupling mechanism of the noise source. The model was verified in the experiments
and can be used in future experiments to better estimate the coupling of scattering
in optical ac coupling schemes.

5.5 Results
Two main experiments with optical ac coupled photodetectors were performed and
demonstrated the high sensitivity of this detection technique for power fluctuations
in two frequency bands. Furthermore, the compatibility of this detection technique
with an active power stabilization was shown. In the following the results of the
two experiments are described and discussed.
Power Sensing Experiment
This experiment demonstrated the high sensitivity of an optical ac coupled photodetector at frequencies of several megahertz. First of all, the transfer function G(f ) was measured (Fig. 5.20) and was compared to the model (see Sec. 5.1,
Eq. 5.4). The transfer function agreed very well with the model using the parameters f0 = 34.4 ± 0.3 kHz and |g| = 15.3 ± 0.3 . As predicted, the transfer function for
the under-coupled and over-coupled case differed only in their phases. A carrier reduction to 0.39% of the original power was measured that would yield a |g| = 15.9 .
The small discrepancy between this value and the measured one can be explained
by a fraction of 0.035% power in parasitic modes. This power was estimated to be
≥ 0.02%, using the modescan technique (see Sec. 2.2.1) and detector TPD2 .
Afterwards, the optical ac coupled power noise of the laser was measured with
detector LPD. To verify the measurement, the RPN was measured in a traditional
setup with detector HPD once again. The measurement of the RPN (Fig. 5.21, ®)
agreed within the measurement and calibration accuracy (≈1 dB) up to ≈ 4 MHz
with the traditional measurement (Fig. 5.21, ). At higher frequencies, the traditional measurement was limited by quantum noise (2.5 × 10−9 Hz−1/2 , 50 mA
photocurrent).
The frequency of the laser relaxation oscillation (989 kHz) and the quality factor (q=16) of the resonance were determined from measurement data below 2 MHz
in order to predict the RPN for frequencies ≥ 4 MHz (Fig. 5.21, ¯). The measurement using the optical ac coupling agreed with the predicted RPN. From
about 10 MHz this measurement was limited by quantum noise. Even though the
detector LPD was operated at a photocurrent of only 3 mA a quantum noise limited
sensitivity of 7 × 10−10 Hz−1/2 was achieved, for which in a traditional setup one
would have to detect a photocurrent of 702 mA.
Then the power in front of the mode-cleaner was reduced to about 0.4% and the
laser frequency was set off-resonant to the ACC. In this case, the ACC acted like
a high-reflectivity mirror and the transfer function was measured as G(f ) ≡ 1, as
expected. At a photocurrent of 3 mA the RPN was then measured with detector
LPD. The comparison of the two measurements with detector LPD – once with
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locked (Fig. 5.21, ®) and once with unlocked ACC (Fig. 5.21, ¬) – clearly showed
the gain in sensitivity of this method by G(f ).
Furthermore, a power modulation signal was injected with the EOAM at 20 MHz
in all three measurements. This calibration signal had the same amplitude in all
three measurements (see Fig. 5.21) and thus verified the calibration. The signal
at 29 MHz is caused by the modulation for the PDH locking of the mode-cleaner
and its amplitude varied between the measurements since it sensitively depends on
spurious locking offsets.
Power Stabilization Experiment
This experiment demonstrated on the one hand the high sensitivity of an optical
ac coupled detector at lower frequencies near the ACC bandwidth and on the other
hand the feasibility of a power stabilization utilizing this novel detection technique.
The optical ac coupled detector was used as in-loop detector in an active power
stabilization of an NPRO for frequencies between 1 kHz and 1 MHz
As already mentioned, a quasi-monolithic ACC was used. Therefore the transfer
function G(f ) was measured again. A fit of the model (see Eq. 5.4) to the data
yielded f0 = 35.7 kHz and g=11.2 .
Afterwards the out-of-loop relative power noise was measured with detector HPD
in three different conditions (Fig. 5.22): First the free-running power noise of the
laser (with Noise Eater activated) was measured. The relative power noise was
about 2 × 10−7 Hz−1/2 (Fig. 5.22, ¬) which is a typical value for these laser models
(see Sec. 2.3.1).
Then the power stabilization control loop was closed (Fig. 5.22, ®). The out-ofloop power noise dropped in the whole measurement frequency band by up to 33 dB.
The best power stability was 3.7 × 10−9 Hz−1/2 at frequencies around 200 kHz. The
expected limit, given by scheme D (see Sec. 5.2), was composed of the quantum
noise of the in-loop detector (LPD, 0.3 mA photocurrent, 3.3 × 10−8 Hz−1/2 /G(f ),
see Sec. 5.1) and the quantum noise of the out-of-loop detector (HPD, 60 mA photocurrent, 2.3 × 10−9 Hz−1/2 ). The power stability achieved was very close to this
limit. For frequencies between 3 kHz and 20 kHz, the power noise measured was
about 3 dB above the expected limit. The source of this excess noise, which is at
a level similar to the quantum noise of the in-loop detector, is unknown. For frequencies between 300 Hz and 1 kHz, the power noise was dominated by mechanical
resonances of the setup and for frequencies above 500 kHz, the stabilization was
loop gain limited.
Finally, the laser frequency was not stabilized to the ACC such that the ACC
acted as a normal high-reflectivity mirror. This setup was now equivalent to a
traditional power stabilization setup. The power stabilization controller was slightly
modified to compensate for the missing amplification g at the unity-gain frequency,
and the attenuation in front of the detector LPD was increased. With unchanged
power levels on the in- and out-of-loop photodetectors, the power stabilization loop
was closed. As expected, the power noise at the out-of-loop detector (Fig. 5.22, )
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Figure 5.22: Out-of-loop measured power noise using different power stabilization
schemes. The results are close to their quantum noise limits. With
optical ac coupling the power stability ® achieved is significantly better
than with the equivalent traditional stabilization scheme .
was limited at a level of the quantum noise of the in-loop detector (LPD, 0.3 mA
photocurrent, 3.3 × 10−8 Hz−1/2 ) up to frequencies of about 1 MHz (see scheme B
in Sec. 5.2).
A comparison of the power stabilization with and without optical ac coupling
(Fig. 5.22,  and ®) clearly shows the experimental proof of the sensitivity improvement of the optical ac coupling technique in the frequency band around and
above the ACC corner frequency. For frequencies above 4 kHz the out-of-loop power
stability was improved by up to a factor of 9 by using the optical ac coupling scheme.
As part of the out-of-loop noise can be attributed to the out-of-loop detector, this
stability is consistent with an improved quantum noise limited performance of the
stabilization loop by a factor of 11.2 .
As already mentioned, several technical noise sources limited the sensitivity of the
in-loop detector and different noise couplings were reduced step by step (see Sec. 5.4)
to achieve the power stability presented. Fig. 5.23 shows the development of the
out-of-loop performance over several months during which the effects of residual
frequency noise and the resonator internal scattering were found and eliminated.
These measurements give a good impression of the significance of these effects in
the different frequency ranges.
Discussion
In the power sensing experiment, a sensitivity of 7 × 10−10 Hz−1/2 was achieved,
which is to my knowledge the most sensitive power noise measurement so far and
in particular the first measurement below 10−9 Hz−1/2 . The coupling of technical
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Figure 5.23: Five months’ history of the out-of-loop measured power noise. Measurements were limited by residual frequency noise ¬, resonatorinternal scattering ¬ and , mechanical resonances of the ACC with
mirror mount ®, and out-of-loop detector quantum noise ¯.
noise sources was negligible at these frequencies and did not limit the experiment.
The maximum gain |g| seemed to be limited only by the controllability of the
impedance matching and the power in parasitic modes. Thus in the future, the
power in parasitic modes could be reduced with another mode-cleaner in front of
the detector LPD, or in principle also with a confocal resonator as ACC that would
have fewer non-resonant modes.
With the optical ac coupling it is possible to construct high-speed photodetectors using small photodiodes that are limited by equivalent photocurrents that are
more than 100 times larger than in traditional setups. High-speed high-sensitivity
photodetectors are, e.g., necessary to detect radio frequency sidebands in optical
communication links or for stabilizing optical resonators [Bla01, Dre83] or interferometers. Thus the optical ac coupling could replace complex arrays of photodiodes [Ueh94, Jen02]. Furthermore, only a fraction of the traditionally needed laser
power is detected whereby more power remains for subsequent experiments.
An active power stabilization experiment with optical ac coupled in-loop detector
was demonstrated for the first time, achieving a quantum noise limited power stability at frequencies above about 20 kHz. Several noise sources (see Sec. 5.4) limited
the achieved power stability in first experiments. In particular, resonator-internal
scattering was a critical noise source at these frequencies. This effect might be of
future relevance to high precision experiments utilizing optical resonators.
Experiments with stringent power-stability requirements can use this technique to
improve the power stability by about one order of magnitude8 . In the future one ap8

Considering current technical limitations.
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plication could be the power stabilization for next generation GWDs. These detectors require very high power stabilities at rather low frequencies (see Sec. 3.2). The
full stability gain of the optical ac coupling power stabilization scheme is reached
only for frequencies above the resonator bandwidth. Though, due to the kilometer
long baseline of such detectors, resonators with very low bandwidth will exist such
as the power recycling cavity. However, before the optical ac coupling technique
can be implemented using the power recycling cavity, several technical problems
have to be solved: For example, the impedance matching of the power recycling
cavity needs to be adjusted, maybe by using an etalon [Hil09a] as power recycling
mirror, or the parasitic power caused by phase modulation control sidebands reflected at the power recycling cavity have to be reduced, maybe by using another
mode-cleaner.

5.6 Summary
The optical ac coupling technique significantly improves the quantum limited sensitivity of a photodetector for power fluctuations in front of a resonator, without
increasing the laser power on the detector.
The transfer function of the optical ac coupling, the influence of parasitic modes,
and the quantum limit of this novel detection technique were described (Sec. 5.1).
The average power on the photodetector in reflection of the resonator is much
smaller than the power needed for a traditional detection of equal sensitivity. Hence
on the one hand high-sensitivity, high-speed detectors with small photodiodes can
be built and on the other hand more power for potential downstream experiments
is left, which is an advantage especially for active power stabilizations.
The quantum limit of a power stabilization utilizing the optical ac coupling was
derived and compared with the limit of other power stabilization schemes (Sec. 5.2).
This comparison showed that the scheme with optical ac coupling reaches the best
performance for frequencies above the resonator bandwidth, considering the theoretical quantum limit (Sec. 5.2.1) as well as the power stability achieved with certain
technical constraints (Sec. 5.2.2). Compared to a traditional power stabilization
scheme, commonly used, an up to 6 dB better quantum limit for the residual relative power noise can be achieved and a limit very close to the fundamental quantum
limit of the original beam can be reached. Associated with this better limit is the
higher available out-of-loop beam power of nearly 100%, compared to 50% in the
traditional scheme.
Besides these theoretical aspects, the technique was demonstrated experimentally.
The, to my knowledge, best sensitivity for power fluctuations, 7 × 10−10 Hz−1/2 ,
was demonstrated at radio frequencies (Sec. 5.5). The sensitivity of the optical ac
coupled detector was in this experiment a factor of 15 higher than the sensitivity
of the photodetector alone.
The technique was demonstrated not only at frequencies of several megahertz, but
also at frequencies near the resonator bandwidth. For this experiment an optical ac
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coupled photodetector was used as in-loop detector in an active power stabilization
of an NPRO at frequencies from about 1 kHz to 1 MHz. The feasibility of a power
stabilization involving the optical ac coupling technique was demonstrated for the
first time. The achieved power stability agreed very well with the expected quantum
limit and was up to a factor of 9 better at frequencies around 200 kHz than an
equivalent traditional stabilization (Sec. 5.5).
At these low frequencies, the power stability was at first limited by several technical noise sources, such as residual frequency noise or resonator-internal scattering.
Models describing these noise couplings were developed and were verified in the experiments (Sec. 5.4). Afterwards it was possible to reduce the couplings and noise
sources step by step. The models can be used to better estimate technical noise contributions in future experiments. One noise source, fluctuating resonator-internal
scattering, which was identified, can limit not only the performance of optical ac
coupling schemes, but also many other experiments using optical resonators.
All in all the optical ac coupling technique was investigated theoretically and
experimentally. For the power stabilization in future GWDs, the optical ac coupling
technique is particularly suitable since on the one hand an extremely high power
stability is required and on the other hand a suitable resonator, the power recycling
cavity, is available anyway.
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Conclusion
Stable lasers and sensitive sensors are the key components in many precision experiments. Many aspects of this thesis are associated on the one hand with the
on-going laser stabilization for Advanced LIGO and on the other hand with the
optical ac coupling technique.
The diagnostic breadboard, developed in this thesis, and the characterization
of the functional prototype of the Advanced LIGO laser yielded essential results
(Chapter 2) for developing an appropriate laser stabilization and for improving
the laser performance in following prototypes. Furthermore, the DBB is a crucial
component in the anticipated, automated monitoring of the complex Advanced
LIGO laser system. Important parts of the laser stabilization were developed, such
as the pre-mode-cleaner (Chapter 3) or the high-sensitivity photodiode array, which
for the first time achieved a power noise sensitivity required for the Advanced LIGO
power stabilization (Chapter 4). In conclusion, these instruments, components, and
concepts are a solid foundation for the on-going characterization and stabilization
of the Advanced LIGO laser and are therefore indispensable parts of the Advanced
LIGO detector. This GWD will presumably reach its design sensitivity in a few
years and will start the era of gravitational wave astronomy.
With the optical ac coupling, a high-sensitivity technique for detecting laser
power fluctuations was developed and was demonstrated in several experiments
achieving an unprecedented sensitivity for power fluctuations (Chapter 5). Besides
technical advantages, this technique employed in a power stabilization allows one to
beat the quantum-limit of traditional power stabilizations by up to 6 dB. This technique is important for many experiments with high power-stability requirements,
such as next generation GWDs, and opens a whole new range of achievable power
stabilities, which seemed to be inaccessible due to technical limits before.
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PSL, 51, 52, 60
PZT
hysteresis, 14
interlock, 24
modulation, 16
nonlinearity, 14
NPRO, 57, 76, 98
resonator, 11, 14, 61, 98
tilt, 18, 49, 76
Quantum efficiency, 67, 69, 74
Quantum noise, 10, 29, 42, 44, 47, 56, 60,
64, 69, 74, 75, 87, 88, 121, 123
frequency, 45
gravitational wave detector, 51, 53
photocurrent, 69
pointing, 47
power noise, 42
power stabilization, see Power stab.
Radiation pressure, 54
Raising operator, 65
Ray tracing, 103
Rayleigh length, 20
Realtime program, 24
Reference cavity, 12, 53, 57, 58
Relaxation oscillation, 26, 29, 43, 95, 97,
98, 122
model, 101, 121
Residual frequency noise, 54, 107, 125
coupling transfer function, 108
Residual pointing noise, 54, 108
Resistor current noise, 44, 73
Resonance circuit, 16, 17
Resonant scattering, see Resonator-internal scattering
Resonant sideband extraction, 51
Resonator, see also Mode-cleaner
bow-tie, 61
confocal, 125
diagnostic breadboard, 10
field equations, 89
filter effect, see Mode-cleaner
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Index
frequency discriminator, 46
frequency reference, see Freq. ref.
high-finesse, 85, 89, 103
model, 111
noise coupling, 106
rigid-spacer, 46, 49
scattering, 117
suspended, 46, 49
transfer function, 43
Resonator locking methods, 46
Resonator-internal scattering, 40, 110, 112,
125
countercirulating mode, 119
fluctuations, 116
higher-order modes, 113
limited measurement, 116, 117
linear resonator, 120
model, 110, 111
projection, 117, 119
suppressed, 115, 120
two-mode model, see Two-mode m.
RIN, see Power fluctuations
RPN, see Power fluctuations
Scattering
back scattering, 70, 72
BRDF, 119
resonator-internal, see Resonator-internal scattering
Scattering matrix, 111
Scattering strength, 112, 115
fluctuations, 117
noise spectrum, 120
Sensitivity
Advanced LIGO, 53
diagnostic breadboard, 10, 12, 14, 15
optical ac coupling, 83, 85–87, 97, 121–
124
photodiode array, 75, 78
Shack-Hartmann sensor, 48, 50
Shot noise, see Quantum noise
Shutter, 10, 100
Signal conditioning, 9, 20, 24, 73, 84
Signal recycling, 51
Silicon
photodiode, 13
test mass, 7, 36
Stabilization, 39, 40
active, 40, 43
cascaded, 41, 54, 58, 59
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hierarchical, 54, 57
multi-stage, 47
passive, 40
Tank, 11, 45, 47, 57, 58, 62, 70, 73, 75, 77,
79, 99
TEM, see Fundamental mode, see Hermite-Gaussian modes, see Higherorder mode
Temperature control, 58, 61, 76, 98
Thermal aberration, 50, 60
Thermal drift, 78
Thermal effects, 70
Thermal lens, 50
Thermal lowpass, 112, 115
Thermal mirror deformation, 112, 113
Thermal noise, 47, 53
Thermo-sensitive paper, 72
Tidal force, 58
Tilt, 13, 18, 49, 100, 102, 103
scattering, 115
Tilt locking, 46, 104
Time delay, 24
phase loss, see Phase loss
Transmission lock, see Dither-lock
Two-mode model, 111, 114
Under-coupled, see Impedance matching
Vacuum, 47, 52, 55, 57, 77, 79
Vacuum compatible, 70, 72
Vacuum fluctuations, 66–68, 89, 91, 94
Vacuum state, 65
Variance, 65
spectral, 65
Zener diode, 21
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